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Abstract The present study aimed to uncover the inter-

connected mechanisms underlying salt tolerance of Atriplex

nummularia, a potential fodder plant for saline agriculture.

The plants were grown in gravel/hydroponic quick check

system in the greenhouse and irrigated with various seawater

salinities (sws) (0, 25, 50, 100 and 150 %). Raising NaCl

salinity stimulated the plant growth, which was highest at

50 % sws. Growth stimulation was mainly due to positive

water balance, bestowed by plant ability to adjust osmoti-

cally and to minimize water loss via transpiration. Osmotic

adjustment was mainly achieved by substantial accumula-

tion of Na? and Cl-. This was associated concurrently with

sharp decrease in K? and NO3
- concentrations, resulting

into ion imbalance. However, the plants were able to main-

tain adequate ion ratios in their roots and juvenile leaves,

where the metabolic activities are expected to be highest.

Salt-induced reduction in transpiration rates was coincided

with progressive decrease in net photosynthesis (PN). This

reduction was proportionally higher than those observed for

photosynthesis, leading to improve photosynthetic water use

efficiency (PWUE). Reduction in NO3
- concentration may

contribute to the overall reduction in total soluble protein

(TSP), total N content and hence net photosynthetic rates.

However, photosynthetic nitrogen use efficiency (PNUE)

and nitrogen use efficiency (NUE) were transiently

increased, peaked at moderate salinities, indicating that the

plants could effectively regulate nitrogen utilization for

C-assimilation machinery. Thus, plant’s ability to maintain

carbon and nitrogen assimilation in equilibrium through

well-coordinated regulatory mechanisms could be consid-

ered as a key determinant for salt tolerance in A. nummularia.

Keywords Atriplex nummularia � Water relations �
Osmotic adjustment

Abbreviations

Ci/Ca Ratio of internal to external CO2 concentration

E Transpiration rate

La Adult leaves

Lj Juvenile leaves

NUE Nitrogen-use efficiency

PN Net photosynthetic rate

PNUE Photosynthetic nitrogen use efficiency

Pro Proline

PWUE Photosynthetic water use efficiency

Rs Stomatal resistance

SAKNa Selective absorption of K? over Na?

STKNa Selective transport of K? over Na?

sws Seawater salinity

TAA Total amino acids

TSC Total soluble carbohydrates

TSP Total soluble protein

Introduction

Plant growth and productivity are severely threatened by

increasing soil salinity and water scarcity worldwide. At

least 6 % of the world’s total area is saline and more than
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30 % of irrigated land is salt-affected to various degrees

(FAO 2011). The intensive use of the precious natural

recourses (i.e., land and water) along with high evapo-

transpiration and inefficient irrigation systems inevitably

accelerates the secondary salinization, particularly, in arid

climates (Lieth and Mochtschenko 2002; Munns 2005).

The rapidly growing demands of the progressively

increasing population seem to enforce the improvement of

salt resistance of our conventional crops by genetic

manipulation (Flowers 2004), but the outcomes remain not

significant so far (Läuchli and Grattan 2007). An alterna-

tive approach is to utilize the naturally salt-tolerant halo-

phytes for sustainable crop production (Lieth et al. 1999).

This would also provide the access to use saline water,

reducing thereby the pressure on the limited fresh water

resources (Rozema and Flowers 2008).

One promising candidate with a high potential to

become a cash crop fodder is Atriplex nummularia Lind.

(Chenopodiaceae). Owing to its extraordinary high salt

resistance (Osman and Ghassaeli 1997), and adequate

fodder quality within the range of conventional forage

sources (El Mourid et al. 2001), it has been introduced

specifically to increase forage productivity of salt-affected

soils in many Mediterranean countries (Le Houérou 1995).

Although investigations of A. nummularia irrigated with

highly saline water have been reported, knowledge about

the level of salt resistance (threshold) and responses to salt

stress (interrelating salt-resistance mechanisms) has been

lacking so far. Understanding the physiological, biochem-

ical and molecular mechanisms underlying salt resistance

of this species could provide basic information required for

its sustainable utilization on a large scale.

Adaptation to NaCl salinity is complex and comprises a

wide range of morphological, physiological and biochem-

ical mechanisms (Flowers and Colmer 2008). These

mechanisms are closely related to the four major con-

straints of plant growth on saline substrates: (1) water

deficit, (2) restriction of CO2 uptake, (3) ion toxicity, and

(4) nutrient imbalance (Eisa et al. 2012). Osmotic stress

caused by low water potential in saline soils interferes with

the plant ability to take up water, creating water deficit

(Munns 2005; Koyro et al. 2011). This would induce a

rapid stomatal closure to avoid water loss via transpiration,

which in turn leads to a low photosynthetic rate due to

restricted CO2 availability (stomatal limitation) (Huchzer-

meyer and Koyro 2005; Flexas et al. 2007). High NaCl

salinity may cause specific ion toxicity as disproportionate

presence of Na? and/or Cl- in cellular compartments can

inhibit several enzymatic systems (Tester and Davenport

2003). In addition, it may negatively impact the acquisition

of essential nutrients as Na? and Cl- competitively inhibits

the uptake of other cations and anions, respectively (Liu

et al. 2006). This leads, consequently, to extreme ion ratios

(e.g., Na?/K?, Cl-/NO3
-) within the plant, altering a wide

range of important metabolic processes that plant growth is

crucially depending on (Munns and Tester 2008).

One possibility to overcome the deleterious effects of

salinity is the maintenance of water potential gradient

between plant and soil together with a selective ion uptake

and compartmentation (Flowers and Colmer 2008). A well-

characterized response of several halophytes including

Atriplex is their ability to utilize the massive accumulation

of inorganic ions (mainly Na? and Cl-) in their tissues to

adjust osmotically (Ramos et al. 2004; Aghaleh et al.

2009). Although this mechanism is energy-efficient to

adjust osmotically, it may lead to ion toxicity and/or

nutritional imbalance (Koyro et al. 2008). Therefore,

adaptation by salt inclusion requires a precise coordination

between mechanisms which operate at cellular, intracellu-

lar, tissue or organ level to sustain ion homeostasis within

the plant (Apse and Blumwald 2007; Koyro et al. 2011).

One of the means to control ion influx is selective ion

absorption and transport in favor of K? versus Na? (or

NO3
- over Cl-) at the root level (Wang et al. 2004; Huang

et al. 2006).

In general, salt-secreting Chenopods like A. nummularia

exhibit a weak selective uptake capacity, and accumulate

high amounts of Na? in their shoots, particularly the adult

leaves (Yeo and Flowers 1986). This is presumed to restrict

toxic ion deposition into the photosynthesizing juvenile

leaves (Munns 2002). Exclusion of accumulated toxic ions

via bladder hairs is a common strategy in many Atriplex

species. The activity of these bladder hairs is highly

selective, secreting mostly Na? and Cl-, assuring thereby

adequate K?/Na? ratio, particularly, within the photosyn-

thetic leaf tissues (Kelley et al. 1982; Glenn et al. 1999).

Another metabolic response to hyperosmotic salinity is

the synthesis and accumulation of organic (compatible)

solutes in the cytoplasm to maintain an osmotic equilib-

rium across the tonoplast (Wyn Jones and Gorham 2002;

Ashraf and Foolad 2007). Typically accumulated in this

response are sugars, sugar alcohols, nitrogen-containing

solutes such as amino acids and quaternary amino-acid

derivatives (like proline) (Mansour 2000; Murakeozy et al.

2003). These solutes have been reported to function in

osmoregulation, preservation of photosynthesis, protection

of membrane integrity, stabilization of enzymes/proteins,

detoxification of reactive oxygen species and as a reducing

equivalent (Ashraf and Foolad 2007; Koyro et al. 2012).

Nevertheless, the biosynthesis of organic metabolites is an

energy-consuming process, supported mainly by carbon

skeletons derived from photosynthesis. Salt resistance

requires, therefore, a fine regulatory crosstalk between

carbon and nitrogen metabolism within the plant to meet

the requirements of growth and survival under stress

conditions.
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To get precise information about salinity resistance

threshold and gain a better understanding of salt-resistance

mechanisms of A. nummularia, this work aims to investi-

gate biomass accumulation, water and ion relations, CO2

gas exchange, accumulation of compatible solutes and

metabolites (carbohydrates, amino acids, soluble proteins)

under long-term NaCl treatment to determine the

main physiological features leading to salt resistance of

A. nummularia. Special emphasis was taken to the role that

the bladder hairs play in the regulation of internal salt

concentrations of the leaves. Considering the relation

between carbon and nitrogen metabolism, we also assessed

how A. nummularia plants alter their carbon partitioning

and allocation to sustain both growth and osmotic adjust-

ment under high saline condition.

Materials and methods

Plant material, culture, growth conditions and harvest

Seeds of A. nummularia were washed with running tap

water for 24–48 h and sown in sand soil mixture in an

environment-controlled greenhouse. Five weeks later,

individual plants of uniform size were transferred into a

soilless (gravel/hydroponic) culture (quick check system)

(Fig. 1) according to Koyro (2003) in the greenhouse. The

plants were irrigated with a basic nutrient solution (Epstein

1972) using a drip irrigation system. Growth conditions

were as follows: photoperiodic conditions of 16 h light/8 h

dark, temperature of 25 ± 2 �C during the day and

15 ± 2 �C during the night, relative humidity of 60–70 %

and light intensity in the range of 250 lE m-2s-1 at the

plant level. Salt treatments started 2 weeks later by raising

NaCl concentration in the nutrient solution in increments of

50 mol m-3 NaCl each day until the final concentration

was attained. There were altogether five salinity levels

[control, 125, 250, 500 and 750 mol m-3 NaCl; equivalent

to 0, 25, 50, 100 and 150 % seawater salinity (sws)]. The

quick check system was programmed to irrigate the plants

daily every 4 h for 30 min starting at midnight. The

experiment was performed for a total period of

11–12 weeks.

At the harvest time, the plants (three replicates each

treatment) were separated into roots (R), adult leaves (La),

and juvenile leaves (Lj). The root segments were washed

for 1–2 min with ice-cold 0.2 mM CaSO4 solution, then for

1–2 min with distilled water to remove the excess of salts

in the free spaces. Subsequently they were blotted carefully

with tissue paper to remove the surface water. The fresh

weight of all plant organs were directly determined. The

washed plant materials were oven-dried at 105 �C for 48 h

and reweighed. Representative specimens (200–300 mg)

from each plant organ were pooled and stored at -80 �C

for quantitative chemical analyses.

Osmotic potential and CO2 gas exchange

The osmotic potential of the press sap of all plant organs

was measured with the freeze-point depression method

using a cryo-osmometer (Osmomat 030, Genotec GMBH,

Berlin).

Gas exchange measurements were taken 4 and 8 weeks

after the initiation of salt treatment porometrically using a

LI-COR 6200 portable photosynthesis system (LI-COR,

Lincoln, NE, USA). The net photosynthetic rate (PN),

transpiration (E) and stomatal resistance (Rs) of the third or

fourth fully expanded leaves were measured between 0900

and 1500 hours under saturating irradiation (2,000

lmol photon m-2s-1). Water use efficiency (PWUE) of

the photosynthesis was estimated as the ratio of assimila-

tion to transpiration rates.

Mineral ion contents

To provide precise physiological interpretations of salt-

regulation mechanisms in A. nummlaria, ion contents of

the root, leaf tissues and bladder hairs were determined

separately. The adaxial and abaxial surfaces of the leaves

(adult and juvenile) were rinsed in 25 ml distilled water

(bladder hair fractions). These fractions were sealed in air-

tight vials and stored at 4 �C for ion analyses. The fresh

weight of these washed leaves was determined and the ion

contents of the bladder hairs were calculated on fresh

weight base. Approximately 0.1 g of milled dried material

from the roots as well as washed leaves (adult and juvenile)

was ashed in a muffle furnace at 550 �C for 12 h. The ashes

were then extracted with HNO3 (32 %) according to

Steubing and Fangmeier (1992). Plant extractions as well

Fig. 1 Scheme of the quick check system of A. nummularia. 1
Nutrient solution; 2 filter; 3 pump; 4 irrigation tube; 5 A. nummularia
plant and 6 draining tube
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as bladder hair fractions were then diluted and filtered.

Na?, K?, Ca2? and Mg2? concentrations were measured

using an atomic absorption spectrophotometer (Perkin

Elmer model PE 2100). The selective absorption (SAK:Na)

and selective transport (STK:Na) capacity for K? over Na?

was calculated according to the following equations (Pit-

man 1965; Wang and Zhu 1994):

SAK:Na ¼ ðavailable Naþ=KþsoilÞ=ðNaþ=KþrootÞ

STK:Na ¼ ðNaþ=Kþin part AÞ=ðNaþ=Kþin part BÞ:

Anion (Cl-, NO3
-) concentrations in the press sap of

the root and leaves as well as in the bladder hair fractions

were determined using an ion chromatographic system

(Meteohm AG, Herisau, Switzerland). The separation

process was carried out using an IC anion column

(Hamilito PRP-X100, 250 mm) based on a polystyrene–

divinylbenzene co-polymer.

Total soluble carbohydrates (TSC), protein (TSP)

and amino acids (TAA)

Total soluble carbohydrate (TSC) in the press sap were

assayed spectrophotometrically according to Masuko et al.

(2005). The press sap was also used to determine the total

soluble protein (TSP) spectrophotometrically according to

Bradford (1976).

For amino-acid determination, freeze-dried pulverized

samples of about 0.1 g from R, La, Lj were homogenized and

extracted according to Högy (2002). The extractions were

then derivatized with 9-fluorenylmethyl chloroformate

(FMOC-Cl) according to (Einarsson et al. 1983). Amino-acid

concentrations were determined using a reversed-phase high-

performance liquid chromatograph (RP-HPLC, Varian,

USA) equipped with a Varian autosampler model 410 and a

Varian 210 pump. The separation was performed using an

analytical ODS column (Aminotag 80 TM, 150 9 4.6 mm)

protected by a PR-8 guard column (10 9 3.2 mm). The

derivatives were analyzed using a HPLC fluorescence

detector (Shimadzu RF-535) with a wavelength of 260 nm as

excitation and 310 nm as emission wavelength.

Carbon and nitrogen contents

Carbon (C) and nitrogen (N) contents of the R, La and Lj

were determined using a Vario MAX-CNS analyzer (Ele-

mentar Analyse system GmbH, Germany). Nitrogen-use

efficiency (NUE) was calculated as:

NUE ¼ whole plant dry weight=total leaf N amount:

The photosynthetic nitrogen-use efficiency (PNUE,

lmol CO2 mol-1 leaf N S-1) was estimated using the

following equation (Debez et al. 2006):

PNUE ¼net assimilation rate ðPNÞ=
leaf N concentration on the area basis:

Statistical analysis

All data sets were subjected to a one-way-ANOVA anal-

ysis using the SPSS for Windows statistical data analysis

package (SPSS Inc., 2002, release 16, Chicago, IL, USA).

Tukey’s post-hoc test was employed to determine if sig-

nificant (P B 0.05) differences occurred between individ-

ual salinity treatments.

Results

Plant growth and biomass production

The growth of all plant organs (expressed as fresh weight)

was strongly stimulated with increasing water salinity

relative to controls, with maximum growth occurred

at moderate salinity level (50 % sws) (Fig. 2a, b).

A. nummularia plants displayed conspicuous growth and

continued to develop new leaves even at the highest

salinity treatment (150 % sws), where their fresh weights

were still higher compared with the controls. Significant

(P B 0.05) increases of about 550 and 111 % in plant fresh

weight were observed at moderate (50 % sws) and high

(100 % sws) salinity level, respectively. These increases

were mainly a result of increased shoot (stem and leaves)

rather than root fresh weights (Fig. 2a, b). Consequently,

the shoot/root ratio was significantly enhanced with raising

NaCl salinity, reached maximum at 50 % sws. Salinity

resistance threshold (water salinity causes the initial sig-

nificant reduction in maximum expected yield according to

Shannon and Grieve 1999) and C50 (water salinity which

reduces the maximum yield by 50 %) were at salinity

levels higher than 100 % sws (Fig. 2b).

Mineral element composition and contents

Raising water salinity progressively and significantly

(P B 0.05) increased Na? concentrations of all organs

(Fig. 3a). Whatever the salinity treatment, foliar Na?

concentrations (particularly those of the adult leaves) were

generally higher than those of the root. High salinity level

resulted in five- to tenfold increases in Na? concentrations

relative to controls depending on the plant organs.

Elevating water salinity led to a steep rise in Na? con-

centrations inside the bladder hairs of both adult and

juvenile leaves (fresh weight base) (Fig. 4). This effect was

more pronounced for the bladders of juvenile leaves, where

Na? accumulated up to sevenfold relative to the controls.
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Contrarily, tissue K? concentrations decreased transiently

in all plant organs with increasing NaCl salinity, although,

these reductions were more pronounced in the leaves, espe-

cially juvenile ones. Maximum reductions in tissue K? con-

centrations (50, 75 and 80 % for R, La and Lj, respectively)

were noted at moderate salinities (Fig. 3c). Along with salt-

induced Na? increments, this led to a significant (P B 0.05)

increase in the Na?/K? ratio within all plant organs. Even at

the highest salinity level, the roots exhibited distinctly the

lowest Na?/K? ratios (being 7.4), while the adult leaves had

the highest ratio (being 27.8).

Selective absorption in favor of K? versus Na? (SAK:Na)

was very low (0.10 ± 0.02) under control conditions

(Table 1). Raising water salinity resulted into significant

(P B 0.05) increases in SAK: Na up to 113 folds at seawater

salinity level (Table 1). Selective transport capacity of K?

over Na? (STK:Na) was generally\1 at the whole range of

salinities with one exception; STK:Na for the Lj was higher

than one under control conditions (Table 1). However,

STK:Na of the juvenile leaves was remarkably higher as

compared to that of the adult leaves at the whole range of

salinity treatments (Table 1).

Negligible amounts of K? were detected inside the bladder

hairs of both adult and juvenile leaves under control

conditions (Fig. 4). Elevating water salinity led to a transient

decrease in K? excretion. As a result, Na?/K? ratio in the

bladder hairs increased markedly with increasing water

salinity reached maximum (24.0 and 74.2 for the bladders of

the adult and juvenile leaves, respectively) at the highest

salinity level. STK:Na from the juvenile leaves to the corre-

sponding bladder hairs was lowest (Table 1).

Tissue Ca2? and Mg2? concentrations of all plant

organs were transiently declined in response to external

NaCl salinity (data not shown).

Cl- concentrations showed a similar tendency to that of

Na?, gradually incremented in all plant organs as water

salinity rose (Fig. 3c). However, the leaves tended to

accumulate comparatively lower Cl- than Na? at the

whole range of salinities. Cl- excretion from the leaves via

bladder hairs increased consistently as NaCl concentration

in the nutrient solution rose, the effect was much

pronounced for the juvenile ones (Fig. 4). NaCl salinity

lowered transiently and significantly (P B 0.05) NO3
-

concentrations of all plant organs, with maximum reduc-

tion observed at low and moderate salinities (Fig. 3d).

Intense salinity treatment (150 % sws) led to substantial

NO3
- accumulation in the roots and adult leaves, where its

concentration exceeded the control levels (Fig. 3d).

CO2-gas exchange

The net photosynthesis rate (PN) was steadily and signifi-

cantly (P B 0.05) declined as water salinity increased,

reached only about 27 % of the control values at the

highest salinity treatment (Table 2). Elevating water

salinity gradually and significantly (P B 0.05) increased

the stomatal resistance (Rs), with maximum increase

(eightfold relative to the controls) observed at the highest

water salinity level (Table 2). As a consequence, the ratio

of internal to external CO2 concentration (Ci/Ca) was dis-

tinctly reduced from 0.5 ± 0.04 (control conditions) to

0.22 ± 0.04 at the highest salinity treatment.

Salt-induced increase in Rs was correlated with a sub-

stantial reduction in the transpiration rates (E), which

reached a minimum at the highest salinity level (Table 2).

Reduction in the transpiration rates was, however, pro-

portionately much greater than that of photosynthetic rates,

leading to improve the photosynthetic water-use efficiency

(PWUE) with increasing water salinity. Compared to the

control, WUE was enhanced by about 107 % in plants

grown at 150 % sws (Table 2).

Nitrogen and carbon contents (relations)

On average, total nitrogen contents of control plants ranged

between 2.7 and 5.3 % (dry weight basis), with maximum

N content observed in Lj (Fig. 5a). Increasing water

Fig. 2 Development and growth responses of A. nummularia plants

to varying seawater salinities (a) and plant fresh weight at different

water salinity (b). R root, St stem, La adult leaves, Lj juvenile leaves.

The dotted line marks the C50 value. Each column represents the mean

of nine replicates and the bars represent standard errors. Columns
with the same letter are not significantly different at P B 0.05,

Tukey’s post-hoc test
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salinity transiently decreased N content of all organs, with

significant (P B 0.05) reductions occurred at 50 % sws (for

R and La) and at 100 % sws (for Lj). N contents were

reduced by 28, 35 and 13 % for R, La and Lj, respectively,

in response to high salinity treatment (Fig. 5a).

The same trend was also observed for carbon contents,

although with less adverse effect as compared to nitrogen,

resulted into a transient increase in C/N ratio in all plant

organs with increasing NaCl salinity (Fig. 5c). Both growth

NUE and PNUE were significantly (P B 0.05) highest at

moderate salinities (25 and 50 % sws), but lowest at full

strength salinity (Fig. 5b; Table 1, respectively).

TSC, TSP, total amino acids (TAA), and proline (Pro)

contents

On average, TSC contents ranged between 88.9 (root) and

95.5 (adult leaves) mmol l-1 press sap under control
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conditions (Fig. 5d). TSC content of the roots was notably

increased as water salinity rose, exceeded clearly the initial

values at highest salinity level. As for the leaves, TSC

contents of La significantly (P B 0.05) declined, while

those of Lj were slightly (statistically not significant)

enhanced with elevated water salinity (Fig. 5d).

TSP content ranged from 0.2 (root) to 0.9 (juvenile

leaves) mg l-1 press sap in control plants (Fig. 6a). Ele-

vating substrate salinity transiently decreased TSP content

of both La and Lj (Fig. 6). Salinities above 25 % sws

enhanced the TSP contents of Lj, but did not significantly

affect those of La. Unlikely, TSP content of the roots

increased gradually and significantly (P B 0.05) as the

external salinity rose (Fig. 6a).

Increasing NaCl salinity transiently decreased the TAA

content of both adult and juvenile leaves, with lowest TAA

content observed at moderate salinity (Table 3). Higher

salinities significantly augmented TAA content of the

leaves, especially, the juvenile ones. As for the roots, TAA

content increased gradually with the rise of salinization

level, with maximum increase (ca. 96 %) at the highest

salinity treatment (Table 3).

Proline concentration was very low (constituting only

3–5 % of the TAA content) in all plant organs under

control condition (Fig. 6b). Its concentration was slightly

(statistically not significant) enhanced with increasing

salinity up to 50 % sws. Higher salinities, however,

induced a progressive accumulation, particularly in the

juvenile leaves. The highest salinity treatment caused sig-

nificant increases of seven, six and eightfold in proline

concentrations of R, La and Lj, respectively (Fig. 6b).

Osmotic adjustment

As can be seen in Fig. 7, osmotic value (mOsmol) of all

plant organs increased clearly as water salinity increased.

Sums of osmotically active solute concentrations (Na?,

K?, Cl-, NO3
-, TSC, TSP, TAA and others) were suffi-

cient, from quantitative point of view, to explain more than

95 % of the osmotic potentials in all plant organs (Fig. 7).

Under control conditions, not only TSC, K? but also Na?

(to lesser extent) contributed to a considerable part of the

osmotic potential, particularly in the root, where they

accounted for about 26.2, 20.8, and 22.3 %, respectively.

The involvement of organic solutes in the osmotic potential

decreased, whilst that of Na? and Cl- increased in

response to raising water salinity (Fig. 7).

Discussion

Although salinity is a growth-limiting factor for most plant

species, it strongly stimulated the growth of A. nummu-

laria, with optimal growth (amounted to *550 % of the

control) occurring at 50 % sws. Similar results have been

reported for this species (Ramos et al. 2004; Silveira et al.

2009) and many other halophytes (Khan et al. 2000; Debez

et al. 2006).

The mechanisms leading to growth improvement at

moderate NaCl levels are not fully understood. However,

in agreement with Nerd and Pasternak (1992), salt-induced

growth stimulation in A. nummularia might be largely the

consequence of increased tissue water content. This is

strongly supported by a marked decrease in dry-matter

Table 1 Selective absorption of K? over Na? (SAK: Na) and selective

transport in favor of K? over Na? (STK:Na) from the root to the

juvenile leaves and from juvenile leaves to the bladder hairs under

varying NaCl salinity levels

Treatments SA K:Na STK:Na STK:Na

Roots R–Lj Lj–Bh

Control 0.097 ± 0.016a 1.280 ± 0.196a 0.081 ± 0.020a

25 % sws 80.833 ± 7.493b 0.717 ± 0.103b 0.082 ± 0.025a

50 % sws 86.978 ± 7.138bc 0.283 ± 0.043c 0.321 ± 0.104b

100 % sws 112.691 ± 2.890d 0.320 ± 0.061c 0.236 ± 0.055c

150 % sws 97.061 ± 9.243c 0.555 ± 0.066d 0.201 ± 0.067c

Means within a column followed by the same letter are not signifi-

cantly different at P B 0.05 as determined by Tukey’s post-hoc test.

Each mean represents nine replicates

Table 2 Effect of elevated NaCl salinity on net photosynthesis rate (PN), transpiration rate (E), stomatal resistance (Rs), ratio of internal to

external CO2 concentration (Ci/Ca), photosynthetic water use efficiency (PWUE), and photosynthetic nitrogen use efficiency (PNUE)

Treatments PN (lmol m-2 s-1) E (mol m-2 s-1) Rs (s cm-1) Ci/Ca PWUE (A/E) PNUE (lmol CO2

mmol-1N s-1)

Control 18.25 ± 0.38a 5.61 ± 0.14a 2.08 ± 0.34a 0.50 ± 0.04a 3.26 ± 0.15a 319.33 ± 22.63a

25 % sws 13.95 ± 1.23b 2.98 ± 0.24b 4.04 ± 0.65b 0.35 ± 0.04b 4.69 ± 0.09b 405.82 ± 58.72b

50 % sws 12.65 ± 0.74b 2.74 ± 0.31b 5.62 ± 1.01b 0.31 ± 0.03b 4.70 ± 0.31b 369.0 ± 29.03ab

100 % sws 8.94 ± 0.46c 1.72 ± 0.19c 8.03 ± 0.42c 0.26 ± 0.02c 5.24 ± 0.34b 358.69 ± 31.75ab

150 % sws 5.01 ± 0.51d 0.75 ± 0.10d 15.95 ± 0.68d 0.22 ± 0.04c 6.75 ± 0.86c 119.63 ± 5.16c

Means within a column followed by the same letter are not significantly different at P B 0.05 as determined by Tukey’s post-hoc test. Each mean

represents nine replicates
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accumulation and a significant increase in leaf succulence

(unpublished data). Increasing leaf succulence in response

to salinity is an important adaptive strategy that might

contribute to the regulation of internal ion concentrations in

halophytes such as A. nummularia (Koyro et al. 2008).

Supraoptimal salinities inhibited slightly the growth of

A. nummularia, a response that is quite common in many

halophytes (Geissler et al. 2009; Eisa et al. 2012). How-

ever, the plants were able to express high growth potentials

even at 150 % sws, where their fresh weights were still

greater than the respective controls (111 % increases).

Together, these results indicate that A. nummularia is a

highly tolerant and productive species, particularly, under

high saline conditions.
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The initial adverse effect of salinity on plant growth is

usually due to osmotic effect resulting from low substrate

water potential. Results of this study showed that osmotic

potential of all plant organs fell gradually and became

more negative as the external salinity rose (Fig. 7). This

indicates that A. nummularia was able to maintain, even

under high saline conditions, a sufficient water influx.

Similar results have been reported for A. nummularia

(Silveira et al. 2009), A. triagularis (Karimi and Ungar

1984), A. semibaccata (De Villiers et al. 1996), A. pros-

trate (Wang et al. 1997) and A. griffithii (Khan et al. 2000).

As expected, lowering osmotic potential was associated

concurrently with a substantial accumulation of Na? and

Cl-, particularly in the aerial parts. Their participations at

the total osmotic potential increased significantly from 23

to 45 and 9 to 13 % (for Na? and Cl-, respectively) under

control conditions to 40–60 and 30–50 % at full-strength

salinity. This indicates clearly that A. nummularia behaves

as a salt includer, utilizes controlled accumulation of Na?

(balanced by Cl-) to adjust osmotically (Munns 2005).

Osmotic adjustment using inorganic ions is cost-effective

(with respect of energy and resources spent) compared to

biosynthesis of organic solutes (Koyro and Huchzermeyer

1999; Marcum 2006).

Another mechanism to cope with salt-induced water

imbalance is the progressive decline in transpiration rates

(Table 2). Similar characteristics of water conservation

have also been reported for other halophytic species (Liu

and Stützel 2002). Together with the ability to adjust

osmotically, these indicate that A. nummularia can effi-

ciently control its water relations, maintaining thereby a

positive water balance at a wide range of salinities.

Therefore, one can presume that hyperosmotic conditions

are not a limiting factor for the growth of A. nummularia

under saline conditions.

Reduction in transpiration rates was coincided with a

progressive decrease in net photosynthetic rates (PN).

Many earlier reports showed that plant photosynthetic

capacity was inhibited by salinity (Bayuelo-Jimenez et al.

2003; Koyro et al. 2006). Interestingly, A. nummularia

plants continued to grow and photosynthesize, although at

a reduced rate, even at high water salinity (Table 2). The

mechanisms by which halophytes maintain growth and

photosynthesis as well as cause–effect relationship between

growth and photosynthesis under hyperosmotic salinity

could be difficult to explain. Salt-induced reduction in

photosynthetic rates is likely to be a consequence of an

enhanced stomatal closure, leading to a substantial reduc-

tion in CO2 diffusion to the carboxylation sites (Khan et al.

2000; Geissler et al. 2009). This interpretation is supported

by the linear correlation between net photosynthesis (PN),

transpiration rate (E), stomatal resistance (Rs) and the

internal CO2 concentration (Table 2). Similarly, a positive

correlation between photosynthetic rates and stomatal

conductance has been found in Atriplex prostrata (Wang

et al. 1997), A. nummularia and A. hastata (Dunn and

Neales 1993) and A. centralasiatica (Qiu et al. 2003). The

Table 3 Contents (lmol g-1dw) of the total amino acids (TAA) in

the root (R), adult leaves (La) and juvenile leaves (Lj) at various NaCl

salinity levels

Treatments Plant organs

R La Lj

Ctr. 209.60 ± 39.49a 460.27 ± 110.38a 588.86 ± 98.64b

125 NaCl 298.27 ± 2.57ab 363.66 ± 45.36a 295.43 ± 23.88a

250 NaCl 322.30 ± 97.45ab 443.34 ± 97.46a 407.36 ± 117.51ab

500 NaCl 460.06 ± 67.84b 466.04 ± 68.24a 516.84 ± 50.23ab

750 NaCl 411.77 ± 59.54b 503.58 ± 112.45a 852.66 ± 76.75c

Means within a column followed by the same letter are not significantly dif-

ferent at P B 0.05 as determined by Tukey’s post-hoc test. Each mean repre-

sents nine replicates

R La Lj

So
lu

te
 c

on
ce

nt
ra

ti
on

s 
(m

m
ol

 k
g

-1
)

0

500

1000

1500

2000

Na 
Cl 
K 
NO3

TSC 
TAA 
Other 
OP 

R La Lj

O
sm

ot
ic

 v
al

ue
 (

m
O

sm
ol

)

0

500

1000

1500

2000
(a) (b)

Fig. 7 Concentrations of

osmotically active substances in

different plant organs at control

(a) and 150 % sws (b). R roots,

La adult leaves, Lj juvenile

leaves. Na sodium, Cl chloride,

K potassium, NO3 nitrate, TSC
total soluble carbohydrates, TAA
total amino acids and other (Ca,

Mg, SO4, PO4, oxalate). X
symbols mark the corresponding

osmotic value of the press saps

Acta Physiol Plant (2013) 35:1025–1038 1033

123



reduction in transpiration rates was proportionally larger

than that in photosynthetic rates, resulting into enhanced

PWUE. Such an improvement in PWUE has been also

reported for several halophytic species in response to

salinity (Naidoo et al. 1995) and considered as an impor-

tant feature for the long-term survival in saline environ-

ments (Naidoo and Mundree 1993; Koyro 2000).

However, suppression of photosynthesis at high salini-

ties may attribute also to impaired biochemical and pho-

tochemical capacities of the leaves (Sobrado 2005). This

may be due to an inhibition (synthesis or activity) of sev-

eral enzymes related to photosynthesis such as Rubisco

(Rivelli et al. 2002). Alterations in photosynthesis as

described above could also be explained either by nutrient

deficiency or ion toxicity usually observed under saline

conditions (Navarro et al. 2008; Abogadallah 2010). Of all

macro nutrients, photosynthesis is most critically restricted

by nitrogen availability. In this study, NO3
- concentration

decreased sharply in all plant organs in response to mod-

erate salinities. Apparently, this might be due to the

antagonism of NO3
- by Cl- in the external substrate

(Feigin et al. 1987; Zhu 2002) or a dilution effect due to

salt-induced enhanced succulence. Low NO3
- concentra-

tion seems to be responsible for the reduction in TSP and

total nitrogen contents (Figs. 5a, 6a), indicative of sup-

pressed NO3
- assimilation rates under saline conditions

(Feigin et al. 1991; Al-Rawahy et al. 1992).

Expectedly, the competition between chloride and

nitrogen under saline conditions greatly alters vital pro-

cesses such as photosynthesis, since a large fraction of leaf

nitrogen (*60–80 %) is invested in the photosynthetic

machinery (Evans and Seemann 1989; Makino and Osmond

1991). Surprisingly, PNUE and NUE were highest at mod-

erate salinities (25–50 % sws). This clearly indicates that

A. nummularia plants could effectively regulate nitrogen

partitioning for carbon assimilation machinery to enable an

optimal photosynthetic capacity and, hence, growth and

development at moderate salinities. On the other hand,

incorporation of NO3
- into downstream products is usually

linked with a high metabolic cost and intimately depends on

the leaf capacity to supply carbon skeleton (Pace et al. 1990).

As a consequence, this would alter the allocation of photo-

assimilates between sugars and amino-acid biosynthesis.

Salt-induced increasing in C/N ratio with elevating substrate

salinity (Fig. 5b) reflects an enhanced carbon flux toward the

synthesis of sugars at the cost of N assimilation. Together,

these reveal that A. nummularia plants could maintain

C- and N-assimilation processes in equilibrium through

well-coordinated regulatory mechanisms to enable optimal

growth and development under saline conditions.

Raising water salinity also resulted into a substantial

decrease in K? concentration. Its participation in the

osmotic adjustment fell from 21, 4, and 12 % under control

condition to 5, 1, and 3 % (for R, La, and Lj, respectively)

at the highest water salinity. Similar results have been

observed previously, and interpreted as a consequence of

competition between K? and Na? uptake or due to changes

in membrane integrity caused by displacement of Ca2? by

Na? (Cramer et al. 1985; Silveira et al. 2009). Thus, Na?/

K? ratio enhanced significantly in all plant organs in

response to salinity. Nevertheless, the plants were able to

maintain a relatively low Na?/K? ratio in their roots and

juvenile leaves (where the metabolic demands are expected

to be greatest and the sensitivity to Na? is highest) at the

whole range of salinities (compared to respective external

solution). This reveals that A. nummularia may exert some

control over ion absorption and transport in these organs.

Of which, selective absorption of K? over Na? (SAK:Na)

that substantially increased from 0.10 under control con-

ditions reached about 100 at high salinity treatment

(Table 1). Further, the selective transport capacity in favor

of K? (STK:Na) from root to shoot (Table 1) was very weak

(below one at the whole range of salinities). This reflects a

preferential transport of Na? to the shoot where more than

80 % of the total sodium content was accumulated. Such

ion distribution between root and shoot confirms that A.

nummularia is typically a salt includer (Flowers et al.

1977). It is worth noting that STK:Na from root to adult

leaves was lower than to the juvenile ones at the whole

range of salinities. This indicates a preferential Na?

sequestration into the adult leaves, which might function as

ion sinks to restrict or at least delay excessive accumulation

of Na? and Cl- in the actively photosynthesizing tissues

(Jeschke 1984; Koyro 2002).

Low salt concentrations in the active metabolic sites of

the leaves is directly linked to their capacity to remove or

compartmentalize the surplus of salts (mainly Na? and

Cl-) into the bladder hairs (Freitas and Breckle 1992).

Here, we observed that Na? and Cl- concentrations in the

bladder hairs (fresh weight base) were correlated with

those of the leaf tissue and external solution (Fig. 4). Quite

remarkably, the juvenile leaves were able to compart-

mentalize more Na? and Cl- into their bladder hairs

compared to the adult ones at the whole range of salinities

(Fig. 4). This may be due to the fact that the formation of

these bladder hairs occurs only in the early stages of the

leaf development, so that the ratio between hair density and

leaf mass is highest in this stage (Kelley et al. 1982). This

confirms the significant role that the bladder hairs play to

withdraw Na? and Cl- from the leaves, particularly, the

juvenile photosynthetically active ones (Schirmer and

Breckle 1982). As for the adult leaves, this mechanism

seems to be less effective. Therefore, ion dilution as a

result of increasing leaf succulence may be the main

strategy operating in the adult leaves to avoid the toxic

effects of harmful ions (Debez et al. 2006).
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At the cellular level, low K?/Na? ratio may not occur

into the cytoplasm, in case that Na? and Cl- are effectively

compartmentalized into the vacuoles. This would help

maintaining adequate ion ratios in the cytosol and provide

an energetically cheap osmotic driving force for water

uptake (Tester and Davenport 2003). However, this process

by itself is energy-consuming (accumulation of Na? occurs

against a concentration gradient) and usually accompanied

by the synthesis of compatible osmolytes (extra energy

requirements) in the cytoplasm to balance the low osmotic

potential in the vacuole (Slama et al. 2007). This might

explain growth reduction at the highest water salinity

(Huchzermeyer and Koyro 2005; Geissler et al. 2009).

Osmotically active organic solutes such as amino acids

have been reported to accumulate in response to salinity

(Misra and Gupta 2005). In this study, high water salinity

level was connected with a noticeable increase in the TAA

concentrations (Table 3). Data of TAA contents were

consistent with those of total soluble protein, suggesting

that increased-amino acid pool in the leaves of A. num-

mularia plants grown at hyperosmotic salinity was due to a

decreased rate of protein synthesis or an enhanced prote-

olysis (Forment et al. 2002; Pessarakli et al. 2005). In

agreement with other studies (Storey and Wyn Jones 1979;

Bajji et al. 1998), increasing TAA content under hyperos-

motic salinity was entirely the consequence of a marked

increase in proline levels (Fig. 6b). Proline accumulation, a

common response to hyperosmotic salinity, is considered

to be involved in salt-resistance mechanism as was repor-

ted for A. spongiosa (Storey and Wyn Jones 1979) and

A. halimus (Martı́nez et al. 2005). Although proline accu-

mulated to high concentrations (five to sevenfold) at

the highest salinity level, its concentration (ca 80–

150 lmol g-1 DW) was insufficient to account for a sig-

nificant contribution to the total osmotic adjustment

(Fig. 7). This may not, however, preclude its importance as

osmolyte, because it is thought to be synthesized and

restricted mainly in the cytoplasm (merely about 10 % of

cell volume). Thus, its significance as a cytoplasmic

osmolyte seems to be higher than is assumed from its

concentration on dry-weight basis.

Likewise, TSC contents were generally raised in

A. nummularia (except for adult leaves) as water salinity

rose. Several hypotheses have been mentioned to explain

carbohydrates accumulation, even with suppressed photo-

synthesis, under hyperosmotic salinity. TSC accumulation

is believed to result primarily from decreased export due to

shortage of energy source (e.g., ATP) (Munns and Termaat

1986) or disturbance of carbohydrate metabolism, regu-

lated by various synthesizing and degrading enzymes

which may be ion-specifically controlled (Rathert 1982;

Marschner 1995; Singh et al. 1996). Carbohydrate accu-

mulation has been commonly documented and is

considered to play an important role in osmotic adjustment

in salt-tolerant plants (Popp and Smirnoff 1995; Bajji et al.

2001; Murakeozy et al. 2003). As can be seen in Fig. 7,

TSC concentration does not seem to play an important

direct role as osmolyte in A. nummularia in the sense of

osmotic adjustment as their involvement at osmotic

potential decreased from 26, 6, and 5 % under control

condition to 5, 3, and 4 % at high water salinity (for R, La,

Lj, respectively). In addition to their role as osmolytes,

proline and carbohydrates are presumed to be osmopro-

tectant involved in stabilizing cellular membranes, pro-

tecting proteins and enzymes, acting as a stress signal or as

free-radical scavengers (Vinocur and Altman 2005; Ashraf

and Foolad 2007). They may also function as nitrogen and

carbon sources during limited photosynthesis under stress

conditions (Wang and Showalter 2004).

Results of the present study indicate that A. nummularia

is highly salt-tolerant species in terms of biomass produc-

tion under saline conditions, especially in arid climates.

The delicate balance among osmotic adjustment, salt

accumulation, salt compartmentation, and salt excretion via

bladder hairs, along with a mutual coordination and com-

plementation of carbon and nitrogen metabolism and

allocation of cellular components within the plant appear to

be important components of its high salt resistance. Growth

reduction at supraoptimal salinities is presumably due to

low supply of photoassimilates as a consequence of

impaired photosynthetic capacity. This worse effect is

aggravated by the diversion of assimilates away from the

synthetic processes involved in cell growth and develop-

ment to maintenance processes. Further investigations are

needed to decipher the relation between photosynthesis,

respiration, plant growth and biomass accumulation under

salt stress. Finally, it is worth to mention that A. nummu-

laria does not only offer the possibility of being an alter-

native promising fodder crop under moderate salinities but

also, through understanding of its physiology, may provide

possible routes to enhance salt resistance in other crops.
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