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Abstract
Salinity is a potential environmental stress factor for plants. Improving plant growth under salinity stress requires an under-
standing of resistance mechanisms. Salinity stress resistance is related to both salinity avoidance and tolerance. In this study, 
interspecific differences in salinity stress resistance, avoidance, and tolerance were examined in eight C3 turfgrass species, 
namely Agrostis alba, Agrostis tenius, Dactylis glomerata, Festuca ovina, Festuca rubra, Lolium perenne, Phleum pratense, 
and Poa pratensis. In a greenhouse experiment, plants were exposed to 50, 100, or 200 mM NaCl for 2 weeks supplied via a 
hydroponics system. We found that interspecific differences in salinity stress resistance were associated mainly with salinity 
tolerance. Salinity avoidance mechanisms also contributed significantly to stress resistance. The contribution of genotype 
towards interspecific variation in salinity resistance and tolerance was higher than that of Na+ concentration. Salinity stress 
had negative effects on shoot dry mass, water status, and membrane stability. Relative water content was significantly cor-
related with salinity resistance, avoidance, and tolerance, whereas no significant correlation was observed for ion leakage. 
Mineral contents showed no clear contribution to salinity tolerance. Species varied in their proline content even in control 
conditions, and there was a positive association between proline content and salinity resistance and tolerance, but a negative 
association between proline content and salinity avoidance. F. ovina and P. pratense displayed the highest and lowest salin-
ity stress resistance, respectively. The results of this study suggest that both salinity tolerance and avoidance mechanisms 
contribute towards salinity resistance, and that variation in salinity stress resistance among species is attributed to differences 
in proline content.
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1  Introduction

Salinity is one of the major environmental stress factors lim-
iting plant growth and productivity. One-third of irrigated 
land has salinity, especially in arid and semiarid regions 
(FAO 2011; Taiz and Zeiger 2002). The main sources of 
salinity in arable soils are seawater and irrigation water that 
contains sodium chloride (NaCl) (Flowers and Yeo 1995; 
Tester and Davenport 2003).

Plants greatly differ in their resistance to salinity stress 
either among species or within populations of the same spe-
cies (Munns and Tester 2008; Witzel et al. 2009). Plants are 
damaged by salinity stress in several ways including early 
occurring osmotic stress, ionic stress, oxidative stress, alter-
ation in metabolic processes, nutritional disorders, mem-
brane disorganization, reduction of cell division and expan-
sion, and/or genotoxicity (Carillo et al. 2011; Munns 2002; 
Munns and Tester 2008). Ionic damage occurs when salts 
accumulate in plant tissues at a toxic level. Accumulation of 
Na+ in plant tissues at excessive levels is one of the major 
factors causing salinity damage (Flowers and Hajibegheri 
2001; Mitsuya et al. 2003a, b). Increasing the concentration 
of salts such as NaCl in the soil reduces the ability of plants 
to uptake water. The accumulation of Na+ in plant tissue 
impairs metabolic processes and decreases photosynthetic 
efficiency, which in turn negatively affects plant growth 
(Flowers and Yeo 1995; Mäser et al. 2002).
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Resistance to salinity stress is a complex trait that can be 
improved via a comprehensive understanding of the molecu-
lar biology and physiology that contribute towards resist-
ance mechanisms (Munns et al. 2006). Plant resistance to 
abiotic stresses is via two processes, namely avoidance and 
tolerance. Avoidance of salinity stress involves the ability to 
minimize Na+ accumulation in the cell cytosol (Na+ exclu-
sion), particularly in transpiring leaves, whereas tolerance 
of salinity stress involves an increase in the ability of leaves 
to survive in the presence accumulated Na+ (Carillo et al. 
2011; Munns and Tester 2008). Roy and Chakraborty (2014) 
reported that salt-tolerant grasses withstand salinity stress by 
accumulating toxic Na+ in the vacuoles of mature and senes-
cent leaves, secreting excess salt via salt glands, maintaining 
osmotic balance through the accumulation of osmolytes, and 
scavenging reactive oxygen species via antioxidant enzymes. 
Although many studies have explored plant responses and 
resistance to salinity stress, further investigation is required 
to comprehensively understanding the key traits that con-
fer such tolerance (Bartels and Sunkar 2005; Deinlein et al. 
2014; Vinocur and Altman 2005).

Poaceae, or the grasses, is one of the largest plant fami-
lies and contains approximately 10,000 species and 600–700 
genera (Watson and Dallwitz 1992). Grasses differ greatly 
regarding salinity stress tolerance. Roy and Chakraborty 
(2014) illustrated that grasses with high salinity resistance, 
such as the halophytes, facultative halophytes, and glyco-
phytes, are a potent source of genes contributing towards 
salinity tolerance.

In this study, comparisons were made between eight C3 
turfgrass species following different salinity treatments to 
investigate how salinity avoidance and tolerance contributes 
towards interspecific differences in salinity stress resistance. 
The main objectives of this study were to (1) illustrate the 
effect of salinity stress on growth of the different species, (2) 
determine in salinity resistance is determined by avoidance 
and tolerance mechanisms of the various species, and (3) 
investigate how species-specific properties influence salinity 
stress resistance.

2 � Materials and methods

2.1 � Plant materials and growth conditions

Eight C3 turfgrass species were used in this study; Agros-
tis alba L., A. tenius Sibth., Dactylis glomerata L., Festuca 
ovina L., F. rubra L., Lolium perenne L., Phleum pratense 
L., and Poa pratensis L (Sugiyama 2005).

This study was conducted in a glasshouse (Hirosaki 
University, Hirosaki, Japan) under natural conditions using 
a hydroponic culture system during June and July 2014. 
The averaged photon flux density during daytime was 

510 µmol m−2 s−1. During the growing period, the mean 
temperatures were 20–24/14–18 °C (day/night) and mean 
relative humidity was 65%. Plants were grown in plastic 
nursery trays placed on 25-L containers (inner dimension of 
45 × 32.2 × 17 cm). Eight plants of each species were grown 
with a total of 64 plants in each container. Half-strength 
modified Hoagland and Arnon No. 2 nutrient solution was 
used (Sugiyama and Nikara 2004). The full-strength modi-
fied Hoagland and Arnon No. 2 nutrient solution contains 
macronutrients in mM; N 15.0, P 1.0, K 6.0, Ca 4.0, and 
Mg 2.0, along with micronutrients in M; B 3.0, Mn 0.5, Cu 
0.2, Zn 0.4, Mo 0.05, and Fe-EDTA 20.0. After 40 days, the 
plants were exposed to salinity stress via addition of 0, 50, 
100, and 200 mM NaCl to the nutrient solution for 2 weeks. 
The pH was daily adjusted at 5.5 using 1 N H2SO4 and/or 
NaOH. The nutrient solution was renewed every 2 weeks. 
Aeration was supplied at a rate of 2 L/min using a mini 
pump throughout the experiment.

2.2 � Physiological measurement and chemical 
analysis

After 2 weeks of salinity treatments, plants were harvested 
and divided into two sets (each set contains four replicates). 
A set of plants was used to measure cell membrane stability 
and leaf water status. Cell membrane stability was meas-
ured by ion leakage (IL) from leaf tissues using the meth-
ods described by Jiang and Huang (2002). Leaf water status 
was measured by relative water content (RWC) according to 
Loutfy et al. (2012) as;

where FW is the fresh weight, DW is the dried weight and 
TW is the turgid weight of tissue after being soaked in water 
for 12 h at room temperature.

Another set of plants were separated into shoots and 
roots. Shoots were dried at 70 °C for 48 h in a forced-air 
oven; then the dry weights were recorded. Free proline was 
determined according to the methods described by Bates 
et al. (1973). Dried shoots (0.2 g) was homogenized in 
10 mL of 3% aqueous sulfosalicylic acid for 10 min followed 
by filtration. Two milliliters of the filtrate were mixed with 
2 mL of glacial acetic acid and 2 mL of acid ninhydrin, and 
the mixed solution was heated in a water bath for 1 h. The 
developed color was extracted in 4 mL of toluene and meas-
ured colorimetrically at 520 nm against toluene. A standard 
curve with proline was used to calculate the final concen-
trations. For chemical analysis, dried plant shoots (0.2 g) 
were wet-degisted with concentrated H2SO4:H2O2 (1:1, v/v) 
using a heating digester (DK, Velp Scientific Srl, Italy). The 
extracts were used for chemical analysis. Nitrogen (N) con-
tent was measured using TOC analyzer (TOC-L, Shimadzu 

RWC(%) =
FW − DW

TW − DW
× 100
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Cor., Kyoto, Japan). Phosphorous (P) content was measured 
colorimetrically using UV–VIS spectrophotometer. Sodium 
(Na+), potassium (K+), calcium (Ca+2), and magnesium 
(Mg+2) were analyzed using polarized atomic absorption 
spectrophotometer (Z-2000, Hitachi Ltd., Tokyo, Japan).

2.3 � Calculations of salinity resistance, avoidance, 
and tolerance

Slopes of linear regression lines were used to calculate 
resistance, avoidance, and tolerance of each species to salin-
ity stress as described by Sabreen and Sugiyama (2008). 
Resistance was calculated as the linear regression slope of 
shoot dry mass against NaCl treatments, avoidance was cal-
culated as the regression slope of shoot Na+ concentration 
against NaCl treatments, and tolerance was calculated as the 
regression slope of shoot dry mass against shoot Na+ con-
centration. The slopes of these linear regressions represented 
the extent of salinity resistance, avoidance, and tolerance to 
salinity stress, with lesser slopes indicating higher salinity 
resistance, avoidance, and tolerance abilities.

2.4 � Statistical analysis

The statistical analysis was carried out using JMP (versions 
4.0; SAS Institute Inc., USA). For different species that have 
different genetic background, linear regression line slopes 
were used to evaluate the species-specific response to salin-
ity stress. Heterogeneity of regression line slopes was used 
to test the interspecific differences in salinity resistance, 
avoidance, and tolerance (Sokal and Rohlf 1981). The rela-
tive contribution of plant species and common slope was 
assessed among 128 plants including species and NaCl treat-
ments. The experiment was set up as a randomized block 
layout using four replications. Factors were salinity stress 
(four NaCl concentrations) and plant species (eight species).

3 � Results

Plant shoot dry mass showed a negative linear regression 
with both culture solution NaCl concentration and shoot 
Na+ concentration. Shoot Na+ concentration showed posi-
tive correlation with Na+ concentration in culture solution 
(Fig. 1). The slope of the regression line, which represents 
the extent of response, was used as the index of salin-
ity resistance, avoidance, and tolerance in each species 
(Table 1). Individual species differed significantly in salin-
ity stress resistance, avoidance, and tolerance as shown 
by F values of 8.68, 7.32, and 9.06, respectively. Festuca 
ovina displayed the highest salinity resistance ability 
(greatest slope: − 0.0001), in that shoot dry mass was not 
considerably reduced in this species by increasing culture 

solution Na+ concentration, whereas P. pratense had the 
lowest salinity resistance ability (least slope: − 0.0023). 
Species and common slope explained 23.5 and 46.1% of 
the variation in salinity stress resistance, respectively. 
F. rubra had the lowest shoot Na+ concentrations with 
increasing culture solution Na+ concentration and thus 
displayed the greatest salinity avoidance ability (least 
slope: 0.0139), whereas P. pratense had the lowest salin-
ity avoidance ability (greatest slope: 0.0208). Species and 
common slope explained 7.0 and 16.2% of the variation in 
salinity stress avoidance, respectively. Concerning salin-
ity tolerance ability, F. ovina shoot dry mass declined the 
least in response to increasing shoot Na+ content and thus 
displayed the greatest salinity stress tolerance (greatest 
slope: − 0.0058), whereas P. pratense had the lowest salin-
ity tolerance ability (greatest slope: − 0.096). Species and 
common slope explained 24.5 and 46% of the variation in 
salinity stress tolerance, respectively.

The eight species displayed differential growth even under 
control conditions because of their considerable genetic dif-
ferences. The shoot dry mass per plant under control con-
ditions was 0.05–0.51 g. Figure 2 shows the relationships 
between salinity stress resistance, avoidance, and tolerance. 
Resistance showed significant correlation with tolerance and 
avoidance among the eight species (r = 0.912 and − 0.775, 
respectively). On the other hand, there was no clear correla-
tion between avoidance and tolerance abilities (r = − 0.542). 
These results suggest that the interspecific differences in 
salinity stress resistance are associated with both salinity 
tolerance and avoidance abilities.

Relative water content (RWC) decreased significantly 
with increasing culture solution NaCl concentration, 
whereas ion leakage (IL) increased significantly with NaCl 
concentration (Fig. 3). Furthermore, RWC showed signifi-
cant correlation with salinity resistance, avoidance, and 
tolerance (r = 0.893, − 0.759 and 0.758, respectively). In 
contrast, no correlation was evident between IL and salinity 
resistance, avoidance, and tolerance (Fig. 4). These results 
indicate that maintaining water status is dependent on both 
salinity tolerance and avoidance abilities, whereas main-
taining cell membrane stability is not dependent on these 
factors.

Individual species showed significant differences in pro-
line content during both NaCl stress and control treatments 
(Fig. 5). Proline content under control conditions showed 
significant correlations with salinity resistance, avoidance 
and tolerance (r = 0.739, − 0.837, and 0.731, respectively). 
Furthermore, the proline content in most species did not 
significantly change under NaCl stress. It is noteworthy that 
the most salt-resistant species, namely F. ovina, F. rubra, 
and Poa pratensis, possessed higher proline contents under 
control conditions, which then decreased significantly fol-
lowing NaCl treatment.
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There were significant interspecific differences in 
N, P, and Mg contents, but not in in K and Ca contents 
(Table 2). N content was negatively correlated with cul-
ture solution NaCl concentration for all species. N, P, K, 
Ca, and Mg showed no obvious correlation with salinity 
resistance, avoidance, and tolerance.

4 � Discussion

Plant resistance to environmental stresses such as salinity 
is based on their ability to reduce the negative impacts of 
the stress, which involves both avoidance and tolerance 

Fig. 1   Linear regressions of 
salinity stress resistance (a), 
avoidance (b), and tolerance (c) 
in the three representatives C3 
turfgrass species Agrostis tenius 
(At), Festuca rubra (Fr), and 
Phleum pratense (Pp)
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mechanisms (Carillo et al. 2011; Munns and Tester 2008). 
According to Gorham et al. (1985), plant species, such 
as succulent Chenopodiaceae, tolerate the imposed stress 
of Na+ accumulation in shoots by synthesising osmolytes 
such as glycine betaine. On the other hand, halophyte 
grasses avoid salinity stress by limiting the influx of salts 
into the shoots and/or by excluding the excess salt via salt 
glands. Final crop yield is the indicator of plant tolerance 
to stress. It is difficult to evaluate the effect of salinity 
under field conditions because of the variability of treat-
ment within fields and interactions with other environ-
mental stresses. In this study, individual species showed 
differences in their response to salinity stress (Table 1). 
Salinity resistance correlated significantly with salinity 
tolerance and avoidance (Fig. 2). These results indicate 
that there is great variation among species in their abili-
ties to reduce Na+ accumulation in shoots, and in the abil-
ity of their tissues to withstand the accumulated Na+ ion. 
In addition, resistance to ionic toxicity caused by salinity 
stress is associated mainly with the ability to tolerate the 
accumulated Na+ ions in shoots (r = 0.912) as well as 
avoidance ability (r = − 0.775). No significant relation-
ship was found between salinity tolerance and avoidance, 
indicating that both factors contribute independently to 
final salinity stress resistance. This is consistent with the 
results of previous studies (Sabreen and Sugiyama 2008; 
Zha et al. 2004). Contribution of the genetic potential in 
the interspecific variation for salinity resistance and tol-
erance (about 46%) was higher than that of Na+ concen-
tration in the culture solution (about 24%). By contrast, 
contribution of genetic potential for Na+ avoidance was 
only 7% (Table 1). This may explain why final salinity 
resistance was more significantly correlated with salinity 
tolerance than with salinity avoidance.

Salinity had negative impact on plant physiological pro-
cess such as water relations (Maeda and Nakazawa 2008), 
nutritional balance (Yang et al. 2008), and membrane stabil-
ity (Dogan et al. 2010). Sodium sequestration and K+ reten-
tion are crucial factors in salinity tolerance (Adem et al. 
2014). Pandolfi et al. (2012) found that plants acclimate to 
salt stress by preventing K+ leakage and Na+ accumulation, 
suggesting that salt tolerance is associated mainly with the 
ion-specific component rather than the osmotic component 
of stress. In this study, salinity stress had a negative effect on 
water status, as measured by RWC, and membrane stability, 
as measured by IL. Species with high salinity resistance, 
avoidance and tolerance abilities showed higher RWC and 
lower IL (Fig. 4). RWC showed significant correlation with 
both salinity avoidance and tolerance, whereas IL showed 
no significant correlation. Also, no significant correlation 
between RWC and IL was shown. These results suggest 
that water status is associated with both avoidance of ionic 
Na+ accumulation and tolerance of ionic stress. There was 
no evidence that the contents of N, P, K+, Ca+2, and Mg+2 
contributed towards salinity resistance (Table 2). These 
results indicate that accumulated Na+ ions in plant tissues 
negatively affect plant water status and membrane stabil-
ity. Interspecific differences were due to salinity tolerance 
ability, and not to the ability to maintain water status and 
membrane stability.

Compatible osmolytes, such as proline, glycine 
betaine, sugar, and polyols, are low-molecular-weight, 
highly soluble organic compounds that accumulate in 
variable amounts depending on the plant species. The 
major functions of these osmolytes are protecting cel-
lular structure and maintaining cellular osmotic balance, 
which are achieved via different mechanisms, including 
cellular osmotic adjustment, detoxification of reactive 

Table 1   Salinity stress 
resistance, avoidance, and 
tolerance of individual species 
as represented by regression 
slopes and their coefficients of 
determinations (R2)

***Significant at P = 0.001

Species Resistance Avoidance Tolerance

Slope R2 Slope R2 Slope R2

1. Agrostis alba − 0.0013 0.58 0.158 0.93 − 0.0849 0.68
2. Agrostis tenius − 0.0016 0.82 0.182 0.79 − 0.0816 0.87
3. Dactylis glomerata − 0.0016 0.52 0.196 0.97 − 0.0747 0.46
4. Festuca ovina − 0.0001 0.76 0.165 0.74 − 0.0058 0.54
5. Festuca rubra − 0.0007 0.54 0.139 0.89 − 0.0553 0.71
6. Lolium perenne − 0.0014 0.55 0.177 0.94 − 0.0737 0.54
7. Phleum pratense − 0.0023 0.38 0.208 0.83 − 0.0960 0.34
8. Poa pratensis − 0.0009 0.54 0.150 0.67 − 0.0364 0.32
% of SS Resistance Avoidance Tolerance
Common regression 46.1 16.2 46.0
Species-specific regression 23.5 7.0 24.5
F value for species effect 8.68*** 7.32*** 9.06***
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oxygen species, protection of membrane integrity, and 
stabilization of enzymes/proteins (Bohnert and Jensen 
1996; Hasegawa et  al. 2000). Proline protects protein 
turnover machinery against stress-induced damage and 
thus is important for the production of protective pro-
teins in response to stress (Khedr et al. 2003). Moreover, 
proline functions as an osmolyte in intracellular osmotic 
adjustment and plays a critical role in maintaining pho-
tosynthetic activity under salt stress (Silva-Ortega et al. 
2008). Also, proline decreases the level of reactive oxygen 
species and lipid peroxidation and improves membrane 
integrity by increasing antioxidant activity, thus providing 

protection against NaCl–induced cell death (Banu et al. 
2009). Exogenous proline was shown to mitigate the det-
rimental effects of salt stress by increasing antioxidant 
enzyme activities (Hoque et al. 2007). In this study, indi-
vidual species showed great differences in proline content 
even under control conditions. Proline content was posi-
tively correlated with salinity resistance, avoidance and 
tolerance (Table 2). F. ovina, F. rubra, and Poa pratensis 
displayed high proline contents under control conditions, 
which then decreased significantly under salinity stress. 
These results suggest that salt-resistant species can more 
effectively use proline to reduce the negative impacts 
of salinity stress. In contrary, species with low proline 
content, such as P. pratense, had low salinity resistance. 
The great variation among species in their response to 

Fig. 2   Relationship among resistance, avoidance, and tolerance to 
salinity stress among eight C3 turfgrass species

Fig. 3   Effect of salinity stress on relative water content (RWC) and 
ion leakage (IL) in eight C3 turfgrass species
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salinity stress is due to their diverse genetic backgrounds. 
These results suggest that proline plays an important role 
in stress tolerance. Thus, proline content may be used as 
indicator for further resistance to stress.

Salinity can affect plant growth and development in 
different ways, such as by causing osmotic stress, ionic 
stress, and oxidative stress. Salinity stress resistance is a 
complex trait. It is important to understand the underlying 
components of salinity resistance to improve plant salt 
tolerance. The results of this study suggest that ionic stress 
as opposed to osmotic stress is main cause of damage from 
salinity. Salinity stress resistance is based on the ability of 
a species to tolerate ionic stress, as well as avoid the accu-
mulation of toxic ions. There were significant interspecific 
differences in salinity stress resistance, with F. ovina being 
the most salt tolerant and P. pratense being the least. The 
differences among species regarding proline content may 
contribute towards their ability to tolerate future exposure 
to salinity stress.

Acknowledgements  W.S. Soliman received financial support from the 
Egyptian government in the form of a postdoctoral scholarship.

Fig. 4   Correlation between salinity stress resistance, avoidance, and 
tolerance and regression slopes of relative water content (RWC) and 
ion leakage (IL) in eight C3 turfgrass species

Fig. 5   Correlation between salinity stress resistance, avoidance, and 
tolerance and proline content in eight C3 turfgrass species

Table 2   One-Way ANOVA (F value) of chemical content in eight 
C3 turfgrass species under control conditions, and of correlations 
between chemical contents and salinity stress resistance, avoidance, 
and tolerance

*,**, ***Significant at P = 0.05, 0.01, and 0.001, respectively

F value Resistance Avoidance Tolerance

Proline 22.48*** 0.739* − 0.837** 0.731*
Nitrogen 78.74*** 0.18 − 0.08 0.14
Phosphorus 7.05*** − 0.52 0.46 − 0.31
Potassium 1.72 − 0.56 0.47 − 0.42
Calcium 0.71 0.05 0.10 − 0.13
Magnesium 2.17* − 0.27 0.03 − 0.43
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