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Abstract  

This study was aimed to determine biochemical traits related to higher phytomass 

production in sorghum genotypes irrigated with saline water. It was also attempted to 

consider whether or not forage yield production under non-saline conditions could be used 

as an index for selection of high yielding genotypes of sorghum under saline conditions. 

Forty-five sorghum genotypes were grown under field conditions using saline water or 

normal irrigation water in two growing seasons in Yazd, Iran. It appeared that salinity 

tolerance in sorghum genotypes, in addition to local adaption, was highly related to forage 

yield as well as some biochemical traits as carotenoid concentration, catalase activity, and 

K+/Na+ ratio. Screening method based on biochemical traits appeared to be applicable for 

identification of salt-tolerant genotypes. 

 
Keywords: Carotenoid, Catalase, Forage yield, Salt tolerance, Sorghum bicolor L.  
 
 

Introduction 

Salinity stress and increasing demand for water are the major problems limiting crop 

production, especially in regions where the agricultural systems are dependent on supplemental 

irrigation, so, it appears that using saline irrigation water is inevitable for crop production in these 
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areas (Diaz et al. 2018; Dastranj and Sepaskhah 2019). One of the appropriate strategies adopted 

to overcome salinity is cultivation of alternative crops such as sorghum [Sorghum bicolor (L.) 

Moench]. It is reported that sorghum can tolerate different kinds of environmental stresses 

including irrigation water quality depression (Yan et al. 2012). Furthermore, among the reasons 

reported for sorghum to be recommended as a potential crop for salt-affected areas are high 

flexibility (Kafi et al. 2011) as well as tolerance to drought and salinity stress (Yan et al. 2012). 

However, substantial genotypic diversity among sorghum cultivars under salinity conditions has 

been reported by Krishnamurthy et al. (2007) and Bavei et al. (2011). Although screening for yield 

is time-consuming, but it is the cheapest method (Kiani-Pouya and Rasouli 2014), therefore, 

identifying other reliable traits which are more practical and also highly correlated with the final 

yield under saline conditions, would be crucial. Regarding the crop yield for selection of high 

yielding genotypes under stress conditions, some researchers suggest that selection under non-

stress conditions would be useful (Richards 1983; Setter et al. 2016) while some other researchers 

recommend selection under stress environments (Rathjen 1994; Sio-Se Mardeh et al. 2006). Also, 

some workers have considered screening tolerant genotypes under both favorable and stress 

conditions (Fernandez 1992; Shakeri et al. 2017). Although it is reported that some biochemical 

traits including photosynthetic pigments, antioxidant enzymes, proline concentration, 

malondialdehyde and ion concentration (e.g., K+/Na+ ratio) are closely related with salinity 

tolerance in different crops (Kiani-Pouya and Rasouli 2014; Arzani and Ashraf 2016), but there 

are many exceptions in which no relationship between salinity tolerance and such biochemical 

traits has been found. For example, Poustini et al. (2007) have suggested that proline accumulation 

in wheat was just a reaction to salt stress. Also, Tari et al. (2013) and Lee et al. (2013) did not 

report any positive correlation between salinity tolerance and antioxidant enzymes in sorghum and 

rice, respectively. Chlorophyll concentration is highly correlated to photosynthetic capacity and 

plays a key role in photosynthesis. Although some researchers have attributed the higher salinity 

tolerance to higher photosynthetic pigments and suggested that chlorophyll concentration can be 

used as a reliable marker for salinity tolerance (Kiani-Pouya and Rasouli 2014), in some cases 

chlorophyll concentration has not been found to be a reliable indicator for salinity tolerance (Juan 

et al. 2005). K+/Na+ ratio and Na+ exclusion are reliable criteria for screening and breeding salt 

tolerant cultivars (Netondo et al. 2004; Shabala 2013). It has also reported that sorghum plants 
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under salinity stress can restrict Na+ and Cl- translocation from the roots to the shoot (Tari et al. 

2013; Yan et al. 2015).  

There are several reports on physiological responses of sorghum cultivars to salinity, but it 

is notable that in most of these works, only a few cultivars have been considered (Lacerda et al. 

2003 and 2005; Netondo et al. 2004; Bavei et al. 2011). Those researchers who have compared 

many sorghum genotypes under salinity conditions have not focused on all aspects of biochemical 

attributes including photosynthetic pigments, proline accumulation, antioxidants, and ion 

distribution (Krishnamurthy et al. 2007). Also, based on recent studies, it appears that only limited 

data are available on screening forage sorghum genotypes under field conditions. The present 

investigation has attempted to compare a large number of genotypes of sorghum under field 

conditions and also tried to consider whether or not biochemical traits could be used for indirect 

selection of high yielding genotypes of sorghum under salinity stress. 

 

Materials and methods 
 

  Two field experiments were conducted during 2014 and 2015 at the experimental farm of 

Agricultural and Natural Resources Research Center of Yazd, Iran (31°27′N, 54°53′E at an altitude 

of 1220 m above sea level). Mean temperature, relative humidity, and precipitation are presented 

in Table 1. Thirty lines including KDFGS1 to KDFGS30, which have been bred under different 

agro-climatic conditions in Iran, as well as 15 cultivars, which are commercially growing by 

sorghum growers including Jumbo, Nectar, Speed-feed, Superdun, Sistan, Ghalami-herat, Pegah, 

Sepideh, KFS1, KFS2, KFS4, Broom corn, Sweet-sorghum, Kimia and Moghan were arranged in 

a randomized complete block design with three replicates. Experimental plots were irrigated either 

with saline water (EC=12 dS m-1) or normal (EC=2 dS m-1) irrigation water. Plants were irrigated 

with saline water withdrawn from a local well by basin irrigation from sowing to harvest, as 

practiced by the local farmers. Chemical properties of the used saline water are shown in Table 2. 

Tillage operation included moldboard plowing disturbing the soil to a 30-cm depth followed by 

two rounds of vertical tillage with harrow disking. Each experimental unit was a plot of  4×5 m. 

Uniform sorghum seeds were hand-sown at 4 rows with a density of 16.7 plants m-2 at depth of 3 

cm. Seeding rate was 10% higher than the target density. Rows were 60 cm apart in each plot. 

Plots were fertilized by phosphorous as 100 kg ammonium phosphate ha-1 and nitrogen as 180 kg 

ha-1 urea. Hand weeding was performed during the growing seasons. Urea fertilizer based on the 
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soil analysis (Table 3), was equally split and applied at planting, 30 and 60 days after planting. 

Before planting, the field was heavily irrigated twice to reduce soil profile salinity level. During 

the growing season, all plots were irrigated based on the crop water requirement by considering 

soil field capacity (FC, %) at the depth of 0-90 cm according to the rooting depth. Before each 

irrigation (basin), 10 soil samples were taken randomly from each experimental block to measure 

the water content of the soil gravimetrically (Pw, %). Depth of net irrigation water (dn, cm) was 

calculated as: 

𝑑𝑑𝑛𝑛 = [𝜃𝜃𝐹𝐹𝐹𝐹−(𝑃𝑃𝑤𝑤 ×  𝜌𝜌𝑏𝑏)]×𝑅𝑅𝑑𝑑
100

                                                                            (Equation 1) 

where θFC is the volumetric soil water content (%) at field capacity, ρb is the average bulk density 

in the soil profile in root depth and Rd is the root depth varied during the growing season and was 

calculated as follows (Borg and Grimes, 1986): 

R𝑑𝑑 = 𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 [0.5 + 0.5 sin(3.03 𝐷𝐷𝑎𝑎𝑎𝑎
𝐷𝐷𝑡𝑡𝑡𝑡

− 1.47)]                                       (Equation 2)   

where Rd max is the maximum root depth, Dag is the number of days after germination, Dtm is the 

number of days from germination to maximum effective root depth and the sine function is in 

radians. To consider the depth of seed planting (Pd) in calculations, Eq. (2) was modified as 

follows: 

R𝑑𝑑 = 𝑃𝑃𝑑𝑑 + 𝑅𝑅𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 [0.5 + 0.5 sin(3.03 𝐷𝐷𝑎𝑎𝑎𝑎
𝐷𝐷𝑡𝑡𝑡𝑡

− 1.47)]                              (Equation 3) 

The volume of applied water to each plot was calculated as follows: 

𝑉𝑉𝑔𝑔 = d𝑛𝑛
E𝑎𝑎

× 𝑃𝑃𝑑𝑑                                                                                             (Equation 4) 

where Vg is the volume of water applied to each plot with the plot area of Pa. Ea is the water 

application efficiency. Irrigation efficiency was assumed to be 70% throughout the growing season 

(Tafteh and Sepaskhah 2012). Also, the salinity of soil was monitored during the experiment by 

measuring the electrical conductivity of the soil saturated extract (ECe). 

At physiological maturity, an area of 4.8 m2 was hand-harvested and oven-dried at 100 °C 

for 24 hours. Before harvest (20th and 12th October 2014 and 2015, respectively), 10 plants were 

randomly selected from each plot and stem height and diameter were measured. Some selection 

criteria including tolerance index (TOL), mean productivity (MP) (Rosielle and Hamblin, 1981), 

stress susceptibility index (SSI) (Fischer and Maurer, 1978), stress tolerance index (STI), 

geometric mean productivity (GMP), harmonic mean (HAM) (Fernandez, 1992), yield stability 
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index (YSI) (Gavuzzi et al., 1997), and yield index (YI) (Bouslama and Schapaugh, 1984) were 

used to evaluate the relative tolerance of genotypes to stress conditions. Tolerance indices were 

calculated using the following equations: 

TOL= Yp -Ys                                                                             (Equation 5) 
MP = (Yp + Ys)/2                                                                    (Equation 6)      
SSI = (1 − (Ys/Yp))/(1 − (Ȳs/Ȳp) )                                      (Equation 7)        
STI = (Yp × Ys)/(Ȳp)²                                                                          (Equation 8)                                            
GMP = √(Yp × Ys)                                                                    (Equation 9) 
HAM = (2(Yp × Ys))/(Yp + Ys)                                              (Equation 10)   
YSI = Ys/Yp                                                                               (Equation 11) 
YI = Ys/Ȳs                                                                                  (Equation 12) 
 

  

In all the above equations, Ys and Yp are stress and normal (potential) yield of a given 

genotype, respectively. ȲS and Ȳp are average yield of all genotypes under stress and normal 

conditions, respectively. 

Proline level in leaf was measured according to Bates et al. (1973) method. Antioxidant 

enzymes including superoxide dismutase (SOD) (EC 1.15.1.1), peroxidase (POD) (EC 1.11.1.7) 

and catalase (CAT) (EC 1.11.1.6) in flag leaves were determined using Beauchamp and Fridovich 

(1971), Chance and Maehly (1995) and Dehindsa et al. (1981) methods, respectively. 

Photosynthetic pigments including chlorophyll (Chl) and carotenoids (Car) concentrations were 

determined using the Lichtenthaler (1987) method. In this method, Chl was extracted in 100% 

acetone. Extracts were centrifuged at 3,000 × g and the absorbance of the supernatant was 

measured at 662, 645, and 470 nm with UV-VIS spectrophotometer (7315, JENWAY, USA). Na+ 

and K+ concentrations in dried leaves were measured by a 410-Corning flame photometer 

(Horneck and Hanson, 1998). Cl- was measured using titration method described by Waling et al. 

(1989). Ca2+ concentration was read by Atomic Absorption Spectrometer model Shimadzu (AA-

670 G). Leaf nitrogen for determining protein content was measured based on the Kjeldahl method, 

as described by Bremner and Mulvaney (1982). Lipid peroxidation was determined by measuring 

the amount of malondialdehyde (MDA) produced by the thiobarbituric acid reaction, as described 

by Heath and Packer (1968).  

Data were analyzed using the SAS software (version 9.3) for Windows (SAS Institute, 

Cary, NC, USA). Analysis of variance (ANOVA) was performed using the PROC GLM SAS 

procedure to assess the effect of year and genotype for all measured traits. The means were 

compared using Duncan’s Multiple Range Test at 5% probability level. Principal component (PC) 
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analysis was done using MINITAB-17. A Bartlett (Bartlett 1937) test was performed for error 

square homogeneity and the outcome showed error square homogeneity for all parameters. Since 

the interactions of the year with genotypes were not significant; the mean result of the two years 

was reported.  

 
Results and Discussion 
 
Forage dry weight 
 

  The results of variance analysis for forage dry weight are presented in Table 4. As 

mentioned in materials and methods, data were tested for homogeneity of variances. In addition, 

the interactive effect of year and genotype were not significant on forage dry weight, therefore, the 

means of both years are presented (Table 4). Salinity stress significantly reduced forage yield and 

substantial variation was found among genotypes. The higher forage dry weight under non-saline 

conditions was found in KDFGS23 (27.10 t/ha), followed by Nectar cultivar (24.98 t/ha), Jumbo 

(23.61 t/ha) and KDFGS26 (22.10 t/ha), respectively.  

The highest forage dry weight under saline conditions was produced by Jumbo cultivar 

(19.99 t/ha) which significantly was greater than other genotypes. After this cultivar, Pegah (16.12 

t/ha), KDFGS1 (13.62 t/ha), KFS2 (13.20 t/ha), Sistan (13.22 t/ha), Ghalami-herat (13.14 t/ha), 

KDFGS15 (12.65 t/ha), Moghan (12.63 t/ha) and sweet sorghum (12.61 t/ha) produced higher 

forage dry weight (Table 4). Despite the higher forage dry weight under non-saline conditions for 

KDFGS23, KDFGS26 and Nectar cultivar, they showed a remarkable reduction of dry forage 

weight under saline conditions (70, 55 and 56 % reduction, respectively) (Table 4). Among all 

genotypes, KDFGS1 showed the lowest reduction in forage yield under saline conditions (5%). 

Also, this line had the third highest forage dry weight (13.62 t/ha) under stress conditions (Table 

4), implying greater yield stability, which worth further explorations.  

Plot of the best linear unbiased estimates of forage yield under non-stress (x-axis) and stress 

conditions (y-axis) implied that some genotypes with high forage dry weight under non-saline 

conditions showed higher performance under salinity stress (Figure 1). Also, there was a 

significant correlation between forage dry weight under non-stress and stress conditions (r= 0.56**) 

(data not shown), indicating the importance of potential yield as an indicator for genotype 

performance under salinity stress conditions. The exception was found for KDFGS23, KDFGS26 

and Nectar genotypes. In fact, despite the higher forage dry weight under non-saline conditions for 
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these genotypes, they showed a remarkable reduction in forage yield under saline conditions (70, 

55 and 56 % reduction, respectively) (Table 4; Figure 1), indicating that these genotypes were 

highly sensitive to salinity stress conditions. In Figure 1, genotypes with higher both control and 

stress yield were located above the 1:1 line, while the genotypes with high yield under normal 

conditions and lower yield under stress conditions were located below the line (Data for individual 

genotypes are in Table 4). Indeed, according to Figure 1, some genotypes such as KDFGS1, 

Jumbo, Pegah, Ghalami-herat, Sistan, Moghan and Sweet sorghum were not only locally adapted 

to the environment, but also had some attributes associated with salinity tolerance. These results 

are in agreement with Richards (1983), Abdolshahi et al. (2013) and Setter et al. (2016) who found 

a positive correlation between yield under non-stress and stress conditions. In contrast, some 

genotypes like KDFGS23, KDFGS26, and Nectar (ranked 1st, 4th, and 2nd under non-stress 

conditions, respectively) were poor yielder under saline conditions (ranked 36th, 25th and 14th, 

respectively). This probably has led Fernandez (1992) to divide genotypes into four groups: high 

yielding under both non-stress and stress conditions (group A), genotypes producing high yield 

under non-stress conditions (group B) or stress conditions (group C) and poor yield genotypes 

under both conditions (group D). Indeed, screening tolerant genotypes for stress environments 

could not always be done based on yield performance under normal conditions. Furthermore, the 

results presented here confirmed that salt tolerance, at least in forage sorghum, might not always 

be associated with high yielding genotypes under non-stress conditions, but it is rather a genotype-

specific character. Moreover, some other researchers noted that other factors such as timing and 

severity of stress could affect the response of genotypes to stress conditions (e.g., Sio-Se Marde et 

al. 2006).  

Reduction in shoot weight as a common response to salinity stress has been reported in 

many studies (e.g., Yan et al. 2015; Chameckh et al. 2015; Arzani and Ashraf 2016). Indeed, 

salinity stress interferes with many physiological and biochemical processes governing plant 

growth. Variation in salt tolerance among genotypes, observed in this study, could be correlated 

with the variation in photosynthetic pigments, ion imbalances, accumulation of compatible solutes 

as well as variation in enzyme activities (Gomathi and Rakkiyapan 2011; Gupta and Huang 2014). 

 

Stress indices and Principal Component Analysis  
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The Jumbo and Pegah cultivars had higher values of GMP, HAM, STI and YI indices 

(Table 4). The higher value of MP was found in Jumbo followed by Nectar, KDFGS15, and 

KDFGS23 (Table 4). Interestingly, Nectar and KDFGS23 genotypes also had higher TOL and SSI 

indices (Table 4). The lowest value of TOL was observed in KDFGS1 line and Sepideh and Broom 

corn cultivars (Table 4). Based on the correlation analysis, highly significant correlations were 

found among GMP, HAM, MP, and STI. Also, these indices had a significant correlation with the 

forage weight under both conditions (data not shown), therefore, principal component analysis 

(PCA) was performed using these indices. PCA revealed that the first component (PC1) explained 

91.6% of total variation (data not shown). This component had a positive correlation with the 

forage yield under both conditions, GMP, HAM, MP, and STI. The second component (PC2) just 

explained 7.9% of variations. A positive correlation was observed between PC2 with yield under 

stress conditions (Ys), whereas PC2 had a negative correlation with yield under non-saline 

conditions (Yp) (data not shown). Therefore, according to tolerance indices and principal 

components, Jumbo, KDFGS1, Pegah, Ghalami-herat, Sistan, Sweet sorghum, and Moghan were 

considered as tolerant genotypes. Some genotypes such as KDFGS7, KDFGS19, KDFGS29, and 

Speed-feed were found moderately tolerant to salinity stress conditions. Also, KDFGS23, 

KDFGS26, and Nectar cultivars were found highly sensitive to salinity conditions (Figure 2).  

Our results showed that HAM, GMP, STI and MP indices, which were highly positively 

and significantly correlated to the forage yields in both favorable and stressful environments (data 

not shown), were the best indices. Indeed, these indices (GMP, STI, HAM, and MP) were equal 

in identifying genotypes possessing better performance under both stresses as well as normal 

conditions. The higher value of MP in Jumbo followed by Nectar, KDFGS15 and KDFGS23, was 

found to be related to higher yield potential for these genotypes. It appeared that MP could only 

introduce genotypes with higher yield potential and it is not appropriate for recognition of high 

yielding genotypes under stress conditions. The lines 3, 8, 13, 15, 17, 18, 19, 20, 21, 23, 24, 26, 

27, 28, 29 and Nectar cultivar which had higher potential forage yield, with SSI values higher than 

unit and lower values of YSI might be considered as highly sensitive to salinity with poor yield 

stability genotypes. It is indicated that SSI refers to those genotypes which show minimum 

reduction under stress, compared to control (Fischer and Maurer 1978). Therefore, it can select 

stress-tolerant genotypes with low yield potential (Fernandez 1992). Higher values of YI index 

was observed for Jumbo followed by Pegah, KDFGS1 and Sistan cultivar (Table 4). Since YI 
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index only takes into consideration the yield capacity under stress conditions, selection based only 

on this index does not appear to be suitable for screening tolerant genotypes. However, regarding 

the positive correlation between yield potential and yield under stress in our experiment (data not 

shown), this index appeared to be useful in the selection of tolerant genotypes. TOL index has 

resulted from differences between yield potential and stress yield and lower value of this index 

shows the minimum reduction under stress conditions, therefore, the low value of this indicator 

can not necessarily select high yielding genotypes under stress conditions. In general, it can be 

concluded that TOL index in some cases appears to be useful for selecting genotypes with high 

yield under stress, however, it failed to select genotypes with high yield in both environments. The 

goal of PCA analysis is to extract the important information from the data, to determine the 

similarity level of observations. Based on the PCA analysis, Jumbo cultivar with the highest PC1 

and PC2 has been considered as the most tolerant genotype to saline conditions.  

Although Kimia, Broom corn, Sepideh, KFS4 and lines number 10 and 11 had low forage 

yield in both conditions, due to low yield reduction under salinity conditions, had greater yield 

stability and could be suggested for future breeding programs. Also, line number 1 with the lowest 

forage yield reduction under salinity stress and high value of PC1 and PC2, showed the greatest 

stability under salinity stress conditions compared to the other genotypes. Some genotypes such 

as lines number 17, 18, 24, and 27 with the low value of PC1 and PC2 were recognized as 

genotypes with low productivity in both conditions. Using principal components and biplot 

technique for grouping crop cultivars have been reported by many researchers for grouping crop 

cultivars (Abdolshahi et al. 2013; Shakeri et al. 2017). 

 

 Photosynthetic pigments 
 

Salinity stress severely reduced Chl a, Chl b and Car concentration which this trend was 

greater in sensitive genotypes including KDFGS23, KDFGS26, and Nectar (Table 5). 

Interestingly, tolerant genotypes including KDFGS1, Jumbo, Pegah, Ghalami-Herat, Sweet 

sorghum, Sistan, and Moghan had higher forage yield under salinity stress conditions and higher 

Chl a, Chl b and Car concentration, compared with sensitive genotypes including KDFGS23, 

KDFGS26, and Nectar (Figure 3 A, B & C). According to our results, Chl a, b and car 

concentration had a significant correlation with forage dry weight (Figure 3 A, B & C). The highly 

significant relationships between these pigments and the rankings among genotypes for forage 
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weight under saline conditions confirmed the importance of these pigments in salt tolerance 

(Figure 3 A, B & C). Ashraf and Harris (2013) have also previously reported that pigment 

concentration had strong relationship with salt tolerance in different crops. Chlorophyll plays an 

important role in determining plant photosynthetic capacity under salt stress (Zheng et al. 2009). 

Reduction in Chl a and b under salinity stress has been reported in some earlier studies on different 

crops, e.g., sorghum (Netondo et al. 2004) wheat (Kiani-Pouya and Rasouli 2014), and maize 

(Shan et al. 2015). It is usual to observe some alterations in leaf chlorophyll concentration under 

salt stress conditions. This might be attributed to pigment degradation (Kiani-Pouya and Rasouli 

2014; Shan et al. 2015). However, in some studies, it has been reported that during the process of 

chlorophyll degradation, Chl b might be converted into Chl a (Eckardt 2009). Carotenoids (Car) 

are necessary for light protection of photosynthesis and they play a key role in signaling under 

abiotic/biotic stresses. They might also play a significant role in the enhancement of nutritional 

quality and crop yield (Ashraf and Harris 2013). Gomathi and Rakkiyapan (2011) showed that salt 

stress (7–8 dS m-1) at various growth stages of sugarcane caused a marked reduction in chlorophyll 

and carotenoid concentration, however, salt-tolerant genotypes showed a higher membrane 

stability and pigment concentration.  

 

Proline 
 

 Leaf accumulation of proline was significantly increased by salinity stress and it was 

greater in sensitive genotypes compared with the control treatment (Table 6). Furthermore, the 

results showed that tolerant genotypes such as Jumbo and Pegah with higher forage dry weight 

under saline conditions showed a lower level of proline content (Figure 4A). Our results showed 

that proline accumulation, at least in sorghum, appears to be a reaction to salt stress damage rather 

than a plant response associated with salt tolerance. Accumulation of proline, as an adaptive 

response to salt stress, can decrease the water potential and so help to maintain the water level in 

leaves (Munns and Tester 2008). It is also documented that accumulation of proline is a response 

of plants to increased noxious elements (Mansour and Ali 2017) among which, the sodium ion is 

known as the most prominent one. It is reported that the noxious effects of higher Na+ 

concentrations could be inhibited by higher rates of proline. This might be a mechanism for salt 

tolerance in some cultivars under stress prevailing conditions (Shevyakova et al. 2009). However, 

the results in our experiment did not support the idea of the positive role of proline in salinity 
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tolerance. This was in line with the findings of Lacerda et al. (2003, 2005) and Tavakoli et al. 

(2016) who indicated that higher proline as well as Na+ accumulation occur in sensitive cultivars 

rather than tolerant ones. Therefore, proline accumulation could not always be considered as a 

protective compound against the harmful effects of high concentrations of ions. Indeed, compatible 

solute synthesis needs energy expenditure (41 moles of ATP per each mole of proline) and could 

result in growth inhibition (Munns and Tester 2008). Therefore, in this study, it is hard to conclude 

whether proline accumulation was a symptom of salt stress or associated with higher salt tolerance.  

 

Malondialdehyde (MAD) 
 

  MDA in the leaves, as an indicator of lipid peroxidation, was increased under saline 

conditions (Table 5), this trend was variable between tolerant and sensitive genotypes (Table 6). 

A negative relationship was observed between MAD and forage dry weight under saline conditions 

(Figure 4 B). In contrast, there were positive correlations between MAD level with Na+ as well as 

proline concentration (r values of 0.95 and 0.97 respectively, data not shown). Based on our results, 

it appears that greater increase in MDA in sensitive genotypes (Figure 4B) as a result of salt 

treatment, might be correlated with inadequate activities of SOD and POD to scavenge ROS in 

leaves. Correlation of lipid peroxidation and antioxidative system activity have been previously 

noted by such researchers as Koca et al. (2007) and Hu et al. (2012). These results are also 

confirmed by correlation coefficients between MDA and antioxidant enzymes under salinity stress 

conditions (data not shown). In addition, a significant increase in leaf MDA concentration, which 

was found in sensitive genotypes under saline conditions, indicated a higher rate of lipid 

peroxidation in these genotypes. Indeed, higher protection against oxidative damage appears to be 

a mechanism for salt tolerance in sorghum genotypes. Previous researches also noted that salt-

induced lipid peroxidation was lower in more salt-tolerant species such as Sesamum indicum (Koca 

et al. 2007) and Lolium perenne (Hu et al. 2012). Indeed, higher growth inhibition under salinity 

stress in sensitive genotypes could be explained by greater lipid peroxidation in these genotypes.  

 

Protein content 
 

  Using saline water significantly decreased protein content and decreased percentage was 

significantly different among genotypes. The trend of decreasing level was greater in sensitive 
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genotypes including KDFGS23, KDFGS26, and Nectar (Table 6). Protein concentration calculated 

on the basis of nitrogen concentration was low at higher salinity level and it was associated with 

smaller growth. The lower level of nitrogen under salinity stress has been reported by other 

researchers as Iqbal et al. (2015). Indeed, dissolved salt in irrigation water could interfere with the 

nitrogen uptake by the plants, therefore, lower nitrogen level might be available for salt-affected 

plants (Debouba et al. 2006). Higher Na+ in saline soils might result in higher uptake of Na+ and 

lower K+ uptake by the plants. Since K+ could activate many enzymes and has a vital role in 

stomatal opening and protein synthesis, its reduction could lead to lower protein synthesis (Evelin 

et al. 2009). 

 

Antioxidant enzymes 
 
The activity of antioxidant enzymes, including SOD, POD, and CAT were significantly 

increased with using saline water (Table 7). CAT activity had a positive correlation with forage 

dry weight and Car concentration (Figures 3D & 5) and a negative correlation with Na+ 

concentration under saline conditions (r= -0.90, data not shown). Also, the tolerant genotypes such 

as Jumbo and Pegah had a higher level of Car and CAT activity under saline conditions (Figure 

5). Based on our results, under salinity stress, CAT activity differed between tolerant and sensitive 

genotypes (Table 7). Also, among the antioxidant enzymes, CAT activity had a positive and 

significant correlation with forage dry weight (r=0.93**) (data not shown). Therefore, CAT activity 

might be used as an indicator of salinity tolerance in sorghum genotypes. This finding is in 

agreement with the results reported by Ashraf and Ali (2008) who found that enhanced activity of 

CAT was positively correlated with salt tolerance in such crops as canola. To sustain growth under 

stress conditions, plants possess an inherent ability to counteract reactive oxygen species (ROS) 

by enzymatic and/or non-enzymatic antioxidants (Mittler 2002). 

 

Ion concentration 
 

 Exposing plants to salinity stress resulted in increasing leaf Na+, Cl- and Ca++ concentration 

(Tables 8 & 9), however, the magnitude of such increase was not similar in sensitive and tolerant 

genotypes. A negative correlation was found between leaf Na+ and forage dry weight under saline 

conditions (Figure 4C). In average, increasing level of leaf Cl- concentration in sensitive genotypes 
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(71%) was significantly higher than that in the tolerant genotypes (22%) (Table 9). Also, the results 

showed that under saline conditions, K+ concentration in the tolerant genotypes was significantly 

higher than that in the sensitive genotypes (Table 8). The tolerant genotypes had higher K+/Na+ 

ratio under saline conditions, as compared with the sensitive genotypes (Table 8). Forage dry 

weight had a positive relationship with leaf K+/Na+ ratio under saline conditions (Figure 3E). Also, 

the decreasing level of leaf Ca++/Na+ ratio was significant in the sensitive genotypes as exposing 

to saline conditions (Table 9). Since, in our research, it was found that higher biomass and 

chlorophyll concentration in the tolerant genotypes was associated with higher K+ concentration 

in leaves, thus, K+ can be used as a screening criterion for evaluating salt tolerance potential in 

sorghum genotypes as also has been noted by Shabala (2013). Elevated concentration of such ions 

as Na+ and Cl– leads to ion-specific effects of salinity (Shabala 2013). Elevated Na+ concentration 

has been found to be associated with reduced K+ uptake. As a result, K+/Na+ ratio decreases. Plants 

capability to maintain K+ uptake with higher K+/Na+ ratio under salt stress might be regarded as a 

physiological mechanism for salt tolerance (Shabala 2013; Pandolfi et al. 2016). Increasing 

calcium concentration under saline conditions did not differ among sorghum genotypes, however, 

tolerant genotypes had higher Ca2+/Na+ ratio, compared with sensitive genotypes (Table 7). 

Therefore, it seems that higher Ca2+/Na+ ratios in salt-tolerant genotypes might also be a vital 

indicator in plant salt-tolerance. 

 

 Conclusions 
 

Our data supported the hypothesis that forage yield of sorghum genotypes under salinity 

stress conditions was greatly affected not only by local adaptation but also associated with such 

biochemical traits as carotenoid concentration, catalase and K+/Na+ ratio which are involved in 

salinity tolerance. Also, regarding the responses of sensitive genotypes to salinity stress, it 

appeared that salinity tolerance in forage sorghum was strongly affected by the genetic background 

of each genotype. 

Using saline water significantly decreased forage yield, however, substantial genotypic 

variation was observed. Tolerant genotypes had higher yield, pigment concentration, leaf K+, 

K+/Na+ ratio and Ca++/Na+ ratio, while higher proline, MDA and Cl- concentration was observed 

in sensitive genotypes. It appeared that increasing level of proline, MDA and antioxidant enzymes 

as exposing to salinity stress conditions, was a reaction to salt stress damage, and not a plant 
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response associated with salt tolerance. However, regarding the positive correlation between 

catalase activity and forage dry weight and negative correlation between catalase activity and Na+ 

concentration under salinity stress conditions, it appeared that this antioxidant, at least in sorghum, 

could be used as a reliable marker for salt tolerance. In addition, since chlorophyll a, b and 

carotenoids concentrations were positively correlated with forage dry weight under both 

conditions, evaluating these pigments could also be used as a tool for indirect selection of salt 

tolerance in sorghum genotypes. 

Furthermore, a strong negative correlation was found between pigment concentration and 

leaf Na+ concentration, this suggests the effectiveness of pigments in the selection of sorghum 

genotypes under salinity stress conditions. K+/Na+ ratio was also highly correlated to forage dry 

weight under salinity stress conditions and therefore, lower Na+ concentration in the shoot 

appeared to be a reliable trait for selecting genotypes of sorghum for growing by saline irrigation 

water.  
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