
C. R. Biologies 331 (2008) 442–451

http://france.elsevier.com/direct/CRASS3/

Plant biology and pathology / Biologie et pathologie végétales

Combined effects of long-term salinity and soil drying on growth,
water relations, nutrient status and proline accumulation

of Sesuvium portulacastrum

Inès Slama a, Tahar Ghnaya a, Arnould Savouré b, Chedly Abdelly a,∗

a Laboratoire d’adaptation des plantes aux stress abiotiques, BP 901, centre de biotechnologie, technopole de Borj Cédria,
Hammam-Lif 2050, Tunisia

b Université Pierre-et-Marie-Curie (Paris-6), UMR 7180 CNRS, ‘Physiologie cellulaire et moléculaire des plantes’, Case 156,
4, place Jussieu, 75252 Paris cedex 05, France

Received 24 April 2007; accepted after revision 20 March 2008

Available online 23 April 2008

Presented by Philippe Morat

Abstract

The interaction between soil drying and salinity was studied in the perennial halophyte, Sesuvium portulacastrum. Rooted
cuttings were individually cultivated for three months in silty–sandy soil under two irrigation modes: 100 and 25% of field capacity
(FC). The amount of the evapotranspirated water was replaced by a nutrient solution containing either 0 or 100 mM NaCl. Whole-
plant growth, leaf water content, leaf water potential (Ψw), and Na+, K+, and proline concentrations in the tissues were measured.
When individually applied, both drought and salinity significantly restricted whole-plant growth, with a more marked effect of
the former stress. However, the effects of the two stresses were not additive on whole-plant biomass or on leaf expansion. Root
growth was more sensitive to salt than to soil drying, the latter being even magnified by the adverse impact of salinity. Leaf
water content was significantly reduced following exposure to water-deficit stress, but was less affected in salt-treated plants.
When simultaneously submitted to water-deficit stress and salinity, plants displayed higher values of water and potassium use
efficiencies, leaf proline and Na+ concentrations, associated with lower leaf water potential (−1.87 MPa), suggesting the ability of
S. portulacastrum to use Na+ and proline for osmotic adjustment. To cite this article: I. Slama et al., C. R. Biologies 331 (2008).
© 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Effets combinés et à long terme de la salinité et du déficit hydrique sur la croissance, les relations hydriques, le compor-
tement nutritionnel et l’accumulation de la proline chez Sesuvium portulacastrum. L’effet combiné du déficit hydrique et de
la salinité a été étudié chez une halophyte pérenne, Sesuvium portulacastrum. Après enracinement, les plantes ont été cultivées
individuellement sous deux régimes d’irrigation : 100 et 25% de la capacité au champ. La quantité d’eau perdue par évapotranspi-
ration a été remplacée par une solution nutritive contenant 0 ou 100 mM de NaCl durant trois mois. Les mesures ont porté sur la
production de la biomasse, la teneur en eau et le potentiel hydrique foliaire (ψw) ainsi que les teneurs en Na+, K+ et proline. Une
réduction significative de la croissance de la plante entière a été observée lorsque les deux stress (salinité et déficit hydrique) ont été
appliqués individuellement, avec un effet plus prononcé pour le déficit hydrique. Cependant, les effets de ces deux types de stress
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n’ont pas été additifs sur la croissance et l’expansion foliaire. La croissance des racines a été plus affectée par la salinité que par
le déficit hydrique, ce dernier accentuant même les effets du stress salin. Le contenu foliaire en eau a été significativement réduit
par le déficit hydrique, mais cet impact négatif est apparu moins prononcé chez les plantes soumises au sel. Les plantes soumises
simultanément au sel et au déficit hydrique ont montré les valeurs les plus élevées pour l’efficacité d’utilisation de l’eau et du po-
tassium et les teneurs en proline et en sodium, et les valeurs les plus basses du potentiel hydrique foliaire (−1,87 MPa), suggérant
ainsi l’aptitude de S. portulacastrum à utiliser le sodium et la proline pour l’ajustement osmotique. Pour citer cet article : I. Slama
et al., C. R. Biologies 331 (2008).
© 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Abiotic stresses cause considerable loss to agricul-
tural production worldwide [1–4]. In the regions with
low plant cover, it is important to consider the use of
salt and drought-tolerant species for soil revegetation
and preservation purposes [5]. Stress conditions such as
drought, salinity, or heat have been the subject of intense
researches [6–9]. Plant growth in coastal salt marshes
and other salt-affected areas is frequently limited by
both high salt content and limited water availability. In
this context, osmotic stress generated by either drought
and/or salinity represents the most common environ-
mental hazard for the plant’s growth and productivity.
In addition, it has been reported that when combined,
high salinity and soil drying may interfere with nutrient
accumulation, thereby further contributing to growth in-
hibition. Indeed, Brown et al. [10] reported a decrease
in potassium phosphorus, and calcium contents in shoot
tissues, associated with an increase in sodium level, in
response to increased salinity and drought in Spartina
alterniflora. Consequently, it seems a prerequisite for
plant species selected for their use in these areas to
have adaptations that confer drought and salt resistance
through notably the optimization of the utilization of
water and nutrients.

However, in field conditions, crops and other plants
are routinely subjected to a combination of different abi-
otic stresses [11–13]. Recent studies have pointed out
that the molecular and metabolic responses of plants to
the combination of drought and salinity are unique and
cannot be directly extrapolated from the corresponding
response of plants to each of these different stresses,
when applied individually [14,15]. Drought may exac-
erbate the adverse effects of salinity on the plant nutrient
status, but only few attempts have been made to quan-
tify the combined effect of drought and salinity [16].
Sesuvium portulacastrum is a perennial halophyte,
with great potential for soil covering and landscaping.
It produces attractive branches with pink-purplish and
occasionally white flowers [17]. Interestingly, S. portu-
lacastrum may accumulate large amounts of Cd2+ in its
shoots, suggesting its potential use for the phytoremedi-
ation of saline soils polluted by cadmium [18]. Further-
more, this plant has medicinal value [19] and produces
secondary metabolites useful as substitutes for synthetic
raw materials in food, perfumery, cosmetic, and phar-
maceutical industries [20]. Successful introduction of
S. portulacastrum in arid salty ecosystems largely de-
pends on its capacity to tolerate specific environmental
issues such as salinity, drought, and nutritional distur-
bances. Despite the effects of individual environmental
factors on this species are well documented [18,21,22],
however, the effects of interacting environmental factors
remain poorly investigated. Therefore, the objective of
this work was to quantify the effects of associated salin-
ity and soil drying on S. portulacastrum growth, water
relationships, and nutrient status.

2. Materials and methods

2.1. Plant material and multiplication

S. portulacastrum (Aizoaceae) is a dicotyledonous
perennial halophyte thriving in sandy soils. The plants
used in this study were obtained by multiplication of
selected plants by cuttings. The mother plants were cul-
tivated at our experimental station, close to the sea shore
(35 km north-east of Tunis; 10◦10′E, 36◦48′N; temper-
ature and mean annual rainfall 19.4 ◦C and 456 mm,
respectively), in outdoor containers filled with a sandy
soil and organic matter mixture, and irrigated with tap
water. Three-centimetre-long stems having one node
and two opposite leaves were cut from mother plants,
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disinfected for 5 min in a saturated calcium hypochlo-
rite solution, thoroughly rinsed with distilled water,
and rooted in a Hewitt nutrient solution [23]. Individ-
ual rooted cuttings were then put in 2-L plastic pots
filled with silty-sandy soil containing 0.30 mmol Na+
and 0.95 mmol of K+ per 100 g dry soil. The pH
and the electrical conductivity of the aqueous extract
(1/10) were 7 and 0.1 mS cm−1, respectively. The field
capacity (FC) of soil, measured according to Bouy-
oucos [24], was 11.25%. Plants were grown in a green-
house at 30 ± 5 ◦C/16 ± 2◦C (day/night) temperature,
60 ± 5%/90 ± 5% (day/night) relative humidity, and
14 h light/10 h dark regime.

2.2. Water deficit and saline treatments

Individuals presenting homogeneous development
and size were selected for this study. An initial harvest
was achieved after a pre-treatment period with opti-
mal watering (100% FC). Plants were then divided in
two lots: the first one was irrigated with nutrient solu-
tion lacking salt, while the second lot was irrigated with
the same nutrient solution supplemented with 100 mM
NaCl. One week later, plants of each treatment were di-
vided into two further batches subjected or not for three
months to water-deficit stress (25% and 100% FC). Af-
ter 45 days of treatment, one lot of dehydrated plants
was rewatered at 100% FC. Thus, there were finally six
different treatments: (i) no water-deficit with or without
salt; (ii) water-deficit, with or without salt; (iii) plants
previously submitted to water-deficit, then rewatered
with or without salt. Eighteen pots were weighed each
two days and rewatered to 100% FC or to 25% FC by re-
placing the corresponding amount of transpired water.
All the plants received the same quantity of nutrients,
independently of the level of watering. For each treat-
ment, six pots without plants were used to monitor the
evaporative water loss from the soil surface throughout
each watering regime.

2.3. Growth and water relationships

At the final harvest, plants (six per treatment) were
divided into leaves, stems and roots, and their re-
spective fresh weight (FW) was determined. Leaves
were counted and their surface area was measured
using a portable area meter (LI-3000A). Dry weight
(DW) was obtained after oven drying at 60 ◦C until
a constant weight was reached. The tissue water con-
tent (TWC) was determined as TWC (ml g−1 DW) =
(FW − DW)/DW.
Leaf succulence index was calculated as LS (mg cm−2

= leaf FW/leaf surface area. Leaf water potential was
measured immediately after the plant sampling (six
replicates per treatment) using the pressure chamber
method [25]. Water use efficiency (WUE) was calcu-
lated for each plant as the ratio of biomass production
to transpired water during the experiment. While cal-
culating the amount of water transpired during the ex-
periment, evaporative loss from the pots was taken into
account by subtracting the average amount of water loss
from the control pots.

2.4. Proline determination and cation assay

Free proline was spectrophotometrically quantified
according to Bates et al. [26]. Na+ and K+ were assayed
by flame emission spectrophotometry after extraction in
0.5% HNO3 of the finely grounded dry matter. For each
plant, potassium use efficiency (KUE) was calculated as
the ratio of the biomass produced to the amount of K+
used during the experiment. Potassium absorption effi-
ciency (KAE) was the ratio of the amount of K+ used
during the experiment to the mean root biomass.

2.5. Statistical analysis

Analysis of variance (ANOVA) using AV1W MSUS-
TAT program with orthogonal contrasts and mean com-
parison procedures was performed to detect differences
between treatments. Mean separation procedures were
carried out using the multiple range tests with Fisher’s
least significant difference (LSD) (P < 0.05).

3. Results

3.1. Growth

Both soil drying and salinity significantly reduced
plant growth, with a more pronounced effect for drought
in our conditions (Fig. 1). The effects of the two fac-
tors were not additive. Indeed, the same whole plant
biomass production was obtained under drought, with
or without salt (ca. 40% of control). Rewatering plants
after 45 days partially restored plant growth, reaching
approximately 75% of that of the control plants. Fur-
thermore, there was no significant difference between
the plants previously submitted to water-deficit stress
alone, or to the combined effects of water-deficit stress
and salinity.

Changes in shoot DW were similar to those observed
in the whole plant (Fig. 2A). Both salinity and soil dry-
ing significantly affected root DW (Fig. 2B). Yet, unlike



I. Slama et al. / C. R. Biologies 331 (2008) 442–451 445
Fig. 1. Whole plant biomass. The plants were harvested after 90 days
of treatment. C: control (no NaCl or water-deficit: irrigation at 100%
FC); D: no NaCl, water-deficit (25% FC); S: salinity (100 mM NaCl,
100% FC); D+S: salinity combined with water-deficit stress (100 mM
NaCl, 25% FC). RD: plants rewatered to 100% FC after 45 days of
treatment D. RD+S: plants rewatered to 100% FC after 45 days of
treatment D+S. Mean of six replicates, with S.E. Values sharing a
common letter are not significantly different at p = 0.05.

shoots, root growth was more sensitive to salt than to
soil drying. Moreover, drought significantly exacerbated
the adverse effect of salinity on root growth. The effects
of water-deficit stress and salinity were additive on these
organs, so that the root/shoot ratio (Fig. 2B) increased
by 28% in plants submitted to water-deficit versus only
6% in plants simultaneously exposed to drought and salt
stresses. There was no significant difference between
rewatered plants previously submitted to water-deficit
stress alone or to the combined effects of water-deficit
stress and salinity.

Both salinity and drought reduced leaf number
(Fig. 3A) and total leaf surface area (Fig. 3B), their ef-
fects being partially additive only on the latter parame-
ter. The individual leaf surface area was systematically
higher in plants subjected to a single stress, or to the
combined effects of the two constraints (Table 1). Thus,
the reduction of the total leaf area of these plants was
more due to a reduction in the leaf number.

Plant rehydration after a long-term water-deficit
stress significantly improved both of the leaf number
and the individual leaf surface area. In plants previously
submitted to both stresses, rehydration only increased
leaf area, without any effect on leaf number (Fig. 3B).
Thus, the plant ability to recover its leaf development
was better preserved after water-deficit stress than af-
ter the exposure to the combination of both drought and
salinity.
Fig. 2. Biomass of shoots and roots. The plants were harvested after
90 days of treatment. C: control (no NaCl or water-deficit: irrigation at
100% FC); D: no NaCl, water-deficit (25% FC); S: salinity (100 mM
NaCl, 100% FC); D+S: salinity combined with water-deficit stress
(100 mM NaCl, 25% FC). RD: plants rewatered to 100% FC after
45 days of treatment D. RD+S: plants rewatered to 100% FC after
45 days of treatment D+S. Mean of six replicates, with S.E. Values
sharing a common letter are not significantly different at p = 0.05.
Values mentioned on the error bars correspond to root/shoot DW ratio
of each treatment.

3.2. Water relationships

Both drought and salinity significantly reduced the
leaf water content, with a much more marked impact
for the first constraint (Fig. 4A). Yet, the effects of
the two constraints when combined were not additive.
On the contrary, salt presence in the culture medium
of plants subjected to drought was partially shown to
prevent leaf tissue dehydration. Transferring the plants
previously subjected to water-deficit (with or without
salt) improved tissue hydration, this trend being much
less pronounced following the exposure to water-deficit
alone than when both stresses were combined.

In all treatments, leaf dehydration caused by salinity,
water-deficit, and their interaction was accompanied by
a significant decrease in leaf water potential (Fig. 4B).
However, the more negative values of the water po-
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Fig. 3. Total leaf surface area and leaf number. The plants were har-
vested after 90 days of treatment. C: control (no NaCl or water-deficit:
irrigation at 100% FC); D: no NaCl, water-deficit (25% FC); S: salin-
ity (100 mM NaCl, 100% FC); D+S: salinity combined with wa-
ter-deficit stress (100 mM NaCl, 25% FC). RD: plants rewatered to
100% FC after 45 days of treatment D. RD+S: plants rewatered to
100% FC after 45 days of treatment D+S. Mean of six replicates,
with S.E. Values sharing a common letter are not significantly differ-
ent at p = 0.05.

Table 1
Mean biomass and surface area of individual leaves. The plants were
harvested after 90 days of treatment

Parameters Treatments

C D S S+D RD RD+S

Individual_foliar
biomass (mg leaf−1)

1.19 0.89 1.18 1.21 1.34 1.43

Individual leaf area
(cm2 leaf−1)

8.72 8.89 14.63 10.06 15.83 16.12

C: control (no NaCl or water-deficit: irrigation at 100% FC); D: no
NaCl, water-deficit (25% FC); S: salinity (100 mM NaCl, 100% FC);
D+S: salinity combined with water-deficit stress (100 mM NaCl, 25%
FC). RD: plants rewatered to 100% FC after 45 days of treatment D.
RD+S: plants rewatered to 100% FC after 45 days of treatment D+S.
Mean of six replicates.

tential were not associated with larger dehydration, but
were rather due to the presence of salt, suggesting that
salt accumulation contributed more efficiently than pas-
sive dehydration in lowering the leaf’s water potential.
Fig. 4. Water content and water potential of leaves. The plants were
harvested after 90 days of treatment. C: control (no NaCl or wa-
ter-deficit: irrigation at 100% FC); D: no NaCl, water-deficit (25%
FC); S: salinity (100 mM NaCl, 100% FC); D+S: salinity combined
with water-deficit stress (100 mM NaCl, 25% FC). RD: plants re-
watered to 100% FC after 45 days of treatment D. RD+S: plants
rewatered to 100% FC after 45 days of treatment D+S. Mean of six
replicates, with S.E. Values sharing a common letter are not signifi-
cantly different at p = 0.05.

3.3. Water use efficiency and leaf succulence

Salinity and water-deficit when separately applied
led to similar increases in WUE and showed additive
effects when being combined (Fig. 5A). Rewatering
plants after drought or drought combined with salinity
did not significantly modify WUE. Drought and salin-
ity had opposite and additive effects on leaf succulence
index (Fig. 5B). In plants simultaneously submitted to
both constraints, the increase of WUE due to salinity
plants largely balanced the decrease due to water-deficit.
Rewatering plants after drought partially restored suc-
culence to the value observed in controlled plants, but
had no effect on plants previously submitted to com-
bined drought and salinity.

3.4. Nutrient status

3.4.1. Potassium
Both salinity and water-deficit restricted K+ uptake,

as estimated by the whole plant K+ amount (Fig. 6B).
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Fig. 5. Water use efficiency and leaf succulence. The plants were har-
vested after 90 days of treatment. C: control (no NaCl or water-deficit:
irrigation at 100% FC); D: no NaCl, water-deficit (25% FC); S: salin-
ity (100 mM NaCl, 100% FC); D+S: salinity combined with wa-
ter-deficit stress (100 mM NaCl, 25% FC). RD: plants rewatered to
100% FC after 45 days of treatment D. RD+S: plants rewatered to
100% FC after 45 days of treatment D+S. Ls: leaf succulence index
(ratio of leaf FW to leaf surface area). Mean of six replicates, with
S.E. Values sharing a common letter are not significantly different at
p = 0.05.

Salinity had a significantly more drastic effect on K+
content than water-deficit stress, and there was no sig-
nificant interaction between the two constraints. Potas-
sium concentration in leaf tissues (mmol g−1 DW)
was poorly affected by water-deficit stress, but was
largely restricted when salt was present in the medium
(Fig. 6A). Potassium status, i.e. whole plant content and
leaf K+ concentration, was partially restored in plants
rewatered after a water-deficit stress alone, but not after
combined drought and salinity treatments.

The reduction in the whole plant K+ amount was
associated with a decrease in potassium absorption effi-
ciency (KAE) in all stressed plants (Table 2). Thus, K+
uptake was limited not only by the inhibition of root
growth (Fig. 2B), but also by the lower performance
of the root uptake systems, especially in the salt-treated
plants. However, as shown in Table 2, salinity, whether
alone or combined with drought, increased the potas-
sium use efficiency (KUE) by 50%.
Fig. 6. Potassium content and potassium amount in leaves. The plants
were harvested after 90 days of treatment. C: control (no NaCl or wa-
ter-deficit: irrigation at 100% FC); D: no NaCl, water-deficit (25%
FC); S: salinity (100 mM NaCl, 100% FC); D+S: salinity combined
with water-deficit stress (100 mM NaCl, 25% FC). RD: plants re-
watered to 100% FC after 45 days of treatment D. RD+S: plants
rewatered to 100% FC after 45 days of treatment D+S. Mean of six
replicates, with S.E. Values sharing a common letter are not signifi-
cantly different at p = 0.05.

Table 2
Potassium nutrition. KAE is the K+ absorption efficiency, estimated
by rationing the amount of K+ used during the experiment to the mean
root biomass

Parameters Treatments

C D S S+D RD RD+S

KAE (mmol g−1) 219c 136b 103a 113a 201b,c 78a

KUE (g mmol−1) 0.44a 0.47a 0.97c 0.91b 0.48a 0.90b

KUE, the K+ use efficiency, is the ratio of biomass production to the
amount of K+ used during the experiment. The plants were harvested
after 90 days of treatment C: control (no NaCl or water-deficit: irriga-
tion at 100% FC); D: no NaCl, water-deficit (25% FC); S: salinity (100
mM NaCl, 100% FC); D+S: salinity combined with water-deficit
stress (100 mM NaCl, 25% FC). RD: plants rewatered to 100% FC
after 45 days of treatment D. RD+S: plants rewatered to 100% FC af-
ter 45 days of treatment D+S. Mean of six replicates. Values sharing
a common letter are not significantly different at p = 0.05.

3.4.2. Sodium
A preferential accumulation of Na+ in shoots rather

than in roots was observed regardless of the treatments
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Fig. 7. Sodium content in leaf tissues. The plants were harvested after
90 days of treatment. C: control (no NaCl or water-deficit: irrigation at
100% FC); D: no NaCl, water-deficit (25% FC); S: salinity (100 mM
NaCl, 100% FC); D+S: salinity combined with water-deficit stress
(100 mM NaCl, 25% FC). RD: plants rewatered to 100% FC after
45 days of treatment D. RD+S: plants rewatered to 100% FC after
45 days of treatment D+S. Mean of six replicates, with S.E. Values
sharing a common letter are not significantly different at p = 0.05.

applied (not shown). High sodium concentration was
observed in the leaves of salt-treated plants, and was
significantly increased by the simultaneous exposure to
drought and salinity of this parameter (Fig. 7). Rewa-
tering the plants in the presence of salt slightly reduced
Na+ concentration in the leaves.

3.4.3. Proline accumulation
In both leaves and roots, drought and salinity ap-

plied separately increased proline concentration, and
their combination resulted in higher proline accumu-
lation (Fig. 8). Proline was more abundant in leaves
than in roots, especially in plants cultivated in the pres-
ence of NaCl, and the stress-induced changes presented
larger amplitude in the former organs. The high capac-
ity to accumulate proline in leaves of salt-treated plants
was maintained in the rewatered plants after a combined
stress treatment.

4. Discussion

Drought and salinity are two environmental con-
straints that often occur simultaneously in arid regions.
The ability to overcome multiple and simultaneous
stresses is of great importance for the plant growth
and survival in stressful environments [27]. The present
study aimed at investigating the effects of long-term
(three months) salinity and/or drought on growth, water
status, and solute accumulation in S. portulacastrum.
Relatively mild soil drying and salinity significantly
were detrimental for the plant growth. The effects of
Fig. 8. Proline concentration in shoots and roots. The plants were har-
vested after 90 days of treatment. C: control (no NaCl or water-deficit:
irrigation at 100% FC); D: no NaCl, water-deficit (25% FC); S: salin-
ity (100 mM NaCl, 100% FC); D+S: salinity combined with wa-
ter-deficit stress (100 mM NaCl, 25% FC). RD: plants rewatered to
100% FC after 45 days of treatment D. RD+S: plants rewatered to
100% FC after 45 days of treatment D+S. Mean of six replicates,
with S.E. Values sharing a common letter are not significantly differ-
ent at p = 0.05.

salinity and soil drying were not additive on the whole
plant biomass, and the presence of salt in the culture
medium of plants subjected to water-deficit stress au-
thorized lower leaf water potential associated with the
maintenance of higher leaf hydration, higher accumu-
lation of Na+ and proline in leaves, and higher use
efficiency for water and K+. Although scarce, data doc-
umenting the combined effects of abiotic stresses sug-
gest that their interaction depends on both the nature of
the constraint and the plant species. For example, Stoy-
anova and Yordanov [28] reported that combined salin-
ity and high temperature had both additive and interac-
tive effects on bean plants. In the halophyte Spartina
alterniflora, the effects of salinity and drought were
not additive on biomass production [10]. Moreover, salt
exposure might partly alleviate the negative effects of
water-deficit on the plant growth. Our results show that
the addition of salt to plants subjected to water-deficit
stress was beneficial to the tolerance of S. portulacas-
trum to the latter constraint.

4.1. Dry matter partitioning

Consistently with our findings, it has been reported
that water-deficit stress was more inhibiting for shoot
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than for root biomass, resulting in an increase of the
root/shoot DW ratio. This behaviour is considered a
criterion of adaptation to drought [22,29–31], although
correlation between root development and water extrac-
tion ability is not always clear [32,33]. In our study, the
preferential biomass allocation to roots of plants sub-
jected to water-deficit was not maintained when plants
were simultaneously submitted to salinity and water
shortage. The higher inhibition of root growth by salin-
ity, whether alone or combined with drought, led to a
decreased root/shoot ratio. Thus, our results support the
assumption [34] that enhancing root growth cannot con-
fer resistance to water-deficit under salinity conditions.
Indeed, high root/shoot ratio may not be a favourable
trait under salt stress, since it might enhance the ac-
cumulation of toxic ions into the shoot and, conse-
quently, might anticipate the oncoming of the salt tol-
erance threshold [35]. Consistently with this statement,
the decreased root/shoot ratio of salt-treated S. portula-
castrum, which contrasted with the increased ratio that
occurred in water-deficit conditions, would enable the
plant to control salt accumulation. One may hypothesize
that the large reduction in root growth observed in plants
subjected to salt alone or in combination with water-
deficit limited their capacity to explore soil and to ab-
sorb water. However, we showed that under these con-
ditions, leaf water content was significantly enhanced
by comparison with the plants subjected to water-deficit
stress alone. This suggests that the plants may have re-
lied on other mechanisms to ensure an appropriate water
supply, particularly by lowering its leaf water potential.

4.2. Aboveground dry matter accumulation

Salinity and water-deficit stress separately applied or
in combination caused significant reduction of the leaf
area, and a remarkable decrease of the plant dry mat-
ter accumulation. Together with the stomatal closure,
the leaf area reduction under drought and saline stresses
can be considered an avoidance mechanism, which min-
imizes water losses [16,36].

When subjected to water-deficit stress, plants reduce
their transpiration as a consequence of both stomatal
control and decrease in total leaf area, which enhances
water use efficiency (WUE) for dry matter produc-
tion [37]. WUE, traditionally defined as the ratio of
the dry matter accumulation to the water consumption
over a season, significantly increases under water-deficit
stress, and is regarded as an important adaptive trait
[38–40]. In our study, despite WUE was calculated over
a relatively short period, it may match the same con-
cept as in the traditional definition. WUE significantly
increased in plants subjected to water-deficit stress or
to salinity, the highest value being observed in plants
subjected to the combined effects of both salinity and
drought. Hence, these plants were as productive as the
plants submitted to water-deficit stress alone, but with
a lesser water consumption. Tissue water content repre-
sents a negligible fraction of water consumption. There-
fore, water loss by transpiration was definitely lower in
plants subjected to the combined effects than in those
subjected to water-deficit alone. This result can be ex-
plained by a high retention of water in leaves, likely
resulting form their high Na+ and organic solute con-
tent. Other mechanisms may have contributed to the
improvement of WUE in plants subjected to combined
salinity and drought. For instance, Na+ seems to play
important role in photosynthesis [41,42].

Drought and salinity, either alone or combined, sim-
ilarly reduced the total leaf surface area to ca. 40% of
that observed in control plants. Plants submitted to com-
bined constraints showed the largest reduction in leaf
number, but this trend was compensated by salt-induced
increase in the mean surface area of individual leaves.
In addition, salt stressed plants were much more sensi-
tive in terms of leaf area development, as compared to
the aboveground dry matter accumulation. At the end of
the experiment, a 40% reduction of the total leaf surface
area in plants submitted to water-deficit coincided with
a 60% decline in the aboveground dry matter. In con-
trast, in salinized plants, a 50% leaf area reduction cor-
responded only to a 20% reduction of the aboveground
dry matter accumulation. Thus, salinity may have pro-
moted the reallocation of photosynthates in stems and
leaves, which did not occur in drought-stressed plants.
One of the consequences of this reallocation was the in-
crease in leaf thickness (Fig. 5B).

4.3. Water relations

Despite water-deficit substantially decreased the leaf
water content, this effect was mitigated when salt
was present in the irrigation solution of water-stressed
plants. This trend was associated with a decrease of the
leaf water potential and a high accumulation of Na+
and proline in leaf tissues (Fig. 9), suggesting the in-
volvement of these solutes in osmotic adjustment [43].
S. portulacastrum may behave as a typical Na+ in-
cluder, which compartmentalizes sodium within the leaf
cell vacuoles where it could be used as an osmoticum
to lower the osmotic potential necessary for the main-
tenance of the plant hydric status. The absence of leaf
toxicity symptom, in spite of the high tissue Na+ con-
centration, supports the hypothesis that Na+ was ex-
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Fig. 9. Relationship between leaf proline concentration and leaf wa-
ter potential. The plants were harvested after 90 days of treatment.
The letters refer to the different treatments. C: control (no NaCl or
water-deficit: irrigation at 100% FC); D: no NaCl, water-deficit (25%
FC); S: salinity (100 mM NaCl, 100% FC); D+S: salinity combined
with water-deficit stress (100 mM NaCl, 25% FC). RD: plants re-
watered to 100% FC after 45 days of treatment D. RD+S: plants
rewatered to 100% FC after 45 days of treatment D+S. Mean of six
replicates with S.E., and linear regression line (r2 = 0.925).

cluded from the cytoplasm. Finally, Na+ sequestration
in the vacuole where it could replace potassium might
explain the increase of K+ use efficiency (KUE) that
was observed in plants grown in the presence of salt.

When combined, drought and salinity significantly
increased proline concentration in both leaves and roots.
The high negative correlation between proline and leaf
water potential suggests a potent role of proline in the
osmotic adjustment. Although the role of proline in
osmotic adjustment and drought tolerance is still de-
bated [31,44,45], we have shown in a previous work
[46,47] that in S. portulacastrum subjected to a short-
term water-deficit, the osmotic balance between vacuole
and cytoplasm may be primarily achieved through accu-
mulation of proline.

5. Conclusion

In conclusion, our results indicate that morphological
(shoot/root ratio, leaf number and expansion) and phys-
iological (nutrient accumulation, osmotic adjustment,
water-use efficiency) adaptation mechanisms may sig-
nificantly diverge between salt stress and water-deficit
stress. Salt may improve the response of S. portulacas-
trum to water-deficit stress as a consequence of (i) de-
crease in water leaf potential, (ii) increase in water-use
efficiency, (iii) improvement of potassium use efficiency
as a consequence of Na+ utilization in the osmotic ad-
justment, and (iv) increase in proline accumulation. In
addition, recovery for the most of the parameters related
to growth, development, hydric status, and nutrition was
substantial on the release of stress, in spite of the dura-
tion and magnitude of the stress applied. Hence, it could
be inferred that soil drying alone or combined with
salinity did not cause permanent alterations in S. portu-
lacastrum plants, which can be expected to be a useful
species in revegetation programs in arid saline areas.
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