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Abstract Salinity is a widespread adverse environmental

problem globally, and significantly limits crop production. In

this study, the possibility of enhancing salinity stress tolerance

of Swiss chard (Beta vulgaris L. var. cicla) by 5-aminolevu-

linic acid (ALA) foliar application was investigated. The Swiss

chard plants were grown in hydroponic culture. Twelve-week-

old uniform seedlings were treated by 0 and 40 mM saline

regimes generated by the mixture of sodium chloride and

sodium sulfate (molar ratio NaCl:Na2SO4 = 9:1), and were

foliar-sprayed with 0 and 60 lM L-1 ALA (every 3 days) for

6 days; then the plants were treated for another 7 days (every

3 day) with increased concentration of salinity and ALA,

80 mM and 120 lM L-1. Salinity without ALA application

significantly decreased plant growth [43 % in shoot dry weight

(DW), 21 % in root DW, 24 % in relative growth rate (RGR),

43 % in leaf area (LA)], water uptake [20.8 % in relative water

content (RWC), 47.9 % in osmotic potential (OP)], chloro-

phyll (Chl) a content (10 %), Pn (36 %), Gs (72 %) and Tr

(59 %) compared with those in control plants; however, under

saline conditions, ALA foliar application improved plant

growth (49.7 % in shoot DW, 27 % in root DW, 42.3 % in

RGR, 72.1 % in LA) and increased RWC (12 %), Chl a con-

tent (10 %) and photosynthetic parameters (27 % in Pn, 28 %

in Gs, 14 % in Tr) compared with those in untreated plants.

Salinity significantly increased Na? content, resulting in the

reduction of Mg2? and K? contents. ALA foliar application

alleviated ionic toxicity through the reduction of Na? content

and Na?/K? ratio. On the other hand, it increased total nitrogen

and glycine betaine (GB) content. ALA foliar application

slightly reduced malondialdehyde (MDA) content, indicating

that ALA has the potential to alleviate oxidative stress in

salinity-stressed Swiss chard.
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Abbreviations

ALA 5-Aminolevulinic acid

RGR Relative growth rate

Pn Apparent photosynthetic rate

Tr Transpiration rate

Gs Stomatal conductance

MDA Malondialdehyde

DW Dry weight

Chl Chlorophyll

RWC Relative water content

GB Glycine betaine

OP Osmotic potential

LA Leaf area

Introduction

Salinity is a widespread adverse environmental problem

globally and is being aggravated by agricultural practices.

Plant growth responds to salinity in two phases: a rapid,

osmotic phase that inhibits the growth of young leaves, and

a slower, ionic phase that accelerates the senescence of

mature leaves (Munns and Tester 2008). As a consequence

of these two primary phases, secondary stresses such as

oxidative damage often occur (Zhu 2001). Vegetables are

rich and important sources of nutrients for humans.
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However, their production can be significantly limited by

salinity with consequent negative effects on food security.

Therefore, it is very important to study the possibility of

enhancing the salinity tolerance of crop species.

There are three approaches to develop stress-tolerant

plants: breeding, genetic engineering and the use of plant

growth regulators (PGRs). However, it is a very long

process and requires a large amount of resources to

improve salt tolerance through breeding, and it is difficult

to identify genes for tolerance to a specific stress factor in

crop species through genetic engineering (Korkmaz 2012).

Therefore, plant growth substances are widely applied to

agricultural crops for improving crop production and plant

stress resistance. 5-aminolevulinic acid (ALA) is naturally

found in plants, animals, algae and photosynthetic bacteria,

and it is known as the precursor of all porphyrin com-

pounds, such as vitamin B12, chlorophyll (Chl), heme and

phytochrome (Korkmaz 2012). It has attracted substantial

attention lately as a substance for improving plant growth

and for stress amelioration at low concentration. Previous

studies reported that low concentrations of ALA promoted

the growth and yield of several crops and vegetables (Hotta

et al. 1997; Hara et al. 2011), and that it has the potential to

improve the stress tolerance during plant growth stages:

Exogenous ALA application promoted the seed germina-

tion of pakchoi (Wang et al. 2005), leaf water relationships,

chlorophyll content and mineral accumulation in oilseed

rape seedlings (Naeem et al. 2010, 2011), photosynthetic

gas exchange capacity in oilseed rape and spinach seed-

lings (Nishihara et al. 2003; Naeem et al. 2010), reduced

Na? uptake in cotton and oilseed rape seedlings (Watanabe

et al. 2000; Naeem et al. 2012), and also reduced oxidative

stress in spinach, rice, cucumber and oilseed rape seedlings

and in potato microtubers under saline conditions (Nishi-

hara et al. 2003; Zhang et al. 2006; Wongkantrakorn et al.

2009; Zhen et al. 2012; Naeem et al. 2012).

Sodium chloride is the most soluble and abundant salt

released through weathering of parental rock, and to a

lesser extent, sulfates and carbonates (Munns and Tester

2008). In many areas, such as in India and China, the

salinity problem is mainly due to sulfates and chlorides,

and many studies have focused on the effect of salinity

stress caused by the mixture of NaCl and Na2SO4 on plant

growth and physiology (Li et al. 2009, Zhang and Mu

2009, Liu et al. 2013). Na?, Cl- and SO4
2- in high con-

centration in the external solution are potentially taken up

at high rate, and lead to excessive accumulation in the plant

tissue. Those ions may affect membrane selective perme-

ability and interfere with the uptake of other ions, thus

altering the contents of a range of tissue element (Hu and

Schmidhalter 2005, Colla et al. 2012). In addition, Na? is

often accompanied by Cl- and (or) SO4
2- in naturally

saline areas (Renault et al. 2001), and the main difference

between saline stress caused by Na2SO4 from that induced

by NaCl is anion toxicity. Previous studies reported that

SO4
2- was more inhibitory than Cl- at iso-osmotic con-

centration in Prosopis strombulifera plant (Sosa et al.

2005). On the contrary, Cl- was more phytotoxic to black

spruce, white spruce and jack pine seedlings than the same

molar SO4
2- (Nguyen et al. 2006). Hence it is contem-

plated to investigate the effects of SO4
2 and Cl- on the

physiology of vegetables. Low concentrations of ALA

have the potential to promote the plant growth, and all

previous studies focused on the potential of ALA to

enhance plant salt tolerance under saline conditions gen-

erated by Na? and Cl-, there have been no reports about

the potential of ALA to promote plant salt tolerance under

saline conditions generated by the mixture of Na?, Cl- and

SO4
2-. Therefore, it is basically required to investigate

whether low concentration of ALA would enhance the salt

tolerance of vegetables to different types of salinity.

Swiss chard (Beta vulgaris L. subsp. cicla) is a glyco-

phytic member of the Chenopodiaceae, and is distributed all

over the world as a green vegetable. The leaf of Swiss chard

contains nutritionally significant concentrations of magne-

sium, calcium and phosphorus, and is a good source of

natural antioxidants for the protection of humans against

several chronic diseases (Pyo et al. 2004, Maynard and

Hochmuth 2007). However, its production is significantly

reduced by NaCl stress (Keeling and Ireland 2009) as well

as by the stress caused by 100 mM of a neutral salt mixture

consisting of NaCl and Na2SO4 (9:1 molar ratio) (Liu et al.

2013). Those literatures showed that the Cl- based solution

has considerably more inhibitory effect than the mixture of

SO4
2- and Cl- based solution does on Swiss chard plant

growth at the same concentration, indicating that the Cl- is

more phytotoxic to Swiss chard than the same molar SO4
2-.

Therefore, the main objectives of the current investigation

were to study the salinity tolerance of Swiss chard imparted

by ALA foliar application through determining the influence

of salinity and ALA foliar application on leaf water uptake,

photosynthetic capacity, and the uptake of Na? and other

mineral nutrients in seedling growth under saline conditions,

and to show the effects of ALA foliar application on oxida-

tive stress and endogenous ALA content.

Materials and methods

Plant materials

Swiss chard (B. vulgaris L. subsp. cicla), the seeds of which

were obtained from Utane Seed Co., Ltd. (Utsunomiya,

Japan), was cultivated in a greenhouse of Hiroshima Uni-

versity at a maximum temperature of 31 8C during the day

and minimum temperature of 24 8C during the night. The
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seeds were sown in seedbeds filled with soil mixture and

watered using tap water. After germination, uniform seed-

lings were collected and grown under a hydroponic system.

The basal nutrient solution contained 1.6 mM NO3
-–N,

0.1 mM NH4
?–N, 152.4 lM P, 838.0 lM K, 152.4 lM Mg,

381.0 lM Ca, 2.0 lM Mn, 4.0 lM B, 4.6 lM Fe, 38.1 nM

Cu, 114.3 nM Zn and 30.5 nM Mo.

Stress treatments

Twelve-week-old uniform seedlings were transplanted into

70 L pots filled with basal nutrient solution. Each pot con-

tained four plants and one plant considered as one replicate.

After 7 days of acclimatization, seedlings were treated by 0

and 40 mM salinity (NaCl:Na2SO4 = 9:1 molar ratio), and

foliar-sprayed with 0 and 60 lM-1 L ALA (Nacalai Tesque,

Inc., Kyoto, Japan) on the 1st and 4th days. The volume of

sprayed ALA solution was 5 mL per plant. From the 7th

day, salinity and ALA were increased to 80 mM and

120 lM-1 L, respectively. ALA was foliar-sprayed on the

7th and 10th days, and the volume of sprayed solution was

10 mL per plant. After 12 days of treatment, sampling was

initiated (four replicates per treatment).

Plant harvesting and growth measurements

The plants were divided at the position just above cotyledon

and washed using tap water at first, and then using distilled

water. After removing moisture with tissue paper, plant tissue

was carefully separated into leaf, stalk and root, and then

frozen directly in liquid nitrogen, the freeze-dried, and the dry

weight (DW) measured. The youngest fully expanded leaves

were freeze-dried for the evaluation of other parameters. The

leaf area (LA) was measured using a LA meter (AMM-5 type

leaf area meter, Hayashi-Denko, Tokyo, Japan). Relative

growth rate (RGR) was calculated using the method according

to Hunt (1990). The relative water content (RWC) was mea-

sured as described by Turner (1981). The osmotic potential

(OP) of the cell sap was measured using a Wescor 5500 vapor

pressure osmometer (Wescor Inc., Logan, UT, USA).

Physiological index analysis

The apparent photosynthetic rate (Pn), stomatal conductance

(Gs) and transpiration rate (Tr) of the youngest fully expan-

ded leaves were measured using a portable photosynthesis

system equipped with a leaf chamber and a portable open

flow infrared gas analyzer (LI-6400, LI-COR Biosciences,

Lincoln, NE, USA) at 10:00–12:00 AM on the 12th day of

treatment. Photosynthetically active radiation was applied at

1,000 lmol m-2 s-1, the relative humidity was 80 % and

the ambient CO2 concentration was set at 400 lmol mol-1.

The temperature of the leaf surfaces was 25 �C and the flow

of air was 500 mL s-1. Chl a and b were determined fol-

lowing the measures described by Arnon (1949).

For cations, around 20 mg of finely ground powder was

digested using nitric acid-hydrogen peroxide. The Na? and

K? concentrations were determined using a flame pho-

tometer (ANA-135, Eiko Instruments Inc., Tokyo, Japan),

the Mg2? concentration was determined using an atomic

absorption spectrophotometer (U-3310 Hitachi Co. Ltd.,

Tokyo, Japan) and N concentration was determined by the

Kjeldahl method after digestion with sulfuric acid.

Glycine betaine (GB) was purified by Dowex-1-Cl- ion-

exchange chromatography and Dowex-50-H? ion-exchange

chromatography from the leaf methanol extraction after

separation using chloroform and water, and eluted from the

column by Dowex-50-H? ion-exchange chromatography

using 6 M NH4OH. The dried NH4OH eluant was extracted

with 10 mL of acetonitrile:methanol (20:1, v/v) to remove

protein (Yang et al. 1995), and then GB was analyzed by

HPLC (Gulliver system, Jasco Co., Tokyo, Japan) using a

Shodex NH2P-40 4E column (Saneoka et al. 2004). Proline

was determined following the ninhydrin method described

by Bates et al. (1973) using L-proline as a standard.

The malondialdehyde (MDA) content was determined by

employing the thiobarbituric acid (TBA) reaction as descri-

bed by Fu and Huang (2001). Endogenous ALA content was

measured following the method described by Aarti et al.

(2007). Fresh samples were homogenized with 50 mM

K2HPO4/KH2PO4, pH 6.8 using liquid nitrogen and then

centrifuged. Ethylacetoacetate was subsequently added to an

aliquot of the supernatant, which was boiled for 10 min and

cooled on ice for 5 min. An equal volume of modified Ehr-

lich’s reagent was added to develop the color. After thorough

vortexing, the mixture was centrifuged and its color devel-

opment was measured at 553 nm using a spectrophotometer.

Statistical analysis

All data were examined by one-way ANOVA using Statis-

tical Package for the Social Sciences (SPSS Version 21.0)

for Windows. Values are given as mean ± standard devia-

tion (SD) and multiple comparisons of means of data

between different salinity treatments within the plants were

performed using Duncan’s test at the 5 % significance level.

Results

Plant growth

The effects of saline condition and exogenous ALA foliar

application on plant growth in terms of DW, RGR and LA

are shown in Fig. 1. Saline stress clearly inhibited the plant

growth of Swiss chard (43 % in shoot DW, 21 % in root
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DW, 24 % in RGR, 43 % in LA). The ALA foliar appli-

cation improved the plant salinity tolerance: shoot DW

increased by 49.7 %, root DW increased by 27 %, RGR

increased by 42.3 % and LA increased by 72.1 %. ALA

foliar application under control conditions did not affect

the shoot DW, RGR and LA, and increased root DW by

14.5 % compared to those without ALA application.

Water relationship

To understand how exogenous ALA foliar application

counters salt-induced changes in water relationship, RWC

and OP were determined (Fig. 2). Without ALA foliar

application, salinity seriously decreased RWC and OP (by

20.8 and 47.9 %, respectively), however under saline

stress, the application of ALA increased RWC and OP (by

12.0 and 16.9 % respectively) compared to plants without

application. Similarly ALA foliar application under control

condition also increased OP by 16.9 % compared with

untreated plants, but it had no effect on RWC (Fig. 2).

Chlorophyll content and photosynthesis

Chlorophyll content in topmost fully expanded leaves is

shown in Fig. 3. Chl a content was decreased by 10 % by

salinity compared with the control plants, however, this

decrease was almost removed by the ALA application. Chl

b contents were not affected by salinity alone or combination

with ALA compared to control plants. At the same time,

under control conditions, Chl a and Chl b contents were

increased by 6.9 and 12.7 %, respectively, in ALA treated

plants compared with those in untreated plants (Fig. 3). The

influence of ALA on photosynthetic capacity was examined.

It was shown in Table 1 that Pn, Tr and Gs decreased (36, 59

and 72 %, respectively) by salinity. In contrast, Pn, Tr and Gs

were increased in plants with ALA application compared

with those in plants without ALA application; these increase

were 27.3, 14.0 and 27.7 %, respectively, under control

conditions and were 41.4, 44.3 and 55.6 %, respectively,

under saline conditions.
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Fig. 1 Plant DW, RGR and total LA of Swiss chard with or without

ALA foliar application under non-saline and saline conditions. The

values are means (±SE) of four replicates. Means followed by same

small letters are not significantly different at P ^ 0.05

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

SalinityControl

SalinityControl
R

W
C

 (
%

) 

 -ALA  +ALA 
a a 

c 
b 

-2.2 

-1.8 

-1.4 

-1.0 

-0.6 

-0.2 

O
P 

(M
pa

) 

 -ALA  +ALA 

ab 

a 

c 

bc 

Fig. 2 RWC and OP of Swiss chard with or without ALA foliar

application under non-saline and saline conditions. The values are

means (±SE) of four replicates. Means followed by same small letters

are not significantly different at P ^ 0.05
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Mineral accumulation

Plant responses to salinity vary depending on the degree of

salt stress and the stage of plant growth. To clarify the

mechanism of adaptation of 12-week-old seedlings to sal-

ine stress promoted by ALA foliar application, changes in

mineral contents of leaves were determined (Table 2). The

results showed that Mg2? and K? contents were decreased,

while Na? content and Na?/K? ratio were increased by

salinity; In the presence of ALA under saline conditions,

K? content was not affected, Mg2? content was slightly

increased and Na? content was reduced compared with

those in plants untreated with ALA. Salinity stress gener-

ated by the mixture of NaCl and Na2SO4 slightly increased

total N content compared with that under control

conditions alone. ALA foliar application significantly

increased total N content under both control and saline

conditions compared with that without ALA foliar appli-

cation (Table 2).

Osmotic adjustments, MDA content and endogenous

ALA content

GB and proline are two major osmotic adjustment factors

that accumulate in a variety of plant species in responses to

environmental stresses (Ashraf and Foolad 2007). From the

data illustrated in Table 3, it can be seen that proline and

GB contents increased under saline conditions. Proline

content was also changed by ALA application, it was

increased under control with ALA conditions but was

decreased under saline sress. At the same time, ALA foliar

application under saline conditions produced a increase in

GB content compared with that without ALA application.

The level of lipid peroxidation was expressed in terms of

MDA. The changes induced by treatments of ALA and

salinity on MDA content were shown in Fig. 4. In com-

parison with plants under control condition without ALA

application, MDA content was increased by 20 % in plants

treated with salinity alone, however it was only slightly

increased in plants under both treatments, control and

salinity stress, they were 10 and 7.5 %, respectively.

ALA production is the primary determinant and the

most sensitive step in the pathway of chlorophyll
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Fig. 3 Chl a and b contents in the youngest fully expanded leaves of

Swiss chard with or without ALA foliar application under non-saline

and saline conditions. The values are means (±SE) of four replicates.

Means followed by same small letters are not significantly different at

P ^ 0.05

Table 1 The photosynthetic rate (Pn), transpiration rate (Tr) and

stomatal conductance (Gs) of Swiss chard with or without ALA foliar

application under non-saline and saline conditions

Measurements Treatments

Control Salinity

Pn (lmolCO2 m-2 s-1)

-ALA 16.40 ± 0.08b 10.42 ± 0.52d

?ALA 20.88 ± 0.08a 14.73 ± 0.16c

Tr (molH2O m-2 s-1)

-ALA 6.55 ± 0.37b 2.71 ± 0.28d

?ALA 7.47 ± 0.05a 3.91 ± 0.16c

Gs (molH2O m-2 s-1)

-ALA 0.65 ± 0.06b 0.18 ± 0.03d

?ALA 0.83 ± 0.01a 0.32 ± 0.01c

The values are means (±SE) of four replicates. Means followed by

same letter are not significantly different at P ^ 0.05

Table 2 The Na?, K?, Na?/K? ratio, Mg2? and total nitrogen

(N) contents in the youngest fully expanded leaves of Swiss chard

with or without ALA foliar application under non-saline and saline

conditions

Measurements Treatments

Control Salinity

Na? (mg g-1 DW)

-ALA 9.81 ± 0.68c 42.91 ± 1.72a

?ALA 6.20 ± 0.64c 38.92 ± 1.35b

K? (mg g-1 DW)

-ALA 62.59 ± 5.23a 36.58 ± 2.27b

?ALA 66.40 ± 0.66a 41.52 ± 1.97b

Na?/K?

-ALA 0.15 ± 0.03c 1.18 ± 0.08a

?ALA 0.09 ± 0.01c 0.94 ± 0.02b

Mg2? (mg g-1 DW)

-ALA 5.87 ± 0.42ab 4.26 ± 0.09c

?ALA 6.54 ± 0.57a 4.96 ± 0.29bc

Total N (mg g-1 DW)

-ALA 49.5 ± 1.98c 51.27 ± 0.40bc

?ALA 54.57 ± 0.15b 63.12 ± 7.24a

The values are means (±SE) of four replicates. Means followed by

same letter are not significantly different at P ^ 0.05
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biosynthesis. The effect of exogenous ALA foliar appli-

cation on endogenous ALA contents was shown in Fig. 5.

Salinity and/or ALA application had almost no consider-

able effect on endogenous ALA content.

Discussion

Salinity is a major abiotic stress in plant agriculture

worldwide, and this has led to research into salt tolerance

with the aim of improving crop plants (Zhu 2001).

Recently, ALA has attracted substantial attention as a plant

growth substance for improving plant growth and stress

amelioration at low concentration. Some studies reported

that a low concentration of exogenous ALA promoted the

salt tolerance of cotton, spinach and oilseed rape seedlings

(Watanabe et al. 2000; Nishihara et al. 2003; Naeem et al.

2010). In this study, plant growth in terms of shoot DW,

root DW, RGR and LA was greatly reduced by salinity,

and treatment of ALA significantly improved these

parameters (shoot DW: 49.7 %, root DW: 27 %, RGR:

42.3 % and LA: 72.1 %) under saline conditions compared

with those under saline conditions alone (Fig. 1), sug-

gesting that ALA foliar application can produce recovery

of Swiss chard growth from the harmful effects of salinity

(NaCl and Na2SO4 mixture) and improve its salinity

tolerance.

Plant responses to salinity can occur in two phases over

time: the osmotic phase and the ionic phase. The osmotic

phase starts immediately after the salt concentration around

the roots increases to a threshold level, resulting in the

inhibition of young leaf growth and a significant reduction

in the rate of shoot growth (Munns and Tester 2008). The

RWC and OP in leaves of Swiss chard were significantly

reduced under saline conditions, indicating that the cell

expansion in root tips and young leaves of Swiss chard was

reduced by salinity, resulting in the reduction of plant

biomass. Osmotic stress tolerance is one distinct type of

plant adaptation to salinity, and increased osmotic toler-

ance is evident mainly by the increased ability to continue

producing new leaves (Munns and Tester 2008). In the

present study, exciting results were obtained that the

increase in OP in leaves of Swiss chard was induced by

ALA foliar application under saline conditions, suggesting

that it was possible for Swiss chard to exhibit positive

turgor for cell extension, and then enhanced ability to

continue producing new leaves by ALA foliar application

under saline conditions.

Salinity produces important declines in the chlorophyll

content of leaves and results in the oldest leaves starting

chlorosis and falling with a prolonged period of salinity

stress (Parida and Das 2005), while ALA has a variety

of plant physiological effects on chlorophyll synthesis

Table 3 The proline and glycine betaine (GB) contents in the

youngest fully expanded leaves of Swiss chard with or without ALA

foliar application under non-saline and saline conditions

Measurements Treatments

Control Salinity

Proline (lM g-1 DW)

-ALA 1.39 ± 0.03b 1.52 ± 0.02a

?ALA 1.51 ± 0.00a 1.06 ± 0.03c

GB (lmol g-1 DW)

-ALA 155.96 ± 7.65b 214.57 ± 11.99ab

?ALA 165.67 ± 28.76b 243.57 ± 27.94a

The values are means (±SE) of four replicates. Means followed by

same letter are not significantly different at P ^ 0.05
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(Hotta et al. 1997). Previous studies reported that chloro-

phyll content was significantly decreased by salt and water

stresses in oilseed rape seedlings, and increased by ALA

application (Naeem et al. 2010; Liu et al. 2011). In this

study, Chl a contents were increased by ALA foliar

application under control and saline conditions, suggesting

that ALA might enhance chlorophyll biosynthesis and Chl

a content through its foliar application. Chl b content was

increased under control conditions by ALA foliar appli-

cation, suggesting that the conversion from Chl a to Chl

b is activated by ALA foliar application. However, Chl

b content was not affected under saline conditions with

ALA foliar application compared with that under saline

conditions alone, maybe because chlorophyllide a oxygen-

ase (CAO) had been damaged by the salinity.

The degree of salt-induced reduction in photosynthetic

capacity depends on the area of the photosynthesizing tis-

sue (leaf area), photosynthetic pigments (Chl a and b), and

stomatal and non-stomatal factors that affect CO2 assimi-

lation (Dubey 2005). Salinity causes leaf cells to lose

water, then immediately and transiently affects stomatal

conductance (Munns and Tester 2008). As time passes,

osmotic stress leads to reductions in cell elongation and

cell division, so leaves are smaller and thicker (Munns and

Tester 2008). Under saline conditions alone, the reduction

of RWC in leaves of Swiss chard resulted in the reduction

of stomatal conductance, and then reductions of cell

elongation, cell division and finally LA occurred with time.

Reductions of both stomatal conductance and LA led to the

reduction of photosynthetic capacity. The improvement of

water uptake from roots by ALA foliar application under

saline conditions reduced stomatal limitation of carbon

dioxide uptake and photosynthetic gas exchange, and then

improved the net photosynthetic rate. Chlorophyll func-

tions as a pigment for light energy harvesting and transfer

to the reaction center in photosynthesis (Masuda and Fujita

2008). Therefore, the enhancement of Chl content by ALA

foliar application boosted the light-harvesting capacity and

improved the net photosynthetic rate under saline condi-

tions. Under salinity stress, metabolic limitations of pho-

tosynthesis resulted from increased concentration of Na? in

the leaf tissue (Chaves et al. 2009). In this study, Na?

content in leaf tissue was significantly increased being

toxic for photochemistry, while ALA foliar application

reduced the ionic toxicity through the reduction of Na?

content and improved the photosynthetic capacity.

Intercellular ionic homeostasis is important for the

activities of many cytosolic enzymes, and for maintaining

membrane potential and an appropriate osmoticum for cell

volume regulation (Zhu 2003). However, salinity may

cause nutrient deficiencies or imbalances due to the com-

petition of Na? with nutrients such as K?, Ca2? and Mg2?

(Hu and Schmidhalter 2005). In this study, salinity

increased Na? content, decreased Mg2? and K? contents,

and then resulted in injury regarding Swiss chard growth

under saline conditions. The cytosolic K?/Na? ratio has

been repeatedly named as a key determinant of plant salt

tolerance, and the optimal cytosolic K?/Na? ratio can be

maintained by either restricting Na? accumulation in plant

tissue or preventing K? loss from the cell (Shabala and

Cuin 2008). In this study, the improvement of plant growth

under saline conditions due to ALA foliar application was

associated with reduced Na? uptake and maintenance of

lower Na?/K? ratio in the leaves of Swiss chard. These

results agree with previous studies that reported the

improvement of salt tolerance associated with reduced

accumulation of Na? in cotton seedlings (Watanabe et al.

2000), and that ALA foliar application reduced Na?

uptake, leading to a significant decrease in Na?/K? ratio in

oilseed rape seedlings (Naeem et al. 2010, 2012). There-

fore, exogenous ALA has the potential to manipulate the

uptake of Na, and overcome the injurious effects of salt

stress on some plants. Mg2? is the central atom of the

chlorophyll molecule, and fluctuations in its levels in the

chloroplast regulate the activity of key photosynthetic

enzymes (Shaul 2002). Hu and Schmidhalter (2005) sug-

gested that Mg2? supplementation could play a role in

increasing plant resistance when this nutrient is available at

low levels. Mg2? content in leaves of Swiss chard was

significantly reduced by salinity and slightly increased by

ALA foliar application under saline conditions, and the

induction of Mg2? might help Swiss chard to improve its

salt resistance through improvement of the biosynthesis of

chlorophyll.

N is the mineral element in plants required in the largest

amounts and is a constituent of many plant cell compo-

nents, including amino acids and nucleic acids; nitrogen

deficiency rapidly inhibits plant growth (Hu and Schmid-

halter 2005). Previous studies reported that salt stress

reduces N uptake in many plants, attributed to the antag-

onism between NO3
- and Cl- (Yousif et al. 2010), and an

ALA-based fertilizer significantly increased the concen-

tration of N in the leaves of treated date palm plant (Awad

2008); in addition, foliar application of ALA enhanced the

concentration of all mineral macronutrients in oilseed rape

seedlings treated with salinity compared with that under

saline treatment alone (Naeem et al. 2010). However, in

this study, the total N content showed no reduction in the

leaves of Swiss chard under saline treatment alone, and was

significantly increased by ALA foliar application under

control and saline conditions. Fertilizer N will not increase

yield without sufficient water being available to the plant,

and increasing soil–water availability will not increase

production without adequate N supply (Hu and Schmid-

halter 2005), suggesting that there is a positive relationship

between N content and water availability in growing plants.
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Therefore, the increase of total N content by ALA foliar

application under saline conditions in leaves of Swiss chard

might have been due to the increase of photosynthetic

capacity and water uptake in this plant, and ALA foliar

application improved the Swiss chard growth under saline

conditions with the increase of total N content in its leaves.

It is well known that plants can avoid severe injury by

the accumulation of osmotic adjustments such as in the

levels of free amino acids, proline and GB under saline

conditions. A previous study reported that osmoregulation

due to the accumulation of some free amino acids and GB

was one of the predominant strategies used by spinach

plants to tolerate saline stress, and the increase of GB

balanced the decline in free amino acids in the osmotic

adjustment of the cells of spinach plants (Martino et al.

2003). In this study, proline and GB contents were

increased under saline conditions, suggesting that Swiss

chard has the capacity to maintain water accumulation for

plant growth under saline conditions. However, proline

content was decreased while GB content was increased by

ALA foliar application under saline conditions compared

with those without ALA foliar application.

Proline is an organic osmolyte that accumulates in a

variety of plant species in response to environmental

stresses (Ashraf and Foolad 2007). However, the signifi-

cance of proline accumulation in osmotic adjustment is still

debated and varies according to the species (Meloni et al.

2004). Previous studies reported that proline does not seem

to have an important role in the mechanism of salt toler-

ance in legume (Meloni et al. 2004), and proline accumu-

lation is a symptom of salt-stress injury in rice (Lutts et al.

1999). In addition, Demiral and Türkan (2006) reported

that exogenous GB treatment caused a decrease in the level

of proline accumulation in rice plant (IR-28), and Hu et al.

(2012) reported that the application of GB reduced MDA

and proline content in salt-stressed perennial ryegrass

plant. In this study, the decrease of proline content under

saline with ALA conditions might have been due to the

increase of GB by ALA foliar application, and the decrease

of proline content might have been a symptom of salt

tolerance in Swiss chard plant. Averina et al. (2010)

reported that the stimulation of ALA formation at high

salinity redirects the glutamic acid metabolism from the

proline synthesis pathway to the Chl and heme synthesis

pathway, which suppresses proline formation in barley

plants. Therefore, exogenous ALA might suppress proline

formation through the stimulation of Chl synthesis pathway

under saline conditions in Swiss chard. At the same time,

the decrease of proline content by exogenous ALA agrees

with previous studies, which reported that 30 mg L-1 ALA

treatment resulted in the lowest proline accumulation under

0.5 % NaCl stress in potato microtubers (Zhang et al.

2006).

It is well known that oxidative stress is induced under

environmental stresses through the production of reactive

oxygen species, which are highly toxic, damage many

important cellular components (Fu and Huang 2001; Bor

et al. 2003) and cause leakage of the cell membrane. The

measurement of MDA is widely used as an indicator of

lipid peroxidation, which is used as an indicator of oxi-

dative stress in cells and tissues. In this study, MDA con-

tent in leaves was almost the same under control and saline

conditions without ALA foliar application, suggesting that

the lipid peroxidation of cell membrane in leaves of Swiss

chard was not induced by salinity. In addition, plant

responses to salinity vary depending on the degree of salt

stress, the stage of plant growth and the plant species. The

formation of oxidative stress is followed by stomatal clo-

sure caused by water deficit. Therefore, the lipid peroxi-

dation of the cell membrane in leaves of Swiss chard was

possibly not induced due to the stage of plant growth being

old before treatments, and the degree of salt stress was

insufficient to result in the oxidative stress in Swiss chard.

However, the ALA foliar application decreased MDA

content by 10.3 and 7.5 % under control and saline con-

ditions compared with that without ALA foliar application,

respectively, suggesting that ALA foliar application func-

tions as a protectant against oxidative damage of mem-

branes (Zhang et al. 2006). Hu et al. (2012) reported that

the application of GB reduced MDA content in salt-stres-

sed perennial ryegrass plant. In this study, the decrease of

MDA content by ALA foliar application might have been

due to the increase of GB content.

ALA biosynthesis proceeds by two distinct pathways:

the Shemin pathway from succinyl-CoA and glycine, and

the Beale pathway from glutamate (Sasaki et al. 2002), and

the rate-limiting step in chlorophyll biosynthesis is ALA

formation, which depends primarily on enzymes involved

in the synthesis and breakdown of ALA (Korkmaz 2012;

Akram and Ashraf 2013). In this study, ALA foliar appli-

cation did not enhance endogenous ALA contents under

control and saline conditions, it did enhance chlorophyll

contents, suggesting that ALA has the capacity to improve

chlorophyll content and chlorophyll biosynthesis through

its foliar application, thus the foliar-applied ALA could be

used for improving the chlorophyll contents in Swiss chard.

GB contents increased by ALA foliar application under

saline conditions, these results suggested that the foliar-

applied ALA may have regulatory effects on GB synthesis.
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