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ABSTRACT 

Tropical and subtropical grain legume crops contribute to global food security but are 

sensitive to salinity stress. This thesis aimed to elucidate the salt sensitivity and tolerance 

mechanisms, and physiological responses to Na+ and Cl−, individually or combined, in 

(sub)tropical grain legumes, focusing on soybean (Glycine max (L.) Merr.) but with some 

comparative studies incorporating cowpea (Vigna unguiculata L.), mungbean (Vigna 

radiata (L.) R. Wilczek) and common bean (Phaseolus vulgaris L.). 

Soybean was more sensitive to high Na+ than high Cl−, mungbean was more sensitive to 

high Cl− than high Na+, and cowpea and common bean were sensitive to both Na+ and 

Cl−. Soybean, cowpea and common bean tolerated a high cation negative control (no Na+, 

no Cl−) with Ψπ = –0.29 MPa at the vegetative stage, but mungbean did not. At the 

reproductive stage, the high cation negative control impaired shoot dry mass in all four 

legume species. In plants exposed to salinity, high Na+ and low K+ concentrations in the 

lamina were correlated with reductions in net photosynthesis (Pn) in soybean, whereas 

high Cl− and low K+ concentrations were correlated with reduced Pn in mungbean, 

cowpea and common bean. Ion exclusion and leaf tissue tolerance contributed to salt 

tolerance, but assessments of leaf tissue tolerance were challenging. Wild soybean (G. 

soja), like cultivated soybean (G. max), was also more sensitive to high Na+ than high Cl− 

at both the vegetative and reproductive stages, as shoot dry mass declined more in 

response to NaCl and Na+ salts (without Cl−) than Cl− salts (without Na+). In addition, 

Na+ concentrations in leaf lamina of three soybean genotypes had a negative correlation 

with Pn at both the vegetative and reproductive stages, while leaf lamina Cl− concentration 

only had a significant negative correlation with Pn at the reproductive stage. G. soja and 

G. max retained high concentrations of the Na+ and Cl− in lower parts of the plants (roots, 

stems and petioles), with lower concentrations of Na+ in the leaflets (lamina). The 

exploration of intercellular distributions of [Na] and [Cl] identified that preferential 

partitioning of [Na] in epidermis cells contributed to salt tolerance in G. soja and G. max 

(cv. Lee). The preferential compartmentation of [Na] to epidermis as compared with 

mesophyll cells was evident in G. soja. Both G. soja and G. max (cv. Lee) accumulated 

a greater [Cl] concentration in bundle sheath cells than that in epidermal cells, but the salt 

sensitivity in G. soja and G. max (cv. Lee) is not determined by Cl– toxicity, rather it is 

Na+ which has the most adverse effects.  
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This thesis has elucidated aspects of salt sensitivity and tolerance in soybean, mungbean, 

cowpea, and common bean when subjected to Na+ and Cl−, individually or combined, at 

both the vegetative and reproductive stages, and is the first report on cellular ion 

concentrations in leaflets of soybean. Future studies should evaluate a wider range of 

contrasting genotypes of each species to identify any within-species genotypic variation 

for the various salt tolerance traits. Mechanisms of salt tolerance in soybean, particularly 

leaf tissue tolerance, deserves further attention as a trait for improving salinity tolerance. 
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Chapter 1: General Introduction 

1.1 Introduction  

Grain legumes (also known as pulses or food legumes) are important food sources for 

humans and animals as the seeds are high in protein, dietary fibre and essential amino 

acids and have a low glycemic index (Messina 1999). Grain legume seeds contain up to 

40% protein compared with only 6−10% in cereal grains, and high lysine and methionine 

contents (Shewry & Halford 2002). In some species, the seeds contain oils with a low 

cholesterol constituent (Sandstrom et al. 1989). Grain legumes play an important role in 

the nitrogen budget in many agricultural systems owing to their ability to fix atmospheric 

nitrogen (N), which when released from residues can benefit a subsequent non–legume 

crop or in some farming systems when used as green manures (Fageria 2007). It has been 

estimated that legumes provide soil with 100–200 kg N ha–1 per crop through a symbiotic 

relationship with N–fixing rhizobia bacteria (Peoples, Herridge & Ladha 1995). Legumes 

also contribute to include, a break in disease, weed, and pest incidence in cropping 

systems with cereals (Graham & Vance 2003). 

Salinity affects more than 20% of total cultivated and 33% of irrigated agricultural lands 

worldwide (Shrivastava & Kumar 2015). It is estimated that about 3 ha of arable land is 

being impacted by salinity in every minute (Gogile et al. 2013, Rao et al. 2016), and by 

the year of 2050 about 50% of the arable land would be affected by salinity (Jamil et al. 

2011). As just one example in a country which grows some tropical grain legumes, in 

Vietnam it was reported that around 139,000 hectares of paddy fields in the Mekong Delta 

and Central Coast regions are affected by salinity and the area is increasing every year 

(Sebastian et al., 2016). 

Grain legumes have been cultivated for more than 3000 years in some parts of the world. 

Various species are grown in tropical and subtropical regions, while others are grown in 

temperate regions and semi–arid areas (Ahmed & Hasan 2014). Grain legumes are 

classified as moderately tolerant to salinity (Chang et al. 1994; Ashraf & Wu 1994) but 

some are sensitive (Singh et al. 2013). The salinity thresholds (soil ECe) for various 

legume crops are listed in Table 1.1, with ~5.0 dS m–1 for soybean (Glycine max (L.) 

Merrill), 4.9 dS m–1 for cowpea (Vigna unguiculata (L.) Walp.), 1.8 dS m–1 for mungbean 

(Vigna radiata (L.) R. Wilcz.) and 1.0 dS m–1 for common bean (Phaseolus vulgaris L.) 

(Minhas, Sharma & Khosla 1990; Gogile, Andargie & Muthuswamy 2013; Nieman & 

Bernstein 1959). 
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Studies on salt tolerance in tropical and subtropical grain legumes have been undertaken 

on soybean (Phang, Shao & Lam 2008; Abd, Vuong & Harper 1998; An et al. 2002; Luo, 

Yu & Liu 2005), mungbean (Rao, Nair & Nayyar 2016; Ashraf & Rasul 1988; Ashraf et 

al. 2013; Ghosh, Mitra & Paul 2015), cowpea (Dantas, Ribeiro & Aragão 2005; Gogile, 

Andargie & Muthuswamy 2013; Maia et al. 2010; Plaut, Grieve & Maas 1990), pigeon 

pea and common bean (Lessani & Marschner 1978; Joshi & Nimbalkar 1983; Ayoub & 

Ishag 1974). In general, salinity stress has a negative effect on growth, nodulation, quality 

and quantity of seed, and final yield in the grain legumes mentioned above. Several 

tolerance mechanisms to salt stress include maintenance of ion homeostasis (maintenance 

of K+, ‘exclusion’ of Na+) (Almeida, Oliveira & Saibo 2017), adjustment of internal 

osmotic potential, and some metabolic acclimation in tissues and structural adaptations 

in roots (Türkan & Demiral 2009; Phang, Shao & Lam 2008). This mini–review focuses 

on the growth responses, photosynthetic responses, osmotic stress and plant osmotic 

adjustment, and ion (Na+ and/or Cl–) toxicity and ion regulation in plants, using grain 

legumes, as examples. 

1.2 Salinity responses and tolerance mechanisms of tropical and subtropical grain 

legumes 

Growth and development responses 

Studies on physiological and biochemical responses to salinity have reported that grain 

legumes are sensitive to salinity stress (Manzoor & Sandhu 1988; Lessani & Marschner 

1978). Significant delays in seed germination and reduction in seedling growth occurred 

at 50 mM NaCl in soybean (Abel & Mackenzie 1964; Abd, Vuong & Harper 1998), 

mungbean (Misra et al. 1996; Sehrawat et al. 2014), cowpea (Dantas, Ribeiro & Aragão 

2005), and common bean (Alihan 2012).  

The delay in germination under salinity is likely due to a combined effect of osmotic and 

ionic stress (Bernstein & Hayward 1958; Uhvits 1946) and both of these factors can 

adversely affect subsequent growth. Salt stress reduced shoot and root dry mass to 50% 

and 70% of the control, respectively, in two salt–sensitive soybean genotypes, but to 80% 

of the control in two salt–tolerant genotypes (Abd, Vuong & Harper 1998). After 

exposure to 150 mM NaCl, Na+ salts or Cl– salts for 6 days at the seedling stage, total dry 

mass of G. max and G. soja declined to 80% and 90% of the control, respectively, in Cl– 

salts, and 70% of the control in NaCl and Na+ salts (Luo, Yu & Liu 2005). After three 

weeks of salt stress during seedling stage and then with subsequent removal of the salinity 
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stress, seed yield in three mungbean genotypes declined to 50% of the control at 50 mM 

NaCl, and 40% of the control at 100 and 150 mM NaCl (Ashraf et al. 2013). In soil, at 

seedling stage, shoot dry mass of mungbean declined to 70% of the control after 30 days 

at 50 mM NaCl and 30% of the control after 30 days at 100 mM NaCl, but root dry mass 

only declined to 80% of control at 50 mM NaCl and 60% of the control at 100 mM NaCl 

(Rahman et al. 2016). Nine cowpea genotypes subjected to 50 mM, 100 mM and 200 mM 

NaCl for 45 days (flowering stage) showed wide genetic variation in shoot and root dry 

mass; the most–susceptible genotypes had about 70% and 50% of the control, 

respectively, at 50 mM, while the most–tolerant genotypes only declined shoot and root 

dry mass when salinity levels reached 100 mM (70% and 50% of the control, respectively) 

(Gogile, Andargie & Muthuswamy 2013). In four common bean genotypes grown in 40 

or 80 mM NaCl for 20 days, shoot and root dry mass declined to 60% and 70% of the 

control at 40 mM and 40% and 60% of the control at 80 mM, respectively (Bayuelo–

Jiménez, Debouck & Lynch 2003). These authors and others concluded that root growth 

in (sub)tropical grain legumes is more sensitive to salinity than shoot growth (Saha, 

Chatterjee & Biswas 2010; Queiroz, Sodek & Haddad 2012; Ghosh, Mitra & Paul 2015). 

In contrast, Misra et al. (1996) reported greater sensitivity of mungbean shoot dry mass 

of seedlings (50% of control) to salinity than root dry mass (70% of control) when the 

seeds were treated at pre–emergence stage with 10 mM NaCl. Previous study also 

reported that root growth of soybean at vegetative stage was not impacted by salt stress, 

even at 160 mM NaCl, until 12–16 days of treatment (Wilson, Haydock & Robins 1970). 

Salt stress can inhibit N2–fixation and reduce root nodule number and biomass, for 

example in soybean (Bernstein & Ogata 1966). A review found that N2–fixation activity 

and nodule respiration of several legume species were reduced greatly when exposed to 

salinity, though, there was no evidence of N deficiency in these plants (Elsheikh & Wood 

1995; Swaraj & Bishnoi 1999). Salinity treatment for four weeks (up to 45 mM NaCl) at 

vegetative stage significantly decreased seed yield and reduced protein, free amino acids, 

sucrose, and starch contents in the seeds of soybean (Rabie & Kumazawa 1988). Plants 

can be more tolerant to salinity when exposed at the early vegetative stage than the late 

vegetative and reproductive stages (Sehrawat et al. 2015; Wilson, Haydock & Robins 

1970; Khan, Siddique & Colmer 2017). Exposure to 80 mM NaCl at the early vegetative 

stage had no adverse effect on soybean after 33 days but reduced total dry biomass to 

about 80% of the control after 52 days of treatment. Similarly, exposure to 160 mM NaCl 
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had no significant effect on total dry mass after 30 days but reduced total dry mass to 

about 60% of control after 52 days of treatment (Wilson, Haydock & Robins 1970).  

Salinity stress affects reproductive attributes, such as flower number, pod development, 

seed number and seed size (Flowers et al. 2010). A salt–sensitive mungbean genotype 

exposed to 75 mM NaCl died before flowering; grain yield of the same genotype exposed 

to 50 mM NaCl was only 10% of the control. In contrast, the grain yield of a salt–tolerant 

genotype was about 70% and 30% of the control when subjected to 50 mM and 75 mM 

NaCl, respectively (Sehrawat et al. 2015). 

Salinity inhibits plant growth due to low external water potentials, ion toxicity and ion 

imbalance. Excess ions result in an ‘osmotic effect’ on plant water relations, and specific 

ions can have individual or synergistic effects on ionic relations/toxicity and nutritional 

imbalances (Deinlein et al. 2014; Ahmad & Prasad 2011; Munns 1993). Ion toxicity and 

cation imbalance are the most destructive for grain legumes, as these species are sensitive 

to salinity levels with only modest levels of osmotic potential (Kotula et al. 2015; Khan, 

Siddique & Colmer 2016; Ayoub & Ishag 1974). Salt–stressed plants accumulated 

considerable Na+ and/or Cl− in tissues, which decreased leaf area and photosynthesis, 

reduced the supply of assimilates to reproductive organs and reduced final grain yield 

(Munns 2002; Salim & Pitman 1988).  

Photosynthetic responses 

Many studies have investigated the effect of salinity on net photosynthesis (Pn) and 

stomatal conductance (gs), and concluded that both stomatal and non–stomatal factors 

limit Pn due to high concentrations Na+ and/or Cl– in leaves (Greenway & Munns 1980; 

Plaut, Grieve & Maas 1990; Bayuelo–Jiménez, Jasso–Plata & Ochoa 2012; Khan, 

Siddique & Colmer 2016; Cachorro, Ortiz & Cerdá 1993). Insufficient assimilate 

availability limited chickpea yield when exposed to 30 mM NaCl in aerated nutrient 

solution for 75 days, and non–stomatal factors limited chickpea Pn (Khan, Siddique & 

Colmer 2017). The Pn reduction in chickpea when exposed to salinity stress was 

associated with damage to photosystem II due to the high accumulation of toxic ions (Na+ 

and/or Cl–) in the leaves (Khan, Siddique & Colmer 2016; Lu et al. 2009; Seemann & 

Critchley 1985).  

An X–ray microanalysis of salt–stressed common bean showed that cell vacuole and 

chloroplast–cytoplasm accumulated high Cl– (250–300 mM) when subjected to 150 mM 

NaCl for 14 days, and Pn declined about 25% over the range of 0–300 mM leaf Cl–, but 
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the authors considered that the reduced Pn was maily due to stomatal limitation (Seemann 

& Critchley 1985). The internal leaf Na+ in this research was below the detection limit so 

that no conclusion could be made on the impact of Na+ on Pn. In other research, cultivated 

Phaseolus (common bean) species showed about 25% and 45% reduced in shoot and root 

dry mass when subjected to 80 mM NaCl for 20 day at vegetative stage, and Pn was 

reduced by 45%, and gs reduced by 81% relative to these of control plants. In contrast, 

the wild Phaseolus species showed greater salt tolerance than that of the common bean 

with higher shoot and root dry mass, and the Pn reduced only 20%, and no change in gs 

relative to those of control plants (Bayuelo–Jiménez, Debouck & Lynch 2003). Leaf Na+ 

and Cl– were associated with reduced Pn in the wild Phaseolus (r2 = 0.73 and r2 = 0.39, 

respectively), while in the common bean, leaf Cl– was associated with reduced Pn (r
2 = 

0.43), but not leaf Na+ (Bayuelo– Jiménez, Debouck & Lynch 2003). Interestingly, wild 

Phaseolus had significantly greater leaf Na+ and Cl– than common bean (about 30%), but 

the impact on Pn and gs was lower than that of common bean. Besides that, salinity 

decreased K+ concentration in leaves of common bean but did not impact on leaf K+ in 

wild Phaseolus species (Bayuelo–Jiménez, Debouck & Lynch 2003). The decline in leaf 

K+ in salt sensitive common bean under salt stress induced K+ deficiency and that 

combined with salt stress impaired Pn and possibly contributed to stomatal closure 

(Bayuelo–Jiménez, Jasso–Plata & Ochoa 2012). The combined influence of ion toxicity 

(Na+ and/or Cl–) and K+ deficiency was reviewed in several crop species and the stress 

combination and nutrient deficiencies of K+ were varied on difference study process 

(Nieves–Cordones et al. 2019).  

Osmotic stress and plant osmotic adjustment 

Salinity stress induces ionic toxicity (and decreased K+) and osmotic stress in plants and 

together these reduce growth (Greenway & Munns 1980). Therefore, plants need to be 

able to adjust the osmotic potential of cells to maintain turgor pressure when exposed to 

salt stress (Flowers & Colmer 2008). Osmotic stress does occur immediately after a plant 

is exposed to salinity and remains for the duration of the stress (Munns & Tester 2008), 

with the magnitude of the stress directly proportional to the salt concentration. Under 

salinity stress, plants regulate osmotic potential to below (i.e. more negative) that of the 

external medium surrounding the roots to maintain favourable water status (Cachorro et 

al. 1995; Zhang, Nguyen & Blum 1999). Osmotic stress tolerance is measured from the 

tissue osmotic adjustment and turgor maintenance, root water uptake maintenance and 

stomatal conductance (Munns & Tester 2008; Roy, Negrão & Tester 2014).  
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The osmotic effect, if substantial, can cause water deficit, which reduces cell turgor and/or 

closes stomata and reduces plant growth. Hence, a sudden shock treatment of 150 mM 

NaCl immediately caused osmotic stress in soybean and reduced 50% of stomatal 

conductance after 10 minutes, and then leaves regained turgidity after several hours of 

treatment, that indicated osmotic adjustment in plants occurred to restore the transpiration 

stream (Phang, Shao & Lam 2008). A treatment which imposed an osmotic potential 

stress of the external medium without NaCl at –0.29 MPa (equivalent to 60 mM NaCl) 

had no adverse effect on chickpea growth, while the 60 mM NaCl treatments reduced 

16% to 36% of Pn in a salt tolerant chickpea and reduced 44–65% of that in a salt sensitive 

chickpea (Khan, Siddique & Colmer 2016). This highlighted that ion toxicity effects are 

greater than the osmotic effects on chickpea, for this level of salinity. 

Leaf sap osmotic potential of both salt–sensitive and salt–tolerant common bean had a 

negative relationship with salinity concentration levels and treatment duration when 

subjected to 90 mM NaCl for 20 days (Bayuelo–Jiménez, Jasso–Plata & Ochoa 2012). 

The change in leaf sap osmotic potential did not differ between sensitive and tolerant 

genotypes (about –0.58 MPa) but was about –0.2 MPa greater than that in the external 

root treatment solution. Ions (Na+, Cl– and K+) together contributed about 30–50% (about 

–0.1MPa at 60 mM to –0.2 MPa at 90 mM)  to the change in leaf sap Ψπ and other solutes 

(Glu + Fru + Suc) contributed about 10% (about 0.02 MPa at both 60mM and 90 mM) 

(Bayuelo–Jiménez, Jasso–Plata & Ochoa 2012). Similarly, another study on common 

bean reported that the relative contribution of ions (Na+, Cl– and K+) to osmotic potential 

was 88% (–0.45 MPa), while that of organic solutes was 8% (–0.04 MPa), on a whole 

plant tissue basis (Cachorro, Ortiz & Cerdá 1993). 

Osmotic adjustment (OA) is the capacity of plants to adjust osmotic potential to acclimate 

to dehydration by maintaining turgor and protecting specific cellular functions (Blum 

1989). Osmotic adjustment is a significant component of both drought and salt tolerance 

in plants (Munns & Tester 2008; Blum 1989; Morgan 1984; Turner, Begg & Tonnet 

1978). Under salt or water stress, plants can accumulate compatible solutes to decrease 

cell osmotic potential, particularly in the cytoplasm; this response can osmotically 

balance the accumulation of Na+ and Cl– in the vacuole and maintain metabolism 

(Greenway & Munns 1980). Studies have reported a significant increase in both inorganic 

and organic solutes in salt–stressed plants (Ashraf et al. 2013; Chen et al. 2013). 

Mungbean exposed to 150 mM NaCl for 3 weeks had four times more proline than control 

plants (Ashraf et al. 2013). Proline and glycinebetaine accumulated in soybean after 7 
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days exposure to NaCl; proline was unaffected until the external NaCl approached 100 

mM NaCl and increased to four times the control at 200 mM NaCl, whereas 

glycinebetaine started to increase at 200 mM NaCl but to a lesser extent than proline (80% 

greater than control) (Chen et al. 2013). Mungbean accumulated a greater amount of 

proline in roots than in shoots and this was interpreted as a strategy to maintain cellular 

osmoregulation and sustained root growth (Misra et al. 1996).  

It is a challenge to separate the osmotic and ionic effects of salinity stress. A few studies 

have examined genetic variation in osmotic tolerance in legumes, including soybean 

(Chen & Yu 2007), common bean (Bayuelo–Jiménez, Jasso–Plata & Ochoa 2012) and 

chickpea (Flowers et al. 2010; Khan, Siddique & Colmer 2016). A comparison of the 

impact of iso–osmotic (–0.53 MPa) solutions (PEG–6000, NaCl, Na+ (without Cl–) and 

Cl– (without Na+)] for 6 days of a salt–sensitive and salt–tolerant soybean showed that 

PEG–6000 inhibited chlorophyll content to a lesser degree than NaCl, Na+ (without Cl–) 

and Cl– (without Na+) (Chen & Yu 2007). In addition, leaf gs and Pn in both genotypes 

significantly decreased in all four treatments, more so in the three salt treatments. Internal 

CO2 concentration (Ci) in leaves decreased in the PEG–6000 treatment but increased in 

the three salt treatments (Chen & Yu 2007). Chickpea tolerated the osmotic component 

of 60 mM NaCl without adverse effects on growth (–0.29 MPa) (Khan, Siddique & 

Colmer 2016). The degree of osmotic adjustment is reportedly less in chickpea roots than 

leaves, and less in leaves than nodules, and the change in the osmotic potential of all plant 

organs was greater than that in the external solution (Flowers et al. 2010).  

Ion toxicity and ion regulation in plants 

Sodium toxicity  

Specific effects of salinity stress on plant metabolism have been associated with the 

accumulation of ions, Na+ and/or Cl−, to ‘toxic’ concentrations in the leaves of rice and 

chickpea (Demiral & Türkan 2004; Khan, Siddique & Colmer 2016). Salinity adaptation 

in plants involved three main aspects (1) adjust or tolerate osmotic stress, (2) exclude Na+ 

or Cl−, and (3) tolerate high tissue Na+ and/or Cl− accumulation (Munns & Tester 2008).  

In chickpea, halophytes and cereals, Na+ had greater toxic effects on plants than Cl− 

(Munns & Tester 2008; Khan, Siddique & Colmer 2016; Cheeseman 1988; Chi Lin & 

Huei Kao 2001; Flowers, Munns & Colmer 2015). Based on the growth response and 

photosynthetic ability under salt stress, leaf tissue tolerance to Na+ is a key trait in soybean 

and chickpea (Luo et al. 2005; Khan, Siddique & Colmer 2016). Pearson (1967) and 
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Ayoub & Ishag (1974) reported substantial Na+ accumulation in common bean shoots 

that induced cation imbalance (reduction in K+ and Ca2+) and Na+ toxicity, which 

significantly reduced growth. However, these authors did not measure tissue Cl−. Other 

studies on the salt stress response of tropical legume species reported that black gram, 

green gram and pigeonpea accumulated large quantities of Na+ in shoot tissues, while 

Sesbania cannabina, Cyamopsis tetragonoloba and soybean effectively excluded of Na+ 

from shoot tissues (Keating & Fisher 1985). Although there was a smaller relative 

difference among these legume species in shoot Cl− concentrations, a positive relationship 

(r2 = 0.98) existed between growth reduction and shoot Cl− concentration, but no 

relationship between shoot dry mass and shoot Na+ concentration (Keating & Fisher 

1985). However, this study was conducted at the early vegetative stage; some authors 

have reported that plants are more tolerant to salt stress at the early vegetative stage than 

the late vegetative or reproductive stages (Sehrawat et al. 2015; Wilson, Haydock & 

Robins 1970; Khan, Siddique & Colmer 2017).  

Other research reported that for seedlings of G. soja exposed to 150 mM NaCl, 150 mM 

Na+ salts (without Cl–), or 150 mM Cl– salts (without Na+) for 6 days, total dry mass was 

reduced by 40% at 150 mM NaCl and 150 mM Na+ salts, which was about 25% more 

than Cl– salt–treated plants (Luo, Yu & Liu 2005). Leaf Na+ concentration and leaf Cl– 

concentration of G. soja in NaCl treatment exceeded the toxic levels for soybean (Na+ 

>0.05% or >217 µmol g–1 dry mass; Cl– 2.6–5.0% or 700–1500 µmol g–1 dry mass) (Weir 

1994). A field experiment showed that common bean exposed to salt stress in a light 

calcareous sandy loam (exchangeable Na+ 25%, soluble Na+ 79% and EC 3.0 dS m–1) 

produced 70% of the total dry mass and half the number of leaves of plants in a non–

saline soil (Ayoub & Ishag 1974). Moreover, shoot Na+ increased and shoot dry mass, 

number and pod dry mass, and number of nodules decreased in common bean when grow 

in potting mix and watered with either 0, 12, 30, 45, and 60 mM Na+ supplied either as 

NaCl or Na2SO4 (Awada et al. 1995). The reduction in shoot dry mass was more 

pronounced in NaCl treated plants than that in Na2SO4 and the Pn was affected by all 

levels and both types of Na+ salts. When adding 15 or 30 mM CaSO4 or CaCl2 to each 

level of Na+ salts, CaSO4 ameliorated Na–induced stress better than did CaCl2 (shoot dry 

mass 9 to 23% higher), as the Cl– presumably has some adverse effect as compared with 

SO4
-2 (Awada et al. 1995). Supply of Ca2+ to plants under salt stress can ameliorate the 

negative effect of high Na+ (Akhavan‐Kharazian et al. 1991) as Ca2+ can revert the 
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repression of high–affinity K+ uptake caused by Na+ (Nieves–Cordones et al. 2009). 

Further studies focusing on ion toxicity in (sub)tropical grain legumes are needed. 

Chloride toxicity 

Numerous studies based on relationship of high Cl− in shoots and the reduction of growth 

have concluded Cl− toxicity for several crops including soybean, common bean, and faba 

bean (Parker, Gaines & Gascho 1985; Luo, Yu & Liu 2005; Chen & Yu 2007; Bayuelo–

Jiménez, Debouck & Lynch 2003; Seemann & Critchley 1985; Tavakkoli, Rengasamy & 

McDonald 2010). For instance, for soybean, when subjected to iso–osmotic (–0.68 MPa) 

of 150 mM NaCl or Cl– salts, G. max seedlings produced about 70% of the total dry mass 

of the control, compared with about 85% of the control when exposed to 150 mM Na+ 

salts (Luo, Yu & Liu 2005). Cl– salts and NaCl increased the relative electrolyte leakage 

of compound leaves, being 30% greater than that in Na+ salt–treated plants, such that Cl– 

was more toxic than Na+ for G. max seedlings (Luo, Yu & Liu 2005). Leaf Cl– 

concentrations of G. max seedlings exceeded potential toxic levels of >2.6–5.0% or 700–

1500 µmol g–1 DM (Weir 1994). Other research on G. max, based on shoot dry mass, 

concluded that Cl– salts (without Na+) was more toxic than Na+ salts (without Cl–) to G. 

max at vegetative stage (Chen & Yu 2007).  However, the experimental duration was only 

6 days, and specific ion effects are often considered to take time to develop (Munns, 

Schachtman & Condon 1995). Common bean grown in 150 mM NaCl for 14 days, 

accumulated high Cl– concentrations (250–300 mM) in leaf cell vacuole and chloroplast–

cytoplasm, although the high Cl– did not impact ribulose–l,5–bisphosphate (RuBP) 

carboxylase (EC 4.1.1.39) content–per unit leaf area, but chlorophyll content reduced, gs 

declined, and Ci was also reduced (Seemann & Critchley 1985). By contrast with Cl–, the 

Na+ in the cell vacuole and chloroplast–cytoplasm and was below the detection limit 

(0.25–0.30 peak to background ratio) in these common bean leaves. Debate continues as 

to which one of these two ions, Cl– and/or Na+, is the main cause of ionic stress in 

(sub)tropical grain legumes. 

Possible sodium and chloride additive effects 

Experiments have been conducted on a limited number of plant species to determine the 

relationship between Na+ and Cl− toxicities and to access the extent to which Na+ and Cl− 

contribute to ion toxicity in various crop species (Kinraide 1999; Tavakkoli et al. 2011; 

Chi Lin & Huei Kao 2001; Kumar & Khare 2015). No studies have reported an additive 

or interactive effect of high Na+ and high Cl– in soybean, mung bean, cowpea or common 
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bean, but individual and additive effects (as in NaCl) of Na+ and Cl− have been reported 

in barley, faba bean and rice (Tavakkoli et al. 2011; Tavakkoli, Rengasamy & McDonald 

2010; Kumar & Khare 2015). A field experiment with 100 mmol kg–1 Na+ (sulfate, nitrate 

and phosphate salts), Cl– (calcium, magnesium, and potassium salts) or NaCl applied to 

faba bean (Vicia faba) showed that faba bean was more sensitive to Cl– than to Na+, and 

the NaCl effects were mainly additive (Tavakkoli, Rengasamy & McDonald 2010). In the 

same study, the magnitude of toxicity was ranked NaCl > Cl− > Na+, with NaCl, Cl–, and 

Na+ reducing in shoot dry mass to 45%, 60%, and 77% of the control, respectively. The 

adverse impacts on Pn and gs were greatest for NaCl (50% and 30% of the control, 

respectively) followed by Cl– (60% and 50%) and Na+ (75% and 68%). In three salt 

treatments at 120 mmol kg–1, Tavakkoli et al. (2011) reported that Na+, Cl–, and NaCl 

reduced growth in barley, more so with NaCl than Na+ or Cl–, indicating that high Na+ 

and Cl– concentrations have an additive effect. In rice, application of 100 mM Na+ salts 

(15 mM Na2SO4, 15 mM Na2HPO4, 40 mM NaNO3), Cl− salts (15 mM CaCl2, 15 mM 

MgCl2, 40 mM KCl) or NaCl reduced growth in salt–sensitive rice genotypes, more for 

NaCl (40% of control) than individual constituents (70% of control) (Kumar & Khare 

2015). In addition, NaCl had the greatest adverse effect on chlorophyll content, followed 

by Na+ salts and Cl− salts, indicating that there were additive effects of Na+ and Cl− when 

present together such as NaCl. This study did not explore the relationship between tissue 

Na+ or Cl− and growth reduction.  

1.3 Leaf tissue tolerance and cell–specific ion concentration  

Leaf ‘tissue tolerance’ is the ability of plants to function at high Na+ and/or Cl– 

concentrations in leaf tissues (Flowers, Munns & Colmer 2015). When exposed to salt 

stress, salt–tolerant plants sequester much of the Na+ and/or Cl– into vacuoles and restrict 

the amount of Na+ and/or Cl– in photosynthetically–active mesophyll cells (Munns & 

Tester 2008; Roy, Negrão & Tester 2014; Flowers, Munns & Colmer 2015). Salt–tolerant 

plants can inter– and/or intra–cellularly partition these ions away from the most sensitive 

cells and metabolically active compartments (Roy, Negrão & Tester 2014). Intercellular 

ion partitioning in plants has been studied in barley, wheat, rice, chickpea and common 

bean using scanning electron microscope X–ray microanalysis or by measurements of 

ions in sap taken from single cells (Colmer, Munns & Flowers 2005; James et al. 2006; 

Kotula et al. 2019; Seemann & Critchley 1985).  

The cryo–scanning electron microscopy (SEM) X–ray microanalysis method in barley 

showed that, at 150 mM NaCl, Na+ and Cl– accumulated more in epidermal (480 mM and 
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563 mM solute concentration, respectively) than mesophyll cells (302 mM and 167 mM), 

but K+ accumulated more in mesophyll (59 mM) than epidermal cells (31 mM). However, 

the concentrations of Na+, Cl–, and K+ were not associated with the reduction in Pn (17% 

of the control) (Fricke, Leigh & Tomos 1996; James et al. 2006). A similar study indicated 

that the ability of salt–tolerant barley to maintain photosynthetic capacity after 27 days at 

150 mM NaCl was associated with the partitioning of more K+ and less Na+ in the 

cytoplasm of mesophyll cells (James et al. 2006).  In this research, the K+:Na+ ratio (1.8) 

at high leaf Na+ concentration (200–300 mM) resulted in a greater Pn than that of durum 

wheat with the same leaf Na+ concentration but K+:Na+ ratio in the cytoplasm of 

mesophyll cells was about 0.3 (James et al. 2006). Interestingly, both barley and durum 

wheat preferentially partitioned Cl– to epidermal cells, such that epidermal vacuoles had 

about twice as much Cl− than mesophyll vacuoles (James et al. 2006). The photosynthetic 

capacity began to decline at 200 mM cytoplasmic Na+ in barley and 300 mM in durum 

wheat. There were no adverse effects on Pn until the Cl− concentration in mesophyll 

(vacuoles) reached 300–400 mM. Using a similar method (X–ray microanalysis) for 

common bean, leaf Cl– concentrations differed significantly between the control and 150 

mM NaCl–treated plants, as did the chloroplast–cytoplasm (270 mM) and vacuolar (330 

mM) concentrations, but this did not occur for other ions (Na+, K+ and Ca2+). The Cl– data 

agreed with the ion results for whole leaf tissue determined with an atomic absorption 

spectrophotometer (Seemann & Critchley 1985). The results also indicated vacuolar 

compartmentation breakdown in common bean at high tissue Cl– concentrations (250–

300 mM), which reduced leaf chlorophyll concentrations (20–30%) and Pn (75%) 

(Seemann & Critchley 1985). In chickpea, preferential partitioning of Na+ to epidermis 

cells rather than mesophyll cells in Genesis836 (salt–tolerant) related to greater Pn than 

that in Rupali (salt–sensitive) (Kotula et al. 2019). 

Leaves of many legume species contain a morphologically specialised tissue termed the 

paraveinal mesophyll or extended bundle sheath (Franceschi & Giaquinta 1983; Fricke, 

Leigh & Tomos 1996). No studies have focused on the accumulation of Na+, Cl– and K+ 

in leaf cells in soybean, mungbean or cowpea, but some studies have reported that the 

paraveinal mesophyll in soybean leaves plays a role in the storage and partitioning of 

nitrogenous compounds, including temporary storage proteins (Franceschi & Giaquinta 

1983; Tranbarger et al. 1991). Bundle sheath cells are unique solute transporters that 

transport K+, Na+ and other solutes and are ion–selective barrier surrounding the xylem 

(Shapira et al. 2009). The bundle sheath cell chloroplasts of C4 plants had higher tolerance 
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to salinity stress than mesophyll cell chloroplasts, and the ultrastructure of bundle sheath 

cell chloroplasts remained virtually unaffected by salinity even if mesophyll cell 

chloroplasts suffered catastrophic damage (Omoto, Taniguchi & Miyake 2010). Hence, 

studies are needed to investigate Na+, Cl– and K+ concentrations in various cell types of 

leaflets of plants in relation to photosynthetic capacity in saline conditions, via 

quantitative cryo–SEM X–ray elemental analysis, to determine cell–specific ion 

concentrations and the possible role of differences in cell ion profiles to leaf “tissue 

tolerance’ in (sub)tropical grain legumes.  

1.4 Research objectives  

Soybean (Glycine max (L.) Merr.) is the world’s largest (by volume of seed produced) 

grain legume crop providing oil and protein to humans and farm animals. Salinity can 

have an adverse impact on soybean productivity in many regions. Progress in breeding 

for salt tolerance in soybean requires an understanding of the negative effects of NaCl 

and the component traits that contribute to salt tolerance in this species. It is not known 

whether Na+ or Cl−, or both ions, cause the salt damage in soybean. Few studies have 

assessed the individual effects of Na+ and Cl− on plant physiology in (sub)tropical grain 

legume species. Two such studies have been undertaken on soybean (Luo, Yu & Liu 

2005; Chen & Yu 2007), but these studies only examined the effects of salt stress at the 

seedling stage and with a short treatment duration of 6 days. Hence, my PhD study 

involved a detailed analysis of the physiological mechanisms of salt tolerance in soybean, 

including Na+ and Cl− responses together and individually, with some comparative 

studies using other subtropical and tropical grain legumes. The specific research 

objectives were to:  

(1) Analyse the Na+ and Cl− responses of four tropical/subtropical grain legumes, 

including soybean, at the vegetative and reproductive stages by measuring 

photosynthesis, growth, tissue ion concentrations, and seed yield (Chapter 2). 

(2) Explore methods for evaluating leaf ‘tissue tolerance’ to Na+ and Cl– in soybean and 

common bean (Chapter 3). 

(3) Explore the salt sensitivity of G. max and G. soja to osmotic and ionic components 

(toxicities of Na+ or Cl− or both ions) of salt stress and elucidate the mechanisms of salt 

tolerance in soybean (Chapter 4). 

(4) Examine salinity tolerance in soybean and the relationship between salt tolerance and 

the ability to ‘exclude’ Na+ from leaf cells (Chapter 5). 
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Tables 

Table 1.1 Summary of the salt stress threshold in soybean, mungbean, cowpea and common bean. Note. The data in this table are from FAO (n.d) 

 

Common 

name 

Botanical name Tolerance 

based on  

Salt tolerance parameters References 

Threshold 

(ECe) (dS m–1) 

Slope 

(% per dS m–1) 

Rating 

Soybean  

 

Glycine max (L.) 

Merrill 

Seed yield 5.0 20 Moderate 

tolerance 

(Abel & Mackenzie 1964; 

Bernstein & Ogata 1966) 

(cited in (FAO n.d) 

Mung bean Vigna radiata (L.) R. 

Wilcz. 

Seed yield 1.8 20.7 Sensitive 

 

(Minhas, Sharma & Khosla 

1990) (cited in (FAO n.d) 

Cowpea Vigna 

unguiculata (L.) 

Walp. 

Seed yield 4.9 12 Moderate 

tolerance 

(Wests & Francois 1982) 

(cited in (FAO n.d) 

Common bean Phaseolus vulgaris L. Seed yield 1.0 19 Sensitive (Nieman & Bernstein 

1959) (cited in (FAO n.d) 
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Table 1.1 Summary of toxic, marginal levels, and adequate levels of ion concentration for soybean, mungbean, cowpea and common bean 
 

Legume 

species 

Toxic level Sources 

Soybean  

 

Leaf Na+ concentration: >0.5% by dry mass or 217 µmol g–1 dry mass (toxic) 

Leaf Cl– concentration: <2.6–5.0% by dry mass or 713–1407 µmol g–1 dry mass (toxic) 

Leaf Ca2+ concentration: 2.5–3.0% by dry mass or 623–748 µmol g–1 dry mass (high – non–toxic); 

0.21–0.35% by dry mass or 50–100 µmol g–1 dry mass (marginal) 

Leaf K+ concentration: 4.0% by dry mass or 1023 µmol g–1 dry mass (high – non–toxic); 1.0–1.5% 

by dry mass or 255–383 µmol g–1 dry mass (marginal); <0.8% by dry mass or < 204 µmol g–1 dry 

mass (deficiency) 

(Weir 1994) 

  

Cowpea Leaf Na+ concentration: 0.01– 0.03% by dry mass or 4.3–13 µmol g–1 dry mass (adequate – non–

toxic) 

Leaf Cl– concentration: 0.7–1.6% by dry mass or 197–450 µmol g–1 dry mass (adequate – non–

toxic), 1.9% by dry mass or 534 µmol g–1 dry mass (high – non–toxic) 

Leaf K+ concentration: 1.7–3.0% by dry mass or 434–767 µmol g–1 dry mass (adequate – non–

toxic), 1.1–1.2% by dry mass or 281–306 µmol g–1 dry mass (marginal), 0.5–0.9% by dry mass or 

127–230 µmol g–1 dry mass (deficiency) 

(Weir 1994) 

 

Mungbean Shoot Cl– concentrations: 1.18% or 332 µmol g–1 dry weight (toxic) 

No information on Na+ and K+ 

(Reuter & Robinson 1997)  

Common bean 

 

 

 

Shoot Na+ concentration: 0.7% by dry mass or 305 µmol g–1 dry mass (toxic) (Awada et al. 1995) 

Shoot Na+ concentration: 20–25 mmol kg–1 tissue water) (toxic) 

Shoot Cl– concentration: 30–40 mmol kg–1 tissue water) (toxic) 

(Salim 1989) 

 

Leaf K+ concentration: 1.3–1.5% by dry mass or 332–383 µmol g–1 dry mass (adequate–non toxic)  (Reuter & Robinson 1997)  
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Chapter 2: Responses of four tropical/subtropical grain 

legumes (soybean, mungbean, cowpea and common bean) 

grown in nutrient solution culture to salinity stress at 

vegetative and reproductive stages 

2.1 Abstract  

Grain legumes are important crops in many tropical countries, but they are also identified 

as salinity sensitive crops.  Physiological mechanisms for salt tolerance in grain legumes 

are not widely reported and there is a need to be evaluated whether Na+ or Cl– or both 

ions induce ion toxicity effects in plants. Hence, this research aimed to test the hypothesis 

that Na+, not Cl– at the same concentration, inhibits the growth of four tropical/subtropical 

grain legumes. Seedlings of soybean (Glycine max (L.) Merr.), mungbean (Vigna radiata 

(L.) R. Wilczek), cowpea (Vigna unguiculata (L.) Walp.), and common bean (Phaseolus 

vulgaris L.) were subjected to five treatments: (1) 100 mM NaCl, (2) 100 mM Na+ (salts 

without Cl–), 100 mM Cl– (salts without Na+), (4) a ‘high cation’ negative control (same 

cations as in the Cl– treatment, but with SO4
2– and NO3

– as anions) and (5) a non–saline 

control. Treatment solutions were added to a nutrient solution over four days, from 13 to 

16 days after sowing, in increments of 25 mM per day. Plants were harvested 15 days 

(vegetative stage), 36 days (podding stage), and 57 days (pod–filling stage) after 

treatments had commenced. The four grain legumes differed in their tolerance of high 

Na+ and/or Cl–. For soybean, Na+ salts (without Cl–) and NaCl equally impaired shoot 

growth, with 20% to 30% greater effects than that of Cl– salts (without Na+). For 

mungbean, all four treatments impaired shoot growth, but NaCl and Cl– salts (without 

Na+) treatments had the greatest effects (around 30% of control). For cowpea, NaCl had 

the greatest adverse impact on shoot growth (25% of control), while Na+ salts (without 

Cl–) and Cl– salts (without Na+) had similar intermediate effects (around 40% of control), 

and the high cation negative control had the least effect 60% of control). For common 

bean, NaCl had the greatest adverse effect on shoot growth (30% of control), while Na+ 

salts (without Cl–), Cl– salts (without Na+), and the high cation negative control impaired 

growth to a lesser degree (60% of control). In all four species, exposure to NaCl and Na+ 

salts (without Cl–) decreased 70 to 80% of leaf K+ and increased Na+ and Cl– 

concentrations. Soybean leaves had a 20% greater Cl– concentration than that of Na+ at 

the vegetative stage, but the reverse was true by the podding and pod–filling stages. For 
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mungbean and common bean, leaves always had 30% greater Cl– than Na+ 

concentrations. For cowpea, leaf Cl– and Na+ concentrations were similar at each of the 

three growth stages. The NaCl treatment impaired net photosynthesis (Pn) of all four 

species, by up to 60% of the non–saline controls. Similar to the growth reduction trends, 

Na+ salts (without Cl–) affected the Pn of soybean more than Cl– salts (without Na+), while 

the reverse was true for mungbean and common bean. Both Na+ salts (without Cl–) and 

Cl– salts (without Na+) had similar effects on Pn of cowpea. In conclusion, salt sensitivity 

is predominantly determined by Na+ toxicity in soybean, Cl– toxicity in mungbean, and 

by both Na+ and Cl– toxicity in cowpea and common bean. However, further screening of 

a broader germplasm base is likely to identify varying degrees of tolerance in these four 

grain legume species.  

2.2 Keywords 

Soybean (Glycine max (L.) Merr.), cowpea (Vigna unguiculata (L.) Walp.), mungbean 

(Vigna radiata (L.) R. Wilczek), common bean (Phaseolus vulgaris L.), ionic stress, 

osmotic stress, ionic toxicity, tissue tolerance of Na+, tissue tolerance of Cl–. 

2.3 Introduction  

Tropical and subtropical grain legumes are important food sources for humans and 

animals. Legume crop seeds are highly nutritious with 20–30% protein, 50% 

carbohydrates, and a small amount (1–2%) of lipids (Aykroyd & Doughty 1982; Foyer et 

al. 2016). Grain legumes are important crops in many tropical countries, but in some 

regions of the semi–arid tropics soil, salinity can limit the productivity of various crops 

(Keating & Fisher 1985). Subtropical grain legumes are sensitive to soil salinity, being 

adversely impacted by levels of soil salinity that are considered mild–to–moderate for 

more tolerant crop species (Manzoor & Sandhu 1988; Lessani & Marschner 1978).   

Saline soils can adversely affect plant growth (Munns & Tester 2008). Salt stress in plants 

can be divided into early–occurring osmotic stress and slowly increasing ionic Na+ and/or 

Cl– stress (Blumwald 2000; Teakle & Tyerman 2010; Munns & Tester 2008). Plants 

mitigate osmotic stress by enacting mechanisms to reduce water loss and maximise water 

uptake. Plants minimise the adverse ionic stress through the ‘exclusion’ of toxic ions from 

leaf tissues (i.e. restricting the amount entering via the xylem) and by the 

compartmentalisation of ions into vacuoles (Munns & Tester 2008; Blumwald 2000).  
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Research on the specific ion effects of salinity on plants  have been associated with leaf 

Na+ accumulation in rice and chickpea (Demiral & Türkan 2004; Khan, Siddique & 

Colmer 2016), and Na+ and/or Cl– accumulation in soybean (Luo, Yu & Liu 2005; Parker, 

Gascho & Gaines 1983), mungbean (Ghosh, Mitra & Paul 2015; Salim & Pitman 1983), 

cowpea (Praxedes et al. 2009; Murillo–Amadot et al. 2002), and common bean (Ashraf 

& Bashir 2003). For soybean seedlings exposed to iso–osmotic solutions of 150 mM Na+ 

salts, Cl– salts and NaCl, the Cl– salts treatment caused more leaf damage to G. max cvs. 

Nannong 1138–2 and Zhongzihuangdou–yi than Na+ salts, while the reverse was true for 

two Glycine soja populations (BB52 and N23232) (Luo, Yu & Liu 2005). A field trail on 

15 soybean varieties showed  that by incorporating 122 kg ha–1 of K, and 110 kg–1  ha of 

Cl as KCl reported a positive relationship between leaf scorch rates and Cl– concentrations 

in leaves and seeds and negative relationships between leaf scorch rates and seed weight 

and yield, and hence, it was concluded that Cl– limited yield in soybean grown on Atlantic 

Coast Flatwoods soils in the USA (Parker, Gaines & Gascho 1985). In the same study, 

the average Cl– levels in soybean leaves increased from 33.8 µmol g–1 dry mass 0.12% 

w/w) in control plants (without fertilisers) to 264 µmol g–1 dry mass (0.94% w/w) in plants 

receiving KCl. The five susceptible genotypes had two times greater average leaf and 

seed Cl– levels (470 µmol g–1 dry mass or 1.67% w/w) than tolerant genotypes (225 µmol 

g–1 dry mass or 0.8% w/w) (Parker, Gaines & Gascho 1985). In another study, the Cl– 

toxicity level in soybean leaves after 17 days of salinity treatment (solution culture) 

ranged from 0.53 to 8.63% w/w (about 150–2400 µmol g–1 dry mass) (Grattan & Maas 

1988). In common bean grown in light calcareous sandy loam, with 25% of exchangeable 

sodium, 79% soluble sodium and conductivity of 3.0 mmhos cm–1, Na+ accumulation in 

leaves (0.1 – 1% w/w or 40 to 400 µmol g–1 dry mass) and a significantly reduced Ca2+ 

in leaves (from 3% to 1.5% w/w or 750 to 370 µmol g–1 dry mass), caused cation 

imbalance and reduced growth. However, Cl– concentration was not measured in this 

study (Ayoub & Ishag 1974). Sodium concentrations in the injured leaves in extreme 

cases was about 1.0% w/w or 400 µmol g–1 dry mass, which was much higher than the 

level considered toxic in bean (0.7% w/w) (Richard 1967). 

Research on different grain legumes found that after 32 days of salinity treatments with 

electrical conductivities (saturated paste extract, ECe) of 1.3 to 13.8 dS m–1 in sandy loam 

soil, shoot dry mass of cowpea reduced 50% at Na+ in shoot tissues of 1.4% (w/w or 560 

µmol g–1 dry mass). In contrast to cowpea, shoot dry mass of soybean reduced by 50% 

reduction at Na+ in shoot tissues of 0.22% (w/w or 80 µmol g–1 dry mass), indicating a 
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greater sensitivity of soybean to Na+ than for cowpea. Interestingly, a 50% reduction in 

the relative yield of shoots of cowpea was at 3.4% (w/w or 960 µmol g–1 dry mass) of Cl– 

concentration in shoots, and that in soybean was about 1.9% (w/w or 530 µmol g–1 dry 

mass) (Keating & Fisher 1985). However, this research was conducted during the 

vegetative stage, and differences may occur in the Na+ and Cl– in reproductive organs and 

the sensitivity of reproductive processes to these ions. 

Physiological mechanisms for salt tolerance in grain legumes need to be evaluated further 

as there are conflicting reports on tolerance mechanisms to salinity in some grain legumes 

(Flowers et al. 2010). The disagreement is whether Na+ or Cl– or both ions induce ion 

toxicity effects in plants. Specific ion effects of salinity stress on plant metabolism have 

been associated with the accumulation of Na+ and/or Cl– to apparent toxic levels (Reuter 

& Robinson 1997). When the effects of Na+ and Cl– were evaluated separately, Na+ had 

greater toxic effects on some plants than Cl–, with no relationship found between shoot 

dry mass and shoot Cl– concentration in chickpea (Khan, Siddique & Colmer 2016), 

cereals (Cheeseman 1988; Chi & Huei 2001) or G. soja (Luo, Yu & Liu 2005). In contrast, 

Cl– had greater toxic effects on G. max than Na+ in terms of leaf damage and growth (Luo, 

Yu & Liu 2005). Other studies that used NaCl have reported negative relationships 

between shoot Na+ and Cl– concentrations and plant dry mass, and concluded that both 

Na+ and Cl− could contribute to ‘ion toxicity’ in, for example, faba bean (Tavakkoli, 

Rengasamy & McDonald 2010) and barley (Tavakkoli et al. 2011).  

Most studies on plant salt tolerance mechanisms have applied Na+ and Cl– together, as 

NaCl is the major salt in the environment and therefore of interest; however, it is not 

possible to identify the effects of each ion. Even when using alternative salts that have 

Na+  without  Cl– or Cl– without Na+,  it is difficult to separate the adverse effects of Na+ 

and Cl– on plants because these salts introduce high levels of other counter ions such as 

K+, Mg2+ and Ca2+ (Khan, Siddique & Colmer 2016; Munns et al. 1982). Some studies of 

grain legumes have applied Na+ and Cl– separately, but only during the vegetative stage, 

and only as a single species study, preventing direct species comparisons for 

understanding physiological mechanisms (Tavakkoli et al. 2011; Khan, Siddique & 

Colmer 2016). Whether Cl– or Na+ is the main cause of ion toxicity in tropical grain 

legumes needs to be resolved (Keating & Fisher 1985; Luo, Yu & Liu 2005; Parker, 

Gascho & Gaines 1983). Therefore, this study aimed to identify whether Na+, Cl– or both 

ions cause ion toxicity effects in four subtropical/tropical grain legumes grown in aerated 

nutrient solution culture. This study evaluated growth, photosynthesis and tissue ion 
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concentrations in soybean (G. max), cowpea (Vigna unguiculata), mung bean (V. radiata) 

and common bean (Phaseolus vulgaris) exposed to NaCl, Na+ (without Cl–), and Cl– 

(without Na+).  

2.4 Materials and methods 

Plant materials and growth conditions 

Four subtropical and tropical grain legumes were grown in non–saline conditions 

(control) or salinity treatments. The legumes were soybean (cv. Bunya), mungbean (cv. 

Jade), cowpea (cv. Red Caloona), and common bean (cv. Spearfelt). The four tropical 

grain legumes chosen in this research are grown in a number of countries and so it was of 

interest to compare these to evaluate any common and/or different responses to salinity 

to increase knowledge of stress tolerance in this important group of crop plants. The 

experiments were conducted in a phytotron (temperature–controlled glasshouse; 28/22 ± 

2 C day/night) in spring and summer (Experiment 1, October 2016 to January 2017) and 

summer and autumn (Experiment 2, February to April 2017) in Perth, WA, Australia 

(3157’S, 11547’E). Plants received natural sunlight transmitted through polycarbonate 

panels and no supplementary light was needed. 

Seeds were washed with commercial bleach added to deionised water (final concentration 

of active ingredient: 0.042% (v/v) sodium hypochlorite) for 5 min, rinsed twice in tap 

water, placed in wet tissue paper in 20 L buckets and covered with aluminium foil. 

Germinated seeds were put on plastic mesh in 10% (v/v) aerated nutrient solution in the 

dark for two days and then transferred to 25% (v/v) solution and exposed to light. After 

five days in the 25% (v/v) solution, seedlings were transferred to pots (four seedlings per 

4.5 L plastic pot) containing 100% (v/v) aerated nutrient solution. The plastic pots were 

covered with aluminium foil to exclude light from the root zone. After five days, the salt 

treatments were imposed on 13–day–old plants.  

Treatments 

The experiment involved a non–saline control and four salt treatments [Na+ salts (without 

Cl–), Cl– salts (without Na+), NaCl, and high cation negative control (no Na+, no Cl–)], 

four legume species and four replicates. Eighty pots (4 species x 5 treatments x 4 

replications) were arranged in a completely randomised design in a phytotron. The pots 

were reorganised each week, at the time that the solution in each pot was renewed, to 

minimise any possible effects of environmental variation within the phytotron. 
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The Na+ salts (without Cl–), Cl– salts (without Na+) and NaCl treatments were used to 

elucidate the individual effects of Na+ and Cl–, and possible adverse effects when 

combined. The high cation treatment (no Na+, no Cl–) was a ‘negative control’ used to 

examine the effects of elevated levels of the cations accompanying Cl– in the ‘Cl– without 

Na+ treatment’, and as an osmotic treatment albeit not as negative as that in NaCl 

treatment. The ion concentrations (mM) and osmotic potential (Ψπ) of the various 

solutions are in Table 2.1. 

Two experiments were run separately. Experiment 1 used 50 mM NaCl (and other salts 

in treatments) and Experiment 2 used 100 mM NaCl (and other salts in treatments; Table 

2.1). Treatment imposition for each experiment occurred at the same time in aerated 

nutrient solution culture following the method of Khan, Siddique & Colmer (2016), 

except for the higher salt concentrations. The salt levels in Experiment 1 were not high 

enough to observe significant differences in plant growth among treatments until after 64 

days of treatment (data from Experiment 1 are in Table S2.1 and Table S2.2. Data from 

Experiment 2 are reported in the main body of this Chapter.  

The salt treatments were imposed across four days in increments of equal size (e.g. 25 

mM NaCl increments added daily to reach the 100 mM NaCl concentration). The solution 

in each pot was renewed weekly and topped up with deionised water as required (initially 

every two days for the first week and daily thereafter).  

Plant samplings and measurements 

One plant per pot was used for each sampling time. The first sampling occurred when 

treatments were imposed, with three subsequent samplings: vegetative stage [15 days 

after treatment (DAT)], podding stage (36 DAT) and pod–filling stage (57 DAT). Roots 

and the basal parts of stems were rinsed for 30 s in 5 mM CaSO4 (control plants) or in 5 

mM CaSO4 + 200 mM mannitol (for salt–treated plants to protect root metabolism from 

an osmotic shock), before being gently blotted with paper towel to remove external water. 

The plants were then separated into green leaves (laminas), damaged leaves (laminas), 

dead leaves (excluding dead leaves which had dropped on top of the pot), petioles, stems 

and roots. Dead leaves had browned and were fully or partially desiccated, while damaged 

leaves were predominantly brown but still had some green areas on leaflets. Green leaves 

were green and turgid but occasionally had brown edges (less than 10% of the leaflets 

area). Plants were considered dead when shoots had no green leaves and stems had turned 

brown. All tissues were measured for fresh mass, and dry mass after oven–drying at 65C 
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for 48–62 h. At maturity, pods were separated and counted for mature filled, empty pods 

(pods were individually opened), and seed numbers were counted. Pod walls and seeds 

were oven–dried at 40C for 48 h, then weighed. 

Leaf gas–exchange and chlorophyll measurements  

Stomatal conductance (gs), net photosynthetic rate (Pn), transpiration (T), and internal 

CO2 concentration (Ci) were measured on the second youngest fully–expanded leaf using 

an LI–6400XT open gas–exchange system coupled with a 6 cm2 chamber head (LI–COR 

Biosciences Inc., Lincoln, NB, USA) at  photosynthetically active radiation of 1500 µmol 

photons m−2 s−1 (to measure light–saturated photosynthetic rates) and  CO2 concentrations 

of 400 µmol mol−1 (ambient) and 800 µmol mol−1 (elevated). The gas exchange 

measurements were taken on the same day between 10:00 and 15:00 h. The leaf chamber 

temperature was 28C with 60–70% relative humidity. The flow rate for the chamber was 

500 µmol s–1. Chlorophyll concentrations in leaves (lamina) were measured on the same 

day using a SPAD meter (Minolta, Osaka, Japan) on the same leaf that was used for the 

gas exchange measurements.  

Tissue ion analysis 

Oven–dried samples of different tissues [green leaves, damaged leaves, dead leaves, 

petioles, stems, roots, flowers, seeds and pods] of the same sampled plants were ground 

to a fine powder and analysed for Na+, K+ and Cl− following the procedures of Munns et 

al. (2010). Tissues (100 mg) were extracted in 0.5 M HNO3 (10 mL) by shaking for 48 h 

in darkness at room temperature. Diluted samples of the extracts were then analysed for 

Na+ and K+ using a flame photometer (Flame Photometer 410, Sherwood, Cambridge, 

UK) and for Cl− with a chloridometer (Model 50CL, SLAMED ING. GmbH, Frankfurt, 

Germany). A reference tissue (broccoli, ASPAC no. 85) with known ion concentrations 

was taken through the same analyses to confirm the reliability of the methods. 

Organic solutes (sugars and sugar alcohols)  

Tissues (lamina of the second youngest fully–expanded leaf) were frozen in liquid N2 and 

freeze–dried to preserve metabolites. Organic solutes (sugars, sugar alcohols) were 

extracted in ice–cold dilute perchloric acid following previously described methods 

(Colmer et al. 2000; Fan et al. 1993). The neutralised extracts were analysed using HPLC 

(High Performance Liquid Chromatography) that used consisted of a Waters (Milford, 

MA, USA) 600–pump delivery system with a Waters 996 photodiode array (PDA) 

detector, equipped with a Partisil 10SCX column (250 ×  4.6 mm i.d.) and a CSKI guard 
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column (Whatman, Clifton, NJ, USA) (Fan et al. 1993). Briefly, the extraction method 

involved : (1) transferring a 0.10 g dry mass of leaf tissue powder to a centrifuge tube, (2) 

adding 3 mL of 5% (w/v) perchloric acid (ice–cold) to the sample tube and  mixing with 

a vortex mixer, (3) centrifuging at 15 000 rpm for 30 minutes at 4C, (4) collecting the 

supernatant and transferring to a labelled vial kept on ice, (5) repeating steps 2 and 3 and 

transferring the supernatant each time to the same vial for each sample, (6) neutralising 

the perchloric acid by adding K2CO3 until pH 3.5 ± 0.05, (7) centrifuging the neutralised 

sample as in step 3, (8) collecting and transferring the supernatant to a clean labelled vial 

on ice (and recording the weight of the supernatant). The supernatant was then assayed 

using the HPLC protocol above. 

Leaf sap osmotic potential  

Part of the leaf lamina of the second youngest fully–expanded leaf was sampled into a 2 

mL air–tight cryo–vial, quickly frozen in liquid N2, and then stored at –20 C for a few 

days. Samples were thawed in the sealed vials and then crushed in a manual press to 

obtain tissue sap. The osmotic potential was measured using 20 µL of sap in a calibrated 

freezing point depression osmometer (Fiske Associates, Model One–Ten, Ma, USA). The 

readings were converted from mosmol L–1 to MPa using the formula (2.447*X)/1000; 

where X = is the value in mosmol L–1, 2.447 is R×T where R is the universal gas constant 

(8.314472 J K–1 mol–1) and T is temperature in Kelvin (293 at 20 C).  

Tissue water content  

Tissue water content was calculated using the fresh and dry mass data to calculate mL g–

1 dry mass. 

Statistical analyses 

Data were subjected to one–way, two–way or three–way Analysis of variance (ANOVA) 

using Genstat Software (VSN International Ltd, Hemel Hempstead, UK) to observe 

differences between treatments and species and to test for any species × treatment 

interactions. The three–way ANOVA also included a factor for time or level of CO2 for 

some data sets. Means were compared for significant differences using LSD at the 5% 

probability level. Figures and scatter plots were graphed using Origin Pro 2019 (v.9.65). 
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2.5 Results 

Treatment effects on shoot and root dry mass at different growth stages 

Shoot dry mass differed significantly among treatments, species and the species × 

treatment interaction at the three growth stages (sampling times) (Fig. 2.1a, b, c). Similar 

significant differences were for root dry mass at the vegetative and podding stages, but 

there was no species × treatment interaction at the pod–filling stage (Fig. 2.1d, e, f).  

For soybean at the vegetative stage, the NaCl and Na+ salts (without Cl–) treatments 

dramatically reduced shoot dry mass but the Cl– salts (without Na+) did not significantly 

differ from the non–saline control. Shoot dry mass of soybean in the high cation negative 

control also did not differ from the non–saline control (Fig. 2.1a). At the podding and 

pod–filling stages, shoot dry mass of soybean in the Na+ salts (without Cl–) and NaCl 

treatments continued to decline; this also occurred in the Cl– salts (without Na+), but  to a 

much lesser extent than that caused by Na+ salts (without Cl–). The high cation negative 

control had no effect on shoot dry mass of soybean at the podding stage, but some 

reduction occurred at the pod–filling similar to that of the Cl– salts (without Na+) relative 

to the non–saline control (Fig. 2.1b, c). Overall, Na+ had a greater adverse effect on 

soybean shoot dry mass than Cl–, which was evident during vegetative and reproductive 

growth. For root dry mass at the vegetative stage, the NaCl, Cl– salts (without Na+) and 

high cations negative control had no significant effect on root dry mass of soybean but 

the Na+ salts (without Cl–) reduced root dry mass, relative to the non–saline control (Fig. 

2.1d). At the podding stage, the Na+ salts (without Cl–) and NaCl treatments had reduced 

soybean root dry mass, while the Cl– salts (without Na+) and the high cation negative 

control had not effect on root dry mass, relative to non–saline control (Fig. 2.1e). 

Similarly, at the pod–filling stage, Na+ salts (without Cl–) and NaCl had adverse effects 

on soybean root dry mass, much more so than that of Cl– salts (without Na+). Interestingly, 

by the pod–filling stage, in the high cation negative control, root dry mass of soybean had 

also decreased, significant more than the Cl– salts (without Na+) (Fig. 2.1f). Overall, Na+ 

had a greater adverse effect on soybean root growth than Cl–, which was evident during 

the vegetative and reproductive growth.  

For mungbean at the vegetative stage, all treatments reduced shoot dry mass, relative to 

the non–saline control (Fig. 2.1a). At the podding stage, NaCl and Cl– salts (without Na+) 

had reduced shoot dry mass the most, followed by Na+ salts (without Cl–) and to a lesser 

extent the high cation negative control, relative to the non–saline control (Fig. 2.1b). The 
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adverse effect of NaCl, Na+ salts (without Cl–), Cl– salts (without Na+), and the high 

cations negative control on shoot dry mass were evident at the pod–filling stage (Fig. 

2.1c). Overall, mungbean shoot growth was sensitive to all treatments during the 

vegetative and reproductive growth. For root dry mass at the vegetative stage, NaCl had 

significantly reduced mungbean root dry mass, while Na+ salts (without Cl–) had not yet 

impacted root growth. At the podding stage, NaCl, Na+ salts (without Cl–) and Cl– salts 

(without Na+) had significantly reduced root dry mass of mungbean. The high cation 

negative control also reduced root dry mass but to a much lesser extent (Fig. 2.1e). At the 

pod–filling stage, all treatments had significantly reduced the root dry mass of mungbean 

(Fig. 2.1f). Overall, mungbean root growth was most sensitive to NaCl and, by the 

podding stage and pod–filling stage, sensitivity to the Na+ and Cl– treatments was also 

evident.  

For cowpea at the vegetative stage, NaCl and Na+ salts (without Cl–) had significantly 

reduced shoot dry mass, but there were no significant effects of the Cl– salts (without Na+) 

or the high cation negative control (Fig. 2.1a). At the podding and pod–filling stages, 

NaCl had significantly reduced shoot dry mass of cowpea the most followed by Na+ salts 

(without Cl–) and Cl– salts (without Na+) and to a lesser extent severe in high cation 

negative control (Fig. 2.1b, c). Overall, NaCl and Na+ (without Cl–) reduced shoot growth 

in cowpea during vegetative and reproductive growth, and Cl– salts (without Na+) had an 

adverse effect with time. For root dry mass, NaCl and Na+ salts (without Cl–) significantly 

reduced root dry mass of cowpea at all three growth stages, while Cl– salts (without Na+) 

and the high cations negative control only had a significant effect in some cases (Fig. 

2.1d).  

For common bean at the vegetative stage, NaCl and Na+ salts (without Cl–) significantly 

reduced shoot dry mass, while Cl– salts (without Na+) and the high cation negative control 

did not have a significant effect (Fig. 2.1a). At the podding and pod–filling stages, NaCl 

reduced shoot dry mass the most, followed by Na+ salts (without Cl–), Cl– salts (without 

Na+), and the high cation negative control (Fig. 2.1b, c). Overall, NaCl had the greatest 

adverse effect on shoot growth in common bean, which was evident during vegetative 

and reproductive growth. For root dry mass at vegetative stage, NaCl reduced root dry 

mass of common bean the most, followed by Na+ salts (without Cl–) and Cl– salts (without 

Na+), and to a lesser extent the high cation negative control (Fig. 2.1d). At the podding 

stage, NaCl had the greatest reduction in root dry mass of common bean, while Na+ salts 

(without Cl–), Cl– salts (without Na+), and the high cation negative control reduced root 
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dry mass to a lesser extent (Fig. 2.1e). At the pod–filling stage, NaCl remained the greatest 

inhibitor to root growth in common bean, followed by Na+ salts (without Cl–) and Cl– 

salts (without Na+), while there was no significant effect in the high cation negative 

control, relative to the non–saline control (Fig. 2.1f). Overall, NaCl significantly reduced 

root growth in common bean during vegetative and reproductive growth. 

Treatment effects on plant reproductive attributes 

There was a significant difference among treatments and species as well as a species × 

treatment interaction for total mature pod dry mass (pod walls and seeds) per plant, total 

mature seed dry mass per plant, and number of mature seeds per plant in the four grain 

legume species after exposure to the salt treatments (Table 2.2). 

For soybean, Na+ salts (without Cl–) caused the greatest reduction in pod and seed dry 

mass and number of mature seeds per plant. NaCl, Cl– salts (without Na+) and the high 

cation negative control had similar but less severe effects on pod dry mass per plant than 

Na+ salts (without Cl–). NaCl, Na+ salts (without Cl–) and Cl– salts (without Na+) had 

similar adverse effects on total seed dry mass per plant, while the high cation negative 

control did not significantly affect seed dry mass, relative to the non–saline control (Table 

2.2). 

For mungbean, NaCl, Na+ salts (without Cl–), and Cl– salts (without Na+) induced an 

equivalent reduction in pod and seed dry mass per plant. The high cation negative control 

also reduced pod and seed dry mass, but to a lesser extent than the other treatments (Table 

2.2). 

For cowpea, NaCl induced the greatest reduction in pod and seed dry mass per plant, 

followed by Na+ salts (without Cl–) and Cl– salts (without Na+), and to a lesser extent the 

high cation negative control (Table 2.2). 

For common bean, NaCl, Cl– salts (without Na+) and the high cation negative control had 

a similar adverse effect on pod and seed dry mass per plant, while Na+ salts (without Cl–

) had a less adverse effect than the other treatments (Table 2.2).  

Treatment effects on Na+ concentrations in vegetative and reproductive tissues 

There were no significant differences in shoot or root Na+ concentrations among the four 

legume species at time of imposing the treatments (0 days of treatment), being about 2 

µmol g–1 in shoot dry mass and about 5 µmol g–1 in root dry mass (Table S2.4). Once 

exposed to the various treatments, shoot Na+ concentration differed significantly between 
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species, treatments, and the species × treatment interaction at the vegetative stage (15 

days of treatment) and pod–filling stage (57 days of treatment), but not at the podding 

stage (Fig. 2.2a, b, c). Root Na+ concentration differed significantly between species, 

treatments, and the species × treatment interaction at all three sampling times (Fig. 2.2d, 

e, f). 

For soybean, shoot and root Na+ concentrations remained low in plants subjected to Cl– 

salts (without Na+), the high cation negative control and non–saline control at all sampling 

times (Fig. 2.2). Soybean subjected to NaCl and Na+ salts (without Cl–) had high shoot 

and root Na+ concentrations at all sampling times, and accumulated the most Na+ in roots, 

followed by petioles and stems, and leaf lamina (Fig. 2.2; Fig 2.3). Pod walls of soybean 

treated with NaCl and Na+ salts (without Cl–) had two–fold higher Na+ concentrations 

than flowers and mature seeds (Fig. S2.2a, b, c). At the vegetative and pod–filling stages, 

the Na+ salts (without Cl–) treatment had about 20% higher shoot and root Na+ 

concentrations than NaCl–treated plants.  

For mungbean, shoot and root Na+ concentrations in plants grown in Cl– salts (without 

Na+), the high cation negative control and non–saline control remained low at all 

sampling times (Fig. 2.2). Mungbean subjected to NaCl and Na+ salts (without Cl–) had 

large shoot Na+ concentrations, with NaCl–treated plants about 40% higher than those 

treated with Na+ salts (without Cl–) (Fig. 2.2a, b, c). For roots, mungbean subjected to 

Na+ salts (without Cl–) had higher Na+ concentrations than those treated with NaCl at the 

vegetative stage (Fig. 2.2d), but there were no significant differences at the podding and 

pod–filling stages (Fig. 2.2e, f). Mungbean accumulated high Na+ concentrations in roots, 

followed by stems, petioles and leaf lamina, when subjected to NaCl and Na+ salts 

(without Cl–) (Fig. 2.3). Mungbean flowers had the greatest Na+ concentration, compared 

with pod walls and seeds (Fig. S2.2a, b, c). 

For cowpea, plants grown in the non–saline control, Cl– salts (without Na+) and high 

cation negative control had low Na+ concentrations at all sampling times (Fig. 2.2). 

Cowpea subjected to NaCl and Na+ salts (without Cl–) had high shoot and root Na+ 

concentrations at all sampling times. Shoot Na+ concentrations in the NaCl and Na+ salts 

(without Cl–) treatments did not significantly differ (Fig. 2.2a, b, c), but NaCl–treated 

plants had about 20% higher root Na+ concentrations than those treated with Na+ salts 

(without Cl–) at the vegetative and pod–filling stages (Fig. 2.2d, f), but not at the podding 

stage (Fig. 2.2e). NaCl and Na+ salts (without Cl–) had the greatest root Na+ 

concentrations, followed by stems, petioles and leaf lamina (Fig. 2.3). Pod walls of 
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cowpea had two–fold higher Na+ concentrations than flowers and seeds in the Na+ salts 

(without Cl–) and NaCl treatments (Fig. S2.2a, b, c). 

For common bean, Na+ concentrations in plants subjected to Cl– salts (without Na+), the 

high cation negative control and non–saline control remained low at all sampling times 

(Fig. 2.2). Common bean subjected to NaCl and Na+ salts (without Cl–) had high shoot 

and root Na+ concentrations at all sampling times. The Na+ concentration in the shoots of 

plants in NaCl or Na+ salts (without Cl–) did not differ at the vegetative and podding 

stages (Fig. 2.2a, b). However, at the pod–filling stage, the NaCl–treated plants had about 

30% higher shoot Na+ concentrations than those treated with Na+ salts (without Cl–) (Fig. 

2.2c). The Na+ salts (without Cl–) treated plants had about 20% higher root Na+ 

concentrations than the NaCl–treated plants at all sampling times (Fig. 2.23d, e, f). 

Common bean exposed to either NaCl or Na+ salts (without Cl–) had the highest root Na+ 

concentrations, followed by stems, petioles and lamina (Fig. 2.3). Common bean flowers 

had the highest Na+ concentrations, followed by pod walls and seeds in the NaCl and Na+ 

salts (without Cl–) treated plants (Fig. S2.2a, b, c). 

To sum up, NaCl and Na+ salts (without Cl–) treatments accumulated Na+ in both 

vegetative and reproductive tissues of all four legume species. For vegetative organs, all 

four legume species had the highest Na+ concentrations in the roots and lowest in the 

lamina. Flowers and pod walls of all four grain legumes accumulated greater Na+ than 

that in seeds when exposed to NaCl and Na+ salts (without Cl–) treatments. 

Treatment effects on Cl– concentrations in vegetative and reproductive tissues 

Shoot and root Cl– concentrations differed significantly between the four legume species 

at time of treatment imposition (0 days of treatment); soybean lamina had about half the 

Cl– concentration of other species (Table S2.4). At the three sampling times, shoot Cl– 

concentrations differed significantly among species, treatments, and the species × 

treatment interaction (Fig. 2.4a, b, c). Root Cl– concentrations did not differ among the 

four legume species at the vegetative stage, but there were significant differences among 

species, treatments, and the species × treatment interaction at the podding and pod–filling 

stages (Fig. 2.4d, e, f). 

Shoot and root Cl– concentrations did not differ between soybean grown in Na+ salts 

(without Cl–), the high cation negative control and the non–saline control and remained 

low at all sampling times (Fig. 2.4). Soybean subjected to NaCl and Cl– salts (without 

Na+) accumulated Cl– in shoots and roots, with the NaCl–treated plants having about 20% 
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lower concentrations in the shoots (Fig. 2.4a, b, c) and about 20% higher in the roots than 

those subjected to Cl– salts (without Na+) at all three sampling times (Fig. 2.4d, e, f). 

Soybean had the highest Cl– concentration in roots, followed by petioles, stems and leaf 

lamina (Fig. 2.5). Soybean flowers and pod walls had higher Cl– concentrations than seeds 

(Fig. S2.2d, e, f). 

Shoot and root Cl– concentrations did not differ between mungbean subjected to Na+ salts 

(without Cl–), the high cation negative control and the non–saline control and remained 

low at all sampling times (Fig. 2.4). Mungbean subjected to NaCl and Cl– salts (without 

Na+) had high shoot and root Cl– concentrations. At the vegetative stage, mungbean plants 

treated with Cl– salts (without Na+) had about 20% higher shoot Cl– concentrations than 

those treated with NaCl (Fig. 2.4a); in contrast, at the podding and pod–filling stages, 

NaCl–treated plants had about 40% higher shoot Cl– concentrations than those treated 

with Cl– salts (without Na+) (Fig. 2.4b, c). Root Cl– concentration did not differ in 

mungbean subjected to NaCl and Cl– salts (without Na+) at podding stage but vegetative 

stage and pod–filling stage the Cl– concentration in roots of NaCl–treated plants was 

greater than that in Cl– salts–treated plants (Fig. 2.4d, e, f). For mungbean subjected to 

NaCl and Cl– salts (without Na+), Cl– concentration in petioles was greater than that in 

other tissues (Fig. 2.5). Similarly, flowers and pod walls had higher Cl– concentrations 

than seeds (Fig. S2.2d, e, f). 

Shoot and root Cl– concentrations did not differ between cowpea plants subjected to Na+ 

salts (without Cl–), the high cation negative control and the non–saline control and 

remained low at all sampling times (Fig. 2.4). In contrast, cowpea subjected to NaCl and 

Cl– salts (without Na+) had high shoot and root Cl– concentrations, with those treated with 

Cl– salts (without Na+) about 20% higher than those treated with NaCl at all three 

sampling times (Fig. 2.4a, b, c; Fig. 2.4d, e, f ). Plants subjected to NaCl and Cl– salts 

(without Na+) had the highest Cl– concentrations in leaf lamina, followed by petioles and 

roots, and the lowest in stems (Fig. 2.5). Cowpea flowers had higher Cl– concentrations 

than pod walls and seeds (Fig. 2.2d, e, f). 

For common bean, plants subjected to Na+ salts (without Cl–), the high cation negative 

control and the non–saline control had low shoot and root Cl– concentrations at all 

sampling times (Fig. 2.4). NaCl and Cl– salts (without Na+) had high shoot and root Cl– 

concentrations at all sampling times. Shoot Cl– concentrations did not significantly differ 

in plants subjected to NaCl and Cl– salts (without Na+) at the vegetative stage (Fig. 2.4a), 

but at the podding and pod–filling stages, plants subjected to NaCl had 40% higher shoot 
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Cl– concentrations than those subjected to Cl– salts (without Na+) (Fig. 2.4b, c). In 

contrast, common bean subjected to Cl– salts (without Na+) had about 20–40% higher 

root Cl– concentrations than those subjected to NaCl (Fig. 2.4d, e, f). Common bean 

accumulated the highest Cl– concentrations in leaf lamina, followed by petioles and stems, 

and the lowest in roots (Fig. 2.5). Similarly, flowers and pod walls had higher Cl– 

concentrations than seeds (Fig. S2.2d, e, f). 

To sum up, NaCl and Cl– salts (without Na+) increased Cl– tissue concentrations in all 

four legumes. Soybean and cowpea had lower Cl– concentrations in leaf lamina, while 

mungbean and common bean had higher Cl– concentrations in leaf lamina, than other 

plant parts. Soybean and cowpea subjected to Cl– salts (without Na+) had higher shoot Cl– 

concentration than those subjected to NaCl, while the reverse was true for mungbean and 

cowpea.  

Treatment effects on K+ concentrations in vegetative and reproductive tissues 

Shoot K+ concentration was not significantly different between the four legume species 

at time of treatment imposition (0 days of treatment), but root K+ concentration differed 

significantly between the four legume species (Table S2.4). Once exposed to the various 

treatments, shoot and root K+ concentrations differed significantly among species, 

treatments, and the species × treatment interaction at all three sampling times (Fig. 2.6). 

Soybean subjected to NaCl and Na+ salts (without Cl–) had similar reductions in shoot 

and root K+ concentrations, relative to the non–saline control (Fig. 2.6). The reduction in 

shoot K+ concentration in soybean increased with time from 80% of the non–saline 

control at the vegetative stage (Fig. 2.6a), 50% at the podding stage (Fig. 2.6b), and 20% 

at the pod–filling stage (Fig. 2.6c). The Cl– salts (without Na+) did not reduce shoot K+ 

concentrations at the vegetative stage, but at the podding and pod–filling stages, they 

declined to a lesser extent than the NaCl and Na+ salts treatments (70% of non–saline 

control). The NaCl and Na+ salts reduced root K+ concentrations by about 50% of the 

non–saline control at all sampling times (Fig. 2.6d, e, f). Soybean subjected to the high 

cation negative control, which included elevated K+, had 20–40% higher shoot and root 

K+ concentrations than the non–saline control (Fig. 2.6). NaCl and Na+ salts (without Cl–

) had the greatest K+ concentration reductions in leaf lamina, petioles and stems (Fig. 2.7) 

and pod walls and seeds, but did not affect K+ concentrations in flowers, relative to those 

of the non–saline control (Fig. S2.2g, h, i).  
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Mungbean subjected to NaCl, Na+ salts (without Cl–) and Cl– salts (without Na+) 

maintained their shoot K+ concentrations at the vegetative stage (Fig. 2.6a), but at the 

podding and pod–filling stages shoot K+ concentrations had significantly declined to 

about 50% of the non–saline control (Fig. 2.6b, c). NaCl and Na+ salts (without Cl–) 

decreased root K+ concentrations at the vegetative stage to about 50% of the non–saline 

control, which declined further at the podding and pod–filling stages to about 10% of the 

non–saline control (Fig. 2.6d, e, f). In contrast, Cl– salts (without Na+) only had an adverse 

effect on root K+ concentration at the podding and pod–filling stages, reducing it to about 

70% of the non–saline control. In the high cation negative control, mungbean maintained 

shoot and root K+ concentrations, relative to the non–saline control. NaCl and Na+ salts 

(without Cl–) reduced K+ accumulation in mungbean lamina, petioles, stems and 

reproductive organs at all three sampling times (Fig. 2.7; Fig. S2.2g, h, i), while Cl– salts 

(without Na+) only reduced K+ concentrations in these tissues at the podding and pod–

filling stages, relative to the non–saline control. 

Cowpea subjected to NaCl and Na+ salts (without Cl–) had similar reductions in shoot and 

root K+ concentrations, relative to the non–saline control (Fig. 2.6). The adverse impact 

of NaCl and Na+ salts (without Cl–) on shoot K+ concentrations in cowpea increased with 

time from 60% of the non–saline control at the vegetative and podding stages to 40% of 

the non–saline control at the pod–filling stage (Fig. 2.6a, b, c). Root K+ concentrations 

declined more than those in the shoots, being 60% of the non–saline control at the 

vegetative stage and 40% of the non–saline control at the podding and pod–filling stages 

(Fig. 2.6d, e, f). Cl– salts (without Na+) did not affect root K+ concentrations in cowpea at 

the vegetative stage (Fig. 2.6d) but caused a minor reduction at the podding and pod–

filling stages (80% of non–saline control) (Fig. 2.6e, f). NaCl and Na+ salts (without Cl–) 

reduced K+ concentrations in the lamina, petioles and stems (Fig. 2.7), pod walls and 

seeds, but had no effect on K+ concentrations in flowers, relative to the non–saline control 

(Fig. S2g, h, i). In contrast, Cl– salts (without Na+) had a minor impact on K+ 

concentration in the lamina (80% of non–saline control) but did not affect petioles, stems, 

flowers, or seeds. The high cation negative control had similar or greater K+ 

concentrations to that of non–saline control plants in both vegetative and reproductive 

tissues (Fig. 2.6; Fig. S2.2g, h, i).  

Shoot and root K+ concentrations in common bean subjected to NaCl and Na+ salts 

(without Cl–) decreased significantly at all three sampling times and was about 20–40% 

higher than the reductions for Cl– salts (without Na+) (Fig. 2.6). The high cation negative 
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control did not affect root K+ concentrations but increased shoot K+ concentrations by 

about 20%, relative to the non–saline control. NaCl and Na+ salts (without Cl–) inhibited 

K+ accumulation in the lamina, petioles, stems and reproductive tissues, while Cl– salts 

(without Na+) and the high cation negative control had no effect on K+ concentration in 

these tissues (Fig. 2.7; Fig. S2.2g, h, i).  

To sum up, NaCl and Na+ salts (without Cl–) treatments significantly reduced shoot and 

root K+ concentrations in all four legume species at each sampling time. Cl– salts (without 

Na+) had minor effects on shoot K+ concentrations in the four legume species at the 

podding and pod–filling stages. Cl– salts (without Na+) had no adverse impact on root K+ 

concentrations in soybean or cowpea, but a minor impact on mungbean and common 

bean. The high cation negative control–maintained shoot and root K+ concentrations in 

all four legume species, relative to non–saline control.  

Treatment effects on K+/Na+ ratio in vegetative and reproductive tissues 

Shoot and root K+/Na+ ratios were not significantly difference between the four legume 

species at time of treatment imposition (0 days of treatment) (Table S2.4). Shoot and root 

K+/Na+ ratios differed significantly between species, treatments, and the species × 

treatment interaction at all three sampling times (Fig. 2.8).   

For soybean, at the vegetative stage, shoot K+/Na+ ratios in the NaCl and Na+ salts 

(without Cl–) treatments decreased to about 1.0, whereas the Cl– salts (without Na+), and 

high cation negative control maintained K+/Na+ ratios  relative to that of non–saline 

control (about 100) (Fig. 2.8a; Fig. S2.3a). Reductions in the shoot K+/Na+ ratios 

increased with time; at the pod–filling stage, shoot K+/Na+ ratios in NaCl and Na+ salts 

(without Cl–) treated plants had declined to 0.2 and 0.4, respectively (Fig. 2.8a, b, c; Fig. 

2.3a, b, c), while that of Cl– salts (without Na+) and the high cation negative control were 

still high (about 100) and about 80% of non–saline control (Fig. 2.8c; Fig. S2.3c). NaCl 

and Na+ salts (without Cl–) significantly reduced the root K+/Na+ ratios in soybean at all 

sampling times, whereas Cl– salts (without Na+) only induced a moderate reduction at the 

podding and pod–filling stages (Fig. 2.8d, e, f; Fig. S2.3d, e, f). NaCl and Na+ salts 

(without Cl–) significantly reduced the K+/Na+ ratios in the lamina, petioles, stems and 

reproductive organs of soybean, while Cl– salts (without Na+) had an intermediate effect 

and the high cation negative control was inconsistent (Fig. 2.8; Fig. 2.9). 

For mungbean, NaCl and Na+ salts (without Cl–) significantly reduced shoot and root 

K+/Na+ ratios, more so with time (Fig. 2.8; Fig S2.3). Cl– salts (without Na+) also reduced 
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shoot and root K+/Na+ ratios in mungbean, relative to the non–saline control, but the 

impact was less severe than the NaCl and Na+ salts (without Cl–) treatments. The high 

cation negative control had no effect on the shoot K+/Na+ ratio in mungbean, but the root 

K+/Na+ ratio declined to 50% of the non–saline control. NaCl and Na+ salts (without Cl–

) caused the greatest reductions in K+/Na+ ratios in the lamina, petioles and stems of 

mungbean (Fig. 2.9; Fig S2.4) and reproductive organs (Fig. S2.5), while Cl– salts 

(without Na+) had an intermediate impact on lamina and stems, and the high cation 

negative control either had no effect or increased the K+/Na+ ratios in all of these tissues 

(Fig. 2.8, Fig. 2.9).  

For cowpea, NaCl and Na+ salts (without Cl–) significantly reduced shoot and root K+/Na+ 

ratios at all sampling times (Fig. 2.8; Fig. S2.3). Cl– salts (without Na+) had no effect on 

shoot and root K+/Na+ ratios at the vegetative stage (Fig. 2.8a, d), and reduced shoot and 

root K+/Na+ ratios at the podding stage but to a lesser extent than NaCl and Na+ salts 

(without Cl–) (Fig. 2.8b, c, e, f). The high cation negative control had no effect or slightly 

increased shoot and root K+/Na+ ratios at the vegetative and pod–filling stages, and 

increased root K+/Na+ ratios at the vegetative and podding stages. NaCl and Na+ salts 

(without Cl–) had the greatest negative impact on the K+/Na+ ratios of lamina, petioles 

and stems in cowpea (Fig. S2.4) and reproductive organs (Fig. S2.5), while Cl– salts 

(without Na+) had an intermediate impact, and the high cation negative control had no 

effect on the K+/Na+ ratios of these tissues (Fig. 2.8, Fig. 2.9). 

In common bean, NaCl and Na+ salts (without Cl–) reduced shoot and root K+/Na+ ratios 

to a similar extent at all three sampling times (Fig 2.8; Fig. S2.3). Cl– salts (without Na+) 

reduced shoot K+/Na+ ratios at the podding and pod–filling stages but reduced root K+/Na+ 

at all sampling time. In all case the reduction of shoot and root K+/Na+ of plants subjected 

to Cl– salts (without Na+) was significantly lower than that in plants subjected to NaCl 

and Na+ salts (without Cl–) treatments (Fig. 2.8, Fig. 2.9). The high cation negative control 

had an inconsistent impact on shoot and root K+/Na+ ratios in common bean. NaCl and 

Na+ salts (without Cl–) had the greatest negative effect on K+/Na+ ratios of lamina, 

petioles and stems (Fig. S2.4)  and reproductive organs in common bean (Fig. S2.5), while 

Cl– salts (without Na+) had a minor impact, and the high cation negative control had no 

adverse impact (Fig. 2.8, Fig. 2.9). 

To sum up, NaCl and Na+ salts (without Cl–) significantly reduced tissue K+/Na+ ratios in 

all four legume species at all sampling times, while Cl– salts (without Na+) had an 

intermediate impact on shoot and root K+/Na+ ratios in soybean and cowpea at all 
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sampling times and a negative impact on shoot and root K+/Na+ ratios of mungbean and 

common bean at the podding and pod–filling stages. The high cation negative control was 

not consistent in its effect on shoot and root K+/Na+ ratios in soybean and cowpea but had 

a negative impact on this ratio in mungbean roots.  

Treatment effects on leaf gas–exchange, leaf SPAD reading and leaf sugars, at the 

vegetative stage 

The photosynthetic rate (Pn), stomatal conductance (gs), and internal CO2 concentration 

(Ci), measured at the vegetative stage, significantly different between species and 

treatments. The species × treatment interaction was significant for Pn and gs, but not for 

Ci (Fig. 2.10). 

For soybean, NaCl, Na+ salts (without Cl–) and Cl– salts (without Na+) significantly 

reduced Pn and gs (Fig. 2.10a, b), more so with NaCl and Na+ salts (without Cl–) than Cl– 

salts (without Na+). The high cation negative control did not affect Pn or gs of soybean. 

The Ci of soybean subjected to NaCl and Cl– salts (without Na+) remained within 5% of 

the level in the non–saline control (Fig. 2.10c). There was no significant effect of any 

treatment on leaf SPAD values (Fig. 2.10d). Likewise, leaf sucrose concentrations did not 

significantly differ among treatments (Fig. 2.10e). However, plants under NaCl, Na+ salts 

(without Cl–), Cl– salts (without Na+) and the high cation negative control had 3–10% 

higher pinitol concentrations in leaves, relative to the non–saline control (Fig. 2.10f).  

In mungbean, Cl– salts (without Na+) had the more significant adverse effect on Pn and gs 

than NaCl and Na+ salts (without Cl–) (Fig. 2.10a, b). There were small reductions in Ci 

(<10%) in plants subjected to NaCl or Cl– salts (without Na+) (Fig. 2.10c). Mungbean 

plants subjected to Na+ salts (without Cl–) and the high cation negative control had similar 

leaf SPAD values as the non–saline control, while those subjected to NaCl and Cl– salts 

(without Na+) had 10–20% lower leaf SPAD values than the non–saline control (Fig. 

2.10d). Plants subjected to the NaCl, Na+ salts (without Cl–), Cl– salts (without Na+ and 

the high cation negative control had higher leaf sucrose concentrations than the non–

saline control (Fig. 2.10e). No pinitol was detected in mungbean leaves (Fig. 2.10f).  

For cowpea, NaCl, Na+ salts (without Cl–), and Cl– salts (without Na+) had an adverse 

impact on Pn and gs (Fig. 2.10a, b). NaCl reduced Pn, and gs the most, followed by Na+ 

salts (without Cl–) and Cl– salts (without Na+), while the high cation negative control did 

not have adverse impact on Pn and gs. NaCl or Na+ salts (without Cl–) had no effect on Ci 

in cowpea leaves, while the high cation negative control had a small reduction (<5%), as 
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did Cl– salts (without Na+) (15%) (Fig. 2.10c). SPAD values and sucrose concentrations 

did not change in cowpea leaves in any treatment, and no pinitol was detected in cowpea 

leaves (Fig. 2.10d, e).  

In common bean, Pn and gs significantly decreased in plants subjected to the salinity 

treatments (Fig. 2.10a, b), more so for NaCl and Na+ salts (without Cl–), followed by Cl– 

salts (without Na+). The high cation negative control did not impair Pn but had adverse 

impact on gs (Fig. 2.10a, b), but to a lesser extent compared to the salinity treatments. The 

Ci in leaves declined by about 10% in all plants subjected to salinity treatments and the 

high cation negative control (Fig. 2.10c). The treatments had no effect on leaf SPAD 

values or leaf sucrose concentrations, and no pinitol was detected in common bean leaves 

(Fig. 2.10d, e, f). 

During the leaf gas–exchange measurements at the podding and pod–filling stages, the 

external CO2 concentration was increased from 400 to 800 µmol CO2 mol–1 (Fig. S.2.6; 

Fig. S2.7) to assess the potential photosynthetic capacity of leaves measured at CO2 

saturation (i.e. 800 µmol CO2 mol–1) to overcome any stomatal limitations. 

For soybean in the NaCl and Na+ salts (without Cl–) treatments, the internal CO2 (Ci) 

doubled, Pn increased by 20–60% and gs did not change (Fig. 2.6a, e, i; Fig. 2.7a, e, i). In 

the Cl– salts (without Na+), high cation negative controls and non–saline control, Ci also 

doubled, but Pn did not change, and gs declined by about 50%.  

For mungbean, when the external CO2 concentration was increased from 400 to 800 µmol 

CO2 mol–1, plants subjected to NaCl and Na+ salts (without Cl–), and high cation negative 

control increased Ci and Pn, but gs did not change (Fig. 2.6b, f, j; Fig. 2.7b, f, j). Mungbean 

subjected to Cl– salts (without Na+), the high cation negative control and non–saline 

control also increased Ci and Pn, but gs declined.  

For cowpea, Ci increased in all treatments when the external CO2 was doubled. For 

cowpea subjected to NaCl or the high cation negative control, Pn increased, while gs did 

not change. For cowpea subjected to Na+ salts (without Cl–), both Pn and gs increased 

(Fig. 2.6c, g, d, k; Fig. 2.7c, g, k). In contrast, cowpea subjected to Cl– salts (without Na+) 

and the non–saline control, Pn did not change, but gs declined.  

For common bean, when the external CO2 concentration was doubled, the plants in the 

NaCl treatment increased Pn, but decreased gs (Fig. 2.6d, h, i; Fig. 2.7d, h, i). Common 

bean subjected to Na+ salts (without Cl–) and Cl– salts (without Na+) increased Ci and Pn, 
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but gs did not change. Plants in the high cation negative control increased Ci and gs, but 

Pn did not change. 

To sum up, Na+ salts (without Cl–) had a greater detrimental effect on the Pn of soybean 

than Cl– salts (without Na+), while the reverse was true for mungbean and common bean. 

Both Na+ salts (without Cl–) and Cl– salts (without Na+) were equally detrimental to the 

Pn of cowpea. The Pn of soybean subjected to NaCl and Na+ salts (without Cl–) increased 

by 20–60% when the external CO2 was doubled, which suggests stomatal (or mesophyll 

conductance) limitations in NaCl and Na+ salts (without Cl–)–treated plants, while Pn did 

not change in the Cl– salts (without Na+) treatments indicated possible non–stomatal 

limitation on Pn. Mungbean indicated possible stomatal limitation in all treatments. 

Cowpea had possible stomatal limitations in the NaCl, Na+ salts (without Cl–), and high 

cation negative control, but not in the Cl– salts (without Na+) treatment. Common bean 

had possible stomatal limitations in the NaCl, Na+ salts (without Cl–), and Cl– salts 

(without Na+) treatments, but not in the high cation negative control. 

Treatment effects on leaf sap osmotic potential (Ψπ) and tissue water content 

Leaf sap osmotic potential (Ψπ) at each sampling time differed significantly between 

species, treatments and the species × treatment interaction (Table 2.3). There was a 

significant treatment effect for water content of the second youngest fully expanded leaf 

at the vegetative stage, but differences among species took longer to develop, becoming 

evident at the podding stage, with the species × treatment interaction only became 

significant at the pod–filling stage (Table 2.3).  

For soybean, leaf sap Ψπ was more negative than the osmotic potential of the external 

solution bathing the roots at all sampling times. Interestingly, in two cases, the change in 

leaf sap Ψπ was about double that of the change in the external medium, these were the 

NaCl treatment at the vegetative stage and Na+ salts (without Cl–) at the pod–filling stage. 

At the vegetative stage, soybean in the NaCl treatment had the most negative leaf sap Ψπ 

relative to the non–saline control and other salt treatments. However, at the pod–filling 

stage, plants subjected to Na+ salts (without Cl–) had the most negative leaf sap Ψπ, 

relative to the non–saline control and other salt treatments, as well as the external solution 

bathing the roots. Soybean leaf water content did not differ between control and salinity 

treatments at each sampling time, being about 4 mL g–1 dry mass at the vegetative stage 

and about 3 mL g–1 dry mass at the podding and pod–filling stages (Table 2.3).  
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For mungbean, changes in leaf sap Ψπ in the NaCl and Cl– salts (without Cl–) treatments 

were about three times that of the external solution bathing the roots at the vegetative and 

podding stages (Table 2.3). No data were available for leaf sap Ψπ in mungbean subjected 

to NaCl and Cl– salts (without Na+) at the pod–filling stage due to the lack of green leaves 

on the plants. The leaf sap Ψπ for plants treated with Na+ salts (without Cl–) was more 

negative than those for the high cation negative control and non–saline control, but less 

negative than those for plants treated with NaCl and Cl– salts (without Na+). Leaf water 

content did not differ between treatments or the non–saline control at the vegetative stage, 

but at the podding stage, plants subjected to NaCl, Cl– salts (without Na+) and the high 

cation negative control had higher leaf water contents than those subjected to Na+ salts 

(without Cl–) and the non–saline control. 

For cowpea, changes in leaf sap Ψπ of plants subjected to NaCl and Cl– salts (without 

Na+) were less than those in the external solution bathing the roots at the vegetative stage 

(Table 2.3), while those exposed to Na+ salts (without Cl–) and the high cation negative 

control had similar changes in leaf sap Ψπ to those in the external solution. The leaf sap 

Ψπ of cowpea subjected to salinity treatments and the high cation negative control was 

much more negative than that of the non–saline control at the vegetative stage, but no 

differences were evident at the podding and pod–filling stages.  

For common bean, changes in leaf sap Ψπ of plants subjected to NaCl and Cl– salts 

(without Cl–) treatments were double those in the external solution bathing the roots at 

the podding and pod–filling stages (Table 2.3). Leaf sap Ψπ was more negative in the 

NaCl, Na+ salts (without Cl–) and Cl– salts (without Na+), relative to the non–saline 

controls, at all sampling times. The change in leaf sap Ψπ of plants in the high cation 

negative control was higher than the non–saline control. Plants in the Na+ salts (without 

Cl–) treatment had much lower leaf water contents than the other salt–treated plants, the 

high cation negative control and the non–saline control at the vegetative and pod–filling 

stages; and plants treated with NaCl or Cl– salts (without Na+) had similar (vegetative 

stage) or greater (podding and pod–filling stages) leaf water contents to those in the high 

cation negative control and non–saline control.  

Relationships between shoot dry mass against shoot ion concentrations 

Regression analyses were carried out to assess possible relationships between shoot dry 

mass and shoot ion concentrations (Na+, Cl–, K+, and K+/Na+) (Fig. S2.8; Fig. S2.9, Fig. 

S2.10, Fig. S2.11). 
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A strong negative relationship was found for shoot dry mass and shoot Na+ concentration 

(stems, petioles and lamina) in all four species at the vegetative stage, for soybean, 

cowpea and common bean at the podding and pod–filling stages, and for mungbean at 

pod–filling stage (Fig. S2.8).  

No relationship was found between shoot dry mass and shoot Cl– concentration in 

soybean at any stage (Fig. S2.9) or mungbean at the vegetative stage, but a negative 

relationship was evident at the podding and pod–filling stages. No relationship was found 

between shoot dry mass and shoot Cl– concentration for cowpea and common bean at the 

vegetative or podding stages, but a negative relationship was evident at the pod–filling 

stage.  

A positive relationship was found for shoot dry mass and shoot K+ concentration for 

soybean and cowpea at all three sampling times (Fig. S2.10). For mungbean, no 

relationship was found for shoot dry mass and shoot K+ concentration at the vegetative or 

pod–filling stages, but a positive relationship was evident at the podding stage. For 

common bean, shoot dry mass had a positive relationship with shoot K+ concentration at 

the vegetative stage.  

A positive relationship was found for shoot dry mass and shoot K+/Na+ ratio for soybean, 

cowpea and mungbean at all three stages, but only a weak relationship was observed at 

the podding stage for common bean (Fig. S2.11). 

Relationships between net photosynthetic rate (Pn), stomatal conductance (gs) and 

intercellular CO2 (Ci) against leaf ion concentrations 

Relationship analyses were carried out between net photosynthetic rate (Pn) against 

stomatal conductance (gs) and intercellular CO2 (Ci) measured at the vegetative stage (Fig. 

S2.12). Relationship analyses of Pn against ion concentrations measured in the lamina of 

the second youngest fully–expanded leaf at 13 and 14 days of treatment were also 

explored (Fig. S2.13). 

There were positive relationships between Pn and gs in all four species at the vegetative 

stage, and between Pn and Ci in mungbean, cowpea, common bean, but not in soybean 

(Fig. S2.12). 

There was a negative relationship between both Na+ and Cl– concentrations in the leaf 

lamina and Pn for soybean and cowpea (Fig. S2.13a, e, s, g), and between Cl– 

concentration in the leaf lamina and Pn in mungbean and common bean at the vegetative 



Chapter 2: Salt sensitivity in (sub)tropical grain legumes | Page 38 

 

stage (Fig. S2.13b, f, d, h). There was a positive relationship between K+ concentration 

in the leaf lamina and Pn in soybean, cowpea and common bean, but not in mungbean 

(Fig. S2.13i, j, k, l).  

2.6 Discussion 

Salt tolerance mechanisms and the sensitivity of tropical/subtropical grain legumes to 

either Na+ or Cl–, or to both ions, had not been elucidated (Flowers et al. 2010; Keating 

& Fisher 1985). This study aimed to elucidate whether Na+ and/or Cl– is toxic to soybean, 

mungbean, cowpea or common bean using various salt treatments in nutrient solution 

culture. The study tested the hypothesis that Na+, but not Cl– at the same concentration, 

inhibits growth in four (sub)tropical grain legumes during vegetative and reproductive 

growth. At 100 mM NaCl, the growth of all four grain legumes was adversely impacted. 

Treatments using salts with different counter ions to separate Na+ and Cl– showed that 

soybean is more sensitive to Na+, mungbean is more sensitive to Cl–, and cowpea and 

common bean are equally sensitive to Na+ and Cl–.  

Soybean is more sensitive to high Na+
 than high Cl– 

The results of this study showed that Na+ toxicity severely inhibited soybean growth as 

shoot and root dry mass decreased to about 20% of the non–saline control when exposed 

to Na+ salts (without Cl–) and 40% of the control when subjected to NaCl, compared with 

about 70% of the non–saline control when exposed to Cl– salts (without Na+) and the high 

cation negative control (Fig. 2.1). Seed production per plant decreased the most with Na+ 

salts (without Cl–) (30% of the non–saline control), followed by NaCl (50% of the non–

saline control) and Cl– salts (without Na+) (60% of the non–saline control) (Table 2.2). In 

addition, shoot dry mass had a negative relationship with shoot Na+ concentration in 

soybean at the three sampling times (r2 = 0.63, r2 = 0.56 and r2 = 0.65; Fig. S2.8), but 

there was no significant relationship between shoot dry mass and shoot Cl– concentration 

(Fig. S2.9). The greater sensitivity of soybean to Na+ than Cl– is important, since earlier 

studies (discussed below) have not been clear on the contributions of each of these to the 

specific ion effects of salinity. 

The lack of a clear relationship between tissue Cl– concentration and soybean growth is 

similar to the results of Abel and Mackenzie (1964) for a field trial with six soybean 

genotypes under five NaCl irrigation levels. The authors found that although stem and 

leaf Cl– concentrations increased 10–15 times in intermediate and low tolerance 

genotypes relative to the tolerant genotypes, there was no relationship between stem and 
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leaf Cl– concentrations and their respective dry mass. In addition, soybean mortality 

occurred at stem and leaf Cl– concentrations above 15,000 and 30,000 ppm, respectively. 

However, the mortality may have been due to other factors than Cl– due to the lack of a 

relationship between Cl– concentrations and dry mass. However, this research did not 

include an Na+ analysis, so the potential impact of Na+ on plants was ignored (Abel & 

Mackenzie 1964). Others have suggested that plants might uptake Cl– for osmotic 

adjustment under salt stress (Pantalone et al. 1997). Hence, the effect of elevated tissue 

Cl– needs further investigation.  

Some studies have concluded that soybean (Glycine max) is more sensitive to high Cl– 

than high Na+ based on the result that when exposed to NaCl soybean had much higher 

leaf Cl– than Na+ concentrations and a positive relationship between foliar injury and high 

tissue Cl– concentrations (Läuchli & Wieneke 1979; Abel 1969); however, doubts remain 

as both Cl– and Na+ were present. A previous study (Luo, Yu & Liu 2005) used various 

salts to separate Na+ and Cl– exposure, based on treatment compositions of Kingsbury & 

Epstein (1986) the Na+ treatment contained concentrated macronutrient anions with 150 

mM Na+, and a Cl– treatment contained concentrated macronutrient cations with 150 mM 

Cl–. In addition, polyethylene glycol (PEG–6000) was added to the Na+ and Cl– treatments 

so that the osmotic potential was equal to that in 150 mM NaCl (–0.68 MPa). Luo, Yu & 

Liu (2005) compared G. max and G. soja and concluded that Cl– was more toxic than Na+ 

for G. max, due to greater relative electrolyte leakage of the first fully–expanded leaf from 

plants in Cl– salts than Na+ salts, and lower dry mass of G. max in Cl– salts than Na+ salts. 

In contrast, Na+ in this study was more toxic than Cl– for G. soja, due to its greater leaf 

relative electrolyte leakage and lower dry mass of plants exposed to Na+ salts than Cl– 

salts and NaCl (Luo, Yu & Liu 2005). In addition, the dry mass of the plants subjected to 

NaCl and Cl– salts treatments differed significantly from that in the Na+ salts treatment. 

However, the treatment duration was only for six days, which might not be long enough 

for a clear conclusion of ion toxicity. Chickpea showed salt damage 10 days after being 

subjected to 30 mM NaCl (15 mM NaCl + 7.5 mM Na2SO4) (Lauter & Munns 1987). In 

addition, Luo, Yu & Liu (2005) used osmotica (PEG–6000) which could also affect plant 

growth (Munns & Tester 2008). In the present study, the treatments were imposed for 57 

days, with three sampling times, the NaCl and Na+ salts (without Cl–) treatments had 

greater adverse effects on G. max cv. Bunya than Cl– salts (without Na+). 

Salt–tolerant genotypes of G. max are better able to control Na+ entering leaves and take 

up less Na+ from roots than susceptible genotypes (An et al. 2002; Serraj, Vasquez‐Diaz 
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& Drevon 1998). Hence, most of the Na+ was held in the roots, with less found in the 

stems and much less in the leaves of NaCl–treated salt–tolerant plants (An et al. 2002; 

Serraj, Vasquez‐Diaz & Drevon 1998). In contrast, most of the Cl– accumulated in leaves, 

less in stems, and the least in roots (An et al. 2002; Durand & Lacan 1994; Abel & 

Mackenzie 1964). In the present experiment, Na+ and Cl– concentrations increased the 

most in roots and remained low in leaves (Fig. 2.2, Fig. 2.4). Thus, salt tolerance of G. 

max cv. Bunya appears to be related to its successful withholding of Na+ and/or Cl– in 

roots and stems to reduce the concentration of these ions in leaves. 

The Na+ concentrations in the second youngest fully–expanded leaf of soybean plants 

exposed to NaCl and Na+ salts (without Cl–) were assessed as toxic (>0.5% or 217 µmol 

g–1 dry mass) (Weir 1994) (Fig. 2.2). In contrast, the Cl– concentrations in the second 

youngest fully–expanded leaf of plants exposed to NaCl and Cl– salts (without Na+) did 

not reach the threshold level for Cl– toxicity (<2.6–5.0% or 713–1407 µmol g–1 dry mass) 

(Weir 1994) (Fig. 2.4). Other research on soybean grown in solution culture reported that 

Cl– concentrations greater than 2.84% (800 µmol g–1 dry mass) in the second youngest 

fully–expanded leaf caused soybean death after 17 days of NaCl treatment, and a wide 

range of leaf Cl– concentrations caused toxicity (0.53–8.63% or 149–2428 µmol g–1 dry 

mass) (Reuter & Robinson 1997). In vitro studies showed that Na+ starts to inhibit most 

enzymes at concentrations approaching 100 mM (Greenway 1972). In the present study, 

leaf Na+ concentrations in soybean subjected to NaCl and Na+ salts (without Cl–) were 

about 100 mM and 150 mM, respectively, on a tissue water basis, and leaf Cl– 

concentrations in soybean subjected to NaCl and Cl– salts (without Na+) were 70 and 140 

mM, respectively (calculated from Fig. 2.2, Fig. 2.4). The shoot K+/Na+ ratios of the Cl– 

salts (without Na+) and high cation negative control were about 100, while those in NaCl 

and Na+ salts (without Cl–) were 0.4 (Fig. 2.8), which could be detrimental for metabolic 

activities (Munns 1985; Tavakkoli et al. 2011).  

In addition to the large reductions in growth, Pn in soybean declined in plants subjected 

to NaCl and Na+ salts (without Cl–) (Fig. 2.10) and was negatively relationship with leaf 

Na+ and Cl– concentrations (Fig. S2.13). However, Cl– salts (without Na+) had a relatively 

marginal effect on Pn. There was a positive relationship between Pn and gs in soybean (r2 

= 0.76), but no relationship between Pn and Ci at vegetative stage. Hence, Ci (based on gs) 

was unlikely to be the cause of the reduction in Pn in soybean (Fig. S2.12). A salt–induced 

stomatal limitation of Pn has been reported in plants such as soybean (Chen et al. 2013), 

sorghum (Yan et al. 2012), and non–stomatal limitation of Pn has been reported and 
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chickpea (Khan, Siddique & Colmer 2016; Khan et al. 2015). Salt–induced stomatal 

limitation of Pn in soybean in saline conditions (300 mM NaCl) when there was an 

increase in Ci along with the decrease in gs (Chen et al. 2013). Hence, there may be a 

negative impact of Na+ ions on photosystems and/or photosynthetic metabolism in 

soybean. Other experiments conducted in greenhouses or growth chambers (Kao, Tsai & 

Shih 2003; Lu et al. 2009; Yang et al. 2007) and the field (He et al. 2016) have reported 

that salt stress significantly decreases Pn, gs and Chl fluorescence parameters in soybean, 

and that gs is a primary limiting factor for the reduction in Pn under salt stress. However, 

these experiments did not measure tissue ion concentrations. 

Mungbean is more sensitive to high Cl– than high Na+  

Some studies have suggested that Cl– toxicity might be the cause of growth reductions in 

mungbean in saline conditions (Ghosh, Mitra & Paul 2015; Salim & Pitman 1988). The 

present study showed that NaCl, Na+ salts (without Cl–), Cl– salts (without Na+) and the 

high cation negative control each significantly reduced shoot dry mass and seed dry mass, 

but more so with NaCl and Cl– salts (without Na+) (Fig. 2.1). Negative relationships 

occurred between mungbean shoot dry mass and shoot Na+ at the vegetative and pod–

filling stages (r2 = 0.38 and r2 = 0.24, respectively), and between shoot dry mass and shoot 

Cl– at the podding and pod–filling stages (r2 = 0.37, and r2 = 0.33) (Fig. S2.8; Fig. S2.9). 

In addition, most of the Na+ was held in the roots and stems of mungbean subjected to 

NaCl and Na+ salts (without Cl–), with less found in petioles, and much less reaching the 

lamina; in contrast, most Cl– accumulated in the leaves and petioles, with less in the stems, 

and the least in the roots (Fig. 2.2; Fig. 2.4). These distributions of Na+ and Cl– are similar 

to another study on mungbean (Salim & Pitman 1988). Hence, salt–sensitive mungbean 

was unable to withhold Cl– in roots to avoid the accumulation of this ion in the leaves and 

this could impact the photosynthetic machinery.  

Mungbean subjected to NaCl and Cl– salts (without Na+) declined Pn to about 30% to 

50% of the non–saline control (Fig. 2.10), and there was a negative relationship between 

Pn and leaf Cl– concentration (Fig. S2.13). In another study, salinity adversely impacted 

chlorophyll concentrations in mungbean (50% of control), as chlorophyll synthesis was 

suppressed (Ashraf & Rasul 1988). In the present study, the SPAD values of mungbean 

subjected to NaCl and Cl– salts (without Na+) was about 80% of the non–saline control 

(Fig. 2.10) and shoot Cl– concentrations were about 3–4% of dry mass (845–1125 µmol 

g–1 dry mass) (calculated from Fig. 2.4), which were much greater than the critical toxicity 

level (1.18% or 332 µmol g–1 dry mass) (Reuter & Robinson 1997). No information is 
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available on leaf or shoot Na+ toxicity levels in mungbean, so there is no benchmark for 

comparison with the present study.  

Mungbean subjected to the high cation negative control reduced shoot dry mass (60%, 

50%, 40% of control at vegetative stage, podding stage and pod–filling stage, 

respectively) but these plants still had more dry mass than the plants subjected to Na+ 

salts (without Cl–), Cl– salts (without Na+) or NaCl (average of 50%, 15% and 10% of 

control at vegetative stage, podding stage and pod–filling stage, respectively). The 

reduction in mungbean growth in the high cation negative control could be due to the 

osmotic effect of high ion concentrations or a specific ion effect from one or more of the 

ions used (cf. for chickpea in Khan, Siddique & Colmer 2016). 

Cowpea is sensitive to both high Na+ and high Cl– 

Na+ salts (without Cl–) and Cl– salts (without Na+) had the same adverse effects on cowpea 

shoot and root dry mass, but the combined NaCl treatment had the greatest reductions in 

growth, so there appeared to be an additive effect of these two ions (Fig. 2.1). NaCl, Na+ 

salts (without Cl–) and Cl– salts (without Na+) reduced seed dry mass in cowpea by about 

70%, 50% and 50%, respectively (Table 2.2). A similar finding was reported for faba 

bean and was considered as the result of the additive effects of Na+ and Cl– (Tavakkoli et 

al. 2011). Another study on faba bean subjected to 100 mM NaCl suggested that Na+ 

inhibits K+ uptake and stomatal regulation, while Cl– caused chlorophyll degradation 

(Chen et al. 2013). In the present study, shoot dry mass had a negative relationship with 

shoot Na+ concentration at the three sampling times (r2 = 0.66, r2 = 0.31 and r2 = 0.36 at 

the vegetative, podding and pod–filling stages, respectively) (Fig. S2.8c, g, k) and shoot 

Cl– concentration at the pod–filling stage (r2 = 0.27) (Fig. S2.9c, g, k). In addition, cowpea 

successfully withheld Na+ in the roots, with less transferred to stems and petioles, and 

much less to leaves; in contrast, leaf Cl– concentration increased with time and was much 

greater than that in the roots at the pod–filling stage (Fig. 2.2, Fig 2.4). Other studies have 

reported that both tolerant and sensitive cowpea genotypes decreased the accumulation 

of dry mass by 60% and 70%, respectively, after 24 days subjected to 75 mM NaCl 

(Praxedes et al. 2009); the biomass reduction was associated with the ability to restrict 

Na+ and Cl– accumulation in shoots (r2 = 0.10 and r2 = –0.11, n = 150) (Murillo–Amadot 

et al. 2002). There is no information on the toxicity level of Na+ and/or Cl– concentrations 

for cowpea, but the levels regarded as “adequate” (i.e. non–toxic) are 0.01–0.03% w/w 

of Na+ (4 – 13 µmol g–1 dry mass) and 0.7 – 1.6% w/w of Cl– (197 –450 µmol g–1 dry 

mass), in the youngest mature leaves during the vegetative stage (Weir 1994). In the 



Chapter 2: Salt sensitivity in (sub)tropical grain legumes | Page 43 

 

present study, Na+ concentrations in the second youngest fully–expanded leaf was 0.2% 

in Na+ salts (without Cl–) and 1.0% in NaCl, and Cl– concentrations in the same leaves 

were 1.5% in NaCl and 1.7% in Cl– salts (without Na+). These values are much higher 

than those reported as non–toxic in cowpea (Weir 1994). In this research, the Na+ 

concentration in shoot was greater than the Cl– concentration in shoot but the reduction 

in pod dry mass was similar and to a lesser extent to that of NaCl; thus, both Na+ and Cl– 

impaired cowpea growth and there might be an additive adverse effect of these two ions 

on cowpea growth.   

Cowpea subjected to NaCl, Na+ salts (without Cl–) and Cl– salts (without Na+) had greater 

reductions in shoot dry mass than the high cation negative control, so the reduction was 

likely due to Na+ and Cl– (Fig. 2.1). In addition, cowpea subjected to NaCl, Na+ salts 

(without Cl–) and Cl– salts (without Na+) had substantial reductions in Pn (Fig. 2.10). 

Scatter plots of leaf ion concentrations and Pn showed negative relationships for Pn and 

both Na+ and Cl– (r2 = 0.39 and r2 = 0.54, respectively) (Fig. S2.13). These results are 

similar to those reported by Plaut, Grieve and Maas (1990), where leaf gs, Pn and 

transpiration declined significantly in cowpea subjected to NaCl. A negative linear 

relationship between leaf Na+ concentration and Pn was also evident after 10 days of 

treatment (Plaut, Grieve & Maas 1990). Therefore, the greater reductions in growth under 

NaCl than Na+ and Cl– separately suggests that high concentrations of Na+ and Cl– both 

limit the growth of cowpea.  

Common bean is sensitive to both high Cl– and to high Na+ 

Shoot and root dry mass and seed dry mass in common bean declined significantly when 

subjected to NaCl, Na+ salts (without Cl–), Cl– salts (without Na+) and the high cation 

negative control, relative to the non–saline control, more so in the NaCl treatment (Fig. 

2.1, Table 2.2). This result was similar to that of cowpea in the present study and faba 

bean in Tavakkoli et al. (2011), who concluded that high concentrations of Na+ and Cl– 

together inhibited plant growth more than Na+ or Cl– alone. In the present study, most of 

the Na+ in common bean was held in the roots, with less transported to leaves, while the 

leaves had about 10% more Cl– than the roots (Fig. 2.2, Fig 2.4). Similarly, salt–sensitive 

common bean had higher leaf Na+ and Cl– concentrations than salt–tolerant Sesbania 

aculeata (Ashraf & Bashir 2003). Another study reported a negative relationship between 

growth and shoot Na+ concentration in common bean subjected to NaCl, but this study 

did not measure Cl– (Ayoub & Ishag 1974). In the present study, shoot dry mass was 

negatively relationship with shoot Na+ concentration at the three sampling times (r2 = 
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0.36, r2 = 0.19, r2 = 0.26, at vegetative, podding and pod–filling stages, respectively), and 

shoot Cl– concentration at the pod–filling stage (r2 = 0.49) (Fig. S.2.8, Fig. S2.9). Hence, 

both Na+
 and Cl– impaired common bean growth. 

NaCl, Na+ salts (without Cl–) and Cl– salts (without Na+) also impaired Pn in common 

bean (Fig. 2.10), with a negative relationship between Pn and leaf Cl– concentrations (r2 

= 0.46) (Fig. S2.12) and positive relationships between Pn and gs (r
2 = 0.56) and Pn and 

Ci (r2 = 0.37). A salt–induced decrease in Pn is mainly due to stomatal limitation when gs 

decreases and subsequently reduces Ci; the low internal CO2 then restricts the rate of Pn 

(Tavakkoli et al. 2011). In the present study, the Ci of common bean subjected to NaCl, 

Na+ salts (without Cl–), Cl– salts (without Na+) and the high cation negative control was 

about 90% of non–saline control. There might be also a negative impact of ions on 

photosystems and photosynthetic metabolism in common bean (Fig. 2.10), since shoot 

Na+ and/or Cl– concentrations (mmol per kg tissue water) under NaCl reached critical 

toxic levels (Reuter & Robinson 1997; Salim 1989), being >20 mmol kg–1 shoot water 

for Na+ and >30 mmol kg–1 shoot water for Cl– at the pod–filling stage (calculated from 

Fig 2.2, Fig 2.4). The excess accumulation of Na+ and Cl– in tissues of NaCl–treated 

plants indicates that the injured plants could not control the movement of Na+ or Cl– from 

roots to leaves, relative to the non–saline control (Ayoub & Ishag 1974). In this study, 

plants subjected to NaCl did not have any green leaves at the final harvest (57 days of 

treatment) (Fig. S2.2), suggesting that the high concentrations of Na+ and Cl– limit growth 

in common bean.  

Osmotic contribution to salinity tolerance 

To avoid tissue water deficit during salt stress, plants need to maintain their osmotic 

potential at levels below that of the osmotic potential of the external solution bathing the 

roots (Zhang et al. 1999; Zhu 2001; Cachorro et al. 1995). In this study, the leaf sap 

osmotic potential (Ψπ) was more negative than the external solution bathing the roots in 

all four legume species (Table 2.3). All four legume species showed leaf osmotic 

adjustment by decreasing (i.e. more negative) leaf osmotic potential and maintaining leaf 

water content when subjected to 100 mM NaCl, at the vegetative stage. The change in 

leaf sap osmotic potential in all four legume species was greater than the change in the 

osmotic potential of the external NaCl bathing the roots. 

Under salt stress, plants must regulate osmotic adjustment by synthesising organic 

compounds and transporting ions. These activities induce a small reduction in plant 
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growth potential (Schwarz & Gale 1981; Yeo 1983). Therefore, when subjected to the 

high cation negative control, the plants had to cope with the osmotic stress, not the high 

Na+ and/or Cl– stress, which might be the primary cause of the growth reduction in all 

four legumes (Table 2.3). For some plants exposed to salinity stress, proline and other 

organic compounds increase, e.g. rice (Lutts, Majerus & Kinet 1999) and soybean (An et 

al. 2002). In the present study, proline was not detected in the second youngest fully–

expanded leaf lamina of any species but moderate amounts of pinitol in soybean and 

sucrose in all four legume species were detected (Fig. 2.10). Salt–stressed soybean leaves 

had about 20–40% greater molar concentration of pinitol than sucrose, which was similar 

to a study on drought stress, where pinitol, proline and sugars accumulated in leaf blades 

of soybean plants but pinitol had higher molar concentrations in stressed plants than 

proline or sugars (Streeter, Lohnes & Fioritto 2001). Sucrose accumulation in leaves and 

roots contributes to osmotic pressure adjustments by plants to balance internal water 

status (Blum 2017). In the present study, no significant differences were observed in leaf 

sucrose concentrations for soybean and cowpea, but mungbean and common bean had 

significantly higher sucrose concentrations than the non–saline control. This finding is 

similar to that reported for barley and soybean, where salt stress induced sucrose 

accumulation in leaves and roots (Rathert 1985; Munns et al. 1982).  

Soybean is more salinity tolerant than the three other grain legume species  

Yield reductions of 50% have been reported at ECe of 5.0 dS m–1 for soybean, 4.9 dS m–

1 for cowpea, 1.8 dS m–1 for mungbean and 1.0 dS m–1 for common bean (Maas & Grattan 

1999) based on data from several studies. While the four legume species in this study 

differ in salt tolerance, all four are regarded as salt–sensitive, when compared with for 

example, barley (Hordeum vulgare L.) (ECe of 8.0 dS m–1) and canola (Brassica napus 

L.) (ECe of 9.0 dS m–1) (Maas & Grattan 1999).  

In the present study, salinity tolerance (total mature seed dry mass in NaCl as % of non–

saline control) in the four legume species, ranked from highest to lowest, was soybean = 

cowpea > mungbean = common bean (Table 2.2). Salt tolerance in soybean was evident 

as higher dry mass, Pn and filled pod production than the three other species in the same 

salinity treatments (Fig. 2.1, Fig. 2.10, Table 2.2). Soybean had higher or equal 

concentrations of Na+ and/or Cl− in leaf tissues than the three other species (combined 

mean of harvests and genotypes) but maintained the greatest relative growth and pod and 

seed production. This study did not assess intraspecific variation in salt tolerance of these 
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four legume species, so the rankings could be refined with further assessment using 

several genotypes within each species. 

Data on the ionic composition of shoot tissues allows for speculation on the physiological 

basis of the differences in salt tolerance. The four (sub)tropical grain legumes had 

pronounced differences in the quantities of Na+ in leaves (Fig. 2.2) but there was no clear 

explanation of the relationship between Na+ exclusion and salt tolerance. The 

(sub)tropical grain legumes differed in Cl– accumulation at high salt levels (Fig. 2.4), but 

this was not as clear as the differences in Na+ accumulation (apparent exclusion of Na+). 

Highly salinity tolerant species (halophytes) accumulated and sequestered the vast 

majority of ions (usually Na+ and Cl–) in vacuoles to adjust osmotically under salt stress, 

and organic solutes in the cytoplasm to protect the metabolism from the adverse effects 

of salinity (Flowers & Colmer 2008). In this study, at vegetative stage, the most tolerant 

species (soybean) accumulated the most Na+ and low Cl– in lamina, while the most 

sensitive species (mung bean and common bean) were comparatively effective in 

maintaining low Na+ levels but high Cl– in lamina. Cowpea accumulated the high Na+ and 

Cl– in lamina (Fig. 2.3, Fig. 2.5).  

Shoots are more sensitive to salinity stress than roots (three of the four species), and 

the vegetative stage is less sensitive to salinity than the reproductive stage 

In this study, salinity significantly reduced shoot dry mass in soybean, cowpea and 

common bean (>50% of dry mass), with a more moderate impact on root dry mass (20% 

of dry mass). In mungbean, salinity reduced shoot dry mass by 70% and root dry mass by 

90% (Fig. 2.1). Other studies have reported that roots are more salinity tolerant than 

shoots in soybean (Essa 2002; Keating & Fisher 1985) and common bean (Seemann & 

Critchley 1985).  

In addition, legume plants exposed to salinity significantly reduced shoot dry mass by 

40% relative to the non–saline control at the vegetative stage, >50% at that podding stage 

and about 70% at the pod–filling stage (Fig. 2.1). A study on wheat and barley indicated 

greater sensitivity to salinity during the seedling stage than germination, and that 

seedlings are more sensitive than older plants (Ayers, Brown & Wadleigh 1952). 

Chickpea subjected to 30 mM NaCl showed no genotypic differences at the vegetative 

stage, but when subjected to 60 mM NaCl, the genotypic differences were evident at the 

late vegetative stage (Khan et al.  2015). Therefore, the present study adds to the 

information available on salinity tolerance regarding developmental stage, length of 
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exposure, salinity treatments and species previously not documented (Keating & Fisher 

1985; Parker, Gascho & Gaines 1983; Luo, Yu & Liu 2005).  

2.7 Conclusions 

Four (sub)tropical grain legume species (soybean, mungbean, cowpea, and common 

bean) were exposed to nine weeks of salinity treatments, being the non–saline control, 

100 mM NaCl, 100 mM Na+
 (without Cl–), 100 mM Cl– (without Na+) and a high cation 

negative control (K+, Mg2+ and Ca2+ equivalent to those in the 100 mM Cl– treatment, but 

without Cl– as the counter ion). The results showed that salt sensitivity in soybean is 

determined by Na+ toxicity, mungbean is determined by Cl– toxicity, and cowpea and 

common bean are determined by Na+ and Cl– toxicity. 

Soybean accumulated the least Na+ and Cl– in the lamina and accumulated the most Na+ 

and Cl– in the roots. Mungbean, cowpea and common bean accumulated the least Na+ in 

the lamina but accumulated the most Na+ in the roots. Mungbean and common bean 

accumulated the most Cl– in lamina and less in the roots, while cowpea accumulated 

similar amount of Cl– in lamina and roots.  

Exclusion of Na+ from leaves is generally considered a feature of plants that contributes 

to salinity tolerance; the low leaf Na+ concentrations in soybean, mungbean, cowpea, and 

common bean relative to petioles, stem and roots, suggest that four (sub)tropical grain 

legume species can exclude Na+ from the leaves.  

Na+ salts (without Cl–) affected the photosynthetic capacity of soybean and seed dry mass 

more than Cl– salts (without Na+), while the reverse was true for mungbean and common 

bean. NaCl affected the photosynthetic capacity of cowpea and seed dry mass the most, 

while Na+ salts (without Cl–) and Cl– salts (without Na+) had similar effects on cowpea 

photosynthesis and seed production. 

Among the four (sub)tropical grain legumes, mungbean and common bean had the 

greatest sensitivity to salinity (100 mM NaCl), while soybean and cowpea were more 

tolerant. Further screening of a broader germplasm base is likely to identify varying 

degrees of tolerance in these four legume species.  
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Tables and Figures 

Table 2.1 Ion concentrations, salts used and osmotic potential of the treatments in a complete basal (non–saline control) nutrient solution.  

Treatments 

Ψπ 

(MPa) 

Ion concentrations (mM) 

Na+ Cl– K+ Ca2+ Mg2+ SO4
2– NO3

– SiO3
– NH4

+ H2PO4
– 

Control –0.05 0.2 0.05 5.0 5.0 0.4 5.4 4.4 0.1 0.6 0.2 

NaCl (100 mM) 

 
–0.50 100.2 100.05 5.0 5.0 0.4 5.4 4.4 0.1 0.6 0.2 

Na+ (100 mM, without Cl–): 33.33 mM Na2SO4 + 33.33 mM NaNO3 

 –0.41 100.2 0.05 5.0 5.0 0.4 38.7 37.7 0.1 0.6 0.2 

Cl– (100 mM, without Na+): 16.67 mM CaCl2 + 16.67 mM MgCl2 + 33.33 mM KCl 

 
–0.41 0.2 100.05 38.3 16.7 17.1 5.4 4.4 0.1 0.6 0.2 

High cation negative control (equivalent to Cl– treatment): 10.0 mM CaSO4 + 6.67 mM Ca(NO3)2 + 16.67 mM MgSO4 + 16.67 

mM K2SO4 

 
–0.34 0.2 0.05 71.6 28.3 17.1 65.3 11.1 0.1 0.6 0.2 

1For the basal nutrient solution, the macronutrient concentrations are shown in the table (Control). The micronutrients in all solutions were 

(µM): 100 Fe–sequestrene, 25 HBO3
2−, 2.0 mM Mn2+, 2.0 Zn2+, 0.50 Cu2+, 0.50 MoO4

2−, 1.0 Ni2+.The solution was buffered with 1.0 mM 

MES (2-[N-morpholino] ethanesulfonic acid) and adjusted to pH 6.5 using KOH.
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Table 2.2 Reproductive attributes of soybean, mungbean, cowpea, and common bean grown in control (non–saline), 100 mM NaCl, 100 mM 

Na+
 (without Cl–), 100 mM Cl– (without Na+) and high cation negative control (K+, Mg2+ and Ca2+ equivalent to those in the 100 mM Cl– 

treatment) treatments. Salts used in the various treatments are given in Table 2.1 and treatments were imposed on 13–day–old plants. The 

data are for mature pods (pod walls and seeds), and mature seeds dry mass, and number mature seed per plant only and were harvested at 57 

(pod–filling stage) days of treatment. Values are means ± SE (n = 4). Least significant differences (LSD) for treatment means within each 

species, treatment and species × treatment interaction are given at the bottom of each column data (P = 0.05). The probability levels for one–

way and two–way ANOVA in each column data are: * P < 0.05, ** (P < 0.01), *** P < 0.001, and n.s. = not significant.  

Legume Treatment Pod dry mass (g) Seed dry mass (g) Number of seeds  

Soybean Control 21.1±0.8 10.0±0.5 101±5 

NaCl 10.9±1.6 6.2±0.9 41±8 

Na+ salts 5.2±2.9 3.0±1.6 49±5 

Cl– salts 15.6±3.1 6.3±1.5 65±6 

High cation 15.5±1.4 10.4±1.6 84±9 

LSD (5%) 6.4*** 3.9** 53* 

Mungbean Control 15.5±1.0 10.9±0.9 151±10 

NaCl 0.4±0.2 0.2±0.1 3±1 

Na+ salts 1.8±0.8 1.3±0.6 18±6 

Cl– salts 1.1±0.2 0.3±0.04 6.0±2 

High cation 6.1±1.3 4.3±1.1 67±10 

LSD (5%) 3.4*** 2.9*** 47*** 
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Table 2.2 Continued 

Legume Treatment Pod dry mass (g) Seed dry mass (g) Number of seeds  

Cowpea Control 26.2±2.5 22.0±1.6 372±12 

NaCl 6.3±1.0 4.7±1.3 71.12 

Na+ salts 11.3±2.0 9.7±1.6 166±11 

Cl– salts 12.7±2.0 10.6±1.6 167±12 

High cation 18.6±0.9 15.6±0.7 240±14 

LSD (5%) 5.3*** 4.2*** 89*** 

Common bean Control 17.9±3.6 13.5±3.3 94±12 

NaCl 1.4±0.7 0.6±0.1 6±2 

Na+ salts 9.4±0.9 6.5±1.0 46±11 

Cl– salts 4.8±2.8 2.8±1.9 56±11 

High cation 8.2±2.5 5.5±1.8 54±11 

LSD (5%) 7.6** 5.9** 59* 

LSD (5%) Species 2.5*** 1.8*** 31*** 

Treatment 2.8*** 2.1*** 35*** 

Species × Treatment 5.3*** 4.1* 71*** 
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Table 2.3 Osmotic potential of the external solution bathing the roots (Ψπ), leaf water content, and leaf sap osmotic potential (Ψπ) measured  

on the second youngest fully–expanded leaves (leaf lamina) of soybean, mungbean, cowpea and common bean, when grown in control (non–

saline), 100 mM NaCl, 100 mM Na+
 (without Cl–), 100 mM Cl– (without Na+), and high cation negative control (K+, Mg2+ and Ca2+ equivalent 

to those in the 100 mM Cl– treatment) treatment. Salts used in the various treatments are given in Table 2.1. Treatments were imposed on 

13–day–old plants and sampled at 15 (vegetative stage), 36 (podding stage) and 57 (pod–filling stage) days of treatment. Ψπ was measured 

by using a freezing–point depression osmometer. Values are means ± SE (n = 4). Least significant differences (LSD) for treatment means 

within each species, treatments and species × treatment interaction are given at the bottom of each column data (P = 0.05). The probability 

levels for one–way and two–way ANOVAs in each column data are: * P < 0.05, ** P < 0.01, *** P < 0.001, and n.s. = not significant.  
 

            Vegetative stage               Podding stage      Pod–filling stage 

 

 

 

 

Root bathing 

solution Ψπ 

(MPa) 

Change in 

root bathing 

solution Ψπ 

(MPa) 

Leaf 

water 

content 

(mL g–1 

dry mass)  

Leaf sap Ψπ 

(MPa) 

Change 

in leaf 

sap Ψπ 

(MPa) 

Leaf 

water 

content 

(mL g–1 

dry 

mass) 

Leaf sap Ψπ 

(MPa) 

Change in 

leaf sap 

Ψπ (MPa) 

Leaf 

water 

content 

(mL g–1 

dry 

mass) 

Leaf sap Ψπ 

(MPa) 

Change in 

leaf sap 

Ψπ (MPa) 

Soybean Control –0.09±0.05 – 4.1±0.2 –1.01±0.10 – 2.6±0.3 –0.94±0.05 – 2.5±0.3 –1.11±0.11 – 

NaCl –0.47±0.02 0.38 4.5±0.3 –1.63±0.17 0.62 2.7±0.1 –1.19±0.04 0.25 2.4±0.3 –1.35±0.07 0.25 

Na+ salts –0.38±0.07 0.29 4.8±0.4 –1.10±0.05 0.09 2.5±0.3 –1.14±0.10 0.2 2.6±0.1 –1.76±0.11 0.65 

Cl– salts –0.41±0.01 0.32 4.3±0.2 –1.18±0.08 0.17 3.7±0.4 –1.13±0.01 0.19 3.0±0.2 –1.39±0.04 0.28 

High cation –0.39±0.04 0.3 4.3±0.2 –1.10±0.10 0.09 2.9±0.3 –1.15±0.11 0.21 2.9±0.1 –1.52±0.10 0.41 

LSD (5%) 0.12***  n.s. 0.32***  n.s. n.s.  n.s. 0.27**  

Mungbean Control –0.09±0.05 – 5.4±0.4 –0.76±0.05 – 4.0±0.3 –0.77±0.05 – 3.8±0.3 –0.94±0.05 – 

NaCl –0.47±0.02 0.38 5.1±1.5 –1.88±0.25 1.12 6.6±0.0 –1.24±0.01 0.46 – – – 

Na+ salts –0.38±0.07 0.29 4.3±0.3 –0.91±0.08 0.15 3.3±0.2 –1.01±0.07 0.23 3.3±0.1 –1.77±0.04 0.82 

Cl– salts –0.41±0.01 0.32 5.9±0.3 –2.05±0.11 1.29 6.4±0.0 –1.62±0.01 0.85 – – – 

High cation –0.39±0.04 0.3 4.6±0.5 –1.11±0.02 0.35 4.8±0.4 –1.17±0.09 0.39 4.7±0.4 –1.33±0.07 0.39 

LSD (5%) 0.12***  n.s. 0.39***  1.5** 0.15***  0.9* 0.5***  
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Table 2.3 Continued 

            Vegetative stage               Podding stage      Pod–filling stage 

 

 

 

 

Root bathing 

solution Ψπ 

(MPa) 

Change in 

root bathing 

solution Ψπ 

(MPa) 

Leaf 

water 

content 

(mL g–1 

dry mass)  

Leaf sap Ψπ 

(MPa) 

Change 

in leaf 

sap Ψπ 

(MPa) 

Leaf 

water 

content 

(mL g–1 

dry 

mass) 

Leaf sap Ψπ 

(MPa) 

Change in 

leaf sap 

Ψπ (MPa) 

Leaf 

water 

content 

(mL g–1 

dry 

mass) 

Leaf sap Ψπ 

(MPa) 

Change in 

leaf sap 

Ψπ (MPa) 

Cowpea Control –0.09±0.05 – 4.9±0.8 –0.83±0.03 – 3.1±0.1 –0.85±0.08 – 4.8±0.2 –1.00±0.11 – 

NaCl –0.47±0.02 0.38 5.4±0.3 –1.12±0.03 0.29 5.1±0.3 –1.07±0.05 0.22 7.4±0.6 –1.08±0.02 0.08 

Na+ salts –0.38±0.07 0.29 4.8±0.2 –1.10±0.06 0.27 3.9±0.4 –1.13±0.08 0.28 4.2±0.3 –1.35±0.23 0.34 

Cl– salts –0.41±0.01 0.32 5.9±0.5 –1.12±0.06 0.29 5.4±0.2 –1.03±0.06 0.17 7.9±0.7 –1.25±0.07 0.25 

High cation –0.39±0.04 0.3 4.4±0.7 –1.13±0.07 0.3 4.2±0.4 –1.00±0.04 0.14 5.9±0.3 –1.05±0.05 0.04 

LSD (5%) 0.12*** 
 

n.s. 0.16** 
 

0.9*** n.s. 
 

1.5*** n.s. 
 

Common 

bean 

Control –0.09±0.05 – 5.6±0.6 –0.98±0.02 – 3.9±0.7 –0.75±0.03 – 4.8±0.4 –0.95±0.16 – 

NaCl –0.47±0.02 0.38 5.4±0.6 –1.25±0.06 0.27 5.9±0.8 –1.36±0.11 0.61 7.7±0.0 –1.75±0.04 0.8 

Na+ salts –0.38±0.07 0.29 3.7±0.2 –1.28±0.10 0.3 4.3±0.3 –1.11±0.06 0.36 3.5±0.2 –1.38±0.09 0.43 

Cl– salts –0.41±0.01 0.32 6.2±0.0 –1.20±0.03 0.22 6.9±0.2 –1.11±0.09 0.36 8.6±0.0 –1.74±0.10 0.79 

High cation –0.39±0.04 0.30 4.9±0.3 –1.10±0.03 0.12 3.7±1.0 –1.04±0.04 0.39 6.0±0.4 –1.12±0.05 0.17 

LSD (5%) 0.12***  1.3** 0.16*  2.2* 0.22*** 
 

1.3*** 0.37* 
 

LSD (5%) 

 
 

Species n.s.  n.s. 0.11***  0.6*** 0.08*** 
 

0.5*** 0.36** 
 

Treatment 0.06*** 
 

0.7*** 0.13***  0.7*** 0.09*** 
 

0.6*** 0.40*** 
 

Species × 

Treatment 

n.s. 
 

n.s. 0.24***  n.s. 0.18*** 
 

1.1*** 0.80** 
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Fig. 2.1 Dry mass of shoots (lamina, petioles and stems) and roots per plant of soybean, 

mungbean, cowpea, and common bean when grown in control (non–saline), 100 mM NaCl, 

100 mM Na+
 (without Cl–), 100 mM Cl– (without Na+), and high cation negative control (K+, 

Mg2+ and Ca2+ equivalent to those in the 100 mM Cl– treatment) treatments. Salts used in the 

various treatments are given in Table 2.1. Treatments were imposed on 13–day–old plants 

and sampled at (a, d) 15 (vegetative stage), (b, e) 36 (podding stage) and (c, f) 57 (pod–filling 

stage) days of treatment. Values are means ± SE (n = 4). Significant differences for treatment 

means within each species are indicated by different letters (P = 0.05). The probability levels 

for two–way ANOVA in each graph are: * P < 0.0, ** P < 0.01, *** P < 0.001, and n.s. = 

not significant. Note: the axis scale for shoot dry mass (a, b and c) differ from those of the 

root dry mass (d, e, f). 
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Fig. 2.2 Na+  concentration in shoots (stems, petioles and lamina) and roots of soybean, 

mungbean, cowpea and common bean, when grown in control (non–saline), 100 mM NaCl, 

100 mM Na+
 (without Cl–), 100 mM Cl– (without Na+), and high cation negative control (K+, 

Mg2+ and Ca2+ equivalent to those in the 100 mM Cl– treatment) treatments. Salts used in the 

various treatments are given in Table 2.1. Treatments were imposed on 13–day–old plants 

and sampled at (a, d) 15 (vegetative stage), (b, e) 36 (podding stage) and (d, f) 57 (pod–filling 

stage) days of treatment. Values are means ± SE (n = 4). Significant differences for treatment 

means within each species are indicated by different letters (P = 0.05). The probability levels 

for two–way ANOVA in each graph are: * P < 0.05, *** P < 0.001, and n.s. = not significant.  
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Fig. 2.3 Tissue Na+ concentration in green lamina, green petioles, and green stems of 

soybean, mungbean, cowpea and common bean when grown in control (non–saline), 100 

mM NaCl, 100 mM Na+
 (without Cl–), 100 mM Cl– (without Na+) and high cation negative 

control (K+, Mg2+ and Ca2+ equivalent to those in the 100 mM Cl– treatment) treatments. 

Salts used in the various treatments are given in Table 2.1. Treatments were imposed on 13–

day–old plants and sampled at (a, d, g) 15 (vegetative stage), (b, e, h) 36 (podding stage) and 

(c, f, i) 57 (pod–filling stage) days of treatment. Values are means ± SE (n = 4). Significant 

difference for treatment means within each species are indicated by different letters (P = 

0.05). The probability levels for two–way ANOVA in each graph are: *** P < 0.001. Note: 

Mungbean subjected to Cl– (without Na+) did not have enough green leaf lamina or green 

petioles at the pod–filling stage for ion analysis; and common bean subjected to the NaCl 

treatment did not have enough green leaf lamina at the pod–filling stage for ion analysis. The 

axis scale for Na+ concentration in lamina (a, b, c) differ from those of the petioles and stems 

(d, e, f, g, h, k).  
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Fig. 2.4 Cl– concentration in shoots (stems, petioles and lamina) and roots of soybean, 

mungbean, cowpea, and common bean when grown in control (non–saline), 100 mM NaCl, 

100 mM Na+
 (without Cl–), 100 mM Cl– (without Na+) and high cation negative control (K+, 

Mg2+ and Ca2+ equivalent to those in the 100 mM Cl– treatment) treatments. Salts used in the 

various treatments are given in Table 2.1. Treatments were imposed on 13–day–old plants 

and sampled at (a, d) 15 (vegetative stage), (b, e) 36 (podding stage) and (c, f) 57 (pod–filling 

stage) days of treatment. Values are means ± SE (n = 4). Significant differences for treatment 

means within each species are indicated by different letters (P = 0.05). The probability levels 

for two–way ANOVA in each graph are: *** P < 0.001 and n.s. = not significant.  
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Fig. 2.5 Tissue Cl– concentration in green lamina, green petioles, and green stems of soybean, 

mungbean, cowpea and common bean, when grown in control (non–saline), 100 mM NaCl, 

100 mM Na+
 (without Cl–), 100 mM Cl–  (without Na+) and high cation negative control (K+, 

Mg2+ and Ca2+ equivalent to those in the 100 mM Cl–  treatment) treatments. Salts used in 

the various treatments are given in Table 2.1. Treatments were imposed on 13–day–old plants 

and sampled at (a, d, g) 15 (vegetative stage), (b, e, h) 36 (podding stage) and (c, f, i) 57 

(pod–filling stage) days of treatment. Values are means ± SE (n = 4). Significant differences 

for treatment means within each species are indicated by different letters (P = 0.05). The 

probability levels for two–way ANOVA in each graph are: ** P < 0.01 and *** P < 0.001. 

Note: Mungbean subjected to Cl– (without Na+) did not have enough green leaf lamina or 

green petioles at the pod–filling stage for ion analysis; and common bean subjected to the 

NaCl treatment did not have enough green leaf lamina at the pod–filling stage for ion 

analysis. 
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Fig. 2.6 K+ concentration in shoots (stems, petioles and lamina) and roots of soybean,  

mungbean, cowpea and common bean, when grown in control (non–saline), 100 mM NaCl, 

100 mM Na+
 (without Cl–), 100 mM Cl– (without Na+) and high cation negative control (K+, 

Mg2+ and Ca2+ equivalent to those in the 100 mM Cl– treatment) treatments. Salts used in the 

various treatments are given in Table 2.1. Treatments were imposed on 13–day–old plants 

and sampled at (a, d) 15 (vegetative stage), (b, e) 36 (podding stage) and (d, f) 57 (pod–filling 

stage) days of treatment. Values are means ± SE (n = 4). Significant differences for treatment 

means within each species are indicated by different letters (P = 0.05). The probability levels 

for two–way ANOVA in each graph are: *** P < 0.001.  
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Fig. 2.7 Tissue K+ concentration in green lamina, green petioles, and green stems of soybean, 

mungbean, cowpea and common bean, grown in control (non–saline), 100 mM NaCl, 100 

mM Na+
 (without Cl–), 100 mM Cl–  (without Na+), and high cations negative control (K+, 

Mg2+ and Ca2+ equivalent to those in the 100 mM Cl– treatment) treatments. Salts used in the 

various treatments are given in Table 2.1. Treatments were imposed on 13–day–old plants 

and sampled at (a, d, g) 15 (vegetative stage;), (b, e, h) 36 (podding stage) and (c, f, i) 57 

(pod–filling stage) days of treatment. Values are means ± SE (n = 4). Significant differences 

for treatment means within each species are indicated by different letters (P = 0.05). The 

probability level for two–way ANOVA in each graph are: ** P < 0.01 and*** P < 0.001. 

(Note: Mungbean subjected to Cl–  (without Na+) did not have enough green leaf lamina or 

green petioles at the pod–filling stage for ion analysis; and common bean subjected to the 

NaCl treatment did not have enough green leaf lamina at the pod–filling stage for ion 

analysis. 
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Fig. 2.8 K+/Na+ ratio in shoots (stems, petioles and lamina) and in roots of soybean, 

mungbean, cowpea and common bean when grown in control (non–saline), 100 mM NaCl, 

100 mM Na+
 (without Cl–), 100 mM Cl– (without Na+) and high cation negative control (K+, 

Mg2+ and Ca2+ equivalent to those in the 100 mM Cl– treatment) treatments. Salts used in the 

various treatments are given in Table 2.1. Treatments were imposed on 13–day–old plants 

and sampled at (a, d) 15 (vegetative stage), (b, e) 36 (podding stage) and (c, f) 57 (pod–filling 

stage) days of treatment. Values are means ± SE (n = 4). Significant differences for treatment 

means within each species are indicated by different letters (P = 0.05). The probability levels 

for two–way ANOVA in each graph are: *** P < 0.00. Note: the axis scale for K+/Na+ ratio 

in the shoots differ from the others.  The axis scale for K+/Na+ ratio in shoots at vegetative 

stage (a) differ from those of the shoot at podding and pod-filling stages (b, c) and of the 

roots d, e, f). Data for the K+/Na+ ratio in the shoots and roots in the four legume species 

subjected to NaCl and Na+ salts are also presented in Fig. S2.3. 
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Fig. 2.9 Tissue K+/ Na+ ratio in green lamina, green petioles, and green stems of soybean, 

mungbean, cowpea and common bean when grown in control (non–saline), 100 mM NaCl, 

100 mM Na+
 (without Cl–), 100 mM Cl– (without Na+) and high cation negative control (K+, 

Mg2+ and Ca2+ equivalent to those n the 100 mM Cl–treatment) treatments. Salts used in the 

various treatments are given in Table 2.1. Treatments were imposed on 13–day–old plants 

and sampled at (a, d, g) 15 (vegetative stage), (b, e, h) 36 (podding stage) and (c, f, i) 57 

(pod–filling stage) days of treatment. Values are means ± SE (n = 4). Significant differences 

for treatment means within each species are indicated by different letters (P = 0.05). The 

probability levels for two–way ANOVA in each graph are: * P < 0.05, ** P < 0.01, and *** 

P < 0.001. (Note: Mungbean subjected to Cl– (without Na+) did not have enough green leaf 

lamina or green petioles at the pod–filling stage for ion analysis; and common bean subjected 

to the NaCl treatment did not have enough green leaf lamina at the pod–filling stage for ion 

analysis. The axis scale for K+/Na+ ratio in lamina, petioles and stems at the vegetative stage 

(a, d, g) differ from those of the shoot at podding and pod-filling stages (b, c, e, f, h, i). Data 

for the K+/Na+ ratio in the shoots and roots of the four legume species subjected to NaCl and 

Na+ salts are also presented in Fig. S2.4.  
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Fig. 2.10 Net photosynthetic rate (a) (Pn), (b) stomatal conductance (gs), (c) sub–stomatal 

CO2 (internal CO2 concentration, Ci), (d) SPAD value, (e) sucrose, and (f) pinitol  data of 

soybean, mungbean, cowpea and common bean, when grown in control (non–saline), 100 

mM NaCl, 100 mM Na+
 (without Cl–), 100 mM Cl– (without Na+) and high cation negative 

control (K+, Mg2+ and Ca2+ equivalent to those in the 100 mM Cl– treatment) treatments. 

Salts used in the various treatments are given in Table 2.1. Treatments were imposed on 13–

day–old plants, with gas exchange measured at 13–14 days of treatment (vegetative stage) 

between 09:00 and 15:00 at photosynthetically active radiation of 1500 µmol photons m–2 s–

1, CO2 concentration of 400 µmol mol–1, leaf chamber temperature of 28 C and 60–70% 

relative humidity. Values are means ± SE (n = 4). Significant differences for treatment means 

within each species are indicated by different letters (P = 0.05). The probability levels for 

two–way ANOVA in each graph are: ** P < 0.01, *** P < 0.001, and n.s. = not significant). 

Note: the axis scale for (a) Pn, (b) gs, and (c) Ci are differed. LoD = limit of detection. 
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Chapter 3: Evaluation of leaf ‘tissue tolerance’ of Na+ and Cl– 

in soybean and common bean 

3.1 Abstract 

Tissue tolerance of Na+ and/or Cl–, potentially toxic ions that can increase in leaves of 

plants in saline conditions, contributes to plant salt tolerance. Evaluation of tissue 

tolerance is not straightforward, and comparisons of genotypes can be further complicated 

by differences in ion exclusion by the roots resulting in differences in tissue ion 

concentrations in the leaves. The research in this chapter tested two approaches to 

‘deliver’ NaCl to leaves to assay tissue tolerance: (i) injection of NaCl into the stem or 

petiole of intact plants and (ii) an excised leaf method (transpiring leaf with petiole in a 

saline solution) and determined whether measurements of leaf ion concentrations and 

function can be used to assess ‘tissue tolerance’. Two soybean genotypes (cvs. Bunya and 

Lee) and one common bean (cv. Spearfelt) were used in this research. The infusion and 

excision methods were conducted on 18–day–old plants grown in aerated non–saline 

nutrient solution culture.  

The objective was to manipulate leaf Na+ and/or Cl– to evaluate the relationship between 

leaf tissue ion concentration and leaf photosynthesis (Pn). The infusion system used a 

needle inserted into the petiole of the second youngest fully-expanded leaf, or the stem 

just below where this petiole joined, to inject 50 mM NaCl into these organs over 5 days. 

The NaCl infusion system was not successful since Na+ and/or Cl– in lamina of soybean 

and common bean did not increase. In contrast, the excised leaf system resulted in 

approximately equal increases in Na+ and Cl– in lamina in the two soybean genotypes, 

which was 20% lesser than that in common bean; however, there was no relationship 

between tissue ion concentrations and leaf Pn. The Na+ concentrations in the lamina of 

excised leaves reached (common bean) or exceeded (soybean) the critical levels for 

toxicity. The excised leaves, however, had low Pn even in the non–saline controls. 

Transpiration rate of both soybean and common bean was low and tissue water content 

significantly decreased in excised leaves and was likely due to cavitation of the xylem 

which would impede water flow along the petioles. Partial desiccation of tissues may 

have had an adverse impact on the Pn of excised leaves. In conclusion, NaCl infusion into 

stems or petioles and the excised leaf system with exposure to NaCl need to be improved 

before they can be used to test for ‘tissue tolerance’ in (sub)tropical grain legumes.  



Chapter 3: Leaf “tissue tolerance” to salt stress in (sub)tropical grain legumes | Page 64 

 
 

3.2 Keywords 

Lamina, petioles, infusion, excised leaf, leaf gas exchange, ion uptake, Na+ toxicity, Cl– 

toxicity, ion tissue tolerance, stomatal limitation, cavitation.   

3.3 Introduction 

Under salt stress most plants can ‘exclude’ Na+ from the roots so that its entry to the 

xylem is only about 10% of that in the external solution, thus restricting the amount of 

Na+ transported in the xylem stream to above ground parts (Munns 2005). Ion exclusion 

is the ability of a plant to restrict ion movement from roots to shoots by: (i) minimising 

ion uptake by root cells and maximising ion efflux back to the soil solution, and/or (ii) 

restricting ion loading into the xylem, and/or (iii) retrieving of ions from the xylem stream 

as it moves along a root, stem, petiole or leaf sheath (Tilbrook & Roy 2014). Under salt 

stress, ionic and osmotic stress both occur, however, it takes days or weeks for ionic stress 

to develop while osmotic stress can occur right away (Munns & Tester 2008).  

Ionic stress occurs when the high accumulation of Na+ and/or Cl– in a tissue leads to ion 

toxicity (impaired cellular function), which impairs plant growth. The most noticeable 

ion toxicity symptom in plants is necrosis in older leaves. High concentrations of Na+ 

and/or Cl– can disrupt enzymes in cytoplasm, damage the photosynthetic apparatus in 

chloroplasts and dehydrate cells due to accumulation in the apoplast (Munns & Tester 

2008). For example, high Na+ concentrations in leaves have been associated with damage 

to chlorophyll, decreased photosynthesis and increased necrosis in mungbean (Ashraf & 

Harris 2013). Research on barley showed an additive effect of Na+ and Cl–, since high Cl– 

concentrations decreased chlorophyll activities and affected the photosynthetic capacity 

and quantum yield, while high Na+ interfered with K+ and Ca2+ uptake and impaired 

stomatal regulation, which reduced photosynthesis and growth (Tavakkoli, Rengasamy 

& McDonald 2010). However, in this study, the ion concentrations were measured in 

tissues not chloroplasts, so these conclusions require further testing.  

‘Tissue tolerance’ is a term used to describe when plants can tolerate high Na+ and/or Cl–

concentration in leaf tissues without, or with only minor, detrimental effects on tissue 

functioning (Flowers, Munns & Colmer 2015). Salt–tolerant plants can sequester much 

of the Na+ and/or Cl– that enters leaves into vacuoles and restrict the amount of Na+ and/or 

Cl– present in photosynthetically active mesophyll cells (Munns & Tester 2008; Roy, 

Negrão & Tester 2014; Flowers, Munns & Colmer 2015). Under salt stress, plants can 

have similar amounts of Na+ and/or Cl– in the bulk tissue, but salt–tolerant plants can 
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inter– and/or intracellularly partition these ions away from the most sensitive cells and 

metabolically active compartments (Roy, Negrão & Tester 2014).  

Leaf Na+ exclusion and leaf tissue tolerance, both contributed to salt tolerance in soybean 

(Chapter 2). The ability of roots to restrict the amount of Na+ reaching leaves was 

presumably why soybean had a lower leaf Na+ concentration and was more tolerant to 

salt stress than common bean. This chapter tested the hypothesis that injection of NaCl 

into stem or petiole of intact plants, or the use of an excised leaf method (transpiring leaf 

with petiole in a saline solution), will deliver these ions to leaves, and that measurements 

of leaf function can be used to assess leaf ‘tissue tolerance’ in two soybean genotypes and 

one common bean genotype. As roots are not part of this system, any differences in root 

capacity to exclude ions is removed, so that the excised leaves of these three genotypes 

could receive similar amounts of ions entering with transpiration to facilitate comparisons 

of tissue tolerance. Leaf tissue tolerance was assessed as the ability to maintain 

photosynthesis and/or leaf chlorophyll (SPAD) when leaf tissues contain high Na+ and/or 

Cl– concentrations. Thus, this research aimed to test for tissue tolerance in these 

(sub)tropical grain legumes. 

3.4 Materials and methods 

Two soybean genotypes (G. max cvs. Bunya and Lee) and one common bean (Phaseolus 

vulgaris cv. Spearfelt) were grown in aerated non-saline nutrient solution for 18 days to 

obtain plants with three fully expanded leaves. The basal nutrient solution was as used in 

Chapter 2, Table 2.1. The plants were grown in a phytotron (temperature–controlled 

glasshouse; 28/22 ± 2°C day/night) in September and October 2019 in Perth, WA, 

Australia (31°57’S, 115°47’E). No supplementary light was added, and plants received 

natural sunlight transmitted through polycarbonate panels.  

NaCl infusion system 

The goal was to test whether infusion of NaCl into the stem and/or petiole can be used to 

modulate leaf tissue ion concentrations in two selected tropical grain legume species, and 

whether this provides more information on leaf Na+ and/or Cl– and their influence on Pn. 

This method might enable researchers to test for differences in leaf tissue tolerance to Na+ 

and/or Cl–. This study tested the hypothesis that the infused ions move into the 

stem/petiole and then into lamina tissue. Lamina with higher Na+ and/or Cl– 

concentrations would be expected to have reduced rates of Pn, but if genotypes differ in 

the Pn response to leaf ion concentrations then this would provide a measure of leaf tissue 
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tolerance. Results from Chapter 2 revealed that common bean and soybean differed in 

their possible relationship of Pn with tissue Na+ and Cl–, but the relationship between 

lamina ions was not clear because there was not good range of leaf Na+ and Cl– 

concentrations. 

After 18 days of growing in aerated non saline nutrient solution culture, an 18–gauge 

needle (1.20 x 38 mm) was inserted into the petiole of the second youngest fully–

expanded leaf, or the stem just below this petiole, to inject 50 mM NaCl into these organs. 

The using of 50 mM NaCl to inject directly to the petiole or stem was to avoid a great 

shock of salinity damage to the plants, and was considered to be a relevant concentration 

for what might be expected to occur in the xylem of a transpiring plant. The control had 

deionised water (DI) injected into petiole or stem (Table S3.1). The objective was to 

manipulate leaf Na+ and/or Cl– to evaluate the possible relationships between leaf tissue 

ions (concentrations) and Pn.  

The back end of the 18–gauge needle was connected to a tube, which in turn was 

connected to a 1.0 L reservoir of 50 mM NaCl or DI water hung on a rack 1.2 m above 

the plant providing a gravitational force of 0.012 MPa. The needle tip was inserted into 

the middle of a petiole or the stem (3 cm deep and about 5 cm away from the petiole). 

Parafilm was wrapped around the injection site to avoid evaporation or leaking. The 

weight of the reservoir was recorded daily to assess the volume of solution injected. Leaf 

SPAD values and gas exchange measurements were also recorded. The weight of the 

injection solution in the reservoir hardly changed indicating that this system was not 

effective for injecting NaCl; indeed, leaf SPAD values did not change. Thus, this trial 

experiment ended after 5 days of treatment. Lamina of injected plants were harvested for 

ion analysis. The ion analysis method was similar to Chapter 2. The infusion system did 

not work as there was no significant flow into the plant as the weight of the solution did 

not significantly change. The system had been checked to ensure flow prior to inserting 

the needle tip into the plant. The pressure head might not have been set high enough to 

‘push’ the water/solution into the plants. A manual injection of NaCl into the petiole 

might offer greater pressure, but this would be difficult to sustain over time. The reservoir 

bottle may need to be positioned at greater height (larger pressure head) or a pressure–

regulated system developed but establishing the resistance to flow from the needle tip 

into these tissues and evaluating any physical damage should be considered first. Hence, 

the result and discussion in this chapter only briefly considers further these attempted 
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‘injection’ experiments and instead focuses on another method (the excised leaf system; 

see below). 

Excised leaf system 

The excised leaf system used plants grown for 18 days in aerated non-saline nutrient 

solution until plants had three fully-expanded leaves and the second youngest fully-

expanded leaf was excised near the base of the petiole. The cut end of the petiole was 

placed in control or 5 mM NaCl treatment solutions, with the lamina in air in a controlled 

environment room (12 h light, 28/22± 2°C, RH 75%) so that transpiration would result in 

the solutions and ions moving into leaves. 

The control treatment comprised 5% (v/v) strength of standard nutrient solution; and the 

NaCl treatment comprised 5 mM NaCl in the same 5% (v/v) strength nutrient solution. 

The following approach was used: 

1. Initial measurements: SPAD and gas exchange were measured on the 2nd youngest 

fully-expanded leaf of four plants. The leaves were then sampled to measure initial ions 

in the petioles and lamina.    

2. The nutrient solution and leaves were placed in 20 ml vial (28 mm × 61 mm). The 

weight of the nutrient solution was recorded at the same time each day to calculate daily 

water use. 

3. To sample and transfer leaves into the holding vials, plastic cling film was used to 

cover the 2nd youngest fully-expanded leaf to prevent evaporation. A sharp razor blade 

was used to cut the base of the petiole, with the excised end immediately placed in the 

control solution and about 1 cm of the excised end of the petiole was removed in the 

solution (leaving about 5 cm of petiole) before immediately transferring the petiole 

(+leaf) to a vial containing the treatment solution (control or NaCl); the weight of the vial 

+ nutrient solution + petiole/leaf was recorded.  

4. The top of the vial with the petiole protruding was covered with parafilm to avoid 

evaporation (wrapped around petiole), and the vial was placed in a rack. The rack was 

wrapped with aluminium foil. The plastic cling film was removed from the leaf.  

5. Measurements included SPAD daily and gas exchange after one and four days of 

treatment. Leaf gas exchange was measured on leaves exposed to light for about 30 

minutes after the preceding 12 h dark period. Some trails with the photosynthesis 
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measured at 10 to 11:30 AM, and after 30 minutes exposed to the light. The data of Pn at 

the after 30 minutes exposed to the light was more stable in this excised system. 

6. Water use was measured each day and the solution renewed each day (i.e. measure 

weight of the solution at the start and the end of each 24 h period).  

All measurements, including leaf sap osmotic, gas exchange, tissue water content and ion 

analysis, followed the methods described in Chapter 2. 

Leaf area measurement 

Leaves were photographed and the ImageJ 1.52a program used to measure leaf area 

(Rasband 1997). 

Statistical analyses 

Data were subjected to one–way, two–way, or three–way analysis of Variance (ANOVA) 

using Genstat Software (VSN International Ltd, Hemel Hempstead, UK) to observe 

differences between treatments and genotypes/species and to test for any genotype/specie 

× treatment interaction. The three–way ANOVA also included a time factor for some data 

sets. Means were compared for significant differences using LSD at the 5% probability 

level. Figures and scatter plots were graphed using Origin Pro 2019 (v.9.65). 

3.5 Results 

For both injection methods (stem or petiole), the tissue ion analysis showed no significant 

differences between Na+, Cl– or K+ concentrations in the lamina of any genotype/species 

in either treatment (Table S3.2). Neither the stem nor petiole injection method was 

successful, so another method (excised leaf system) was investigated.  

Excised leaves soon ceased to transpire 

In the excised leaf system (control and NaCl solution), leaves used the most water on the 

first day of treatment (about 1 mmol m-2 s-1), being about 60–70% of the total water use 

for 4 days of treatment, followed by about 20% on day 2, and about 10% on days 3 and 4 

(Fig. 3.1). There were no significant differences in leaf daily water use (per unit area) 

between genotypes (P = 0.1) or treatments (P = 0.8). There was no significant genotype 

× treatment interaction for water use (P = 0.4) on day 1 or day 4, but significant 

differences (P < 0.05) occurred on days 2 and 3. Common bean used less water than 

soybean.  



Chapter 3: Leaf “tissue tolerance” to salt stress in (sub)tropical grain legumes | Page 69 

 
 

Ion concentrations (Na+, Cl–, K+) and K+/Na+ and Cl–/Na+ ratios in lamina and petioles 

of excised leaves 

In the excised leaf system, Na+ concentrations in lamina and petioles increased in the 

NaCl treatment, relative to the control. No significant differences occurred between 

genotypes for Na+ concentration in lamina (P = 0.07) (Fig. 3.2e, Table S3.3), but 

significant differences occurred in petioles (P < 0.01) (Fig. 3.3e, Table S3.3). After 4 days 

of treatment, the petioles of soybean Lee and Bunya each had about 50% higher Na+ 

concentrations than those in common bean (Fig. 3.3e). Lamina and petiole Na+ 

concentrations in soybean Lee and Bunya did not differ in the NaCl treatment, but Na+ 

concentrations in common bean Spearfelt lamina about 40% higher than that in petioles. 

Cl– concentrations in lamina and petioles in three genotypes also increased, relative to the 

control (Fig. 3.2f, Table S3.3), but Cl– concentrations in petioles differed between 

genotypes (P < 0.001) (Fig. 3.3f, Table S.3.3). Cl– concentrations in petioles in common 

bean Spearfelt and soybean Lee each was about 40% higher than that in soybean Bunya 

(Fig. 3.3f). Soybean Bunya Cl– concentrations in lamina was 40% higher than that in 

petioles, but common bean Spearfelt and soybean Lee had 20% lower Cl– concentrations 

in lamina than petioles. 

Interestingly, soybean and common bean had slightly higher K+ concentrations in lamina 

in the NaCl treatment than the control. There were no significant changes in K+ 

concentrations between excised lamina and intact lamina (initial values at time of 

excision) (Fig. 3.2c and g, Table S.3.3). In contrast, the K+ concentrations in excised 

petioles in both the control and NaCl treatment was only about 50% of intact petioles 

(Fig. 3.3c and g).  

The NaCl treatment decreased the K+/Na+ ratios in lamina and petioles, relative to the 

control (Fig. 3.2h, Fig. 3.3h, Table S.3.3) in all three genotypes; for example, K+/Na+ was 

about 1.5 in lamina in NaCl treatment, compared with >100 in the control. The K+/Na+ 

ratios in lamina differed significantly between genotypes, but not in petioles (P = 0.1). 

However, the K+/Na+ ratios in excised lamina in the control did not significantly differ 

from intact lamina (Fig. 3.2d and h). In contrast, the K+/Na+ ratios in excised petioles in 

the control were about 50% of intact petioles (Fig. 3.3d, h).  

The NaCl treatment also decreased the Cl–/Na+ ratios in lamina and petioles about 80% 

relative to the control (Table S3.4). The Cl–/Na+ ratios in lamina did not significantly 

differ between genotypes (P = 0.1), but significant differences were observed in petioles 
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(P < 0.01). The Cl–/Na+ ratios in excised lamina in the control did not significantly differ 

from intact lamina (Table S3.4). The Cl–/Na+ ratios in excised petioles of soybean in the 

control were about 50% of the intact petioles (Table S3.4).  

Leaf gas exchange and leaf SPAD readings of excised leaves 

After being excised and exposed to the control or NaCl treatment solution, photosynthesis 

(Pn), stomatal conductance (gs) and transpiration rate (T) of both soybean and common 

bean had declined by 80% to 90%, relative to intact leaves (Fig. 3.4a, c, d, Table S3.5). 

However, the excised leaf system did not affect internal CO2 concentration (Ci) in any 

genotype, relative to the intact lamina (Fig. 3.4b). There were no significant differences 

between genotypes or treatments, and genotype × treatment interaction for Pn, gs, T or Ci 

on day 1 or 4 of treatment. 

Similarly, the excised leaves in both the control and NaCl treatment had reduced SPAD 

values after 2 days (Fig. 3.5, with significant differences between genotypes and 

treatments (P < 0.01), but no genotype × treatment interactions (P = 0.7). The SPAD 

values for lamina in the control and NaCl treatment decreased gradually with time, with 

about 10–20% greater reductions in the NaCl treatment that the control, and greater 

reductions in soybean Bunya and common bean than soybean Lee.  

Leaf sap osmotic potential (Ψπ) in excised leaves 

Leaf sap osmotic potential (Ψπ) decreased (i.e. more negative) in both soybean and 

common bean in the control and NaCl treatment, more so in NaCl–treated lamina than 

the control lamina (Fig. 3.6).   

Tissue water content in excised leaves 

Lamina and petiole water contents differed significantly between genotypes and 

treatments, but there was only genotype × treatment interaction for petiole water content 

(P < 0.05) (Fig. 3.7a, b). Tissue water content declined in the excised leaves relative to 

the initial values (Fig. 3.7a, b). Soybean Bunya and common bean had similar lamina 

water contents, which were higher than soybean Lee (Fig. 3.7a). Both soybean and 

common bean had 30–50% lower water contents in lamina than petioles. Common bean 

had a higher petiole water content than soybean (Fig 3.7b).  
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Relationships between net photosynthetic rate (Pn) and stomatal conductance (gs), 

intercellular CO2 (Ci) and transpiration rate (T) 

Regression analyses were undertaken to assess for possible relationships between Pn and 

gs, Ci, and T on day 1 (Fig. 3.8) and day 4 (Fig. 3.9) of treatment. The Pn had positive 

relationships with gs for all genotypes at both sampling times. The Pn had no relationship 

with Ci in soybean Bunya, negative relationship in soybean Lee, and a positive 

relationship in common bean after 1 day of treatment (Fig. 3.8). However, after 4 days of 

treatment, Pn had a negative relationship with Ci in soybean Bunya and common bean, 

but no relationship in soybean Lee (Fig. 3.9). Pn had a positive relationship with T in 

soybean Bunya and common bean, but no relationship in soybean Lee after both 1 day 

and 4 days of treatment.  

Relationships between net photosynthetic rate (Pn) and ion concentrations in lamina 

The regression analyses did not identify any relationships between Pn and ion 

concentrations (Na+, Cl– and K+), K+/Na+ ratio or Cl–/Na+ ratio in lamina on day 4 of 

treatment (Fig. 3.10) or between Pn and lamina ion concentration on day 1 of treatment 

(when Pn was higher than after the longer time since excision) (Fig. 3.11).  

3.6 Discussion  

NaCl stem/petiole infusion system and an excised leaf system were not suitable for 

assessing leaf tissue tolerance 

The stem/petiole infusion trial experiment was unable to assess leaf tissue tolerance in 

soybean and common bean because the Na+ concentrations in lamina remained low and 

did not result in a substantial flow of Na+ and/or Cl– into leaves (Table S3.2). 

In the excised leaf system, the excised leaves of all genotypes in both the control and 

NaCl treatment had low transpiration, even on day 1 following excision. On day 1, Pn of 

excised leaves, even in the controls, was only 40% of that of intact leaves, which 

decreased further on day 4 to only 20% of intact leaves. Despite Na+ and Cl– 

concentrations increasing in lamina subjected to NaCl solution, there was no relationship 

between Pn and ion concentration in any genotype. The low Pn in leaves, even in the 

absence of NaCl, would have contributed to the difficulty in detecting Na+ specific 

responses. Hence, the excised leaf system requires further development (see suggestions 

below) to determine whether it would be a useful approach for evaluating leaf tissue Na+ 

tolerance.  



Chapter 3: Leaf “tissue tolerance” to salt stress in (sub)tropical grain legumes | Page 72 

 
 

Methods had limitations, as NaCl did not enter stem or petiole in infusion system, and 

leaf transpiration ceased for excised leaves 

In the excised leaf system, leaves almost stopped transpiring on day 1 of treatment, 

despite care being taken to avoid ‘cavitation’ in the xylem. The lamina was covered in 

plastic cling film to prevent evaporation at the time of excision, the cut petiole end was 

placed into a control solution immediately, and the petioles were trimmed by about 5 cm 

when under solution to remove any air bubbles inside the xylem at the distal end of the 

petiole. However, embolism might have been present or formed after trimming back the 

petioles, which would have impeded water flow into and along the petioles to the lamina. 

The transpiration rate on the first day was only 30% of that of intact leaves. Perhaps the 

humidity of the controlled–environment chamber (RH 75%) needed to be higher during 

the excisions, the transfer and for the initial period, or even the whole experiment period. 

Future experiments could test the system at higher levels of air humidity to gauge its 

success for maintaining function of excised leaves.  

Ion concentrations in soybean and common bean lamina  

Salt–tolerant soybean genotypes can control Na+ entering leaves better than salt–sensitive 

genotypes, for plants with roots in saline conditions (An et al. 2002; Serraj, Vasquez‐Diaz 

& Drevon 1998). Soybean Bunya accumulated most Na+ and/or Cl– in roots, and Na+ 

and/or Cl– remained relatively low in leaves (Chapter 2, Fig. 2.3 and Fig. 2.5). However, 

in this chapter, the excised leaves lost the ability to regulate the movement of ions (Na+, 

Cl–, and K+) to lamina. Therefore, Na+ concentration in lamina and petioles in the excised 

leaf system of soybean and common bean subjected to 5 mM NaCl solution increased 

greatly, and over 4 days, the lamina Na+ concentration was about 30% higher than that in 

plants with roots exposed to 100 mM NaCl solution for 15 days (Fig. 3.2, Chapter 2. Fig. 

2.3). In contrast, the Cl– concentration was similar to that in plants subjected to 100 mM 

NaCl solution for 15 days Fig. 3.2, Chapter 2. Fig. 2.5). In addition, the Na+ 

concentrations in soybean lamina of excised leaves exposed to NaCl exceeded the leaf 

tissue critical concentration for toxicity (>0.5% or 217 µmol g–1 dry mass) (Weir 1994), 

but the Cl– concentrations did not reach the threshold level for Cl– toxicity (<2.6–5.0% or 

713–1407 µmol g–1 dry mass) (Weir 1994). Hence, Na+ might have caused ion toxicity in 

soybean lamina, but since all leaves (including controls) would also have been adversely 

affected by partial desiccation (low tissue water content) and the Pn was already low even 

in controls, no significant relationship with Na+ or Cl– concentrations in the lamina could 
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be detected using the leaf excised system after 1 or 4 days of treatment (Fig S3.1a, b, e, 

f, Fig 3.10a, b, e, f).  

For common bean, Chapter 2 showed higher Na+ concentrations in roots than lamina, and 

high Cl– concentrations in both lamina and roots (Chapter 2. Fig 2.3; Fig 2.5); Na+ and 

Cl– in common bean leaves was also reported to be greater than in other plant parts 

(Ashraf & Bashir 2003). In this chapter, common bean lamina subjected to 5 mM NaCl 

solution for 5 days in the excised leaf system had very high Na+ concentrations, being 

about five times higher than those exposed 100 mM NaCl solution for 15 days (Fig 3.2 

and Chapter 2. Fig 2.3). In contrast, common bean lamina subjected to 5 mM NaCl 

solution in the excised leaf system had about eight times lower Cl– concentrations than 

those subjected to 100 mM NaCl solution for 15 days (Fig 3.2 and Chapter 2. Fig 2.5). 

Besides lamina subjected to 5 mM NaCl solution accumulated 183 mmol Na+ and 54 

mmol Cl– per kg lamina water (calculated from Fig. 3.2), higher than the critical toxicity 

levels for Na+ and Cl– in common bean shoots (20-25 mmol Na+ and 30-40 mmol Cl– per 

kg shoot water) (Reuter & Robinson 1997; Salim 1989). The extremely high 

accumulation of Na+ and Cl– in lamina of NaCl–treated excised leaves indicates that 

common bean could not control the movement of Na+ and Cl– to lamina. However, as for 

soybean, Pn had no significant relationship with Na+ or Cl– concentration in lamina in the 

excised leaf system; again, Pn was very low in the non–saline control excised leaves (Fig 

S3.1i, j, Fig 3.10i, j). 

Interestingly, K+ concentrations in excised lamina remained the same as that in intact 

leaves. The capacity of plants to maintain high K+ and high K+/Na+ contributes to salt 

tolerance (Maathuis & Amtmann 1999; Kronzucker & Britto 2011). In this research, the 

lamina of excised leaves could maintain K+ concentrations, despite considerable 

reductions in K+ concentrations in petioles. However, there was no significant 

relationship between Pn and lamina K+ concentration.  

Further consideration of imparied photosynthesis (Pn) in soybean and common bean 

In this study, Pn in soybean declined severely soon after the leaves were excised and 

exposed to the control solution; it is then not surprising that Pn had no significant 

relationships with Na+ or Cl– for either of the two soybean genotypes in NaCl solution. 

In Chapter 2, Pn of soybean Bunya had a negative relationship with Na+ concentration in 

lamina, but no significant relationship with Cl– concentration (Chapter 2. Fig S2.12). In 

this chapter, Pn had a negative relationship with Ci in soybean Bunya and common bean 
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after 4 days of treatment, and a positive relationship with T in both day 1 and day 4 of 

treatment (Fig. 3.9). Hence, the reduction in Pn in excised leaves of soybean Bunya and 

common bean might be due to damaged chloroplasts exposed to water deficit in the 

control and NaCl treatment. Other possible effects such as low K+/Na+ ratio might 

combine with the high ions in these leaves, which is detrimental to metabolic activities 

(Munns 1985; Tavakkoli et al. 2011). In the present study, excised soybean leaves 

exposed to NaCl had a low K+/Na+ ratio (about 1.5) in lamina, which could have 

negatively impacted the photosystems and/or photosynthetic metabolism in soybean (Fig. 

3.2). Other experiments conducted in greenhouses or growth chambers (Kao, Tsai & Shih 

2003; Lu et al. 2009; Yang et al. 2007) and the field (He et al. 2016) have reported that 

salt stress significantly reduced Pn, gs and Chl fluorescence parameters in soybean, with 

gs being a primary limiting factor for the reduction in Pn. Unfortunately, these 

experiments did not measure tissue ion concentrations.  

In Chapter 2, NaCl impaired Pn in common bean and had a negative relationship with 

leaf Cl– concentration (r2 = 0.45), but no significant relationship with Na+ concentration 

in lamina (Chapter 2. Fig. S2.13). Under salt stress, a decline in Pn is often due to stomatal 

limitations when gs decreases, which reduces Ci and decreases Pn (Tavakkoli et al. 2011). 

In this chapter, the lamina Ci of common bean subjected to 5 mM NaCl on day 4 of 

treatment had not declined (Fig. 3.4). While Pn had a negative relationship with Ci in 

common bean (r2 = 0.86), the Ci ranged from 260 to 310 µmol mol−1, whereas the tissue 

ions had reached the apparent toxic threshold, so there may have been a negative impact 

of ions on photosystems and photosynthetic metabolism in common bean.  

3.7 Conclusions 

The attempt to infuse NaCl into stems/petioles of soybean and common bean failed 

because significant Na+ and/or Cl– did not enter the lamina. Despite significant amounts 

of Na+ and Cl– entering the lamina in the excised leaf system, and lamina Na+ 

concentrations exceeded apparent toxic levels for soybean, and Na+ and Cl– reached 

apparent toxic levels in common bean, Pn in lamina did not have a relationship with any 

tissue ion concentrations. In addition, excised leaves had low Pn, even in the non–saline 

controls, while the transpiration rate was low and tissue water content significantly 

decreased, which was likely due to cavitation of xylem that would impede water flow 

along the petioles. It is possible that partial desiccation of tissues adversely impacted the 

photosystems and photosynthetic metabolism of excised leaves. In conclusion, the two 
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approaches of NaCl infusion into stems or petioles and the excised leaf system with 

exposure to NaCl need to be improved before they can be used to test for tissue tolerance 

in (sub)tropical grain legumes.  
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Tables and Figures 

 

Fig. 3.1 Daily water use by leaves of soybean (G. max cvs. Bunya and Lee) and common 

bean (P. vulgaris cv. Spearfelt) when excised and the cut end of the petiole exposed to 

control (non–saline) and 5 mM NaCl for 4 days. The composition of the basal treatment 

solution is in Table S3.1. Leaves were excised from 18-day-old plants grown in aerated 

nutrient solution and exposed to treatments in a controlled environment room (12 h light, 

28/22 ± 2C, RH 75%). Daily water use was measured from 10 am to 10 am for each 24 

h period. Values are means ± SE (n = 4). The probability levels for two–way ANOVA 

for genotype treatment means within each species are indicated by * P < 0.05 and n.s. = 

not significant. Bars represent least significant differences (LSD) at P = 0.05. The 

probability levels and LSD (5%) for genotype × treatment × day of treatment interaction 

are in Table S3.5.  
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Fig. 3.2 Na+, Cl–, K+ concentrations (µmol g-1 dry mass) and K+/Na+ ratio in lamina of 

soybean (G. max cvs. Bunya and Lee) and common bean (P. vulgaris cv. Spearfelt) at (a, 

b, c, d) excision (initial) and (e, f, g, h) after leaves were excised and the cut end of the 

petiole exposed to control (non–saline) and 5 mM NaCl for 4 days. The composition of 

the basal treatment solution is in Table S3.1 Leaves were excised from 18-day-old plants 

grown in aerated nutrient solution and exposed to treatments in a controlled environment 

room (12 h light, 28/22 ± 2C, RH 75%). Values are means ± SE (n = 4). Significant 

differences for (a, b, c, d) genotype means and (e, f, g, h) treatment means within each 

species are indicated by different letters (P = 0.05) and n.s. = not significant. The 

probability levels and LSD (5%) for two–way ANOVA for the data in each panel after 4 

days of treatment are in Table S3.4. Note: the axis scale for the K+/Na+ ratio (d, h) differs 

from others. The small insets in panels h are the K+/Na+ ratio in lamina of soybean (G. 

max cvs. Bunya and Lee) and common bean (P. vulgaris cv. Spearfelt) after leaves were 

excised and the cut end of the petiole exposed to 5 mM NaCl for 4 days.  
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Fig. 3.3 Na+, Cl–, K+ concentrations (µmol g-1 dry mass) and K+/Na+ ratio in petioles of 

soybean (G. max cvs. Bunya and Lee) and common bean (P. vulgaris cv Spearfelt) at (a, 

b, c, d) excision (initial) and (e, f, g, h) after leaves were excised and the cut end of the 

petiole exposed to control (non–saline) and 5 mM NaCl for 4 days of treatment (d, e, f). 

The composition of the basal treatment solution is in Table S3.1. Leaves were excised 

from 18-day-old plants grown in aerated nutrient solution and exposed to treatments in a 

controlled environment room (12 h light, 28/22 ± 2C, RH 75%). Values are means ± SE 

(n = 4). Significant differences for (a, b, c, d) genotype means and (e, f, g, h) treatment 

means within each species are indicated by different letters (P = 0.05) and n.s. = not 

significant. The probability levels and LSD (5%) for two–way ANOVA for the data in 

each panel after 4 days of treatment are in Table S3.4. Note: the axis scale for K+ 

concentration (c, g) differs from others. The small insets in panels h are the K+/Na+ ratio 

in petioles of soybean (G. max cvs. Bunya and Lee) and common bean (P. vulgaris cv. 

Spearfelt) after leaves were excised and the cut end of the petiole exposed to 5 mM NaCl 

for 4 days.  
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Fig. 3.4 Net photosynthetic rate (a) (Pn), (b) sub-stomatal CO2 (internal CO2 

concentration, Ci), (c) stomatal conductance (gs), and (d) transpiration rate (T) of soybean 

(G. max cvs. Bunya and Lee) and common bean (P. vulgaris cv. Spearfelt) at the time of 

excision (initial) and after leaves were excised and the cut end of the petiole exposed to 

control (non–saline) and 5 mM NaCl for 4 days. The composition of the basal treatment 

solution is in Table S3.1. Leaves were excised from 18-day-old plants grown in aerated 

nutrient solution, and the cut end of the petiole exposed to treatments in a controlled 

environment room (12 h light, 28/22±2C, RH 75%). Pn was measured on leaves 

immediately prior to excision (initial) and after 1 and 4 days of treatment after being 

exposed to light for 30 minutes following the night-time dark period at photosynthetically 

active radiation of 1500 µmol photons m–2 s–1, CO2 concentration of 400 µmol mol–1, leaf 

chamber temperature of 28 C and 60–70% relative humidity. Values are means ± SE (n 

= 4). The probability levels for two–way ANOVA for genotype means within each day 

are: *** P < 0.001 and n.s. = not significant. Bars represent least significant differences 

(LSD) at P = 0.05.  The probability levels and LSD (5%) for genotype × treatment × day 

of treatment interaction at P = 0.05 are in Table S3.5. Note: the axis scales differ for (a) 

Pn, (b) gs, (c) Ci, and (d) T. 

 



Chapter 3: Leaf “tissue tolerance” to salt stress in (sub)tropical grain legumes | Page 80 

 

 

Fig. 3.5 Daily leaf SPAD reading of soybean (G. max cvs. Bunya and Lee) and common 

bean (P. vulgaris cv. Spearfelt) at the time of excision (initial) and after leaves were 

excised and the cut end of the petiole exposed to control (non–saline) and 5 mM NaCl for 

4 days. The composition of the basal treatment solution is in Table S3.1. Leaves were 

excised from 18-day-old plants grown in aerated nutrient solution and exposed to 

treatments in a controlled environment room (12 h light, 28/22 ± 2C, RH 75%). SPAD 

values were measured at time of excision (initial) and every day of treatment between 

09:00 and 14:00h. Values are means ± SE (n = 4). The probability levels for the two–way 

ANOVA for genotype means within each day are: ** P < 0.01, *** P < 0.001, and n.s. = 

not significant. Bars represent least significant differences (LSD) at P = 0.05. The 

probability levels and LSD (5%) for genotype × treatment × day of treatment interaction 

at P = 0.05 are in Table S3.5.  
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Fig. 3.6 Leaf sap osmotic potential (Ψπ) of soybean (G. max cvs. Bunya and Lee) and 

common bean (P. vulgaris cv. Spearfelt) at the time of excision (initial) and after leaves 

were excised and the cut end of the petiole exposed to control (non–saline) and 5 mM 

NaCl for 4 days. The composition of the basal treatment solution is in Table S3.1. Leaves 

were excised from 18-day-old plants grown in aerated nutrient solution and exposed to 

treatments in a controlled environment room (12 h light, 28/22 ± 2C, RH 75%). Values 

are means ± SE (n = 4). The probability levels for two–way ANOVA for genotype means 

within each day are: n.s. = not significant.  
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Fig. 3.7 Tissue water content of soybean (G. max cvs. Lee and Bunya) and common bean 

(P. vulgaris cv. Spearfelt) at the time of excision (initial) and after leaves were excised 

and the cut end of the petiole exposed to control (non–saline) and 5 mM NaCl for 4 days. 

The composition of the basal treatment solution is in Table S3.1. Leaves were excised 

from 18-day-old plants grown in aerated nutrient solution and exposed to treatments in a 

controlled environment room (12 h light, 28/22 ± 2C, RH 75%). Values are means ± SE 

(n = 4). The probability levels for two–way ANOVA for genotype means within each day 

are: ** P < 0.01 and n.s. = not significant. Bars represent least – significant differences 

(LSD) at P = 0.05.  
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Fig. 3.8 Scatter plots of net photosynthesis rate (Pn) and stomatal conductance (gs), sub-

stomatal CO2 (internal CO2 concentration, Ci), and transpiration rate (T) of (a, b, c) 

soybean (G. max cv. Bunya), (d, e, f) soybean (G. max cv. Lee) and (g, h, i) common bean 

(P. vulgaris cv. Spearfelt) after leaves were excised and the cut end of the petiole exposed 

to control (non–saline) and 5 mM NaCl for 1 day of treatment. The composition of the 

basal treatment solution is in Table S3.1. Leaves were excised from 18–day–old plants 

grown in aerated nutrient solution and exposed to treatments in a controlled environment 

room (12 h light, 28/22 ± 2C, RH 75%). Pn was measured on leaves after 1 day of 

treatment after being exposed to light for 30 minutes following the night-time dark period 

at photosynthetically active radiation of 1500 µmol photons m–2 s–1, CO2 concentration 

of 400 µmol mol–1, leaf chamber temperature of 28 C and 60–70% relative humidity. 

Each value is an individual replicate and each replicate is a leaf excised from a plant 

grown in a different pot. * The probability levels are: P < 0.05, ** P < 0.01, *** P < 

0.001, and n.s. = not significant.  
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Fig. 3.9 Scatter plots of net photosynthesis rate (Pn) and stomatal conductance (gs) and 

sub-stomatal CO2 (internal CO2 concentration, Ci) of (a, b, c) soybean (G. max cv. Bunya), 

(d, e, f) soybean (G. max cv. Lee) and (g, h, i) common bean (P. vulgaris cv. Spearfelt) 

after leaves were excised and the cut end of the petiole exposed to control (non–saline) 

and 5 mM NaCl for 4 days. Leaves was excised from 18-day-old plants grown in aerated 

nutrient solution and exposed to treatments in a controlled environment room (12 h light, 

28/22 ± 2C, RH 75%). Pn was measured on leaves after 4 days of treatment after being 

exposed to light for 30 minutes following the night-time dark period at photosynthetically 

active radiation of 1500 µmol photons m–2 s–1, CO2 concentration of 400 µmol mol–1, leaf 

chamber temperature of 28 C and 60–70% relative humidity. Each value is an individual 

replicate and each replicate is a leaf excised from a plant grown in a different pot. The 

probability levels are: * P < 0.05, ** P < 0.01, *** P < 0.001, and n.s. = not significant.  
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Fig. 3.10 Scatter plots of net photosynthesis rate (Pn) Na+, Cl–, K+ concentrations and 

K+/Na+ ratio of (a, b, c, d) soybean (G. max cv. Bunya), (e, f, g, h) soybean (G. max cv. 

Lee) and (i, j, k. l ) common bean (P. vulgaris cv. Spearfelt) after leaves were excised and 

the cut end of the petiole exposed to control (non–saline) and 5 mM NaCl for 4 days. 

Leaves were excised from 18-day-old plants grown in aerated nutrient solution and 

exposed to treatments in a controlled environment room (12 h light, 28/22 ± 2C, RH 

75%). Pn was measured on leaves after 4 days of treatment (4 days) after being exposed 

to light for 30 minutes following the night-time dark period at photosynthetically active 

radiation of 1500 µmol photons m–2 s–1, CO2 concentration of 400 µmol mol–1, leaf 

chamber temperature of 28 C and 60–70% relative humidity. Each value is an individual 

replicate and each replicate is a leaf excised from a plant grown in a different pot. At the 

0.05 level, the slopes of all graphs are not significantly different from zero.  
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Fig. 3.11 Scatter plots of net photosynthesis rate (Pn) against Na+, Cl–, K+, and K+/Na+ 

ratio of (a, b, c, d) soybean (G. max cv. Bunya), (e, f, g, h) soybean (G. max cv. Lee) and 

(i, j, k. l) common bean (P. vulgaris cv. Spearfelt) after leaves were excised and the cut 

end of the petiole exposed to control (non–saline) and 5 mM NaCl for 1 day (Na+, Cl–, 

K+, and K+/Na+ ratio calculated from daily water intake in Fig. 3.2 and ion concentration 

in lamina in Fig. 3.3). Leaves were excised from 18-day-old plants grown in aerated 

nutrient solution and exposed to treatments in a controlled environment room (12 h light, 

28/22±2C, RH 75%). Pn was measured on leaves after 1 day of treatment (1 day) y after 

being exposed to light for 30 minutes following the night-time dark period at 

photosynthetically active radiation of 1500 µmol photons m–2 s–1, CO2 concentration of 

400 µmol mol–1, leaf chamber temperature of 28 C and 60–70% relative humidity. Each 

value is an individual replicate and each replicate is a leaf excised from a plant grown in 

a different pot. At the 0.05 level, the slopes of all graphs do not significantly differ from 

zero.  
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Chapter 4: Physiological mechanisms of salinity tolerance in 

three soybean genotypes (putatively salt–sensitive and salt–

tolerant) in salinised aerated nutrient solution with exposures 

to NaCl, Na+ (without Cl–), or Cl– (without Na+) 

4.1  Abstract 

Soybean (Glycine max) is a salt–sensitive crop, and wild soybean (Glycine soja) is a 

potential source of germplasm for improving salt tolerance in G. max. This research tested 

the hypothesis that soybean genotypes differ in salt tolerance due to differences in the 

regulation of Na+ entry and/or tissue tolerance of Na+. Thirteen–day–old seedlings of 

three soybean genotypes (G. max – Bunya, and Lee, and G. soja) were subjected to nine 

salt treatments and a non–saline control. The salt treatments comprised three salt 

concentrations (50 mM, 75 mM, and 100 mM) of three salts [NaCl, Na+ salts (without 

Cl–), and Cl– salts (without Na+)]. The salt solutions were added to a nutrient solution 

over two to four days (day 13 to day 16) in increments of 25 mM per day. Plants were 

sampled at 21 and 42 days of treatments. The effects of salt on growth rate and 

photosynthesis and tissue ion concentrations were analysed.  

The 50 mM salt treatments had no minor effect on shoot and root dry mass, but the 75 

mM and 100 mM salt treatments reduced plant growth, more so with Na+ salts (without 

Cl–) and NaCl, in all three soybean genotypes. ‘Tissue tolerance’ to high Na+ and/or Cl– 

differed between genotypes, with both G. max and G. soja being more sensitive to high 

Na+ than high Cl–. Genotypic differences in salt tolerance also resulted from differences 

in ion ‘exclusion’ from shoots and Na+ and Cl− concentrations in green leaves. At 21 days 

of treatments, G. soja had the lowest Na+ concentration in the lamina, followed by G. max 

Lee, and then G. max Bunya, but no significant differences were evident at 42 days of 

treatments. Leaf Cl– concentration differed significantly between genotypes at 21 days of 

treatments, with G. max Lee having the lowest Cl– concentration in the lamina, followed 

by G. soja and G. max Bunya. Leaf K+ concentration differed significantly between 

genotypes at both 21 days and 42 days of treatments, with G. soja and G. max Bunya 

having the greatest K+ concentration in the lamina, followed by G. max Lee. The 50 mM 

salt treatments had no significant effects on net photosynthesis (Pn), stomatal conductance 

(gs), and the internal CO2 concentration (Ci) of G. soja and G. max at 21 days and 42 days 
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after treatments, but the 75 mM and 100 mM salt treatments induced reductions in Pn, gs, 

and Ci. There were genotypic differences in Pn and gs in G. max and G. soja at 21 days, 

but there were no genotypic differences at 42 days. Stomatal and non–stomatal factors 

impaired Pn of three soybean genotypes. At 21 days, gs reduced and Pn reduced, but Ci 

was maintained, and at 42 days gs, Pn, and Ci in G. max and G. soja reduced 

simultaneously. Further research is needed to determine leaf tissue tolerance in soybean, 

and the accumulation sites of Na+ and/or Cl– in leaves and how this might affect Pn in the 

leaves. Knowledge of cell–specific leaf ion concentrations should help to elucidate 

salinity tolerance mechanisms in soybean. 

4.2  Keywords 

Soybean (Glycine max and Glycine soja), tissue ion concentration, tissue tolerance of 

Na+, tissue tolerance of Cl–, ion exclusion, stomatal limitation, non–stomatal limitation.   

4.3  Introduction 

Salinity has adverse effects on plants, but different species and genotypes vary in their 

tolerance mechanisms. In general, plant salinity tolerance mechanisms can be divided into 

osmotic tolerance, ion exclusion and tissue tolerance (Greenway & Munns 1980; Flowers 

& Colmer 2008; Roy et al. 2014). Osmotic adjustment is the ability of plants to overcome 

osmotic stress. Under salt stress, salt–tolerant species accumulate Na+ and Cl– in the 

vacuoles of leaf tissues for osmotic adjustment, but high Na+ and Cl– in the cytoplasm 

can have adverse effects on plant growth (Munns & Tester 2008). ‘Tissue tolerance’ 

involves sequestering these ions in vacuoles and maintaining low concentrations of Na+ 

and Cl– in the cytoplasm, to avoid the adverse effects on metabolism (Munns et al. 2016). 

The threshold levels for Na+ and Cl– in the cytoplasm are not clear, but the upper limit is 

about 100–200 mM Na+ for chloroplasts (Flowers, Munns & Colmer 2015) and about 10–

30 mM for the cytosol (Munns & Tester 2008). Munns et al. (2016) stated that osmotic 

adjustment is a component of tissue tolerance, and the use of ions is more energy efficient 

for osmotic adjustment than the synthesis of organic solutes. Nevertheless, plant tissue 

tolerance requires the synthesis of compatible organic solutes for osmotic adjustment in 

the cytoplasm (Munns & Tester 2008; Flowers & Colmer 2008). 

Ion exclusion is the capacity of a plant to restrict the entry of salt ions (Na+, Cl–) into 

leaves. Na+ transportation from roots to shoots is passive while K+ transportation is active; 

salt tolerance is associated with a higher K+/Na+ ratio in plants (Hasegawa et al. 2000). 
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For soybean, the adverse effects of salinity have been associated with the accumulation 

of Na+ and/or Cl– in leaves (Luo, Yu & Liu 2005; Parker, Gascho & Gaines 1983). For 

soybean exposed to 150 mM Na+ salts and 150 mM Cl– salts for 6 days, leaf injury in 

seedlings of G. max (cv. Nannong 1138–2) had a positive relationship with leaf Cl– 

concentration, whereas G. soja (N23232) showed more leaf damage in the Na+ treatment 

than the Cl– treatment (Luo, Yu & Liu 2005). Cl– toxicity in G. max was also shown in 

another study where leaf scorch rates in 15 soybean genotypes grown in the field with 

110 kg ha–1 KCl were positively relationship with leaf and seed Cl– concentrations, and 

negatively relationship with seed weight and yield (Parker, Gaines & Gascho 1985). 

Chloride is a phytotoxic ion at high concentrations; Cl– sensitivity depends on species and 

genotype (Xu et al. 1999). The minimum soil Cl– concentration that has phytotoxic effects 

in soybean is unknown (Dabuxilatu & Ikeda 2005). Some soybean genotypes have been 

identified as Cl– excluders (Ashraf & Wu 1994). Chloride exclusion is when a plant 

prevents most of the Cl– from entering the leaves and stem, retaining it in the roots. The 

Cl– exclusion capacity of soybean is controlled by a single dominant allele (Ncl) reported 

in the cultivar ‘Lee’ (Abel & Mackenzie 1964). Cl– toxicity has been recognised as a 

major limitation in soybean under field conditions, with symptoms of leaf chlorosis and 

biomass reduction (Parker, Gascho & Gaines 1983; Pantalone et al. 1997; Yang & 

Blanchar 1993), but none of these researchers measured Na+, as Cl– was the ion of interest. 

Hence, it is difficult to elucidate the impact of Na+ and/or Cl– separately. Differences in 

final grain yield were reported between plants with differing abilities for Cl– exclusion, 

but no relationship was evident between yield and leaf Cl– concentration (Yang & 

Blanchar 1993). In contrast, high leaf Cl– accumulation in soybean induced salt stress, 

which limited yield (Parker, Gascho & Gaines 1983). Leaf Cl– accumulation can reduce 

photosynthesis and result in the formation of superoxide radicals and tissue damage 

(Römheld 2012). Various studies have shown that lower leaf Cl– levels are associated 

with less leaf scorching in soybean (Umezawa et al. 2000; Ashraf & Bashir 2003; Essa 

2002). However, some authors have claimed that Na+ is more toxic to soybean than Cl– 

(Luo, Yu & Liu 2005; Ayoub & Ishag 1974). 

The effect of salt stress, i.e. Na+ and Cl– combined, on plant growth and metabolism in 

soybean and other beans has been evaluated (Abdul Qados 2011; Nabil & Coudret 1995; 

Wu et al. 2008). One study incorporated separate Na+ and Cl– treatments, but the 

treatment only lasted for 6 days (Luo, Yu & Liu 2005). Hence, there is debate about 
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whether Cl– and/or Na+ is the main cause of ionic stress in cultivated soybean (G. max) 

and wild soybean (G. soja) (Kurniadie & Redmann 1999; Liu et al. 2017; Luo, Yu & Liu 

2005). The present study investigated plant responses to Na+ only, Cl– only and Na+ and 

Cl– together in regard to possible ion toxicity and the mechanism of salt tolerance in 

contrasting soybean genotypes. For G. max and G. soja, the study evaluated: (1) the 

sensitivity to salinity and tissue ion concentrations as related to plant growth; (2) Na+ and 

Cl– concentrations in various organs; (3) whether Na+ or Cl– (or both) are the toxic agent 

in soybean under salinity stress; and (4) stomatal or non–stomatal limitations on 

photosynthesis in leaves with different tissue Na+ and Cl– concentrations. 

4.4  Materials and methods 

Plant material and growth conditions 

Three soybean genotypes were used: G. max cv. Bunya (Australia) and G. max cv. Lee 

and G. soja (both from southern USA), hereafter referred as Bunya, Lee and Soja. Bunya 

was selected due to the availability of seed and local processor preference, and its greater 

tolerance to salinity than other (sub) tropical grain legumes (mungbean, cowpea, and 

common bean; see Chapter 2). Lee and Soja were selected from USA germplasm received 

from Dr Henry Nguyen at the University of Missouri, with Lee identified as moderately 

salt–tolerant and Soja as highly salt tolerant.  

The experiments were conducted in a phytotron (temperature–controlled glasshouse; 

28/22 ± 2 °C day/night) in summer (December 2017 to early February 2018) in Perth, 

WA, Australia (31°57’S, 115°47’E). Plants received natural sunlight transmitted through 

polycarbonate panels and no supplementary light was needed. 

The methods in this chapter follow those described in Chapter 2, along with the changes 

described below.  

Treatments 

The experiment involved a non–saline control and nine salt treatments incorporating three 

salt types [Na+ salts (without Cl–), Cl– salts (without Na+), NaCl] and three salt 

concentrations (50 mM, 75 mM, and 100 mM), with four replications. One hundred and 

twenty pots were arranged in a completely randomised design in a phytotron. 

The Na+ salts (without Cl–), Cl– salts (without Na+) and NaCl treatments were used to 

elucidate the individual and combined effects of Na+ and Cl– as potentially adverse ions. 
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The ion concentrations (mM) and osmotic potential (Ψπ) of the various solutions are in 

Table 4.1. Nutrient solution, following the approach used previously for chickpea 

(Samineni et al. 2011; Khan, Siddique & Colmer 2016) and in Chapter 2. 

Plant sampling and measurements 

Plants were sampled at 21 and 42 days of treatment. Roots and the basal parts of stems 

were rinsed in 5 mM CaSO4 (control plants) or 5 mM CaSO4 + 100 mM, 5 mM CaSO4 

+150 mM and 5 mM CaSO4 + 200 mM mannitol for the 50 mM, 75 mM and 100 mM 

salt treatments, respectively. Lamina, petioles, stems, and roots were harvested, and 

measurements taken following the methods in Chapter 2.  

Leaf gas exchange, chlorophyll measurements, tissue ion analysis, leaf sap osmotic 

potential, and tissue water content measurements follow the methods described in Chapter 

2. After each leaf gas exchange measure, the light of the chamber on the LI–6400XT was 

turned off and covered by Al-foil to exclude any other sunlight to measure the respiration 

rate of the same leaf.  

Statistical analyses 

Data were subjected to one–way, two–way, or three–way Analysis of Variance 

(ANOVA) using Genstat Software (VSN International Ltd, Hemel Hempstead, UK) to 

observe differences between treatments and species and to test for any salt type × 

genotype interactions. The three–way ANOVA also included a factor for time or level of 

CO2 for some data sets. Means were compared for significant differences using LSD at 

the 5% probability level. Figures and scatter plots were prepared using Origin Pro 2019 

(v.9.65). 

4.5  Results 

Treatment effects on shoot and root dry mass at different growth stages 

Shoot and root dry mass differed significantly (P < 0.01) among genotypes and among 

treatments at each sampling time (Fig. 4.1, Fig. 4.2; Table S4.1). The NaCl and Na+
 salts 

(without Cl–) inhibited shoot and root growth in Bunya, Lee and Soja to different extents, 

but no significant interaction occurred for genotype × salt type × salt concentration (Table 

S4.1).  

For Bunya, NaCl, Na+
 salts (without Cl–), and Cl– salts (without Na+) at 75 mM and 100 

mM severely impaired shoot and root dry mass, but no adverse impacts occurred at 50 
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mM at 21 days (Fig. 4.1a, d)  and 42 days (Fig. 4.2a, d). The 50 mM NaCl, Na+
 salts 

(without Cl–) only inhibited shoot components (lamina and petioles) at 42 days, while the 

75 and 100 mM NaCl, Na+
 salts (without Cl–), and Cl– salts (without Na+) significantly 

reduced shoot components at 21 days and 42 (Fig. S4.1a, d, g, Fig. S4.2a, d, g). The 

adverse impact of NaCl and Na+ salts (without Cl–) on shoot and roots dry mass of Bunya, 

with exception for shoot dry mass at 50 mM, was similar but it was much greater than 

that of the Cl– salts (without Na+).  

For Lee at 21 days of treatment, NaCl, Na+
 salts (without Cl–), and Cl– salts (without Na+) 

treatments at 50 mM and 75 mM had similar effects on shoot and root dry mass but the 

effects were more severe for NaCl and Na+
 salts (without Cl–) as compared to Cl– salts 

(without Na+) at 100 mM  (Fig. 4.1b, e). At 42 days of treatment, the NaCl and Na+
 salts 

(without Cl–)  at 75 mM and 100 mM significantly reduced shoot and root dry mass more 

so than Cl– salts (without Na+), relative to the non–saline control (Fig. 4.2b, e), including 

all shoot components (lamina, petioles, and stems) (Fig. S4.1b, e, h, Fig. S4.2b, e, h).  

For Soja, NaCl, Na+
 salts (without Cl–), and Cl– salts (without Na+) impaired shoot growth 

to a similar extent at 50 mM at both 21 days and 42 days but at 75 mM and 100 mM, the 

impact of NaCl and Na+
 salts (without Cl–) on shoot dry mass was greater than that of Cl– 

salts (without Na+) (Fig. 4.1c, Fig. 4.2f). NaCl, Na+
 salts (without Cl–), and Cl– salts 

(without Na+) also impaired root growth to a similar extent at 50 mM at both 21 days and 

42 days (Fig. 4.1f, Fig. 4.2f), and at 100 mM, the impact of NaCl and Na+
 salts (without 

Cl–) on root dry mass was greater than that of Cl– salts (without Na+). NaCl, Na+
 salts 

(without Cl–), and Cl– salts (without Na+) also reduced the dry mass of the other shoot 

components (lamina, petioles, and stems) but the effects were more severe as the salt 

concentrations increased (Fig. S4.1c, f, i, Fig. S4.2c, f, i).  

In general, at 50 mM NaCl, Na+
 salts (without Cl–) and Cl– salts (without Na+) treatments 

had no significant effect on shoot dry mass of three soybean at 21 days, and had a similar 

moderate negative effect on shoot dry mass of three genotypes at 42 days. At 75 and 100 

mM NaCl, Na+
 salts (without Cl–) and Cl– salts (without Na+) severely inhibited plant 

growth of three soybean genotypes, and the impact of the 75 and 100 mM NaCl NaCl and 

Na+
 salts (without Cl–) on shoot dry mass of Bunya, Lee and Soja was much greater than 

that of the 75 and 100 mM NaCl Cl– salts (without Na+).   
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Treatment effects on Na+ concentrations in vegetative tissues 

Shoot and root Na+ concentrations differed among genotypes and salt types (Tables S4.3, 

S4.4). NaCl and Na+ salts (without Cl–) increased the accumulation of Na+ in shoots and 

roots in all three soybean genotypes and the Na+ concentration increased as the salt 

concentration increased and with time (Fig. 4.3, Fig. 4.4). There was an interaction of 

genotype × salt type × salt concentration for shoot and root Na+ concentration at 21 days 

of treatments, but not for 42 days (Table S4.3, Table S4.4). 

For Bunya, the highest Na+ concentration (tissue dry mass basis) occurred in roots 

followed by stems, petioles, and green lamina when exposed to 50, 75, and 100 mM NaCl 

and Na+
 salts (without Cl–) (Fig. 4.3d, Fig. 4.4d, Fig. S4.3a, d, g, Fig. S4.4a, d, g). Na+ 

concentrations in shoots of Bunya exposed to NaCl and Na+
 salts (without Cl–) did not 

differed until the external salt concentration reached 75 mM (42 d of treatment) or 100 

mM (21 d of treatment); plants grown with Na+ salts (without Cl–) had about 30% higher 

shoot Na+ concentration than plants from NaCl treatment (Fig. 4.3a, Fig. 4.4a). Na+ 

concentration in roots of the plants exposed to NaCl and Na+
 salts (without Cl–) did not 

differ at 21 days, but Na+
 salts (without Cl–)–treated plants had about 30% higher root 

Na+ concentration than that in NaCl–treated plants at 42 days (Fig. 4.3d, Fig. 4.4d). There 

were no significant differences in shoot and root Na+ concentrations in plants subjected 

to Cl– salts (without Na+), relative to the non–saline control.  

For Lee, NaCl and Na+
 salts (without Cl–) induced the highest Na+ concentrations in roots, 

followed by stems, petioles and green lamina (Fig. 4.3e, Fig. 4.4e, Fig. S4.3b, e, h, Fig. 

S4.4b, e, h). Shoot Na+ accumulation of plants exposed to NaCl and Na+
 salts (without 

Cl–) increased significantly but did not differ between the two salts (Fig. 4.3b, Fig. 4.4b). 

In contrast, root Na+
 concentration of Na+

 salts (without Cl–)–treated plants was about 40 

% higher than that of NaCl–treated plants (Fig. 4.3e, Fig. 4.4e). Plants subjected to Cl– 

salts (without Na+) had similar shoot and root Na+ concentrations as the non–saline 

control, which did not vary between sampling times.  

For Soja, NaCl and Na+
 salts (without Cl–) at 75 and 100 mM induced the greatest root 

Na+ concentration, followed by stems, petioles, and green lamina (Fig. 4.3f, Fig. 4.4f, Fig. 

S4.3c, f, i, Fig. S4.4c, f, i). Shoot Na+ concentrations of NaCl and Na+
 salts (without Cl–

)–treated plants did not differ at the external salt of 50mM. However, when the external 

salts reach to 75 mM and 100 mM, Na+ shoot concentration of plants subjected to Na+
 

salts (without Cl–) were about 30% greater than that in the NaCl–treated plants (Fig. 4.3c, 
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Fig. 4.4c). In contrast, root Na+ concentrations increased simultaneously when subjected 

to NaCl and Na+
 salts (without Cl–) at all salt concentrations, and Na+ concentrations in 

root of plants subjected to Na+
 salts (without Cl–) were about 50% greater than that of 

NaCl–treated plants (Fig. 4.3c, Fig. 4.4c). There were no significant differences in shoot 

and root Na+ concentrations in plants grown in control and Cl– salts (without Na+). 

In general, NaCl and Na+
 salts (without Cl–) increased shoot and root Na+ concentrations 

in the three soybean genotypes. Na+
 salts (without Cl–) produced greater shoot and root 

Na+ concentrations than NaCl in Bunya, Lee and Soja. At 21 days of treatment, leaf Na+ 

concentration significantly differed among genotypes (P < 0.05), with Bunya > Lee > 

Soja, but no significant differences occurred at 42 days (P = 0.06). 

Treatment effects on Cl– concentrations in vegetative tissues 

Shoot and root Cl– concentrations differed among genotypes and salt types at 42 days of 

treatments (P < 0.05) but no differences were observed among genotypes at 21 days of 

treatments (Tables S.4.3, S4.4. Bunya had the highest shoot and root Cl– concentrations, 

followed by Lee and Soja (Fig. 4.5, Fig. 4.6). NaCl and Cl– salts (without Na+) at different 

concentrations increased shoot and root Cl– accumulation but did not significantly differ 

between these two treatments (Fig. 4.5, Fig. 4.6). There was no interaction for genotype 

× salt type × salt concentration in shoot Cl– concentration at 21  (P = 0.23) or 42 (P = 

0.26) days of treatments, but this interaction occurred for root Cl– concentration at  21 

days of treatments (P < 0.001) (Table S4.3, Table S4.4).  

For Bunya, at 21 days, NaCl and Cl– salts (without Na+) increased shoot and root Cl– 

concentrations, more so in roots followed by stems, petioles and green lamina (Fig. 4.5d, 

Fig. 4.6d, Fig. S4.5a, d, g, Fig. S4.6a, d, g). There were no significant differences in Cl– 

concentration in shoot and root of plants exposed to NaCl and Cl– salts (without Na+) 

treatments, or between the Na+ salts (without Cl–) and the non–saline control (Fig. 4.5a, 

d, Fig. 4.6a, d).  

For Lee, NaCl and Cl– salts (without Na+) treatment induced the greatest accumulation of 

Cl– in roots, followed by stems, petioles and green lamina (Fig. 4.5e, Fig. 4.6e, Fig. S4.5b, 

e, h, Fig. S4.6b, e, h). Cl– accumulation in shoots and roots of NaCl and Cl– salts (without 

Na+)–treated plants was not significantly different at 21 days (Fig. 4.5b, e), but at 42 days, 

the Cl– concentration in shoots and roots of plants exposed to Cl– salts (without Na+) was 

about 30% greater than that in plants exposed to NaCl (Fig. 4.6b, e). The Cl– concentration 
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in shoots and roots of plants subjected to Na+ salts (without Cl–) and the non–saline 

control was similar and did not vary at the two sampling times.  

For Soja, NaCl and Cl– salts (without Na+) treatments also induced the greatest Cl– 

concentration in roots while those of the other tissues were not significantly different (Fig. 

4.5f, Fig. 4.6f, Fig. S4.5c, f, i, Fig. S4.6c, f, i). At 21 days, shoot Cl– concentration of 

NaCl and Cl– salts (without Na+)–treated plants was not significantly different (Fig. 4.5c), 

but at 42 days, the Cl– concentration in shoots of Cl– salts (without Na+)–treated plants 

was about 30% greater than that in NaCl–treated plants (Fig. 4.6c), respectively. The Cl– 

concentrations in shoots and roots of plants grown in control and the Na+ salts treatment 

remained low and were not significantly different for the two treatments (Fig. 4.5c, f, Fig. 

4.6c, f). 

In general, NaCl and Cl– salts (without Na+) increased shoot and root Cl– concentrations 

in the three soybean genotypes. Leaf Cl– concentration differed significantly between 

genotypes at both sampling times, with Bunya > Lee > Soja.  

Treatment effects on K+ concentrations in vegetative tissues 

K+ concentration in shoots and roots significantly differed among genotypes and among 

salt treatments (Tables S4.3, S4.4). There was no genotype × salt type × salt concentration 

interaction for the K+ concentration in shoots (P = 0.4) and roots (P = 0.3) at 21 days of 

treatments (Fig. 4.7, Table S4.3, Table S4.4). However, there was an interaction for 

genotype × salt type × salt concentration for root K+ concentrations at 42 days of 

treatments (P < 0.05) (Fig. 4.8, Table S4.3, Table S4.4).   

For Bunya, NaCl and Na+
 salts (without Cl–) treatments induced the greatest reduction in 

K+ in shoots and roots and other shoots components (lamina, petioles, and stems) (Fig. 

4.7a, d, Fig. 4.8a, d, Fig. S4.7a, d, g, Fig. S4.8a, d, g). In all cases, the negative impact of 

Cl– salts (without Na+) on K+ concentration was lesser than that in NaCl and Na+
 salts 

(without Cl–) treatments. At 21 days, the K+ concentrations in shoots and roots of plants 

subjected to NaCl and Na+
 salts (without Cl–) ranged from 70% non–saline control at 50 

mM to 40% non–saline control at 100 mM, and in plants subjected to Cl– salts (without 

Na+) were ranged from 90% non–saline control at 50 mm to 70% non–saline control at 

100 mM.  

For Lee, NaCl and Na+
 salts (without Cl–), and Cl– salts (without Na+) treatments also 

induced reductions in K+ in lamina, petioles, stems and roots, but the reduction of K+ in 
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Cl– salts (without Na+) treated plants was lesser than that in NaCl and Na+
 salts (without 

Cl–)–treated plants (Fig. 4.7b, e, Fig. 4.8b, e, Fig. 4.8a, d, Fig. S4.7b, e, h, Fig. S4.8b, e, 

h). At 21 days, K+ concentrations in shoots of plants subjected to NaCl and Na+
 salts 

(without Cl–) ranged from 70% non–saline control at 50 mM to 40% non–saline control 

at 100 mM, and in plants subjected to Cl– salts (without Na+) were ranged from 85% non–

saline control at 50 mm to 75% non–saline control at 100 mM. 

For Soja, K+ concentration in lamina, petioles, stems and roots of plants subjected to NaCl 

and Na+
 salts (without Cl–) reduced greatly at all concentrations and the magnitude of the 

decrease became more with the duration of treatments (Fig. 4.7c, f, Fig. 4.8c, f, Fig. 

S4.7c,f, i, Fig. S4.8c, f, i). K+ concentration of Cl– salts (without Na+) treated plants was 

reduced, but lesser than those in plants exposed to NaCl and Na+
 salts (without Cl–) 

treatments. At 21 days, K+ concentrations in shoots of plants subjected to NaCl and Na+
 

salts (without Cl–) ranged from 80% non–saline control at 50 mM to 45% non–saline 

control at 100 mM, and in plants subjected to Cl– salts (without Na+) were ranged from 

95% non–saline control at 50 mm to 85% non–saline control at 100 mM. 

In general, NaCl and Na+
 salts (without Cl–) reduced shoot and root K+ concentration in 

the three genotypes. Cl– salts (without Na+) induced some reduction in shoot and root K+ 

concentration, but these reductions were much less than those in the NaCl and Na+
 salts 

(without Cl–) treatments. There was no significant difference in K+ concentration in 

shoots of the three soybean genotypes, but the K+ concentration in roots (mean of specific 

concentration level at different sampling times) of Soja was greatest, followed by Bunya, 

and then Lee.  

Treatment effects on K+/Na+ ratio in vegetative tissues 

K+/Na+ ratio in shoots was similar for the three genotypes at 21 days (Fig. 4.9), but it 

significantly differed among genotypes and among salt types at 42 days of treatments 

(Fig. 4.10; Tables S4.3, S4.4). NaCl and Na+
 salts (without Cl–) at different concentrations 

induced a great reduction in K+/Na+ ratio in shoots and roots of all three genotypes, while 

Cl– salts (without Na+) treatments had no effect or only a minor effect on K+/Na+ ratio 

(Fig. 4.9, Fig. 4.10, Table S4.3, Table S4.4).  

For Bunya, NaCl and Na+
 salts (without Cl–) treatments induced a great reduction in 

K+/Na+ ratio in all plant tissues; Cl– salts (without Na+) at 75 mM and 100 mM reduced 

K+/Na+ ratio but the reduction was lesser than that in NaCl and Na+
 salts (without Cl–)–
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treated plants (Fig. 4.9a, d, Fig. 4.10a, d, Fig. S4.9a, d, g, Fig. S4.10a, d, g). At 21 days, 

the K+/Na+ ratio in shoots of plants subjected to non–saline control was 76, while that of 

NaCl and Na+
 salts (without Cl–) ranged from 2 (at 50 mM) to 0.61 (at 100 mM), and in 

plants subjected to Cl– salts (without Na+) were ranged from 67 (at 50 mM) to 46 at (100 

mM). K+/Na+ ratio in roots of NaCl and Na+
 salts (without Cl–) treatments was also 

reduced greatly at all concentrations, and there were no significant differences for plants 

subjected to NaCl or Na+
 salts (without Cl–) (Fig 4.9d, Fig. 4.10d). The Cl– salts (without 

Na+) treatment did not reduce K+/Na+ ratio in roots at 50 mM, but at 75 mM and 100 mM, 

the ratio was reduced to 60% of that in the non–saline control plants (Fig. 4.9d, Fig. 

4.10d). 

For Lee, NaCl and Na+ salts (without Cl–) at all concentration levels reduced K+/Na+ ratio 

in all plant tissues, Cl– salts (without Na+) did not affect the K+/Na+ at 21 d and reduced 

K+/Na+ ratio at 42 d of treatments but the extent of the reduction was much less severe 

when compared to that of NaCl and Na+ salts treated plants (Fig. 4.9b, e, Fig. 4.10b, e, 

Fig. S4.9b, e, h, Fig. S4.10b, e, h). At 21 days, the K+/Na+ ratio in shoots of plants 

subjected to non–saline control was 70, while that of NaCl and Na+
 salts (without Cl–) 

ranged from 4 (at 50 mM) to 0.6 (at 100 mM), and in plants subjected to Cl– salts (without 

Na+) were not changed much and about 60 (at 50 mM and 100 mM). K+/Na+ ratio in roots 

of NaCl and Na+
 salts (without Cl–) treatments was also reduced greatly at all 

concentrations, and there were no significant differences for plants subjected to NaCl or 

Na+
 salts (without Cl–) (Fig 4.9d, Fig. 4.10d). The Cl– salts (without Na+) treatment did 

not reduce K+/Na+ ratio in roots at 50 mM and 75 mM, but at 100 mM, the ratio was 

reduced to 62% of that in the non–saline control plants. 

For Soja, NaCl and Na+
 salts (without Cl–) at all concentration levels reduced K+/Na+ ratio 

in shoots and roots greatly, and the Cl– salts (without Na+) treatment did not had an 

adverse impact on K+/Na+ ratio in shoots and roots, except for shoots at 100 mM at 42 

days (Fig. 4.9c, f, Fig. 4.10c, f, Fig. S4.9c, f, i, Fig. S4.10c, f, i). At 21 days, the K+/Na+ 

ratio in shoots of plants subjected to non–saline control was 80, while that of NaCl and 

Na+
 salts (without Cl–) ranged from 6 (at 50 mM) to 1.3 (at 100 mM), and in plants 

subjected to Cl– salts (without Na+) were not changed much and about 80 (at 50 mM and 

100 mM). K+/Na+ ratio in roots of NaCl and Na+
 salts (without Cl–) treatments was also 

reduced greatly at all concentrations, and there were no significant differences for plants 

subjected to NaCl or Na+
 salts (without Cl–) (Fig 4.9d, Fig. 4.10d). The Cl– salts (without 
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Na+) treatment did not reduce K+/Na+ ratio in roots at 50 mM and 75 mM, but at 100 mM, 

the ratio was reduced to 60% of that in the non–saline control plants. 

In general, NaCl and Na+
 salts (without Cl–) induced a great reduction in K+/Na+ ratio in 

shoots and roots of the three genotypes. There was no significant difference in adverse 

impact of NaCl and Na+
 salts (without Cl–) on K+/Na+ ratio in shoot and roots. As 

expected, the adverse impact of high Na+ treatments on K+/Na+ ratio was much greater 

than that of high Cl– treatments. There was no significant difference in K+/Na+ ratio in 

leaves of the three soybean genotypes at 42 days of NaCl and Na+
 salts (without Cl–) 

treatments (P = 0.2). 

Treatment effects on leaf gas exchange, leaf respiration and leaf chlorophyll 

concentration 

There were significant differences among the three genotypes, among salt type 

treatments, and among salt concentrations for photosynthesis (Pn), stomatal conductance 

(gs), and sub–stomatal CO2 (internal CO2 concentration, Ci) at 21 days, but no differences 

among the three genotypes, for Pn,  gs, and Ci at 42  days (Table S4.6, Table S4.7). By 

contrast, for leaf dark respiration and SPAD values, there were no significant differences 

among the three genotypes, salt type treatments, or salt concentration levels, and no 

significant interaction for these factors, at 21 or 42 days of treatments (Table S4.6, Table 

S4.7). 

For Bunya, NaCl or Na+
 salts (without Cl–) at all three levels greatly reduced Pn and gs 

relative to those of the non–saline control plants (P < 0.05), with no significant difference 

between these two salt types (P = 0.5) (Fig. 4.11a, d and Fig. 4.12a, d). The adverse 

impact of Cl– salts (without Na+) at 50 mM, 75 mM and 100 mM on gs was less than that 

in the NaCl and Na+
 salts (without Cl–) treated plants at 21 days (P < 0.05) (Fig. 4.11d), 

but not at 42 days (Fig. 4.12d). There were no significant differences in Ci in the salt 

treatments, relative to the non–saline control plants (Fig. 4.11g, Fig. 4.12g). There were 

no differences for SPAD values or leaf dark respiration among the salt types and relative 

to those of the non–saline control plants at 21 days and 42 days of treatment (Fig. S4.11a, 

d, Fig. S4.12a, d). There was a positive relationship for Pn against both gs and Ci at 21 

days (r2 = 0.67 and r2 = 0.62, respectively; Fig. S4.13a, d) and 42 days (r2 = 0.81 and r2 = 

0.63, respectively; Fig. S4.14a, d), and a positive relationship for Pn against shoot dry 

mass at 21 days (r2 = 0.44) and 42 days (r2 = 0.48) (Fig. S4.15a, d).  
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For Lee, there was no interaction between salt type × salt concentration for Pn, gs, and Ci 

(Fig. 4.11b, e, h and Fig. 4.12b, e, h), and there was no interaction between salt type × 

salt concentration for SPAD values at 21 and 42 days (Fig. S4.11b, e). There was no 

interaction between salt type × salt concentration for respiration rate at 21 days and at 42 

days (Fig. S4.12b, e). NaCl, Na+
 salts (without Cl–), and Cl– salts (without Na+) at all 

concentration levels induced reduction for Pn, gs and Ci relative to those of the control 

plants, but there was no significant difference among salt types. A positive relationship 

was evident for Pn against gs and Ci at 21 days (r2 = 0.69 and r2 = 0.31 respectively; Fig. 

S4.13b, e) and 42 days (r2 = 0.77 and r2 = 0.62, respectively; Fig. S4.14b, e). Similarly, a 

positive relationship was evident for Pn against shoot dry mass at 21 days (r2 = 0.71) and 

42 days (r2 = 0.33) (Fig. S. 4.15b, e).  

For Soja, there was no significant interaction between salt type × salt concentration for 

Pn, gs, Ci, SPAD values and respiration rates at 21 and 42 days (Fig 4.11c, f, i, Fig. 4.12c, 

f, i, Fig. S4.11c, f, Fig. S4.12c, f). NaCl, Na+
 salts (without Cl–), Cl– salts (without Na+) 

at 50 mM and 75 mM had minor impact on Pn, but at 100 mM induced reductions so that 

Pn was about 40% – 50% of the non–saline controls at both times of the measurements. 

The NaCl, Na+
 salts (without Cl–), Cl– salts (without Na+) treatments at all concentration 

levels declined gs, but the adverse impact of  the NaCl, Na+
 salts (without Cl–) on gs was 

greater than that of the Cl– salts (without Na+). There was no significant adverse effect of 

NaCl, Na+
 salts (without Cl–) and Cl– salts (without Na+) on Ci, SPAD value and 

respiration for Soja at 21 and 42 days of treatments (Fig. 4.11i, Fig. 4.12i; Fig. S4.11c, f; 

Fig. S4.12c, f). There was a positive relationship for Pn against gs and Ci at 21 days (r2 = 

0.68 and r2 = 0.32, respectively; Fig. S4.13c, f) and 42 days (r2 = 0.40 and r2 = 0.29, 

respectively; Fig. S4.14). Similarly, a positive relationship was found for Pn against shoot 

dry mass for Soja at 21 days (r2 = 0.35 and 42 days (r2 = 0.33) (Fig. S4.15c, f).  

In general, NaCl, Na+
 salts (without Cl–), and Cl– salts at 75 mM and 100 mM impaired 

Pn, gs, and Ci in all three genotypes, but with no adverse impact on leaf dark respiration 

rate and SPAD value. The magnitude of the decrease of Pn was greater as salt 

concentration and the duration of treatment increased. 

Relationships between shoot dry mass and shoot ion concentrations  

Regression analyses were carried out to assess possible relationships between shoot dry 

mass against shoot ion concentrations (Na+, Cl–, K+ and K+/Na+) in all three genotypes 

(Fig. S4.16, Fig. S4.17, Fig. S4.18, Fig. S4.19). 
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A negative relationship was found for shoot dry mass against shoot Na+ concentration at 

both 21 days and 42 days of treatments for Bunya (r2 = 0.43 and r2 = 0.46, Fig. S4.16a, 

d), for Lee (r2 = 0.56 and r2 = 0.49, Fig. S4.16b, e), and for Soja (r2 = 0.53 and r2 = 0.44, 

Fig. 4.16c, f). In contrast, no significant relationship was found for shoot dry mass against 

shoot Cl– concentration for all three genotypes, after either 21 days of treatment or 42 

days of treatment (P = 0.2 to P = 0.5) (Fig. S4.17). A positive relationship was found for 

shoot dry mass against shoot K+ concentration at both 21 days and 42 days of treatments 

for Bunya (r2 = 0.34 and r2 = 0.58, Fig. 4.18a, d), Lee (r2 = 0.23 and r2 = 0.56, Fig. 4.18b, 

e), and Soja (r2 = 0.62 and r2 = 0.44, Fig. 4.18c, f). A positive relationship was also found 

for shoot dry mass against shoot K+/Na+ ratio at both 21 days and 42 days of treatments 

for Bunya (r2 = 0.29 and r2 = 0.42, Fig. 4.19a, d), for Lee (r2 = 0.23 and r2 = 0.31, Fig. 

4.19b, e), and for Soja (r2 = 0.43 and r2 = 0.20, Fig. 4.19c, f). 

Relationships between photosynthetic rate (Pn) against lamina ion concentration  

Regression analyses were carried out to assess possible relationships between net 

photosynthetic rate (Pn) against lamina ion concentrations (Na+, Cl–, K+, and K+/Na+) in 

all three genotypes (Fig. S4.20. Fig. S4.21, Fig. S4.22, Fig. S4.23). 

A negative relationship was found for Pn against Na+ concentration in lamina at 21 days 

and 42 days for Bunya (r2 = 0.33 and r2 = 0.16), Lee (r2 = 0.38 and r2 = 0.10) and Soja (r2 

= 0.29 and r2 = 0.10) (Fig. S4.20). There was no relationship found for Pn against Cl– 

concentration in lamina in Bunya and Lee at 21 days of treatment (P = 0.46 and P = 0.06, 

respectively) (Fig. S4.21a, b), but there was a relationship (negative relationship) between 

Pn and Cl– concentration in lamina for Bunya (r2 = 0.33), and Lee (r2 = 0.20) at 42 days 

(Fig. S4.21c, d). Negative relationships were also found for Pn against Cl– concentration 

in lamina for Soja at both 21 days and 42 days (r2 = 0.11 and r2 = 0.31) (Fig. S4.21c, f). 

A positive relationship was found for Pn against lamina K+ concentration at both 21 days 

and 42 days of treatment in Bunya (r2 = 0.46 and r2 = 0.24), Lee (r2 = 0.50 and r2 = 0.26) 

and Soja (r2 = 0.40 and r2 = 0.12) (Fig. S4.22). Similar to K+, a positive relationship was 

found for Pn against lamina K+/Na+ ratio at both 21 days and 42 days of treatment in 

Bunya (r2 = 0.62 and r2 = 0.17), Lee (r2 = 0.14 and r2 = 0.11) and Soja at 21 days (r2 = 

0.14 not at 42 days  (P = 0.1 ) (Fig. S4.22).  
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4.6  Discussion 

The greater sensitivity of G. max cv. Bunya to high Na+ than high Cl– reported in Chapter 

2 was confirmed in the present experiment for Bunya, Lee and Soja. An earlier study 

reported that Cl– is the main source of ion toxicity in G. max cv. Nannong 1138–2 and 

Zhongzi huangdou–yi, when subjected to 150 mM Na+, Cl– or NaCl, and that G. soja 

BB52 and N23232 tolerated Cl– toxicity; however, this experiment was undertaken at the 

seedling stage with only 6 days of treatments (Luo, Yu & Liu 2005). In another study, the 

sensitivity of G. max cv. Rinjani, Lokon, and Merbabu (Indonesia) and Lee (USA) to Cl– 

was examined by exposing plants to excess KCl in solution culture (0, 50, or 100 mM) 

for 7–14 days after emergence, with average total dry mass declining by about 30% across 

the four cultivars (Kurniadie & Redmann 1999). However, the osmotic effects of 100 mM 

KCl, in addition to Cl– itself, could have contributed to the growth limitation and there 

was no direct comparison to NaCl. The present study elucidates the contribution of Na+ 

and/or Cl–, alone or combined, on the salt stress responses of two cultivated soybean (G. 

max) cultivars and one wild soybean (G. soja). 

G. max (cvs. Bunya and Lee) and G. soja (Soja) are more sensitive to high Na+ than 

high Cl– 

The NaCl, Na+ salts (without Cl–) and Cl– salts (without Na+) treatments inhibited shoot 

and root growth in both Bunya and Lee, and Soja, relative to the non–saline controls (Fig. 

4.1, Fig. 4.2). However, the impact of NaCl and Na+ salts (without Cl–) on shoot and root 

dry mass did not significantly differ (about 30% of controls), which was much greater 

than that of Cl– salts (without Na+) (60% of controls). Shoot Na+ concentrations had 

negative relationships with shoot dry mass, respectively in all three genotypes at 21 and 

42 days of treatments (Fig. S4.16). In contrast, there were no significant relationships 

between shoot Cl– concentration and shoot dry mass for any genotype or sampling time 

(Fig. S4.17). These findings confirm those for Bunya in Chapter 2, which concluded that 

Bunya is more sensitive to high Na+ than high Cl–.  

The greater sensitivity of soybean to Na+ than Cl– in this study contrasts with some earlier 

studies on salinity tolerance in soybean, which have focused on possible Cl– toxicity. 

Apparent Cl– toxicity has reportedly reduced dry mass and induced leaf chlorosis in 

soybean in field conditions (Parker, Gascho & Gaines 1983; Yang & Blanchar 1993), but 

these studies did not measure Na+. Luo, Yu & Liu (2005) concluded that Cl– was more 

toxic than Na+ in G. max seedlings subjected to 150 mM NaCl, Na+ salts (without Cl–), 
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and Cl– salts (without Na+) for 6 days. In addition, seedling dry mass of the two G. max 

cultivars (salt–tolerant Nannong 1138–2, and salt–sensitive Zhongzihuangdou–yi) 

declined more with Cl– salts that Na+ salts, while the reverse was true for the two G. soja 

populations (BB52 and N23232) (Luo, Yu & Liu 2005). The significant differences in 

dry mass between treatments were small (i.e. 5–10%), such that the 6 days may not have 

been long enough for salinity impacts on growth to emerge, since specific ion effects are 

often considered to take time to develop (Munns, Schachtman & Condon 1995). For 

instance, at 30 mM NaCl, it took about 10 days for chickpea to show salt damage (Lauter 

& Munns 1987), and in my previous experiment in Chapter 2, leaf damage started to 

appear in Bunya at 13–15 days in the 100 mM NaCl treatments (Table S2.3, Chapter 2). 

In addition, in the study by Luo, Yu & Liu (2005) the Cl– salts treatment used 150 mM 

Cl– with counter cations (6.9 mM NH4
+, 41.9 mM K+, 27.6 mM Ca2+, 28 mM Mg2+) and 

44.3 g L–1 PEG–6000, and the Na+ salts treatment used 150 mM Na+ with counter anions 

(120 mM NO3
–, 15.8 mM SO4

2–, 8.4 H2PO4
–) and 28.5 g L–1 PEG–6000. The PEG–6000 

was used to bring the osmotic potential to that of 150 mM NaCl (–0.68 MPa), but it can 

also impair plant growth (Munns & Tester 2008). In Chapter 2 and this chapter, Bunya 

was exposed to salt treatments for 57 and 42 days, respectively, with three or two 

sampling times, and plants subjected to Na+ salts (without Cl–) or NaCl had greater 

reductions in shoot dry mass than those exposed to Cl– salts (without Na+). 

In earlier research on the possible effects of salinity on G. max in the field, moderate and 

sensitive plants were found dead when the tissue Cl– concentrations of stems and leaves 

were >15,000 ppm (400 µmol g–1 dry mass) and >30,000 ppm (800 µmol g–1 dry mass), 

respectively. In addition, despite a 10–15–fold increase in stem and leaf Cl– 

concentrations, relative to control plants, no relationship was found between Cl– 

concentrations and plant dry weight, but this research did not include Na+ analysis, so the 

potential impact of Na+ on these plants was not assessed (Abel & Mackenzie 1964). Some 

researchers have concluded that soybean (G. max) is more sensitive to Cl– than Na+ when 

exposed to NaCl salinity, based on higher Cl– than Na+ concentrations in leaves (Läuchli 

& Wieneke 1979; Abel 1969). It is possible that Na+ has an adverse effect at a lower 

threshold concentration in tissues/cells than Cl–. Indeed, in Chapter 2, Bunya has less Na+ 

in shoots than Cl– but the reduction in shoot dry mass in the Na+ salts (without Cl–) 

treatment was greater than that in the Cl– salts (without Na+) treatment. In this chapter, 

while shoot Cl– concentration increased when plants were subjected to the NaCl and Cl– 

salts (without Na+) treatments (Fig. 4.5, Fig. 4.6), no relationship was evident between 
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shoot Cl– concentrations and shoot dry mass at either sampling time (Fig. S4.17). Hence, 

the reductions in dry mass at 75 mM and 100 mM in the Cl– salts (without Na+) treatment 

might be due to another factor (e.g. osmotic stress), in addition to any possible direct 

effect of high Cl– in tissues. 

In the present study, all three soybean genotypes could prevent Na+ and/or Cl– from 

excessive accumulation in the lamina, and root Na+ and/or Cl– concentrations were about 

40–70% higher than those in the lamina (Fig. S4.4; Fig. S4.5). This finding is similar to 

those in Chapter 2 and in other studies, which showed that roots had the highest Na+ 

and/or Cl– concentrations, followed by stems (intermediate) and leaves (low) in NaCl–

treated plants (An et al. 2002; Serraj, Vasquez‐Diaz & Drevon 1998; Abel & Mackenzie 

1964).  

In the present study, Na+ concentrations in the second youngest fully–expanded leaf of 

all three genotypes exposed to 100 mM NaCl or 100 mM Na+ salts (without Cl–) exceeded 

the leaf tissue critical concentration for toxicity (>0.5% or 217 µmol g–1 dry mass; Weir 

1994) at both sampling times (Fig. 4.3, Fig. 4.4). In contrast, Cl– concentrations in the 

second youngest fully–expanded leaf of all three genotypes exposed to 100 mM NaCl or 

100 mM Cl– salts (without Na+) did not reach the threshold level for Cl– toxicity [2.6–

5.0% or 713–1407 µmol g–1 dry mass (Weir 1994) or 2.84% or 799 µmol g–1 dry mass 

(Reuter & Robinson 1997)] (Fig. 4.5, Fig. 4.6). These comparisons further support that 

Na+ is more likely responsible for the greater detrimental effect than Cl–. Moreover, Na+ 

starts to inhibit most enzyme activities at 100 mM (Greenway 1972). In the present study, 

leaf Na+ concentrations in all three soybean genotypes subjected to 100 mM NaCl or 100 

mM Na+ salts (without Cl–) were about 100 mM and 150 mM, respectively, on a tissue 

water basis (calculated from lamina ion concentrations on a dry mass basis and tissue 

water contents). In contrast, leaf Cl– concentrations in plants subjected to 100 mM NaCl 

or Cl– salts (without Na+) were 70 and 140 mM, respectively; no information is available 

on when Cl– concentrations start to inhibit enzyme activity. In conclusion, the above 

analysis presents the case for Na+ reaching to toxic concentrations in leaf tissues which 

by itself, or combined with a low K+/Na+ ratio, is the likely cause of the adverse effects 

of NaCl salinity on Bunya, Lee and Soja in the present experiments. 
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Stomatal and non–stomatal limitations in the salinity sensitivity of G. max (cvs. Bunya 

and Lee) and G. soja (Soja) 

A reduction in Pn in saline conditions due to stomatal limitation has been reported for 

both G. max and G. soja in greenhouse or growth chamber conditions (Kao, Tsai & Shih 

2003; Lu et al. 2009; Yang et al. 2007) and in the field (He et al. 2016). However, these 

experiments did not report tissue Na+ or Cl– concentrations, so the possible impact of 

tissue ions on Pn and gs is not known. Under mild salt stress, the decline in Pn in common 

bean was due to both stomatal and non–stomatal factors, but mainly by non–stomatal 

factors at intermediate and high NaCl concentrations (Chen et al. 2013). However, the 

authors did not investigate relationships between leaf ion concentrations and Pn. In the 

present study, at 21 days, the Pn declined by about 20% (in Lee and Soja) and 30% (in 

Bunya), relative to the control, in Lee and Bunya at 50 mM NaCl or Na+ salts (without 

Cl–); gs also declined by a similar magnitude, but Ci did not differ from the control plants. 

At 75 mM and 100 mM, all three salt types caused even greater reductions in Pn, gs and 

Ci (Fig. 4.11, Fig. 4.12). In addition, Pn was in negatively relationship with the lamina 

Na+ concentration in all three genotypes at both sampling times, which indicates that leaf 

Na+ concentration may influence Pn in soybean (Fig. S4.20). Pn was also in positive 

relationship with K+ concentration and K+/Na+ in the lamina (Fig. 4.21, Fig. 4.23), thus 

K+ deficiency might be a factor that impaired Pn (Degl'Innocenti et al. 2009; Yang et al. 

2007). K+ deficiency contributes to salt–induced oxidative stress and cell damage in 

common bean (Bayuelo–Jiménez, Jasso–Plata & Ochoa 2012). No relationship was found 

between Pn and leaf Cl– concentration in Lee and Bunya at 21 days of treatment, but a 

negative relationship occurred at 42 days of treatments for both of these genotypes and 

for Soja at both 21 days and 42 days (Fig. 4.21), such that Cl– concentration might impair 

Pn in soybean after long salinity exposure. Increased leaf Na+ and Cl− concentrations have 

been reported to inhibit Pn in soybean (Yang et al. 2007) see review in (Farquhar & 

Sharkey 1982).  

Stomatal closure was the primary cause for reduced Pn under low salinity stress (50 mM 

NaCl) in salt–sensitive common bean (Epron, Toussaint & Badot 1999). However, at high 

salt stress (250 mM NaCl), non–stomatal limitations became the major factor limiting 

photosynthesis in common bean. Research on both sensitive (Rupali) and tolerant 

(Genesis 836) chickpea genotypes showed that the reduction in Pn due to salt stress 

resulted mainly from non–stomatal limitations (Khan et al. 2015). In Chapter 2, I 



Chapter 4: Salinity tolerance in soybean | Page 105 

 

examined the potential photosynthetic capacity of leaves by increasing external CO2 from 

400 µmol CO2 mol–1 (ambient) to 800 µmol CO2 mol–1 (elevated) to overcome any 

stomatal limitation. In Bunya subjected to 100 mM NaCl or 100 mM Na+ salts (without 

Cl–), Pn increased by 20–60% when CO2 increased inferring possible stomatal (or 

mesophyll conductance) limitations, while Pn did not change in the Cl– salts (without Na+) 

treatments indicated possible non–stomatal limitation on Pn. Hence, both stomatal and 

non–stomatal limitation factors likely contribute to impaired Pn in salt–stressed soybean.  

In addition to declines in Pn, increases in respiration rates can also reduce growth, since 

25–60% of assimilated C can be consumed through respiration so the biomass 

accumulation in plants depends on the balance between photosynthesis and respiration 

(Jacoby, Taylor & Millar 2011). There are contrasting reports on effects on salt stress on 

respiration rates in plants. Jacoby, Taylor & Millar (2011) and Yeo (1983) suggested that, 

salt stress might impair respiratory rates in plants, but the quantitative response is 

complex. In common bean, respiration rates increased at low levels of salinity but 

decreased at high levels (Schwarz & Gale 1981). In the present study, there was no 

significant difference in leaf dark respiration among genotypes or treatments. Respiration 

did not significantly differ, even with the substantial reductions in Pn in all three 

genotypes subjected to salt treatments (e.g. 100 mM); this suggests that for soybean 

respiration is less sensitive to salinity than Pn. It should be noted that the respiration data 

from this study was measured for a short period inside the dark LICOR chamber (about 

30–40 minutes) and more research is needed (such as diurnal whole plant measurements) 

to elucidate the possible effects of salt stress on respiration. 

Ion exclusion and leaf tolerance to salt stress are the main key traits for salinity 

tolerance in G. max (cvs. Bunya and Lee) and G. soja (Soja) 

Salt–tolerant soybeans accumulated more Na+ and/or Cl– in roots, ensuring relatively low 

Na+ and Cl– levels in leaves, than sensitive soybean genotypes that accumulated more 

Na+ and/or Cl– in leaves (Läuchli & Wieneke 1979; Dabuxilatu & Ikeda 2005). The 

mechanism for Cl– exclusion in soybean is located in the roots. It was shown that the 

sensitive soybean cultivars had higher Cl– absorption rates by roots, even under low salt 

conditions than the salt tolerant genotypes. Moreover, the release of Cl– from the symplast 

into the xylem in salt sensitive genotypes was less controlled than in salt tolerant cultivars 

(Läuchli & Wieneke 1979; Essa 2002). Interestingly, the present study found similar 

salinity responses in Bunya, Lee and Soja with both Na+ and Cl– negatively impacting 
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growth at intermediate and high salt concentrations (75 mM and 100 mM), more so in the 

Na+ salts (without Cl–) treatment than the Cl– salts (without Na+) treatment. The roots had 

higher Na+ and Cl– concentrations than the leaves, and there was a negative relationship 

between shoot Na+ concentration and shoot dry mass, but no such relationship for shoot 

Cl– concentration in all three soybean genotypes. The ability to maintain low leaf Na+ and 

Cl– concentrations and high leaf K+ concentrations, i.e. excluding Na+ and Cl– but 

maintaining K+ uptake, is a key attribute for salt tolerance (Chapter 2) (Läuchli & 

Wieneke 1979).  

4.7  Conclusions 

This study highlights that G. max (cvs. Bunya and Lee) and G. soja are more sensitive to 

high Na+ than high Cl–. Stomatal and non–stomatal limitations impaired net 

photosynthesis in Bunya, Lee and Soja, and genotypic differences in salt tolerance were 

due to differences in ion ‘exclusion’ from leaves. Genotypic differences in Na+ and Cl− 

concentrations in green leaves at 21 days but the Na+ concentrations in lamina did not 

significantly differ at 42 days of treatment. The NaCl, Na+ salts (without Cl–), and Cl– 

salts (without Na+) treatments at 75 mM and 100 mM decreased shoots and roots 

production but NaCl and Na+ salts (without Cl–) impaired plant dry mass at a greater 

extent than the Cl– salts (without Na+) treatment. Further research is needed to explore 

leaf ‘tissue tolerance’ in soybean and the sites of leaf Na+ and/or Cl– accumulation, and 

how they might affect net photosynthesis and leaf K+ concentrations (see Chapter 5). 
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Tables and Figures  

Table 4.1. Ion concentrations, salts used and osmotic potential of the treatments in a complete basal (non–saline control) nutrient solution1.  

  Ψπ   
(MPa) 

Ion concentrations (mM) 
Na+ Cl– K+ Ca2+ Mg2+ SO42– NO3– SiO3– NH4+ H2PO4– 

Control (non-saline) –0.05 0.2 0.05 5 5 0.4 5.4 4.4 0.1 0.6 0.2 

NaCl 
50 mM NaCl –0.24 50.2 50.05 4 5 0.4 5.4 4.4 0.1 0.6 0.2 
75 mM NaCl –0.37 75.2 50.05 4 5 0.4 5.4 4.4 0.1 0.6 0.2 
100 mM NaCl –0.50 100.2 100.05 5 5 0.4 5.4 4.4 0.1 0.6 0.2 

Na+
 salts 

50 mM (16.667 mM Na2SO4 + 16.667 mM NaNO3) 
  –0.21 50.2 0.05 4 5 0.4 22.1 21 0.1 0.6 0.2 
75 mM (25 mM Na2SO4 + 25 mM NaNO3) 
  –0.31 75.02 0.05 4 5 0.4 30.4 29.4 0.1 0.6 0.2 
100 mM (33.33 mM Na2SO4 + 33.33 mM NaNO3) 
  –0.41 100.2 0.05 5 5 0.4 38.7 37.7 0.1 0.6 0.2 

Cl– salts 

50 mM (8.333 mM CaCl2 + 8.333 mM MgCl2 + 16.667 mM KCl) 
  –0.21 0.2 50.05 20.7 13.3 8.7 5.4 4.4 0.1 0.6 0.2 
75 mM (9.375 mM CaCl2 + 9.375 mM MgCl2 + 137.50 mM KCl) 
  –0.32 0.2 75.05 41.5 14.4 9.8 5.4 4.4 0.1 0.6 0.2 
100 mM (16.67 mM CaCl2 + 16.67 mM MgCl2 + 33.33 mM KCl) 
  –0.41 0.2 100.05 38.3 16.7 17.1 5.4 4.4 0.1 0.6 0.2 

 

1For the basal nutrient solution, the macronutrient concentrations are shown in the table (Control) and the micronutrients in all solutions were (µM): 100 

Fe-sequestrene, 25 HBO3
2−, 2.0 Mn2+, 2.0 Zn2+, 0.50 Cu2+, 0.50 MoO4

2−, 1.0 Ni2+. The solution was buffered with 1.0 mM MES (2-[N-morpholino] 

ethanesulfonic acid) and adjusted to pH 6.5 using KOH. 
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Fig. 4.1 Dry mass of (a, b, c) shoots (lamina, petioles and stems) and (d, e, f) roots per 

plant in three soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) in the 

control (non-saline) and 50, 75 and 100 mM treatments of NaCl, Na+
 (without Cl–) and 

Cl– (without Na+) for 21 days. Salts used in the various treatments are given in Table 4.1. 

Treatments were imposed on 13-day-old plants. Values are means ± SE (n = 4). The 

probability levels for one-way ANOVA for treatment means at salt concentrations of 50 

mM, 75 mM and 100 mM in each graph are: ** P < 0.01, *** P < 0.001, and n.s. = not 

significant, and bars represent least-significant differences at P = 0.05. For each genotype, 

the salt type × salt concentration interaction was n.s. at P = 0.05. Note: the axis scale for 

dry mass of shoots (a, b, c) differ from those of the roots (d, e, f). The probability levels 

for three-way ANOVA for the genotype × salt type × salt concentration interaction are in 

Table S4.1. 
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Fig. 4.2 Dry mass of  (a, b, c) shoots (lamina, petioles and stems) and (d, e, f) roots per 

plant in three soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) in the 

control (non-saline) and 50, 75 and 100 mM treatments of NaCl, Na+
 (without Cl–), and 

Cl– (without Na+) for 42 days. Salts used in the various treatments are given in Table 4.1. 

Treatments were imposed on 13-day-old plants. Values are means ± SE (n = 4). The 

probability levels for one-way ANOVA for treatment means at salt concentrations of 50 

mM, 75 mM and 100 mM in each graph are: ** P < 0.01, *** P < 0.001, and n.s. = not 

significant, and bars represent least-significant differences at P = 0.05. For each genotype, 

the salt type × salt concentration interaction was n.s. at P = 0.05. Note: the axis scale for 

shoot dry mass (a, b, c) differ from those of the root dry mass (d, e, f); the axis scale for 

shoot and root dry mass of soja (c, f) differ from those of Lee and Bunya (a, b, d, e). The 

probability levels for three-way ANOVA for genotype × salt type × salt concentration 

interaction are showed in Table S4.1. 
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Fig. 4.3 Na+ concentration in (a, b, c) shoots (stems, petioles and lamina) and (d, e, f) 

roots in three soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) in the 

control (non–saline), and 50, 75 and 100 mM treatments of NaCl, Na+
 (without Cl–), and 

Cl– (without Na+) for 21 days. Salts used in the various treatments are given in Table 4.1. 

Treatments were imposed on 13-day-old plants. Values are means ± SE (n = 4). The 

probability levels for one-way ANOVA for treatment means at salt concentrations of 50 

mM, 75 mM and 100 mM in each graph are: *** P < 0.001 and bars represent least-

significant differences at P = 0.05. Note: the axis scale for Na+ concentration in shoots (a, 

b, c) differ to those of the roots (d, e, f). The probability levels for three-way ANOVA for 

genotype × salt type × salt concentration interaction are showed in Table S4.3. 
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Fig. 4.4 Na+ concentration in (a, b, c) shoots (stems, petioles and lamina) and (d, e, f) 

roots in three soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) in the 

control (non–saline), and 50, 75 and 100 mM treatments of NaCl, Na+
 (without Cl–), and 

Cl– (without Na+) for 42 days. Salts used in the various treatments are given in Table 4.1. 

Treatments were imposed on 13-day-old plants. Values are means ± SE (n = 4). The 

probability levels for one-way ANOVA for treatment means at salt concentrations of 50 

mM, 75 mM and 100 mM in each graph are: *** P < 0.001 and n.s. = not significant, and 

bars represent least-significant differences at P = 0.05. Note: the axis scale for Na+ 

concentration in shoots (a, b, c) differ to those of the roots (d, e, f). The probability levels 

for three-way ANOVA for genotype × salt type × salt concentration interaction are 

showed in Table S4.4. 
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Fig. 4.5 Cl– concentration in (a, b, c) shoots (stems, petioles and lamina) and (d, e, f) roots 

in three soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) in the control 

(non–saline) and 50, 75 and 100 mM treatments of NaCl, Na+
 (without Cl–), and Cl– 

(without Na+) for 21 days. Salts used in the various treatments are given in Table 4.1. 

Treatments were imposed on 13-day-old plants. Values are means ± SE (n = 4). The 

probability levels for one-way ANOVA for treatment means at salt concentrations of 50 

mM, 75 mM and 100 mM in each graph are: *** P < 0.001 and bars represent least-

significant differences at P = 0.05. Note: the axis scale for Cl- concentration in shoots (a, 

b, c) differ to those of the roots (d, e, f). The probability levels for three-way ANOVA for 

genotype × salt type × salt concentration interaction are showed in Table S4.3. 
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Fig. 4.6 Cl– concentration in (a, b, c) shoots (stems, petioles and lamina)  and (d, e, f) 

roots in three soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) in the 

control (non–saline) and 50, 75 and 100 mM treatments of NaCl, Na+
 (without Cl–), and 

Cl– (without Na+) for 42 days. Salts used in the various treatments are given in Table 4.1. 

Treatments were imposed on 13-day-old plants. Values are means ± SE (n = 4). The 

probability levels for one-way ANOVA for treatment means at salt concentrations of 50 

mM, 75 mM and 100 mM in each graph are: *** P < 0.001 and bars represent least-

significant differences at P = 0.05. Note: the axis scale for Cl– concentration in shoots (a, 

b, c) differ in scale to those of the roots (d, e, f). The probability levels for three-way 

ANOVA for genotype × salt type × salt concentration interaction are showed in Table 

S4.4. 

 

 



Chapter 4: Salinity tolerance in soybean | Page 114 

 

 

Fig. 4.7 K+ concentration in (a, b, c) shoots (stems, petioles and lamina) and (d, e, f) roots 

in three soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) in the control 

(non–saline) and 50, 75 and 100 mM treatments of NaCl, Na+
 (without Cl–), and Cl– 

(without Na+) for 21 days. Salts used in the various treatments are given in Table 4.1. 

Treatments were imposed on 13-day-old plants. Values are means ± SE (n = 4). The 

probability levels for one-way ANOVA for treatment means at salt concentrations of 50 

mM, 75 mM and 100 mM in each graph are: * P < 0.05, ** P < 0.01, *** P < 0.001, and 

bars represent least-significant differences at P = 0.05. Note: the axis scale for K+ 

concentration in shoots (a, b, c) differ in scale to those of the roots (d, e, f). The probability 

levels for three-way ANOVA for genotype × salt type × salt concentration interaction are 

showed in Table S4.3. 
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Fig. 4.8 K+ concentration in (a, b, c) shoots (stems, petioles and lamina) and (d, e, f) roots 

in three soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) in the control 

(non–saline) and 50, 75 and 100 mM treatments of NaCl, Na+
 (without Cl–), and Cl– 

(without Na+) for 42 day. Salts used in the various treatments are given in Table 4.1. 

Treatments were imposed on 13-day-old plants. Values are means ± SE (n = 4). The 

probability levels for one-way ANOVA for treatment means at salt concentrations of 50 

mM, 75 mM and 100 mM in each graph are: *** P < 0.001, and n.s. = not significant, 

and bars represent least-significant differences at P = 0.05. Note: the axis scale for K+ 

concentration in shoots (a, b, c) differ in scale to those of the roots (d, e, f). The probability 

levels for three-way ANOVA for genotype × salt type × salt concentration interaction are 

showed in Table S4.4. 
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Fig. 4.9 K+/Na+ ratio in (a, b, c) shoots (stems, petioles and lamina) and (d, e, f) roots in 

three soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) in the control (non–

saline) and 50, 75 and 100 mM treatments of NaCl, Na+
 (without Cl–), and Cl– (without 

Na+) for 21 days. Salts used in the various treatments are given in Table 4.1. Treatments 

were imposed on 13-day-old plants. Values are means ± SE (n = 4). The probability levels 

for one-way ANOVA for treatment means at salt concentrations of 50 mM, 75 mM and 

100 mM in each graph are: *** P < 0.001and bars represent least-significant differences 

at P = 0.05. Note: the axis scale for K+/Na+ ratio in shoots (a, b, c) differ in scale to those 

of the roots (d, e, f). The probability levels for three-way ANOVA for genotype × salt 

type × salt concentration interaction are showed in Table S4.3. 
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Fig. 4.10 K+/Na+ ratio in (a, b, c) shoots (stems, petioles and lamina) and (d, e, f) roots in 

three soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) in the control (non–

saline) and 50, 75 and 100 mM treatments of NaCl, Na+
 (without Cl–), and Cl– (without 

Na+) for 42 days. Salts used in the various treatments are given in Table 4.1. Treatments 

were imposed on 13-day-old plants. Values are means ± SE (n = 4). The probability levels 

for one-way ANOVA for treatment means at salt concentrations of 50 mM, 75 mM and 

100 mM in each graph are: *** P < 0.001 and bars represent least-significant differences 

at P = 0.05. Note: the axis scale for K+/Na+ ratio in shoots (a, b, c) differ in scale to those 

of the roots (d, e, f). The probability levels for three-way ANOVA for genotype × salt 

type × salt concentration interaction are showed in Table S4.4. 
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Fig. 4.11 Net photosynthetic rate (Pn) (a, b, c), stomatal conductance (gs) (d, e, f) sub–

and stomatal CO2 (internal CO2 concentration, Ci) (g, h, i) in three soybean genotypes (G. 

max – cvs. Bunya, and Lee, and G. soja) in the control (non–saline) and 50, 75 and 100 

mM treatments of NaCl, Na+
 (without Cl–), and Cl– (without Na+). Salts used in the 

various treatments are given in Table 4.1. Treatments were imposed on 13-day-old plants, 

Pn was measured after 19–21 days of treatments between 09:00 AM and 15:00 PM at 

photosynthetically active radiation of 1500 µmol photons m–2 s–1. Values are means ± SE 

(n=4). The probability levels for one-way ANOVA for treatment means at salt 

concentrations of 50 mM, 75 mM and 100 mM in each graph are: *** P < 0.001, and n.s. 

= not significant. For each genotype, the salt type × salt concentration interaction was n.s. 

at P = 0.05. Note: the axis scale for Pn (a, b, c) differs from those of gs (d, e, f), and Ci (g, 

h, i). The probability levels for three-way ANOVA for genotype × salt type × salt 

concentrations interaction are in Table S4.6. 
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Fig. 4.12 Net photosynthetic rate (Pn) (a, b, c), stomatal conductance (gs) (d, e, f) sub–

and stomatal CO2 (internal CO2 concentration, Ci) (g, h, i) in three soybean genotypes (G. 

max – cvs. Bunya, and Lee, and G. soja) in the control (non–saline) and 50, 75 and 100 

mM treatments of NaCl, Na+
 (without Cl–), and Cl– (without Na+). Salts used in the 

various treatments are given in Table 4.1. Treatments were imposed on 13-day-old plants, 

Pn were measured at 40 – 42 days of treatment between 09:00 AM to 15:00 PM at 

photosynthetically active radiation of 1500 µmol photons m–2 s–1. Values are means ± SE 

(n = 4). The probability levels for one-way ANOVA for treatment means at salt 

concentrations of 50 mM, 75 mM and 100 mM in each graph are: n.s. = not significant 

and bars represent least-significant differences at P = 0.05. Note: the axis scale for Pn (a, 

b, c) differ in scale to those of gs (d, e, f), and Ci (g, h, i). The probability levels for three-

way ANOVA for genotype × salt type × salt concentration interaction are showed in Table 

S4.6. 
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Chapter 5: Salinity tolerance in soybean is associated with the 

ability to ‘exclude’ Na from leaf cells and an assessment of cell-

specific ion concentrations using x-ray microanalysis  

5.1  Abstract 

Leaf ‘tissue tolerance’ to high Na+ and/or Cl− and the ability to ‘exclude’ Na+ and/or Cl− 

from leaves contribute to salinity tolerance in soybean (Chapters 2 and 4 of this thesis). 

In this study, leaf cell ion distributions as a potential contributing factor to tissue tolerance 

to NaCl was investigated in two soybean genotypes, G. max cv. Lee and G. soja (Soja). 

X-ray microanalysis was used to assess cellular Na+, Cl−, and K+ concentrations in major 

cell types (upper epidermis, palisade mesophyll, bundle sheath, spongy mesophyll, and 

lower epidermis) within leaf lamina in relation to photosynthesis and growth in soybean 

in non-saline (control 0 mM NaCl) and saline (75 mM NaCl) treatments for 21 days.  

The second youngest fully-expanded leaves from plants were sampled for cell-specific 

elemental analysis. In Soja, cellular [Na] accumulated more in epidermal cells than 

mesophyll and bundle sheath cells, while in Lee, cellular [Na] accumulated more equally 

in all cell types. Both Lee and Soja accumulated more [Cl] in bundle sheath and 

mesophyll cells than epidermal cells, and more [K] in epidermal and bundle sheath cells 

than mesophyll sells.   

The salt treatment (75 mM NaCl) impaired shoot and root dry mass and net 

photosynthesis (Pn) in both genotypes, but there were no genotypic differences in the salt-

induced reductions in shoot and root dry mass and Pn (% of non-saline control) between 

the two soybean genotypes. Lee and Soja showed the ability to exclude [Na] from leaves, 

and Soja also excluded [Na] from photosynthetically active mesophyll cells and 

compartmentalised [Na] in epidermal cells. Future research is needed to explore this result 

on cellular ion concentrations in a wide range of soybean genotypes with higher salt 

concentrations and longer treatment duration to obtain higher cellular ion concentrations 

in leaf cells. 

5.2  Keywords: Bundle sheath, palisade mesophyll, spongy mesophyll, epidermis cells, 

cellular ion distribution, chloride (Cl−), sodium (Na+), x-ray microanalysis, 

photosynthesis. 
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5.3  Introduction 

Genotypic variation exists for salt tolerance in soybean (Katerji et al. 2000). G. max cv. 

Lee and G. soja differ in their salinity tolerance, with leaf tissue tolerance among other 

factors contributing to greater tolerance in different soybean genotypes (Chapter 4) and 

compared to other (sub)tropical grain legumes (Chapter 2). Leaf tissue tolerance to Na+ 

and Cl– is one of the traits contributing to salinity tolerance in plants (Munns & Tester 

2018). A key mechanism of tissue tolerance is the capacity of cells to sequester Na+ and 

Cl− in vacuoles to avoid [Na] in the cytoplasm and organelles such as chloroplasts (Munns 

et al. 2016). In addition, Na+ can be partitioned between different cell types within leaves 

(James et al. 2006; Kotula et al. 2019). In chickpea, for example, Na+ preferentially 

accumulated in epidermal cells and remained low in mesophyll cells of a tolerant 

genotype (Genesis836) but was high in all cell types of a sensitive genotype (Rupali) 

(Kotula et al. 2019). This response of Genesis836 was correlated with maintaining 

photosynthesis (Pn). In contrast, the high accumulation of Na+ in mesophyll cells of 

Rupali resulted in damaged chloroplasts and reduced Pn (Kotula et al. 2019). Similarly, 

in salt-stressed durum wheat and barley, mesophyll and epidermal cells had similar 

vacuolar [Na], whereas mesophyll cells had higher [K] than epidermal cells, and 

epidermal cells had higher [Cl] than mesophyll cells (James et al. 2006). Barley had 

higher cytoplasmic [K] and K/Na ratio than durum wheat, and hence higher Pn (James et 

al. 2006). Another study reported no association between increased [Na] in (vacuolar) 

mesophyll of barley (to ∼300 mM) and the relatively small reduction in Pn (17%) in an 

external 150 mM NaCl treatment (Fricke, Leigh & Tomos 1996). Salt-sensitive common 

bean (Phaseolus vulgaris) (Greenway & Munns 1980), grown in 150 mM NaCl for 14 

days, accumulated [Cl–] (250–300 mM) in cell vacuoles and chloroplast-cytoplasm 

(Seemann & Critchley 1985). The high [Cl] in common bean did not affect total nitrogen 

or ribulose-l,5-bisphosphate (RuBP) carboxylase (EC 4.1.1.39) content per unit leaf area, 

but decreased chlorophyll content, stomatal conductance and intercellular CO2 

concentration (Ci). In contrast, [Na] in cell vacuoles and chloroplast-cytoplasm was below 

the detection limit (0.25–0.30 peak to background ratio) (Seemann & Critchley 1985).  

Ultrastructural damage to mesophyll cell chloroplasts, including thylakoid swelling and 

envelope disruption, has been observed in various species after salt treatment (e.g. 

chickpea, Kotula et al. 2019; rice, Rahman et al. 2000; wheat, Salama et al. 1994). In 

contrast, salt stress caused little damage to the structure of bundle sheath cell chloroplasts 
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in two C4 species (Zea mays and Zoysia japonica) but considerably decreased stromal and 

starch areas (Omoto et al. 2009); [Na] and/or [Cl] in leaves/plants were not measured. In 

soybean, palisade mesophyll in leaves plays a role in storage and partitioning of 

nitrogenous compounds, including temporary storage proteins (Franceschi & Giaquinta 

1983; Tranbarger et al. 1991; Ohyama et al. 2017). The leaves of many legume species 

contain a morphologically specialised tissue termed the palisade mesophyll or extended 

bundle sheath (Franceschi & Giaquinta 1983; Fricke, Leigh & Tomos 1996). The bundle 

sheath in leaves is a layer of compactly arranged parenchyma surrounding the vasculature 

and is a conduit between the vasculature and mesophyll cells (Esau 1965; cited in 

Leegood 2008). The structure of bundle sheath cell chloroplasts of C4 plants (Zoysia 

japonica and the dicot species) remained unaffected under 3% NaCl in 5 weeks at 

seedling stage, while mesophyll cell chloroplasts suffered substantial damage (Omoto, 

Taniguchi & Miyake 2010).  

This study investigated [Na], [Cl], and [K] in various cell types of leaflets in two 

contrasting soybean genotypes selected from Chapter 4 (moderately salt-tolerant G. max 

Lee and salt-tolerant G. soja) in relation to photosynthetic capacity in saline conditions 

(controls and 75 mM NaCl), via qualitative cryo-SEM X-ray elemental analysis. This 

study is one of few studies on cellular element concentrations in grain legumes and the 

first to investigate cell-specific elemental distributions across leaflets in soybean under 

control and saline conditions. This study (1) examined ion partitioning in the lamina of 

two different soybean genotypes and (2) assessed the relationship between Pn and growth 

in soybean in response to ion accumulation in particular cells in the lamina. 

5.4  Materials and methods 

Details on plant materials, growth conditions, and treatment implementation are in 

Chapter 4.  

Leaf anatomy  

Small leaf segments (~10 × 10 mm) from the second youngest fully-expanded leaves of 

two soybean genotypes were collected after 21 days of 0 and 75 mM NaCl treatment. 

Samples were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer for 24 h before 

being stored at 4 °C. After rinsing in deionised water, fixed leaves were dehydrated in a 

graded series of acetone, and then infiltrated and embedded in glycol methacrylate 

(GMA). Sections 4 µM thick were cut with a Sorvall microtome equipped with a glass 
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knife, transferred to a drop of water on a microscopic slide and dried on a hot plate. 

Sections were then stained for 1 min in 0.05% (w/v) Toluidine Blue O in benzoate buffer 

at pH 4.4, washed and air-dried. Sections were viewed under white light and 

photographed using a Zeiss Axioskop2 Plus with a Zeiss Axiocam digital camera.  

Cryo-SEM X-ray microanalysis  

The second youngest fully-expanded leaves from plants grown in either (non-saline 

control) or 75 mM NaCl were sampled for cell-specific element analysis. One sample was 

collected from each plant. Samples were collected from transpiring plants (between 10:00 

and 15:00 h) in the phytotron (temperature-controlled glasshouse). Segments of leaflets 

(~2 × 3 mm) were excised mid-way along the second youngest fully expanded leaf 

avoiding the central vein (Picture 5.3a). The segments were mounted on an aluminium-

grooved pin using and optimum cutting temperature compound and plunge frozen into 

liquid N to immediately immobilise and preserve cellular ions (Hayes et al. 2018; Kotula 

et al. 2019). Samples were stored in liquid N until preparation in a cryomicrotome and 

analysis using cryo-scanning electron microscopy (Kotula et al. 2019). Briefly, transverse 

regions of frozen−hydrated leaf segments were prepared by cryoplaning a flat surface 

using a glass knife, at −120C in a cryomicrotome (Leica EM FC6 cryochamber 

integrated with a Leica Ultracut EM UC6 microtome). The sample was then transferred 

under an N2 environment to a Leica MED020 cryopreparation system, and sputter coated 

with 25 nm chromium. After coating, samples were transferred under vacuum to a Zeiss 

Supra 55 field emission scanning electron microscope fitted with a Leica VCT100 

cryotransfer and stage, and an Oxford X-Max80 SDD X-ray detector interfaced to Oxford 

Instruments AZtecEnergy software. Samples were analysed at –150°C, 15 kV and a 2 nA 

beam current, in high current mode. Immediately prior to the acquisition of each map, the 

instrument was calibrated, and the beam current measured and recorded using a pure 

copper standard. Elemental maps were acquired at 512-pixel resolution, for >3000 frames 

with a dwell time of 10 μs per pixel. Drift correction and pulse-pile up correction were 

activated. Quantitative numerical data were extracted from regions of interest (i.e. single 

cells) drawn on the element maps, with individual spectra from each pixel summed and 

processed to yield concentration data using Oxford Instruments AZtecEnergy software 

with inbuilt standards (Marshall 2017; Hayes et al. 2018). Analysed cells included the 

upper epidermis, palisade mesophyll, spongy mesophyll, bundle sheath, and lower 
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epidermis (Fig. 5.3), with 16–100 spectra collected from each cell type from three leaflets 

each of replicate plant (Leegood 2008). 

Statistical analyses 

Data were subjected to one-way, two-way, or three-way analysis of variance (ANOVA) 

using Genstat Software (VSN International Ltd, Hemel Hempstead, UK) to observe 

differences between genotypes and treatments and to test for any treatment × genotypes 

interactions. The three-way ANOVA included a factor for leaf cell ions in some data sets. 

X-ray microanalysis data are presented as mean ± SE, where n = the number of cells 

analysed. The data were collected from two different sites in one cross-section for three 

different leaves from three replicate plants. Figures and scatter plots were graphed using 

Origin Pro 2019 (v.9.65). 

5.5  Results 

The 75 mM NaCl treatment adversely affected growth and Pn in both Lee and Soja (Table 

5.1; Table 5.2). After 21 days of treatment, Soja had lower [Na] in lamina than Lee, but 

there were no significant differences between genotypes for lamina [Cl] or [K] (Fig. 5.1). 

Hence, this study explored leaf ‘tissue tolerance’ by determining cell-specific distribution 

and accumulation of Na+ and Cl– in the lamina of Soja and Lee and assessed how this 

affects Pn and growth. Most of the data on growth, gas exchange, and ion accumulation 

in shoots and roots are presented in Chapter 4. Here, the results of whole leaf tissue ion 

analysis and the cryo-SEM X-ray microanalysis are presented. Data for Lee and Soja (e.g. 

shoot dry mass and gas exchange) after 21 days in the control and 75 mM NaCl treatments 

(Chapter 4) are summarised in Tables 5.1 and 5.2.  

Salinity effects on Na+, K+ and Cl−concentrations and K+/Na+ and Cl−/Na+ ratios in the 

whole lamina  

The non-saline control plants had low Na+ and Cl− concentrations in the whole lamina of 

the second youngest fully-expanded leaf (YFEL), which did not exceed 3 mM (for Na+) 

and 5 mM (for Cl−) (tissue water basis) in either Lee or Soja (Fig. 5. 1a, b). The 75 mM 

NaCl treatment increased Na+ concentration in the YFEL to 31 mM in Soja and 67 mM 

in Lee after 21 days. In contrast, Lee and Soja had similar Cl− and K+ concentrations, with 

an average of 50 mM (for Cl−) and 150 mM (for K+) (Fig. 5.1c). The 75 mM NaCl 

treatment reduced K+ concentration in lamina to about 50% (Soja) and 60% (Lee) of their 

respective non-saline controls (Fig. 5.1c). The non-saline control plants for both 
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genotypes had similar K+/Na+ ratios, with an average of 80:1. The 75 mM treatment 

decreased the K+/Na+ ratio to 2:1 in Lee and 6:1 in Soja (Fig. 5.1d). In contrast. the 

Cl−/Na+ ratios did not significantly differ between treatments or genotypes, with an 

average value of 1.5:1 (P = 0.09) (Fig. 5.1e). 

Salinity effects on [Na], [Cl], [K], and [Ca] concentrations, and K/Na and C/Na ratios 

in various cell types in soybean leaves 

Cellular concentrations of [Na], [Cl], and [K] were measured in the upper epidermis, 

palisade mesophyll, spongy mesophyll, bundle sheath and lower epidermis (Fig. 5.2). 

[Na] partitioning in lamina cells 

The [Na] of the control plants (Lee and Soja) in all analysed cell types was below the 

detection limit (few mM) (Fig. 5.2a). In the 75 mM NaCl treatment, [Na] in palisade 

mesophyll, spongy mesophyll and lower epidermis significantly differed between the two 

genotypes (P < 0.05) but did not differ in bundle sheath (P = 0.8) or upper epidermis (P 

= 0.5). At 75 mM NaCl, Soja had on average of 20 mM [Na] in upper epidermis and lower 

epidermis, but <10 mM [Na] in palisade mesophyll, spongy mesophyll and bundle sheath, 

while Lee had on average 20 mM [Na] in all cell types (P = 0.1).  

[Cl] partitioning in lamina cells 

The [Cl] in control plants (Lee and Soja) did not significantly differ between the analysed 

cell types (P = 0.7), with an average of 1.5 mM (Fig. 5.2b). In the 75 mM NaCl treatment, 

[Cl] increased in all cell types in both genotypes. At 75 mM NaCl, [Cl] in upper epidermis 

(P = 0.2) and spongy mesophyll (P = 0.06) did not significantly differ between the two 

genotypes. In contrast, Lee had significantly higher [Cl] in palisade mesophyll, spongy 

mesophyll and bundle sheath than Soja (P < 0.05), ranging from ~60 mM in epidermal 

(upper epidermis and lower epidermis) and mesophyll (palisade mesophyll and spongy 

mesophyll) cells to ~130 mM in bundle sheath in Lee, relative to ~20 mM in palisade 

mesophyll, ~40 mM in spongy mesophyll,  upper epidermis and lower epidermis and ~ 

80 mM in bundle sheath in Soja (Fig. 5.2b).  

[K] partitioning in lamina cells 

In the non-saline controls, [K] ranged from ~150 mM in mesophyll cells (palisade 

mesophyll and spongy mesophyll) to ~250 mM in bundle sheath, upper epidermis and 

lower epidermis in both Lee and Soja (Fig. 5.2c). The 75 mM NaCl treatment reduced 
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[K] by 70–80% in all cell types, relative to the controls, with no significant differences 

between genotypes (Table 5.3).    

[Ca] partitioning in lamina cells 

In the non-saline controls, the [Ca] was ~10 mM in upper epidermis and lower epidermis, 

~28 mM in bundle sheath, ~150 mM in spongy mesophyll and ~200 mM in palisade 

mesophyll for Lee, and ~10 mM in upper epidermis and lower epidermis and bundle 

sheath, ~200 mM in spongy mesophyll and ~300 mM in palisade mesophyll for Soja (Fig. 

5.2d). In the 75 mM NaCl treatment, [Ca] increased 2-fold in bundle sheath and 1.2-fold 

in palisade mesophyll but had no effect in the other cell types in Lee, relative to the non-

saline controls. In contrast, in Soja, [Ca] increased 3-fold in upper epidermis and 2-fold 

in bundle sheath, had no effect in lower epidermis, but decreased by 50% in spongy 

mesophyll and 80% in palisade mesophyll, relative to the non-saline controls (Fig. 5.2d).  

There were no significant differences in [Ca] in all cell types between genotypes (Table 

5.3).    

K/Na and Cl/Na ratios in lamina cells 

In the non-saline controls, the K/Na and the Cl/Na ratios could not be calculated since 

[Na] was below the detection limit in all analysed cell types (Fig. 5.2e). In the 75 mM 

NaCl treatment, the K/Na and Cl/Na ratios did not differ between genotypes (Fig. 5.2e, 

Fig. 5.2f). The K/Na ratio ranged from 2:1 in palisade mesophyll, spongy mesophyll and 

bundle sheath to 4:1 in upper epidermis and lower epidermis, and the Cl/Na ratio ranged 

from 0.7:1 in upper epidermis and lower epidermis to 1.3:1 in palisade mesophyll, spongy 

mesophyll and bundle sheath (Table 5.3). 

Growth responses and leaf gas exchange responses of two soybean genotypes to NaCl 

treatments 

There were no genotypic differences in the reduction in shoot and root dry mass in Lee 

and Soja when exposed to 75 mM NaCl for 21 d (Table 5.1). Shoot dry mass of Lee and 

Soja was reduced on an average of 50%, relative to their respective controls. Root dry 

mass of both soybean genotypes was more sensitive to salt stress than shoot dry mass, 

declining by about 70%, relative to their respective controls. 

Net photosynthetic rate (Pn) of the YFELs at ambient CO2 levels (400 µmol mol−1) did 

not significantly differ between the two genotypes in the control (P = 0.9) or 75 mM NaCl 

(P = 0.1) treatments. In the non-saline controls, the two genotypes had an average Pn of 
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32.9 µmol CO2 m
−2 s−1. At 75 mM NaCl, Pn declined to 69% of the control (22.6 µmol 

CO2 m
−2 s−1) in Lee and 81% (27.3 µmol CO2 m

−2 s−1) in Soja (Table 5.2). 

Similar to Pn, intercellular CO2 concentration (Ci) at ambient CO2 levels did not 

significantly differ between the two genotypes in the control (P = 0.4) or 75 mM NaCl (P 

= 0.2) treatments (Table 5.2). The two genotypes had an average Ci of 330 µmol CO2 

mol−1 in the non-saline controls and 276 µmol CO2 mol−1 in the 75 mM NaCl treatment 

(Table 5.2).  

Stomatal conductance (gs) did not significantly differ between the two genotypes in the 

non-saline controls (P = 0.8), with an average gs of 1.1 mol H2O m−2 s−1 (Table 5.2). At 

75 mM NaCl, gs declined to 36% of controls (0.4 mol H2O m−2 s−1) in Lee and 67% of 

controls (0.8 mol H2O m−2 s−1) in Soja.  

The transpiration rate (T) of Lee declined from 5.3 mmol H2O m–2 s–1 in the non-saline 

control; to 2.7 mmol H2O m–2 s–1 (about 50% of control) after exposure to 75 mM NaCl 

for 21 days (Table 5.2). In contrast, Soja maintained similar T in both treatments, with 

average values of about 4.5 mmol H2O m–2 s–1. Respiration rates (R) did not significantly 

differ between the two genotypes in the control or 75 mM NaCl treatment, with an 

average R of 2.9 µmol CO2 m
−2 s−1 (Fig. 5.2).  

In summary, 75 mM NaCl impaired growth and Pn of both Lee and Soja. 

5.6  Discussion  

To assess the possible contribution of tissue element distribution in cells to leaf ‘tissue 

tolerance’, the partitioning of element concentrations of Na and Cl in various leaf cell 

types in Lee and Soja was measured. Lee and Soja had similar [Na] in upper epidermis 

and bundle sheath in the lamina (Fig. 5.1a), but Lee had 4-fold higher [Na] in palisade 

mesophyll and 2-fold higher [Na] in spongy mesophyll than Soja (Fig 5.2a); these 

findings are consistent with the whole leaf [Na] (Fig. 5.1a). Soja accumulated less [Na] 

in mesophyll and bundle sheath cells than epidermal cells (Fig. 5.2). Similar findings have 

been reported in chickpea, where a relatively salt-tolerant genotype had high [Na] in 

epidermal cells and salt-sensitive genotypes had high [Na] in mesophyll cells (Kotula et 

al. 2019).  

In chickpea subjected to 60 mM NaCl for 18 days, [Na] accumulated in epidermal cells 

(105 mM), but remained low in mesophyll cells (<20 mM), in the salt-tolerant genotype 

(Genesis836), whereas the salt-sensitive genotype (Rupali) had high [Na] in both 
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epidermal (193 mM) and mesophyll (362 mM) cells (Kotula et al. 2019). In the 75 mM 

NaCl treatment, both soybean genotypes had lower [Na] in leaf cells than chickpea, this 

may be because the soybean genotypes used in this research were moderately salt-

tolerant, compared with the more salt-sensitive chickpea genotypes, and/or soybean has 

better Na+ exclusion capacity.  

In the present study, however, the preferential accumulation of [Na] to epidermal cells in 

Soja was not related to Pn response to NaCl, since Pn did not significantly differ between 

the two soybean genotypes (Table 5.2). Fricke et al. (1996), using single cell sap extracts, 

reported that barley grown at 150 mM NaCl preferentially distributed [Na] to the 

epidermis, but still had high [Na] in mesophyll cells (302 mM), but there was no adverse 

impact on photosynthetic performance. In Lee, [Na] was almost evenly distributed in all 

cell types in the lamina, as reported for salt-treated barley and wheat exposed to 150 mM 

NaCl for 14 days, but barley preferentially partitioned K to mesophyll cells, and Cl to 

epidermis (James et al. 2006). The redistribution of K from the epidermis to mesophyll 

cells helps to maintain a favourable K/Na ratio in mesophyll cells (Kotula et al. 2019; 

James et al. 2006). The threshold levels for Na in the cytoplasm are not clear, but the 

upper limit for salt tolerance in halophytes is about 100–200 mM Na in chloroplasts 

(Flowers, Munns & Colmer 2015) and about 10–30 mM in the cytosol (Munns & Tester 

2008). In this study, the cellular [Na] in mesophyll cells was about 20 mM for Lee and 8 

mM for Soja (Fig 5.2a). In addition, leaf tissue [Na] had a negative correlation with Pn (r
2 

= 0.59) in Lee, but no correlation in Soja (P = 0.07) (Fig. 5.5).  Therefore, the preferential 

accumulation of Na+ in epidermal cells and restricted accumulation of Na+ in mesophyll 

cells might contribute to salt tolerance in Soja. 

When compared to [Na], [Cl] was higher in all lamina cells, particularly bundle sheath 

(132 mM in Lee and 85 mM in Soja). Soja had similar [Cl] in epidermal and mesophyll 

cells, while Lee had higher [Cl] in mesophyll cells than epidermal cells (Fig. 5.1b). Lee 

also had higher [Cl] in all lamina cells than Soja, which is consistent with the whole leaf 

tissue ion analysis (Fig. 5.2b). A similar or higher [Cl] in mesophyll cells than epidermal 

cells was also observed in chickpea exposed to 30 mM or 60 mM NaCl (Kotula et al. 

2019). Common bean accumulated more Cl in vacuoles than chloroplast−cytoplasm; 

however, Na was below the detection limit in these cells (Seemann & Critchley 1985). 

High accumulation of [Cl] in bundle sheath in both Lee and Soja might be one of the 

mechanisms of salt tolerance in soybean; these cells have been described as an ion-
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selective barrier surrounding the xylem (Shapira et al. 2009). In addition, for several C4 

species exposed to salinity treatment, the mesophyll cell chloroplasts were damaged, 

while the ultrastructure of bundle sheath chloroplasts remained unaffected (Omoto, 

Taniguchi & Miyake 2010; Omoto et al. 2009). Despite genotypic differences in [Cl] 

accumulation in mesophyll and bundle sheath cells, which indicate that [Cl] might 

contribute to salt sensitivity in Lee, Chapter 4 concluded that soybean is more sensitive 

to high Na+ than high Cl–, with no correlation between leaf tissue [Cl] and Pn in either 

Lee (P = 0.4) or Soja (P = 0.1) (Fig 5.5; Chapter 4; Fig. S4.16). In addition, leaf tissue 

[Cl] was lower than the reported toxic level in soybean leaf (<2.6–5.0% or 713–1407 

µmol g–1 dry mass), while leaf tissue [Na] was higher than the reported toxic level in 

soybean (>0.5% or 217 µmol g–1 dry mass) (Weir 1994).  

The 75 mM NaCl treatment significantly reduced in [K] in all lamina cell types in Lee 

and Soja, relative to their respective controls (Fig. 5.2c). Control and salt-stressed plants 

of both soybean genotypes had higher [K] in epidermis cell than mesophyll cells, but the 

values were higher than the [K] deficiency level recorded for soybean leaf (<0.8% or 

<204 µmol g–1 dry mass) (Weir 1994). The [K] in mesophyll cells was also considered to 

be in the optimal [K] range for metabolically active compartments such as cytosol (100 

mM) (Britto & Kronzucker 2008; White & Karley 2010). Similar to soybean, barley 

accumulated more [K] in epidermal than mesophyll cells and had a favourable K/Na ratio 

in the cytoplasm at high leaf [Na] (Leigh & Storey 1993; Conn & Gilliham 2010; James 

et al. 2006). Similarly, in chickpea, [K] was maintained in mesophyll cells of salt-tolerant 

and salt-sensitive genotypes, with a concurrent decline in epidermal cells, indicating a 

redistribution of [K] from epidermal to mesophyll cells (Kotula et al. 2019).  

Salt-stressed Lee had similar [Ca] in upper epidermis and lower epidermis, relative to the 

control, while [Ca] increased in bundle sheath, palisade mesophyll and spongy mesophyll. 

In contrast, [Ca] declined in palisade mesophyll and spongy mesophyll of salt-stressed 

Soja, relative to the control, but increased in bundle sheath and upper epidermis (Fig. 

5.2d). Salt stress increased [Ca] in mesophyll cells and bundle sheath in Lee and upper 

epidermis, palisade mesophyll and bundle sheath in Soja (Fig. 5.2d). Plants often 

accumulate Ca2+ to alleviate the adverse effects of NaCl (Rengel 1992). High Ca2+ during 

K+ starvation reduced plasma membrane depolarisation of root cells under salt stress and 

allowed a special gene to express and function high-affinity K+ uptake at the roots (Bacha 

et al. 2015; Nieves-Cordones et al. 2008). Thus, the increase in [Ca] in bundle sheath and 
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mesophyll cells of both soybean genotypes may be a specific beneficial effect of Ca2+ 

contributing to salt tolerance in plants (Bacha et al. 2015; Shabala et al. 2006).  

The decline in Pn in salt-treated Lee (69% of controls) was associated with an increase in 

whole leaf tissue [Na] (r2 = 0.59), but there was no correlation for Soja (P = 0.07) (Fig. 

5.5). The salt treatment also impaired gs in Lee (36% of control) but had no effect on Ci. 

In Soja, the salt treatment simultaneously reduced Pn (81% of control), gs (66% of control) 

and Ci (76% of control) (Table 5.2), as reported for G. soja accessions BB52 and ZH13 

(Chen et al. 2013). In contrast, non-stomatal limitations might impair Pn in Lee when Pn 

and gs declined, but Ci was not significantly reduced. No relationship was found between 

shoot [Cl] and shoot dry mass, or lamina [Cl] and Pn for either Lee or Soja (Chapter 4; 

Figs. S4.1 and S4.2). Some soybean genotypes have been identified as Cl– excluders or 

subsequent translocators of Cl– to plant tops (Ashraf & Wu 1994; Abel 1969), but whether 

this is a substantial determinant of salt tolerance requires further investigation. 

5.7  Conclusions 

The ability to exclude Na from leaves was evident in both Lee and Soja, while the 

preferential partitioning of Na in epidermal cells only found in Soja. The capacity to 

maintain low [Na] in leaves and particularly in photosynthetically active mesophyll cells 

in Soja did not make significant differences in the reduction of shoot and root dry mass 

and Pn relative to Lee. Lee and Soja accumulated a greater [Cl] in bundle sheath cells 

than that in epidermal cells, but based on the results from Chapter 2, the salt sensitivity 

in Lee and Soja is not determined by Cl– toxicity, rather it is Na+ which has the most 

adverse effects.  
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Tables and Figures 

Table 5.1 Shoot and root dry mass per plant, leaf water content, SPAD value, and leaf 

sap (Ψπ) of G. max Lee; and G. soja when grown in control (non-saline) and 75 mM NaCl 

for 21 days. Treatments were imposed on 13-day-old plants. Values are means ± SE (n = 

4). Least significant differences (LSD) for treatment means within each genotype, 

treatments and genotype × treatment interaction are at the bottom of each data column (P 

= 0.05). The probability levels for the three-way ANOVAs are: ** P < 0.01, *** P < 

0.001, and n.s. = not significant.  

Genotypes Treatment Shoot 

dry 

mass (g) 

Root 

dry 

mass (g) 

Leaf 

water 

content 

(mL g–1 

dry mass) 

SPAD 

value 

Leaf sap 

Ψπ  

(MPa) 

Lee Control 7.4±1.0 2.5±0.4 4.2±0.3 39.8±1.2 -0.75±0.04 
 

75 mM NaCl 3.9±0.9 0.9±0.4 3.8±0.1 36.0±1.0 -1.00±0.07 

Soja Control 5.8±0.2 1.3±0.1 4.1±0.9 35.6±1.5 -0.81±0.05 

75 mM NaCl 3.5±0.2 0.4±0.1 4.6±0.4 34.2±1.5 -1.04±0.06 

LSD 

(5%) 

Genotype 1.5** 0.6** 0.3*** n.s.  n.s. 

Treatment 1.5*** 0.6*** n.s. n.s. 0.1** 

Genotype × 

Treatment 

n.s. n.s.  n.s. n.s.  n.s. 
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Table 5.2 Photosynthesis rate (Pn), stomatal conductance (gs), respiration (R), sub-

stomatal CO2 (internal CO2 concentration, Ci), and transpiration (T) for two soybean 

genotypes (G. max Lee and G. soja) grown in control (non-saline) or 75 mM NaCl for 21 

days. Treatments were imposed on 13-day-old plants. After 20 days of treatment Pn was 

measured between 09:00 and 14:00 at photosynthetically active radiation of 1500 µmol 

photons m–2 s–1. Respiration (R) was measured in darkness immediately following each 

of the Pn measurements. Values are means ± SE (n = 4). Least significant differences 

(LSD) for treatment means within each genotype, treatment and genotype × treatment 

interaction are given at the bottom of each data column (P = 0.05). The probability levels 

for the three - way ANOVAs are: * P < 0.05, ** P < 0.01, *** P < 0.001 and n.s. = not 

significant.  

  
Pn (µmol 

CO2 m–2 

s–1) 

gs (mol 

H2O m–

2 s–1) 

R (µmol 

CO2 m–

2 s–1) 

Ci (µmol 

CO2 mol–1) 

T (mmol 

H2O m–2 

s–1) 

Lee Control 32.6±1.0 1.1±0.1 3.2±0.3 319.0±14.8 5.3±0.9 

75 mM NaCl 22.6±2.6 0.4±0.1 2.9±0.3 287.5±10.2 2.7±0.2 

Soja Control 33.3±3.1 1.2±0.0 3.2±0.1 347.4±18.1 4.9±0.3 

75 mM NaCl 27.3±1.0 0.8±0.1 3.2±0.6 266.3±0.7 4.2±0.0 

LSD (5%) Genotype n.s.  0.14* n.s. n.s. n.s. 

Treatment 4.93** 0.14*** n.s. 29.4** 1.1** 

Genotype × 

Treatment 

n.s. 0.21* n.s. n.s. n.s. 
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Table 5.3 LSD0.5 (least significant difference) values and probability levels for two-way 

ANOVA (factors: ‘genotypes’ and ‘salinity treatments’) for Na+, Cl–, and K+ and K+/Na+ 

and Cl–/Na+ ratios in various cell types of leaflets of the second youngest fully-expanded 

leaves of two soybean genotypes (G. max Lee and G. soja) grown in aerated nutrient 

solution with control (non-saline) or 75 mM NaCl for 21 days. Treatments were imposed 

on 13-day-old plants. Elemental concentrations were measured by cryo-SEM X-ray 

microanalysis (data in Fig. 5.1). The probability levels for two-way ANOVAs are: * P < 

0.05, ** P < 0.01, *** P < 0.001 and n.s. = not significant.  

 
Cellular 

[Na] 

(mM) 

Cellular 

[Cl] 

(mM) 

Cellular 

[K] 

(mM) 

Cellular 

[Ca] 

(mM) 

Cellular 

K/Na 

ratio 

Cellular 

Cl/Na 

ratio 

Upper epidermis cell 

Genotype n.s. n.s. n.s. n.s. n.s. 18.2* 

Treatment 13.5 *** 13.1*** 31.1*** 2.4*** 0.6** 22.6* 

Genotype × 

Treatment 

n.s. n.s. n.s. n.s. n.s. n.s. 

Palisade mesophyll cell 

Genotype 6.2*** 9.9*** n.s.  n.s.. 0.6* 48.6** 

Treatment 6.7** 10.8*** 22.5*** 1.7* 0.7* n.s.. 

Genotype × 

Treatment 

9.5* 15.2*** n.s.  n.s.. n.s.. 74.3* 

Sponge mesophyll cell  

Genotype 7.1** n.s.  n.s. n.s. n.s. n.s. 

Treatment 7.8*** 12*** 24.5** 1.8** 1.3* 33.8* 

Genotype × 

Treatment 

n.s. n.s. n.s. n.s. n.s. 47.4** 

Bundle sheath cell 

Genotype n.s. 10.4*** n.s. n.s. n.s. n.s. 

Treatment 7.3*** 12.4*** 24.8*** 2.3** 0.8*** 16.9*** 

Genotype × 

Treatment 

n.s. 16.9*** n.s. n.s. n.s. n.s. 

Lower epidermis cell 

Genotype 3.2** 5.7*** n.s. n.s. n.s. n.s. 

Treatment 3.6*** 6.3*** 11.6*** 0.8*** 0.3*** n.s. 

Genotype × 

Treatment 

n.s. 8.8** n.s. n.s. n.s. 26.7* 
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Table 5.4 LSD0.5 (least significant difference) values and probability levels for two-way 

ANOVA (factors: ‘genotypes’ and ‘salinity treatments’) for Na+, Cl– and K+ 

concentrations and K+/Na+ and Cl–/Na+ ratios in various cell types of leaflets of the second 

youngest fully-expanded leaves of two soybean genotypes (G. max Lee; and G. soja) 

grown in aerated nutrient solution with control (non-saline) or 75 mM NaCl for 21 days. 

Treatments were imposed on 13-day-old plants. Elemental concentrations were measured 

by cryo-SEM X-ray microanalysis (data shown in Fig. 5.1). The probability levels for 

two-way ANOVAs: * P < 0.05, ** P < 0.01, *** P < 0.001 and n.s. = not significant.  

 Cellular 

[Na] 

(mM) 

Cellular 

[Cl] 

(mM) 

Cellular 

[K] 

(mM) 

Cellular 

[Ca] 

(mM) 

Cellular 

K/Na 

ratio 

Cellular 

Cl/Na 

ratio 

Lee PI 548656 

Treatment 5.7*** 7.9*** 16.3*** 1.3*** 0.5*** 19.9* 

Cell n.s. 11.7*** 24.05*** n.s. n.s. 29.5*** 

Treatment × Cell n.s. 18.5*** n.s. n.s. n.s. n.s. 

Soja PI479752 

Treatment 4.7*** 6.7*** 14.09*** 1.19*** 0.48*** n.s. 

Cell 6.7*** 9.5*** 19.8*** n.s. n.s. 24.19*** 

Treatment × Cell 10.42* 14.6*** n.s. n.s. n.s. 37.62*** 

Cell 5.3*** 7.4*** 15.4*** n.s. n.s. 18.8*** 

Treatment 3.7*** 5.2*** 10.8*** 0.9*** 0.4*** n.s. 

Genotype 3.3* 4.6*** n.s. n.s. n.s. n.s. 

Treatment × Cell  n.s. 11.8*** n.s. n.s. n.s. 29.8* 

Genotype × Cell  n.s. 10.6*** n.s. n.s. n.s. 26.7*** 

Genotype × 

Treatment  

n.s. 7.3*** n.s. n.s. n.s. 18.5** 

Genotype × 

Treatment × Cell 

n.s. 16.6*** n.s. n.s. n.s. 41.8** 
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Fig. 5.1 (a) Na+ concentration, (b) Cl–  concentration, (c) K+ concentration, (d) K+/Na+ 

ratio and (e) Cl–/Na+ ratio in the second youngest fully-expanded leaves of two soybean 

genotypes (G. max Lee and G. soja) grown in aerated nutrient solution with control (non-

saline) or 75 mM NaCl for 21 days. Treatments were imposed on 13-day-old plants. 

Tissue ion concentrations on a water basis (mM) were calculated from data from leaf 

extraction measured using a flame photometer (expressed on a dry weight basis in Fig. 

S4.1, Fig. S4.1, Fig. S4.2, and Fig. S4.2 in Chapter 4 and tissue water contents from Table 

S4.5 in Chapter 4). Data are means ± SE (n = 4). Significant differences for treatment 

means within each species are indicated by different letters (P = 0.05). Bars represent 

least significant difference (LSD) at P < 0.05 for genotype × treatment interaction. Note: 

some of the vertical axis scales differ between panels.  
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Fig. 5.2 Concentrations of (a) Na, (b) Cl, (c) K, (d) Ca and (e) K/Na ratio, (f) Cl/Na ratio 

in various cell types in the lamina of the second youngest fully-expanded leaves of two 

soybean genotypes (G. max –Lee and G. soja) grown in aerated nutrient solution with 

control (non-saline) or 75 mM NaCl for 21 days. Treatments were imposed on 13-day-

old plants. Elemental concentrations were measured by cryo-SEM X-ray microanalysis. 

Nutrient concentrations in (mmol kg−1 water; i.e. mM) are for fully hydrated, cryo-fixed 

cells. Data are means ±SE (n = 16–100 cells measured on three leaflets from each 

replicate plant, with 4 replicate plants per treatment). Bars represent least significant 

difference (LSD) at P < 0.05 for genotype × treatment × cell type interaction. Additional 

statistical analysis is given in Table 5.1. Note: vertical axis scales differ in each panel. 
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Fig. 5.3 (a) Segment sampled from soybean leaf, (b)  model of soybean lamina and 

internal structure (reproduced from Ohyama et al. 2017), cross-section of the lamina of 

leaflets of (c) G. max Lee and (d) G. soja showing the major cell types analysed in 

equivalent cryo-fixed tissues (Fig. 5.2 and 5.4) for cellular ion concentration. Segment 

sampled from leaves of plants were grown in aerated nutrient solution with control (non-

saline control) for 21 days. Sections were stained with toluidine blue O. UE, upper 

epidermis; PM, palisade mesophyll; BS bundle sheath; SM, spongy mesophyll; LE, lower 

epidermis. Scale bars = 100 µm.  
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Fig. 5.4 Typical qualitative element maps of [Na], [Cl], [K], and [Ca] from cryoplaned, 

frozen–hydrated leaflets of the youngest fully-expanded leaves of two soybean genotypes 

(G. max Lee and G. soja). Plants were grown in aerated nutrient solution with 0 (non-

saline control) or 75 mM NaCl for 21 days. Treatments were imposed on 13-day-old 

plants. Elemental concentrations from different cell types are summarized in Fig. 5.2. 

Scale bars = 100 µm. 
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Fig. 5.5 Scatter plots of net photosynthesis rate (Pn) against (a, b) Na+, (c, d) Cl–, (e, f) K+ 

concentrations, and K+/Na+ ratio in lamina of G. max Lee and G. soja when grown in 

control (non–saline; open circles), 75 mM NaCl (solid circles) for 21 days. Treatments 

were imposed on 13–day–old plants for 21 days of treatment. Pn was measured at 19-21 

days of treatment between 09:00 AM and 15:00 PM at photosynthetically active radiation 

of 1500 µmol photons m–2 s–1, CO2 concentration of 400 µmol mol–1, 28 0C leaf chamber 

temperature and 60–70% relative humidity. Each value is an individual replicate and each 

replicate is a plant growth in a different pot. * significant at P < 0.05, ** significant at P 

< 0.01, and n.s. = not significant. Note: the horizontal axis scale for K+ concentration in 

lamina (c, g) differs to those in the other panels. 
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Chapter 6: General Discussion 

6.1  Overview  

Understanding salinity tolerance mechanisms in plants should assist plant breeding 

programs to improve tolerance (Munns et al. 2020; Yeo & Flowers 1986). This thesis 

aimed to reveal the physiological mechanisms of salt tolerance in (sub)tropical grain 

legumes with a focus on soybean (Glycine max L. Merr.). A key objective was to 

elucidate the effects of Na+ and Cl−, individually and combined, and a comparative 

physiology approach of soybean to other (sub)tropical grain legumes and of contrasting 

soybean genotypes with a wild soybean (Glycine soja). The four experimental chapters 

(Chapters 2–5) investigated aspects of the growth and physiology of salt tolerance in 

soybean, cowpea (Vigna unguiculata L.), mungbean (Vigna radiata (L.) R. Wilczek), 

common bean (Phaseolus vulgaris L.) and the wild soybean, and the individual and 

combined effects of high Na+ and Cl− at various concentrations. The experiments were 

conducted in nutrient solution culture in a temperature-controlled glasshouse. 

6.2  Key findings 

Based on what is known of salt tolerance in other grain legume species, and the results 

from the experimental chapters, I ascertained: (1) salt sensitivity in soybean is determined 

mainly by Na+ toxicity (Chapter 2); (2) salt sensitivity in mungbean is determined mainly 

by Cl– toxicity (Chapter 2); (3) salt sensitivity in cowpea and common bean are 

determined by both Na+ and Cl– toxicity (Chapter 2); (4) the G. max and G. soja responded 

similarly across all salt treatments and leaf ‘tissue tolerance’ to Na+ was one of the 

physiological traits contributing to their salinity tolerance (Chapter 4); (5) G. soja 

excludes Na+ from  photosynthetically active mesophyll cells and compartmentalises Na+ 

in epidermal cells, while G. max distributes Na+ more evenly among the various leaf 

lamina cells (Chapter 5); and (6) both G. max and G. soja for their leaf lamina each 

sequester high amounts of Cl– in bundle sheath cells, followed by mesophyll cells and 

epidermal cells (Chapter 5). 

Under salt stress, soybean tolerated osmotic stress in a high cation ‘negative control’ (no 

Na+, no Cl–) with Ψπ (MPa) = –0.34. Soybean maintained leaf water content, produced 

an osmoprotectant (pinitol) and adjusted leaf sap Ψπ (MPa) (more negative than the 

external nutrient solution Ψπ) (Table 3.2, Chapter 2). Hence, in NaCl salinity (with near-

equivalent Ψπ) the reductions in seed dry mass and in net photosynthesis (Pn) in soybean 
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were mostly due to ionic stress. The reductions in Pn for plants under stress can be due to 

non-stomatal factors (i.e. high Na+ and low K+ concentrations in the lamina) (Yeo et al. 

1986) and/or stomatal factor (stomatal closure) (Chaves et al. 2009). Soybean subjected 

to Na+ salts (without Cl–) reduced Pn, and gs but Ci was maintained, while soybean 

subjected to NaCl and Cl– salts (without Na+) reduced Pn, gs and Ci simultaneously 

(Chapter 2. Fig 2.10). Chapter 3 confirmed these findings and revealed that Na+ salts 

(without Cl–) and NaCl each also had significant impacts on G. soja. In chickpea, salt 

stress limited photoassimilate availability, which contributed to reduced growth; 

similarly, sucrose infusion into the stems of salt-stressed chickpea increased growth 

(Khan, Siddique & Colmer 2016), but in contrast the leaf sucrose concentration was 

maintained in soybean, mungbean, and increased in cowpea and common bean under salt 

stress (Chapter 2, Fig. 2.10e). In soybean exposed to NaCl, leaf Na+ increased to levels 

in the leaves which were regarded as being toxic (i.e. exceeded the critical toxicity 

concentration of 217 µmol g–1 dry mass (>0.5%) (Weir 1994), but Na+ levels were 

relatively low in soybean flowers, pod walls and seeds (about 100 µmol g–1 dry mass). 

These results suggest that the restriction of Na+ entry to shoots (ion exclusion by roots), 

leaf tissue tolerance to Na+ and partitioning of the ions within the shoot, all contribute to 

salt tolerance in soybean. 

The greater sensitivity of soybean (G. max) to Na+ than to Cl- (Chapters 2 & 4) contrasts 

with another study which concluded that G. max is more sensitive to Cl– than to Na+ when 

subjected to 150 mM Cl– salts (without Na+) and 100 mM Na+ salts (without Cl–) for six 

days (Luo, Yu & Liu 2005). A treatment duration of only six days would have limited the 

assessment since specific ion effects are often considered to take time to develop (Munns, 

Schachtman & Condon 1995). Differences in the capacity to use the ions for the initial 

osmotic acclimation could result in perceived short-term differences in the effect of the 

different ions used in the study of Luo et al. (2005). In contrast, the experiments in this 

thesis had longer treatment times so that the impact of salt treatments could be assessed 

for weeks (vegetative stage) to months (podding and pod-filling stages). The results for 

soybean were also confirmed in independent experiments (Chapters 2 & 4).  

The exclusion of Na+ and/or Cl– by roots to control the amounts of these ions reaching 

the shoots, and leaf tissue tolerance of these ions, are important features of plants to avoid 

the detrimental effects of salt stress (Munns & Tester 2008; Flowers, Munns & Colmer 

2015). In this study, soybean restricted the amount of Na+ and/or Cl– entering leaf lamina, 
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relative to that in stem and roots (Chapters 2 & 4). Two approaches were tested to assess 

leaf tissue tolerance: (i) inject NaCl directly into petioles and stems, and (ii) expose cut 

end of a petiole from an excised leaf to NaCl solution; in both cases with an expectation 

that Na+ would move into the xylem and thus to the transpiring lamina (Chapter 3). 

Neither of these two methods were suitable, as the stem injection had very limited ion 

entry to leaves and the excised leaves added a complicating factor of very low 

transpiration. Next, x-ray microanalysis was used to explore the cellular distributions of 

Na+, Cl– and K+ in G. max and G. soja leaves (Chapter 5), as chickpea has been shown to 

exclude Na+ and/or Cl– from photosynthetically active mesophyll cells and to sequester 

these ions at high concentrations in epidermal cells (Kotula et al. 2019; Seemann & 

Critchley 1985; James et al. 2006). Similarly, G. soja excluded Na+ from 

photosynthetically active mesophyll cells and sequestered these ions at high 

concentrations in epidermal cells. In contrast, G. max (cv. Lee) distributed Na+ more 

evenly among leaf cells (Chapter 5, Fig 5.2a). However, both G. max and G. soja 

sequestered a significant amount of Cl– into mesophyll and bundle sheath cells (Chapter 

5, Fig 5.2b). This study is the first to report cellular distributions of Na+ and/or Cl– in 

soybean, so there was no benchmark of other soybean results for comparison. 

Table 6.1 Summary of hypotheses and key findings of the experiments presented in this 

thesis.  

Chapter Hypotheses  Key findings 

 

2 

Na+ toxicity determines 

salt tolerance in soybean, 

mungbean, cowpea and 

common bean. 

 

Based on reductions in seed dry mass and 

inhibition of net photosynthesis (Pn): 

- Na+ toxicity determines salt tolerance in 

soybean. 

- Cl– toxicity determines salt tolerance in 

mungbean. 

- Na+ and Cl– toxicity determines salt tolerance 

in cowpea and common bean.  
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Table 6.1 Continued 

Chapter Hypotheses  Key findings 

2 Leaf ‘tissue tolerance’ 

and Na+ exclusion 

contribute to salt 

tolerance in soybean, 

mungbean, cowpea and 

common bean. 

 

High Na+ and/or Cl– in leaf tissue impaired Pn. 

In saline conditions although Pn was reduced 

in all plants, soybean, cowpea and common 

bean had higher Pn than that of mungbean. 

Na+ concentrations were lower in leaf lamina 

than those in roots in all four grain legume 

species at both vegetative stage and 

reproductive stage. 

The osmotic stress can 

also impair growth.  

An external medium of high cation ‘negative 

control’ (same cations as the Cl– treatment, 

but with SO4
2– and NO3

– as anions) with Ψπ = 

–0.34 MPa did not affect soybean shoot 

growth after 21 days (vegetative stage) or 36 

days (podding stage), but reduced shoot dry 

mass after 57 days (pod-filling stage) to 70% 

of control. In mungbean, shoot growth was 

reduced relative to controls at all harvests, 

while in cowpea and common bean, shoot 

growth had only declined after 21 days.  

 

3 

NaCl infusion into stem 

or petioles or an excised 

leaf system can be used to 

test for differences in leaf 

tissue tolerance to NaCl. 

Both methods were found to be unsuitable to 

assess leaf tissue tolerance to NaCl. There was 

no increase in Na+ and/or Cl– in the leaf 

lamina (infusion system) and transpiration in 

lamina had largely ceased right after one day 

of treatment (excised leaf system).  
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Table 6.1 Continued 

Chapter Hypotheses  Key findings 

4 Na+ toxicity determines 

salt tolerance in G. max 

and G. soja. 

 

Both G. max and G. soja are more sensitive to 

high Na+ than high Cl–. 

Shoot dry mass in G. max cvs. Bunya and Lee 

and G. soja declined more when exposed to 

Na+ salts (without Cl–) than Cl– salts (without 

Na+). Pn declined more in Na+ salts (without 

Cl–) than Cl– salts (without Na+). 

Salt-tolerance in soybean 

is due to ion exclusion 

from the leaf lamina. 

Three soybean genotypes each had lower leaf 

Na+ concentrations than those in other parts of 

the plants (petioles, stem and roots);  

G. max cv Lee and G. soja each had lower leaf 

Na+ concentration than G. max cv. Bunya 

when exposed to similar external salt stress. 

The reductions of shoot dry mass and Pn (% 

of non-saline control) of G. max cv. Lee and 

G. soja when exposed to salt stress were not 

different but each was greater than that in G. 

max cv. Bunya at 75 mM and 100 mM NaCl 

at both 21 days and 42 days. 

 

5 

The capacity to maintain 

Pn in soybean is 

associated with the ability 

to exclude Na+ from the 

lamina and in particular 

from the 

photosynthetically active 

mesophyll cells. 

The exclusion of Na+ from the lamina, 

particularly the mesophyll cells, and the 

ability to compartmentalise Na+ in epidermal 

cells was evident for G. soja but was not 

found in G. max cv. Lee. The reductions in 

shoot dry mass and Pn in G. soja and G. max 

cv. Lee were nevertheless similar in the 75 

mM NaCl treatment.  
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6.3  Conclusions and future research perspectives 

One of the objectives of this thesis was to elucidate the salt tolerance mechanisms of four 

(sub)tropical grain legume species (soybean, mungbean, cowpea and common bean) 

under different salt stress treatments with Na+ and Cl−, individually or combined. Soybean 

was more sensitive to high Na+ than high Cl–; mungbean was more sensitive to high Cl– 

than high Na+; cowpea and common bean were sensitive to both high Na+ and high Cl– 

(Chapter 2). The salt tolerance mechanisms of the four (sub)tropical grain legume species 

included the ability to exclude Na+ and/or Cl– from leaves and adjust leaf sap osmotic Ψπ 

(MPa) which would have contributed to maintenance of leaf tissue water content and to 

reduce the adverse effect of salt stress on Pn (Chapter 2). This study used a single 

genotype of mungbean, cowpea and common bean; further research on more genotypes 

is needed to elucidate whether the findings are applicable more generally and to assess 

genotypic variation in various traits to further understand salt tolerance mechanisms in 

these species (Chapter 2).  

For soybean, G. max cvs. Lee and Bunya and G. soja were used in Chapter 4 to confirm 

and extend on the results from Chapter 2. The three soybean genotypes reduced growth 

more under Na+ salts (without Cl–) and NaCl than Cl– salts (without Na+). There were 

genotypic differences in shoot and root dry mass, but no genotypic differences in Pn. 

Shoot dry mass and Pn decreased more for cv. Bunya in Chapter 4 than in Chapter 2, 

which might have been due to experimental timing and the photoperiodism of soybean 

(Chapter 2: February to April vs Chapter 4: December to February). Future research 

should consider the consistency in experiment conditions, such as day length and light 

intensity to avoid such impacts. In addition, the wild soybean (G. soja) chosen in this 

research was the only accession of this type available to us; it might not be outstanding 

for salinity tolerance amongst all possible wild accessions. Hence, in order to have a 

concise recommendation for using this cultivar in breading for salinity tolerance, more 

research on phenotyping and genotyping of a diverse set of germplasm of wild soybeans 

would need to be done. 

Leaf ion exclusion and leaf tissue tolerance contributed to salt tolerance in soybean. 

However, the initial systems tested (infusion and excised leaf systems) to further evaluate 

tissue tolerance were unsuitable and did not provide evidence of leaf tissue tolerance in 

soybean or common bean (Chapter 3). The x-ray microanalysis, used to explore the 

distributions of Na+, Cl– and K+ in soybean leaf lamina cells, indicated that for G. soja, 
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but not for the G. max, in addition to Na+ exclusion from lamina, Na+ accumulation was 

also particularly avoided for the mesophyll cells, and the compartmentalisation of Na+ in 

epidermal cells might also contribute to salt tolerance (Chapter 5). Additional x-ray 

microanalysis work on soybean exposed to higher salinity or to a longer duration, and 

with a wider germplasm range of soybean, should be useful to determine whether those 

above findings are consistent across a broad range of contrasting soybean genotypes. 

Finally, all the work in this thesis was conducted under the nutrient solution that 

evaluation of the physiology of plants in saline soils and field conditions will also be an 

important aspect of future research, although field research will require detailed soil 

characterisation as salinity can be variable even across short distances. 
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Supplementary Materials 

Supplementary Materials Chapter 2 

Table S2.1 Experiment 1: Shoot and root dry mass and gas exchanges (net photosynthetic rate (Pn), stomatal conductance (gs), (c) sub–

stomatal CO2 (internal CO2 concentration, Ci), transpiration rate (T), and SPAD value) of soybean, mungbean, cowpea, and common bean 

when grown in control (non–saline), 50 mM NaCl, 50 mM Na+
 (16.667 mM Na2SO4 + 16.667 mM NaNO3), and 50 mM Cl– (8.333 mM 

CaCl2 + 8.333 mM MgCl2 + 16.667 mM KCl) treatments. Treatments were imposed on 13–day–old plants, which were then sampled at 21 

days of treatment (podding stage) and 64 days of treatment (pod–filling stage). Gas exchange measured at 19–20 days of treatment (vegetative 

stage) between 09:00 and 15:00 at photosynthetically active radiation of 1500 µmol photons m–2 s–1, CO2 concentration of 400 µmol mol–1, 

leaf chamber temperature of 28 C and 60–70% relative humidity. Values are means ± SE (n = 4). Least significant differences (LSD) for 

treatment means within each specie, treatment and specie × treatment interaction are given at the bottom of each column data (P = 0.05). The 

probability levels for one–way and two–way ANOVA in each column data are: * P < 0.05, ** P < 0.01, *** P < 0.001, and n.s. = not 

significant).  
 

  At 21 days of treatment 

Shoot dry 

mass (g) 

Root dry 

mass (g) 

Pn (µmol 

CO2 m–2 s–1) 

gs (mol H2O 

m–2 s–1) 

Ci (µmol CO2 

mol–1) 

T (mmol 

H2O m–2 s–1) 

SPAD 

value 

Soybean 
 

Control 15.8±0.8 2.7±0.4 22.4±1.0 0.7±0.1 280.2±10.9 6.6±0.3 26.5±0.5 

NaCl 12.9±1.5 2.2±0.4 17.7±0.5 0.8±0.1 301.6±6.8 6.6±0.4 32.9±1.2 

Na salts 14.5±0.9 1.6±0.1 14.7±0.9 0.4±0.0 275.5±15.3 7.9±0.3 36.6±0.3 

Cl salts 14.2±0.7 2.6±0.2 20.3±1.2 1.0±0.2 300.7±7.4 7.9±0.2 30.7±4.0  
LSD (5%) n.s.  n.s.  2.8*** 0.4* n.s.  0.9*** 6.4* 
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Table S2.1 Continue 

  At 21 days of treatment 

Shoot dry 

mass (g) 

Root dry 

mass (g) 

Pn (µmol 

CO2 m–2 s–1) 

gs (mol H2O 

m–2 s–1) 

Ci (µmol CO2 

mol–1) 

T (mmol 

H2O m–2 s–1) 

SPAD 

value 

Mungbean Control 9.7±1.8 1.8±0.3 26.4±0.3 0.9±0.1 276.5±9.2 6.9±0.4 36.1±2.0 

NaCl 7.0±2.1 1.2±0.3 18.7±0.9 0.7±0.1 262.5±17.5 5.9±0.5 40.8±2.2 

Na salts 6.1±0.5 0.9±0.2 24.7±1.0 1.0±0.1 288.6±8.9 8.6±0.7 43.2±1.6 

Cl salts 6.9±0.7 1.7±0.1 22.7±1.2 0.9±0.1 292.8±1.3 6.4±0.5 42.4±1.9  
LSD (5%) n.s.  n.s.  2.7*** n.s.  n.s.  n.s.  n.s.  

Cowpea Control 6.9±2.5 0.9±0.3 24.3±2.3 2.1±0.5 312.0±2.4 5.1±0.4 44.9±2.3 

NaCl 3.9±0.8 0.6±0.1 17.4±1.6 2.0±0.3 327.2±6.3 6.8±0.2 45.4±1.4 

Na salts 2.8±0.6 0.4±0.1 13.6±3.9 2.3±0.6 340.5±6.4 7.8±0.9 45.5±1.7 

Cl salts 3.1±1.3 0.5±0.2 15.8±2.0 1.6±0.3 328.5±3.1 5.1±0.8 31.6±1.2 

LSD (5%) n.s. n.s. n.s. n.s.  n.s.  n.s.  n.s. 

Common 

bean 

Control 10.3±2.8 1.8±0.5 22.8±0.3 1.6±0.2 310.6±3.1 7.1±0.1 35.2±2.4 

NaCl 11.9±1.6 1.7±0.2 17.4±1.2 0.7±0.1 301.4±6.4 7.0±0.2 36.5±3.4 

Na salts 12.3±0.6 1.9±0.2 19.9±1.8 0.7±0.2 290.6±4.4 8.1±0.7 37.5±4.7 

Cl salts 11.8±1.3 2.0±0.3 18.0±1.5 0.9±0.3 303.9±9.4 6.1±0.6 37.9±2.0 

 LSD (5%) n.s.  n.s.  4.0* 0.5* n.s.  1.7* n.s.  

LSD (5%) Species 2.1*** 0.4*** 2.3*** 0.37*** 12.9*** 0.71* 3.3*** 

Treatment n.s.  0.4*** 2.3*** n.s.  n.s. 0.71*** 3.3** 

Species × 

Treatment  n.s.  n.s.  4.5* n.s. 24.4* 1.7* 6.6** 
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Table S2.2 Experiment 1: Shoot and root dry mass, pod dry mass per plant and gas exchanges (net photosynthetic rate (Pn), stomatal 

conductance (gs), (c) sub–stomatal CO2 (internal CO2 concentration, Ci), transpiration rate (T), and SPAD value) of soybean, mungbean, 

cowpea, and common bean when grown in control (non–saline), 50 mM NaCl, 50 mM Na+
 (16.667 mM Na2SO4 + 16.667 mM NaNO3), and 

50 mM Cl– (8.333 mM CaCl2 + 8.333 mM MgCl2 + 16.667 mM KCl) treatments. Treatments were imposed on 13–day–old plants, which 

were then sampled at 64 days of treatment (pod–filling stage). The data are for mature pods (pod walls and seeds) and mature seeds only with 

gas exchange measured after 60–63 days of treatment (vegetative stage) between 09:00 and 15:00 at photosynthetically active radiation of 

1500 µmol photons m–2 s–1, CO2 concentration of 400 µmol mol––1, leaf chamber temperature of 28 C and 60–70% relative humidity. Values 

are means ± SE (n = 4). Least significant differences (LSD) for treatment means within each specie, treatment and specie× treatment 

interaction are given at the bottom of each column data (P = 0.05). The probability levels for one–way and two–way ANOVA in each column 

data are: * P < 0.05, ** P < 0.01, *** P < 0.001, and n.s. = not significant).  
 

  At 64 days of treatment 

Shoot dry 

mass (g) 

Root dry 

mass (g) 

Pod dry 

mass (g) 

Pn (µmol 

CO2 m–2 

s–1) 

gs (mol 

H2O m–2 

s–1) 

Ci (µmol 

CO2 mol–1) 

T (mmol 

H2O m–2 

s–1) 

SPAD 

value 

Soybean Control 67.4±4.4 12.2 ±1.2 8.8±0.4 18.3±2.0 0.7±0.2 284.0±11.8 6.4±0.7 30.8±1.0 

NaCl 41.0±6.4 7.5 ±1.0 7.8±0.8 18.8±2.3 0.6±0.1 280.1±2.1 6.3±0.4 36.6±1.4 

Na salts 55.5±4.2 6.4 ±1.2 7.3±0.1 18.5±2.6 0.5±0.1 273.5±10.0 6.0±0.4 40.0±1.3 

Cl salts 56.6±3.8 9.7±1.1 8.5±0.5 19.1±1.3 0.7±0.1 290.5±.1 6.6±0.3 32.7±2.1 

LSD (5%) n.s. 17.3* n.s.  n.s.  n.s.  n.s. n.s.  4.6** 

Mungbean Control 31.2±2.9 5.1±0.3 2.9±0.4 23.1±1.9 1.2±0.4 297.0±6.6 7.8±1.1 40.0±1.7 

NaCl 23.3±3.0 3.3±0.4 2.1±0.6 23.1±2.9 1.0±0.3 284.6±10.1 7.4±1.0 40.2±3.0 

Na salts 30.9±2.7 3.8±0.6 3.2±1.0 26.1±1.9 1.1±0.1 290.0±2.2 8.2±0.4 44.3±2.5 

Cl salts 25.9±2.5 4.6±0.3 2.6±0.8 22.3±1.3 0.7±0.1 283.4±6.8 6.9±0.9 35.1±1.6 

LSD (5%) n.s. 1.2* n.s.  0.5*** n.s.  n.s.  n.s.  n.s.  
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   Table S2.2 Continue 

  At 64 days of treatment 

Shoot dry 

mass (g) 

Root dry 

mass (g) 

Pod dry 

mass (g) 

Pn (µmol 

CO2 m–2 

s–1) 

gs (mol 

H2O m–2 

s–1) 

Ci (µmol 

CO2 mol–1) 

T (mmol 

H2O m–2 

s–1) 

SPAD 

value 

Cowpea 

  

Control 6.6±2.0 0.7±0.2 0.6±0.2 17.7±5.8 1.7±0.5 327.2±11.3 8.0±0.6 45.3±1.0 

NaCl 4.3±0.4 0.8±0.1 0.3±0.1 19.8±3.4 2.4±0.6 326.6±4.1 8.7±0.6 45.6±2.0 

Na salts 2.3±0.2 0.3±0.0 0.3±0.1 17.0±1.4 2.2±0.4 330.6±3.3 8.2±0.8 47.3±2.1 

Cl salts 2.7±0.9 0.4±0.1 0.6±0.1 17.9±3.6 2.2±0.8 327.8±2.9 8.4±0.6 45.1±2.3 

LSD (5%) n.s.  n.s. n.s.  n.s.  n.s.  n.s.  n.s.  n.s.  

Common 

bean 

 

  

Control 29.6±1.3 3.2±0.3 9.3±0.2 18.2±0.7 0.7±0.1 297.2±8.4 6.8±0.8 38.3±2.2 

NaCl 16.1±2.4 1.1±0.2 2.6±0.7 18.4±0.8 0.6±0.1 284.1±8.9 6.7±0.7 37.5±1.3 

Na salts 25.9±1.2 2.0±0.2 7.0±0.5 20.2±1.7 0.6±0.2 267.3±13.9 5.9±0.9 45.5±0.8 

Cl salts 24.1±3.7 1.9±0.4 5.4±1.1 11.9±3.5 0.5±0.3 260.7±28.6 4.1±1.3 33.3±1.8 

LSD (5%) 7.3** 0.9** 2.1*** n.s.  n.s.  n.s.  n.s.  4.9*** 

LSD (5%) 

 

Species 4.3*** 0.8*** 0.4*** 3.7*** 4.8*** 15.1*** 1.1*** 2.6*** 

Treatment 4.3*** 0.8*** 0.4*** n.s.  n.s.  n.s.  n.s.  2.6*** 

Species × 

Treatment  8.7* 1.8** 0.8*** n.s.  n.s.  n.s.  n.s.  n.s.  
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Table S2.3 Days to first leaf damage (brown and desiccated tissue and 10% of the lamina 

damaged on a leaf) and days to first flower of soybean, mungbean, cowpea, and common 

bean when grown in control (non–saline), 100 mM NaCl, 100 mM Na+
 (without Cl–), 100 

mM Cl– (without Na+) and high cation negative control (K+, Mg2+ and Ca2+ equivalent to 

those in the 100 mM Cl–) treatments. Salts used in the various treatments are given in Table 

2.1 and treatments were imposed on 13–day–old plants.  The number of days in both cases 

is since the imposition of the treatments. Values are means ± SE (n = 4). Least significant 

difference (LSD) for treatment means within each specie, treatment and specie × treatment 

interaction are given at the bottom of each column data (P = 0.05). The probability levels for 

one–way and two–way ANOVA each column data are: *** P < 0.001 and n.s. = not 

significant. 

Legume 

 

Treatment 

 

Days to first leaf 

damaged 

since treatments 

commenced 

Days to first 

flower 

since treatments 

commenced 

Soybean 

 

Control N.A 25±0.5 

NaCl 15±0.5 23±0.4 

Na+ salts  13±0.5 27±0.5 

Cl– salts  15±0.5 23±0.4 

High cation N.A 23±0.4 

LSD (5%) 1.5*** 1.3*** 

Mungbean 

 

 

Control N.A 27±0.6 

NaCl 8±0.4 29±0.5 

Na+ salts  12±0.8 28±0.3 

Cl– salts  10±0.5 32±0.5 

High cation 16±0.5 21±0.5 

LSD (5%) 1.3*** 1.4*** 

Cowpea 

 

 

Control N.A 27±0.4 

NaCl 14±0.3 28±0.5 

Na+ salts  13±0.5 32±0.5 

Cl– salts  14±0.3 30±0.3 

High cation 18±0.8 26±0.5 

LSD (5%) 0.8*** 1.3*** 

Common bean 

 

 

Control N.A 29±0.3 

NaCl 13±0.8 29±0.5 

Na+ salts  11±0.3 26±0.5 

Cl– salts  11±1.0 25±0.3 

High cation 16±0.5 24±0.5 

LSD (5%) 1.7*** 1.2*** 

LSD (5%) 

 

 

Species 0.9*** 0.5*** 

Treatment n.s. 0.6*** 

Species × Treatment 1.5*** 1.2*** 
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Table S2.4 Tissue ion (Na+, Cl–, K+, and K+/Na+) in lamina, petiole, stems and roots of 

soybean, mungbean, cowpea and common bean, when grown in control (non–saline). Ion 

concentrations and osmotic potential in a complete basal (non–saline control) nutrient 

solution are given in Table 2.1. Plants sampled right at time of treatment of 13–day–old 

plants. Values are means ± SE (n=4). Least significant difference (LSD) for treatment means 

within each specie, treatment and specie × treatment interaction are given at the bottom of 

each column data (P = 0.05). The probability levels for one–way and two–way ANOVAs in 

each column data are: *** P < 0.001 and n.s. = not significant.  

 

  Na+  

(µmol g–1 

dry mass) 

K+ 

 (µmol g–1 

dry mass) 

Cl–  

(µmol g–1 dry 

mass) 

K+/Na+ 

ratio 

Lamina Soybean 2.6±0.1 1151±63 19.9±0.5 431±1.3 

Mungbean 2.6±0.03 1268±182 44.0±0.5 478±7.3 

Cowpea 2.5±0.1 1115±19 35.8±0.5 436±1.4 

Common bean 2.5±0.04 1133±41 41.2±0.3 441±1.5 

                          LSD (5%) n.s n.s *** n.s 

Petioles Soybean 2.9±0.4 2117±13 43.9±1.4 724±13.0 

Mungbean 2.5±0.1 681±3 42.5±4.1 624±2.1 

Cowpea 6.8±0.4 5604±92 177.3±2.8 82.7±3.5 

Common bean 5.8±0.4 2187±32 47.8±0.1 37.1±0.8 

                          LSD (5%) *** n.s *** *** 

Stems Soybean 2.6±0.03 1416±21 36. 3±0.7 52.5±0.5 

Mungbean 4.1±0.8 1669±10 120.3±1.9 43.8±6.4 

Cowpea 2.7±0.1 1685±94 37.0±0.3 61.0±0.5 

Common bean 2.5±0.07 1519±61 79.1±1.5 59.9±0.6 

                          LSD (5%) n.s n.s *** n.s 

Roots Soybean 5.1±0.1 1374±38 36.2±0.9 26.8±0.5 

Mungbean 5.3±0.07 2134±25 120.3±0.4 39.8±0.8 

Cowpea 5.3±0.1 1797±43 37.0±0.4 33.8±0.3 

Common bean 5.5±0.03 1235±14 79.1±1.5 22.4±0.2 

                          LSD (5%) n.s *** *** n.s 
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Fig. S2.1 Dry mass of lamina, petioles, and stems per plant of soybean, mungbean, cowpea 

and common bean, when grown in control (non–saline), 100 mM NaCl, 100 mM Na+
 

(without Cl–), 100 mM Cl– (without Na+) and high cation negative control (K+, Mg2+ and 

Ca2+ equivalent to those in the 100 mM Cl– salts) treatments. Salts used in the various 

treatments are given in Table 2.1. Treatments were imposed on 13–day–old plants, and 

sampled at (a, d, g) 15 (vegetative stage), (b, e, h) 36 (podding stage), and (c, f, i) 57 (pod–

filling stage) days of treatment. Values are means ± SE (n = 4). Significant difference for 

treatment means within each species are indicated by different letters (P = 0.05). The 

probability levels for two–way ANOVA in each graph are: ** P < 0.01, *** P < 0.001, and 

n.s. = not significant. Note: the axis scale for lamina, petiole, and stems dry mass at the 

vegetative stage (a, d, g) differ from the others.  
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Fig. S2.2 Tissue Na+, Cl–, and K+ concentration in (a, b, c) flowers, (d, e, f) mature pod walls, 

and (g, h, i) mature seeds of soybean, mungbean, cowpea, and common bean when grown in 

control (non–saline), 100 mM NaCl, 100 mM Na+
 (without Cl–), 100 mM Cl– (without Na+) 

and high cation negative control (K+, Mg2+ and Ca2+ equivalent to those in the 100 mM Cl–) 

treatments. Salts used in the various treatments are given in Table 2.1. Treatments were 

imposed on 13–day–old plants and sampled at 57 (pod–filling stage) days of treatment. 

Values are means ± SE (n = 4). Significant difference for treatment means within each species 

are indicated by different letters (P = 0.05). The probability levels for two–way ANOVA in 

each graph are: *** P < 0.001 and n.s. = not significant). Note: the axis scale for Na+, Cl–, 

K+ concentration in flowers (a, d, g) differ from those of pod walls (b, e, h), and seeds (c, f, 

i). 
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Fig. S2.3 K+/Na+ ratio in shoots (stems, petioles and lamina) and in roots of soybean, 

mungbean, cowpea, and common bean when grown in 100 mM NaCl and 100 mM Na+
 

(without Cl–) treatments. Salts used in the various treatments are given in Table 2.1. 

Treatments were imposed on 13–day–old plants and sampled at (a, d) 15 (vegetative stage), 

(b, e) 36 (podding stage) and (c, f) 57 (pod–filling stage) days of treatment. Values are means 

± SE (n = 4). Significant difference for treatment means within each species are indicated by 

different letters (P = 0.05). The probability levels for two–way ANOVA in each graph are: 

n.s. = not significant. Note: The axis scale for shoot and root K+/Na+ at vegetative stage (a, 

d) differ from those of shoot and root K+/Na+ at podding and pod-filling stages (b, c, e, f). 
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Fig. S2.4 Tissue K+/Na+ ratio in green lamina, green petioles, and green stems of soybean, 

mungbean, cowpea, and common bean when grown in 100 mM NaCl and 100 mM Na+
 

(without Cl–) treatments. Salts used in the various treatments are given in Table 2.1. 

Treatments were imposed on 13–day–old plants and sampled at (a, d, g) 15 (vegetative stage), 

(b, e, h) 36 (podding stage) and (c, f, i) 57 (pod–filling stage) days of treatment. Values are 

means ± SE (n = 4). Significant differences for treatment means within each species are 

indicated by different letters (P = 0.05). The probability levels for two–way ANOVA in each 

graph are: n.s. = not significant. (Note: Mungbean subjected to Cl– (without Na+) did not 

have enough green leaf lamina or green petioles at the pod–filling stage for ion analysis; and 

common bean subjected to the NaCl treatment did not have enough green leaf lamina at the 

pod–filling stage for ion analysis. The axis scale for K+/Na+ concentration in lamina, petioles 

and stems at the vegetative stage (a, d, g) differ from those of the K+/Na+ concentration in 

lamina, petioles and stems at the podding and pod-filling stages (b, e, h, c, f, i). 
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Fig. S2.5 Tissue K+/Na+ ratio in flowers, pod walls, and seeds of soybean, mungbean, 

cowpea, and common bean when grown in 100 mM NaCl and 100 mM Na+
 (without Cl–) 

treatments. Salts used in the various treatments are given in Table 2.1. Treatments were 

imposed on 13–day–old plants and sampled at (a, b, c) 57 (pod–filling stage) days of 

treatment. Values are means ± SE (n = 4). Significant differences for treatment means within 

each species are indicated by different letters (P = 0.05). The probability levels for two–way 

ANOVA in each graph are: ** P < 0.01, *** P < 0.001, and n.s. = not significant. (Note: 

Mungbean subjected to NaCl did not have any pod at the pod–filling stage for ion analysis. 

The axis scale for K+/Na+ ratio in flowers, pod walls and seeds (a, b, c) differ from those of 

the K+/Na+ ratio in flowers, pod walls and seeds (d, e, f). 
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Fig. S2.6 Net photosynthetic rate (a, b, c, d) (Pn), (e, f, g, h) stomatal conductance (gs), (i, j, 

k, l) sub–stomatal CO2 (internal CO2 concentration, Ci) of soybean, mungbean, cowpea and 

common bean, when grown in control (non–saline), 100 mM NaCl, 100 mM Na+
 (without 

Cl–), 100 mM Cl– (without Na+) and high cation negative control (K+, Mg2+ and Ca2+ 

equivalent to those in the 100 mM Cl– treatment) treatments. Salts used in the various 

treatments are given in Table 2.1. Treatments were imposed on 13–day–old plants, with gas 

exchange measured at 33–35 days of treatment (podding stage) between 09:00 and 15:00 at 

photosynthetically active radiation of 1500 µmol photons m–2 s–1, CO2 concentration of 400 

or 800 µmol mol–1, leaf chamber temperature of 28 C and 60–70% relative humidity. Values 

are means ± SE (n = 4). Significant differences for CO2 level means within each species are 

indicated by different letters (P = 0.05) with a, b, c, d, e for 400 µmol mol– (CO2) and A, B, 

C, D for 800 µmol mol– (CO2). The probability levels for two–way ANOVA in each graph 

are: * P < 0.05, ** P < 0.01, *** P < 0.001, and n.s. = not significant). Note: the axis scale 

for Pn (a, b, c, d), gs (e, f, g, h) and Ci (i, j, k, l) differ. 
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Fig. S2.7 Net photosynthetic rate (a, b, c, d) (Pn), (e, f, g, h) stomatal conductance (gs), (i, j, 

k, l) sub–stomatal CO2 (internal CO2 concentration, Ci) of soybean, mungbean, cowpea and 

common bean, when grown in control (non–saline), 100 mM NaCl, 100 mM Na+
 (without 

Cl–), 100 mM Cl– (without Na+) and high cation negative control (K+, Mg2+ and Ca2+ 

equivalent to those in the 100 mM Cl– treatment) treatments. Salts used in the various 

treatments are given in Table 2.1. Treatments were imposed on 13–day–old plants, with gas 

exchange measured at 53–55 days of treatment (pod–filling stage) between 09:00 and 15:00 

at photosynthetically active radiation of 1500 µmol photons m–2 s–1, CO2 concentration of 

400 µmol mol–1, leaf chamber temperature of 28 C and 60–70% relative humidity. Values 

are means ± SE (n = 4). Significant differences for treatment means within each species are 

indicated by different letters (P = 0.05) with a, b, c, d, e for 400 µmol mol– (CO2) and A, B, 

C, D for 800 µmol mol– (CO2). The probability levels for two–way ANOVA in each graph 

are: * P < 0.05, ** P < 0.01, *** P < 0.001, and n.s. = not significant). Note: the axis scale 

for Pn (a, b, c, d), gs (e, f, g, h) and Ci (i, j, k, l) differ. 
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Fig. S2.8 Scatter plots of shoot dry mass against shoot Na+ concentration (stems, petioles and 

lamina) of soybean, mungbean, cowpea , and common bean when grown in control (non–

saline; open circles), 100 mM NaCl (solid circles), 100 mM Na+
 (without Cl–) (solid and 

upward triangles), 100 mM Cl– (without Na+) (solid and downward triangles) and high cation  

negative control (solid squares) (K+, Mg2+ and Ca2+ equivalent to those in the 100 mM Cl– 

treatment) treatments.  Salts used in the various treatments are given in Table 2.1. Treatments 

were imposed on 13–day–old plants and sampled at (a, b, c, d) 15 (vegetative stage), (e, f, g, 

h) 36 (podding stage) and (i, j, k, l) 57 (pod–filling stage) days of treatment. Each value is an 

individual replicate and each replicate is a plant growth in a different pot. * significant at P 

< 0.05, ** significant at P < 0.01, *** significant at P < 0.001, and n.s. = not significant. 

Note: the axis scale for vegetative stage (a, b, c), podding stage (d, e, f) and reproductive 

stage (g, h, i) differ. 
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Fig. S2.9 Scatter plots of shoot dry mass against shoot Cl–  concentration of soybean, 

mungbean, cowpea, and common bean when grown in control (non–saline; open circles), 

100 mM NaCl (solid circles), 100 mM Na+
 (without Cl–) (solid and upward triangles), 100 

mM Cl– (without Na+) (solid and downward triangles) and high cation  negative control (solid 

squares) (K+, Mg2+ and Ca2+ equivalent to those in the 100 mM Cl– treatment) treatments.  

Salts used in the various treatments are given in Table 2.1. Treatments were imposed on 13–

day–old plants and sampled at (a, b, c, d) 15 (vegetative stage), (e, f, g, h) 36 (podding stage) 

and (i, j, k, l) 57 (pod–filling stage) days of treatment. Each value is an individual replicate 

and each replicate is a plant growth in a different pot. * significant at P < 0.05, ** significant 

at P < 0.01, *** significant at P < 0.001, and n.s. = not significant. Note: the axis scale for 

vegetative stage (a, b, c), podding stage (d, e, f) and reproductive stage (g, h, i) differ the 

others. 
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Fig. S2.10 Scatter plots of shoot dry mass against shoot K+ concentration of soybean, 

mungbean, cowpea, and common bean when grown in control (non–saline; open circles), 

100 mM NaCl (solid circles), 100 mM Na+
 (without Cl–) (solid and upward triangles), 100 

mM Cl– (without Na+) (solid and downward triangles) and high cation  negative control (solid 

squares) (K+, Mg2+ and Ca2+ equivalent to those in the 100 mM Cl– salts) treatments. Salts 

used in the various treatments are given in Table 2.1. Treatments were imposed on 13–day–

old plants and sampled at (a, b, c, d) 15 (vegetative stage), (e, f, g, h) 36 (podding stage) and 

(i, j, k, l) 57 (pod–filling stage) days of treatment. Each value is an individual replicate and 

each replicate is a plant growth in a different pot. * significant at P < 0.05, ** significant at 

P < 0.01, *** significant at P < 0.001, and n.s. = not significant. Note: the axis scale for 

vegetative stage (a, b, c), podding stage (d, e, f) and reproductive stage (g, h, i) differ. 
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Fig. S2.11 Scatter plots of shoot dry mass against shoot K+/Na+ ratio of soybean, mungbean, 

cowpea, and common bean when grown in control (non–saline; open circles), 100 mM NaCl 

(solid circles), 100 mM Na+
 (without Cl–) (solid and upward triangles), 100 mM Cl– (without 

Na+) (solid and downward triangles) and high cation  negative control (solid squares) (K+, 

Mg2+ and Ca2+ equivalent to those in the 100 mM Cl– treatment) treatments. Salts used in the 

various treatments are given in Table 2.1. Treatments were imposed on 13–day–old plants 

and sampled at (a, b, c, d) 15 (vegetative stage), (e, f, g, h) 36 (podding stage) and (i, j, k, l) 

57 (pod–filling stage) days of treatment. Each value is an individual replicate and each 

replicate is a plant growth in a different pot. * significant at P < 0.05, ** significant at P < 

0.01, *** significant at P < 0.001, and n.s. = not significant. Note: the axis scale for vegetative 

stage (a, b, c) differ the others. 
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Fig. S2.12 Scatter plots  of net photosynthesis (Pn) against (a, b, c, d) stomatal conduction 

(gs) and (e, f, g, h) intercellular CO2 concentration (Ci) measured on second–fully– expanded 

leaf at 13 and 14 days of treatment  of soybean, mungbean, cowpea, and common bean when 

grown in in control (non–saline; open circles), 100 mM NaCl (solid circles), 100 mM Na+
 

(without Cl–) (solid and upward triangles), 100 mM Cl– (without Na+) (solid and down 

triangles) and high cation  negative control (solid squares) (K+, Mg2+ and Ca2+ equivalent to 

those in the 100 mM Cl– treatment) treatments. Salts used in the various treatments are given 

in Table 2.1. Treatments were imposed on 13–day–old plants and with gas exchange 

measured at 13–14 (vegetative stage), 33–35 (podding stage), 53–55 (pod–filling) days of 

treatment between 09:00 AM to 15:00 PM at photosynthetically active radiation of 1500 

µmol photons m–2 s–1, CO2 concentration of 400 µmol mol–1, 28 0C leaf chamber temperature 

and 60–70% relative humidity. Each value is an individual replicate and each replicate is a 

plant growth in a different pot. * significant at P < 0.05, ** significant at P < 0.01, *** 

significant at P < 0.001, and n.s. = not significant.  
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Fig. S2.13 Scatter plots  of net photosynthsis (Pn) against (a, b, c, d) lamina Na+ 

concentration, (e, f, g, h) lamina Cl– concentration, (i, k, l, m) lamina K+ concentration of 

soybean, mungbean, cowpea, and common bean grown in in control (non–saline; open 

circles), 100 mM NaCl (solid circles), 100 mM Na+
 (without Cl–) (solid and upward 

triangles), 100 mM Cl– (without Na+) (solid and down triangles) and high cation  negative 

control (solid squares) (K+, Mg2+ and Ca2+ equivalent to those in the 100 mM Cl–) treatments. 

Salts used in the various treatments are given in Table 2.1. Treatments were imposed on 13–

day–old plants and with gas exchange measured at 13–14 (vegetative stage) days of treatment 

between 09:00 AM to 15:00 PM at photosynthetically active radiation of 1500 µmol photons 

m–2 s–1, CO2 concentration of 400 µmol mol–1, 28 0C leaf chamber temperature and 60–70% 

relative humidity. Each value is an individual replicate and each replicate is a plant growth 

in a different pot. * significant at P < 0.05, ** significant at P < 0.01, *** significant at P < 

0.001, and n.s. = not significant.  
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Fig. S2.14 Photo of soybean (a), (b) mungbean, (c) cowpea and (d) common bean grown in 

in control (non–saline), 100 mM NaCl, 100 mM Na+
 (without Cl–), 100 mM Cl– (without 

Na+) and high cation  negative control (K+, Mg2+ and Ca2+ equivalent to those in the 100 mM 

Cl–) treatments for 15 days (vegetative stage). Salts used in the various treatments are given 

in Table 2.1.  
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Supplementary Materials Chapter 3 

Table S3.1 Ion concentrations, salts used and osmotic potential of the treatments in a complete basal (non-saline control) nutrient solution. 

 Ψπ (MPa) Ion concentrations (mM) 

Na+ Cl– K+ Ca2+ Mg2+ SO4
2– NO3

– SiO3
– NH4

+ H2PO4
– 

Leaf and stem injection 

Control 

 -0.05 0.2 0.1 5.0 5.0 0.4 5.4 4.4 0.1 0.6 0.2 

NaCl (50 mM) 

 -0.3 50.2 50.1 5.0 5.0 0.4 5.4 4.4 0.1 0.6 0.2 

Leaf excised system 

Control 

 –0.005 0.02 0.005 0.5 0.5 0.04 0.54 0.44 0.01 0.06 0.02 

NaCl (5 mM)  
–0.025 5.01 5.0025 0.25 0.25 0.02 0.27 0.22 0.005 0.03 0.01 

 

1For the basal nutrient solution, the macronutrient concentrations are shown in the table (Control). The micronutrients in all solutions were (µM): 10 

Fe–sequestrene, 2.50 HBO3
2−, 0.20 Mn2+, 0.20 Zn2+, 0.05 Cu2+, 0.05 MoO4

2−, 0.10 Ni2+. The solution was buffered with 1.0 mM MES (2-[N-morpholino] 

ethane sulfonic acid) and adjusted to pH 6.5 using KOH. 
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Table S3.2 Na+, Cl–, K+ concentration and  K+/Na+, and Cl–/Na+ ratio in lamina of soybean (G. max cvs. Bunya and Lee) and common bean (P. vulgaris 

cv. Spearfelt) after injecting 50 mM NaCl or DI water in petioles or stems for 5 days. The injection was conducted on 18-day-old plants grown in 

aerated nutrient solution. Values are means ± SE (n = 4). The probability levels and LSD values (5%) for two-way ANOVA in each column are: * P < 

0.05, *** P < 0.001 and n.s. = not significant.  

  Na+ (µmol g–1 

dry mass) 

K+ (µmol g–1 

dry mass) 

Cl– (µmol g–1 

dry mass) 

K+/Na+ 

ratio 

Cl–/Na+ 

ratio 

Petiole injection  

Bunya 50 mM NaCl  161.8±54.9 1170.3±65.9 73.3±4.4 115.2±16.9 2.6±1.4 

DI water 26.6±8.8 1080.5±183.5 50.75±11.0 86.5±13.8 5.6±2.9 

Lee  50 mM NaCl 35.1±7.4 869.5±142.4 24.4±7.3 40.6±6.0 2.5±0.1 

DI water 38.7±6.8 709.1±144.3 104.1±7.9 18.3±2.2 3.1±1.1 

Spearfelt  50 mM NaCl 25.9±8.9 1137.7±106.5 123.3±27.9 52.1±13.4 5.6±1.6 

DI water 29.7±5.3 1272.6±191.8 42.7±14.3 56.0±10.7 1.8±0.5 

LSD (5%) Genotype n.s.  n.s.  n.s.  n.s.  n.s.  

Injection solution n.s. n.s.  n.s.  n.s.  n.s.  

Genotype × Injection solution n.s.  n.s.  n.s. n.s. n.s. 

Stem injection  

Bunya 50 mM NaCl  4.5±0.4 887.3±52.5 16.8±1.0 197.5±7.9 3.8±0.3 

DI water 2.4±0.4 956.0±131.7 13.5±0.9 403.3±43.3 6.0±1.4 

Lee  50 mM NaCl 3.4±0.3 605.6±25.9 9.7±0.4 183.7±23.3 2.9±0.4 

DI water 36.9±8.4 789.3±97.5 94.4±21.7 29.4±8.8 2.8±0.5 

Spearfelt  50 mM NaCl 11.2±1.1 585.3±57.7 47.7±3.5 148.4±13.4 9.9±1.5 

DI water 6.8±1.8 732.3±45.5 20.4±3.5 142.8±23.2 4.1±1.8 

LSD (5%) Genotype n.s.  n.s.  67* 116* n.s.  

Injection solution n.s.  n.s.  46.7* n.s.  n.s.  

Genotype × Injection solution n.s. n.s. 55.8*** n.s.  n.s. 
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Table S3.3 LSD0.05 values and probability levels (P-values; * P < 0.05, ** P < 0.01, *** P < 0.001, n.s.=not significant) of the two-way ANOVA for 

ion concentrations  (Na+, Cl–, K+),  and K+/Na+ and Cl–/Na+ in lamina and petioles of soybean (G. max cvs. Bunya and Lee) and common bean (P. 

vulgaris cv. Spearfelt) after leaves were excised and the cut end of the petiole exposed to control (non-saline) and 5 mM NaCl for 4 day. Leaves were 

excised from 18-day-old plants grown in aerated nutrient solution and exposed to treatments in a controlled environment room (12 h light, 28/22 ± 2C, 

RH 75%). Values are means ± SE (n = 4).  

 

 

Na+ (µmol g–1  

dry mass) 

K+ (µmol g–1 

dry mass) 

Cl–(µmol g–1 

dry mass) 

K+/Na+ 

ratio 

Cl–/Na+ 

ratio 

Lamina      

Genotype n.s. 83** n.s. n.s. n.s. 

Treatment 62*** 67*** 20*** 19*** 0.46*** 

Genotype × Treatment n.s. n.s. n.s. n.s. 0.8* 

Petiole      

Genotype 62*** 189* 20*** 20** 0.18*** 

Treatment 50*** n.s. 16*** 16*** 0.14*** 

Genotype × Treatment 87** n.s. 28*** 29** 0.25*** 
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Table S3.4 Cl–/Na+ ratio in lamina and petioles of soybean (G. max cvs. Bunya and Lee) and common bean (P. vulgaris cv. Spearfelt) after leaves were 

excised and the cut end of the petiole exposed to control (non-saline) and 5 mM NaCl for 4 days. Leaves were excised from 18-day-old plants grown 

in aerated nutrient solution and exposed to treatments in a controlled environment room (12 h light, 28/22±2C, RH 75%). Values are means ± SE (n = 

4). Least significant differences (LSD) for treatment means within each genotype, treatment and genotype × treatments interaction are at the bottom of 

each column data (P = 0.05). The probability levels for the one-way and two-way ANOVAs in each column are: * P < 0.05, ** P < 0.01, *** P < 0.001, 

and n.s. = not significant.  

 

  Cl–/Na+ ratio 

 in lamina 

Cl–/Na+ ratio  

in petioles 

At time of excision 

Bunya 2.6±0.1 2.5±0.4 

Lee 2.9±0.4 2.9±0.3 

Spearfelt 4.7±4.5 0.6±11.1 

LSD (5%) 
 

0.5* 0.01́́́́   
 
** 

Excised and after 4 days of treatment 

Bunya Control 2.9±0.48 1.4±0.07  
NaCl 0.5±0.06 0.2±0.02 

Lee Control 2.6±0.24 1.3±0.06 

 NaCl 0.4±0.03 0.3±0.01 

Spearfelt Control 3.9±0.38 3.5±0.17  
NaCl 0.3±0.03 0.6±0.07 

LSD (5%) Genotype n.s. 0.2*** 

Treatment 0.4*** 0.1*** 

Genotype × Treatment n.s.  0.2*** 
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Table S3.5 LSD0.05 values and  probability levels (P-values; * P < 0.05, ** P < 0.01, *** P < 0.001 n.s.=not significant) for net photosynthetic rate 

(Pn), stomatal conductance (gs), sub-stomatal CO2 (internal CO2 concentration, Ci), leaf respiration rate (T), daily water use and SPAD value in soybean 

(G. max cvs. Bunya and Lee) and common bean (Phaseolus vulgaris cv. Spearfelt) at the time of excision and after excision exposed to control (non-

saline) and 5 mM NaCl for 4 days of treatment. Leaves were excised from 18-day-old plants grown in aerated nutrient solution, before being exposed 

to the treatments. Values are means ± SE (n = 4). Gas exchange was measured on leaves immediately prior to excision (initial) and after 1 and 4 days 

of treatment after being exposed to light for 30 minutes following the night-time dark period at photosynthetically active radiation of 1500 µmol photons 

m–2 s–1, CO2 concentration of 400 µmol mol–1, leaf chamber temperature of 28 C and 60–70% relative humidity.   

 
 

 Pn gs Ci T Daily water 

use (mmol 

m–2 s–1) 

SPAD 

value  (µmol CO2 

m–2 s–1) 

(mol H2O 

m–2 s–1) 

(µmol CO2 

mol–1) 

(mmol H2O 

m–2 s–1) 

Genotype 

Treatment 

1.5*** n.s. n.s. n.s. n.s. 0.9*** 

1.2* n.s n.s. n.s. n.s. 0.7*** 

Day of treatment  

Genotype × Treatment 

1.5*** 0.3*** 17.8** 0.5*** 0.1*** 1.1*** 

n.s. n.s   n.s. n.s. n.s. 

Genotype × Day of treatment 2.6*** n.s 30.9** n.s. 0.2* 2.1*** 

Treatment × Day of treatment 2.1* n.s n.s. n.s. n.s. n.s. 

Genotype × Treatment n.s. n.s n.s. n.s. n.s. n.s. 

× Day of treatment  
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Supplementary Materials Chapter 4 

Table S4.1 LSD0.05 (least significant differences ) values and probability levels for one, two and three-way ANOVAs for lamina dry mass, petiole dry 

mass, shoot dry mass and root dry mass per plant in three soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) grown in control (non–saline) 

and 50, 75 and 100 mM treatments of NaCl, Na+ (without Cl–), and Cl– (without Na+). Salts used in the various salt types are given in Table 4.1. 

Treatments were imposed on 13-day-old plants and sampled at 21 and 42 days of treatment. P-values are for genotype, salt type, salt concentration, 

genotype × salt type interaction; salt type × salt concentration interaction, genotype × salt type × salt concentration interaction; * P < 0.05, ** P < 0.01, 

*** P < 0.001 and n.s. = not significant. 

 Dry mass per plant at 21 days of treatment Dry mass per plant at 42 days of treatment 

Lamina  

(g) 

Petioles 

(g) 
Stem 

 (g) 

Shoot 

 (g) 

Root 

 (g) 

Lamina 

(g) 

Petioles 

(g) 

Stem 

(g) 

Shoot 

 (g) 

Root 

(g) 

Genotype 0.3*** 1.3*** 0.2*** 0.5** 1.2*** 1.4*** 0.6*** 1.1*** 3.0*** 0.7*** 

Salt type 0.4*** 0.2*** 0.3*** 0.7*** 0.3*** 2.2*** 0.9*** 1.7*** 4.5*** 1.1*** 

Salt concentration 0.4*** 0.2*** 0.3*** 0.7*** 0.3*** 2.2*** 0.9*** 1.7*** 4.5*** 1.1*** 

Genotype × Salt type n.s. 0.3* 0.5* 1.2* 0.5* n.s. n.s. 3.0* 7.9* 1.9** 

Genotype × Salt concentration  

 0.7*** 0.4* n.s. n.s. 0.5* 3.8 * 1.6 * 3.0* 7.9 * 1.9* 

Salt type × Salt concentration 

 0.5* n.s. n.s. 0.9* n.s. n.s. n.s. n.s. n.s. n.s. 

Genotype × Salt type × Salt concentration 

 n.s. n.s. n.s. n.s. n.s. n.s n.s n.s. n.s. n.s. 
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Table S4.2 Na+, K+ and Cl– concentrations and K+/Na+ and Cl–/Na+ ratios in  the lamina, stems, shoots and roots of 13-day-old plants in three soybean 

genotypes (G. max – cvs. Bunya, and Lee PI 548656, and G. soja PI 479752) when first exposed to control (non-saline) and 50, 75 and 100 mM 

treatments of NaCl, Na+
 (without Cl–) and Cl– (without Na+). Values are means ± SE (n = 4). Least significant differences (LSD) for concentration 

means within each genotype, tissue and genotype × tissue interaction are given at the bottom of each data column (P = 0.05). The probability levels for 

one-way and two-way ANOVAs in each data column are: ** P < 0.01, *** P < 0.001 and n.s. = not significant).  

 

Genotype Tissue 
Na+ (µmol g–1 

dry mass) 

K+ (µmol g–1 

dry mass) 

Cl– (µmol g–1 

dry mass) 

K+/Na+ 

ratio 

Cl–/Na+ 

 ratio 

Soja Lamina 2.4±0.25 1157.0±51.71 7.0±0.57 500.5±5.48 3.0±0.15 

Stems 10.3±6.08 1525.3±99.73 18.0±7.65 175.3±6.72 4.1±2.11 

Roots 14.6±3.16 1490.9±77.35 33.1±12.31 110.8±6.16 2.6±0.96 

Lee Leaves 11.3±3.92 1161.6±61.71 10.4±0.33 144.0±4.40 1.3±0.38 

Stems 14.8±1.43 1016.0±45.18 13.6±1.15 70.0±5.43 0.9±0.03 

Roots 37.0±4.76 1461.2±63.59 33.3±1.77 42.1±3.88 0.9±0.13 

Bunya Leaves 14.7±2.04 1207.2±53.78 10.4±0.63 87.3±3.37 0.8±0.14 

Stems 17.1±1.65 932.2±81.38 12.7±1.49 55.6±2.47 0.7±0.04 

Roots 34.3±4.54 1172.2±62.31 22.4±2.73 35.2±2.72 0.7±0.02 

LSD (5%) Genotype *** n.s. n.s. *** ** 

Tissue *** n.s. *** *** n.s. 

Genotype × Tissue n.s. n.s. n.s. *** n.s. 
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Table S4.3 LSD0.05 (least significant differences) values and probability levels for one, two and three-way ANOVAs for Na+, K+ and Cl– concentrations 

and K+/Na+ and Cl-/Na+ ratios in shoot and roots in three soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) grown in control (non-saline) 

and 50, 75 and 100 mM treatments of NaCl, Na+ (without Cl–), and Cl– (without Na+) for 21 days. Salts used in the various salt types are given in Table 

4.1. Treatments were imposed on 13-day-old plants. P values are for: genotype, salt type, salt concentration, genotype × salt type interaction, salt type 

× salt concentration interaction and genotype × salt type × salt concentration interaction; * P < 0.05, ** P < 0.01, *** P < 0.001 and n.s. = not significant. 

 

 Ion concentration in shoots at 21 days of treatment 

                         (µmol g–1 dry mass) 

Ion concentration in roots at 21 days of treatment 

(µmol g–1 dry mass) 

Na+ K+ Cl– K+/Na+ Cl–/Na+ Na+ K+ Cl– K+/Na+ Cl–/Na+ 

Genotype 

 33*** 30*** n.s. n.s. n.s. 68 *** 60*** 52*** 5* 3*** 

Salt type 

 50*** 45*** 65*** 8*** 5*** 102*** 87*** 78*** 8*** 5*** 

Concentration 

 50*** 45*** 65*** n.s. 5*** 102*** 87*** 78*** 8* n.s. 

Genotype × Salt type 

 87*** n.s. n.s. n.s. n.s. 176*** 152*** 135*** 13* 8*** 

Genotype × Salt concentration 

 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Salt type × Salt concentration 

 61*** 56*** 79*** n.s. 6*** 125*** 107** 96*** 10* n.s. 

Genotype × Salt type × Salt concentration 

 106** n.s. n.s. n.s. n.s. n.s. n.s. 166** n.s. 10 ** 
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Table S4.4 LSD0.05 (least significant differences) values and probability levels for three-way ANOVA for Na+, K+ and Cl– concentrations and K+/Na+ 

and Cl-/Na+ ratios in shoots and roots in three  soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) grown in control (non-saline) and 50, 

75 and 100 mM treatments of NaCl, Na+ (without Cl–), and Cl– (without Na+). Salts used in the various salt types are given in Table 4.1. Treatments 

were imposed on 13-day-old plants and sampled at 42 days of treatment. P values are for genotype, treatment, salt concentration; genotype × salt type 

interaction, salt type × salt concentration interaction, genotype × salt type × salt concentration interaction; * P < 0.05, ** P < 0.01, *** P < 0.001 and 

n.s. = not significant. 

 

 Ion concentration in shoots at 42 days of treatment 

                                (µmol g–1 dry mass) 

Ion concentration in roots at 42 days of treatment 

(µmol g–1 dry mass) 

Na+ K+ Cl– K+/Na+ Cl–/Na+ Na+ K+ Cl– K+/Na+ Cl–/Na+ 

           

Genotype n.s. 37** n.s. 19** 5** 57** 49*** 80*** n.s. 5** 

Salt type 

 52*** 55*** 39*** 28*** 7***  86*** 74*** 120*** 9*** 8*** 

Salt concentration 

 52*** 55*** 39*** 28** n.s. 86*** 74*** 120*** 9** n.s. 

Genotype × Salt type 

 n.s. n.s. n.s. 49*** 12*** 148** 129*** 208*** n.s. 14*** 

Genotype × Salt concentration 

 n.s. n.s. n.s. n.s. n.s. n.s. 129** n.s. 15* n.s. 

Salt type × Salt concentration 

 64*** 67** 48*** 35*** 8* 105***  91** 147** 11*** 10* 

Genotype × Salt type × Salt concentration 

 n.s. n.s. n.s. n.s. n.s. n.s. 158*** n.s. 19*** n.s. 
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Table S4.5 Root solution osmotic potential (Ψπ), leaf water content and leaf sap (Ψπ) osmotic measured in the second youngest fully-expanded leaves 

(lamina) in three soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) grown in control (non–saline) and 50, 75 and 100 mM treatments of 

NaCl, Na+ (without Cl–) and Cl– (without Na+) treatments. Salts used in the various salt types are given in Table 4.1. Treatments were imposed on 13-

day-old plants, leaf water content and leaf sap Ψπ were sampled at 21 and 42 days of treatment between 09:00 AM and 15:00 PM. Least significant 

differences (LSD) for treatment (salt type) means within each genotype, treatment and genotype × treatment interaction are given at the bottom of each 

data column (P = 0.05). The probability levels for one-way and two-way ANOVAs in each data column are: * P < 0.05 and n.s. = not significant).  

   

Root 

solution Ψπ 

(MPa) 

 

 

  

Change 

in root 

solution 

Ψπ 

(MPa) 

(relative 

to 

control) 

At 21 days of treatment At 42 days of treatment 

Leaf water 

content 

(mL g–1 

dry mass)  

Leaf sap 

Ψπ (MPa)  

Change in 

leaf sap Ψπ 

(MPa) 

(relative to 

control) 

Leaf 

water 

content 

(mL g–1 

dry 

mass) 

Leaf sap 

Ψπ (MPa) 

  

Change in 

leaf sap Ψπ 

(MPa) 

(relative to 

control) 

Bunya 

Control 0 –0.06±0.02  4.3±0.3 –0.94±0.04  3.5±0.3 –0.84±0.01  

NaCl 

50 –0.24±0.02 –0.18 3.6±0.0 –1.10±0.06 –0.16 3.1±0.0 –0.91±0.09 –0.07 

75 –0.36±0.01 –0.30 4.1±0.9 –1.38±0.10 –0.44 3.1±0.1 –0.94±0.06 –0.10 

100 –0.41±0.01 –0.35 4.1±0.5 –2.06±0.03 –1.12 3.3±0.0 –1.22±0.08 –0.38 

Na+ salts 50 –0.19±0.01 –0.13 3.6±0.4 –1.27±0.06 –0.33 3.3±0.2 –0.91±0.02 –0.07 

 75 –0.27±0.02 –0.21 3.5±0.1 –1.27±0.10 –0.33 3.7±0.1 –1.08±0.03 –0.24 

 100 –0.31±0.00 –0.25 4.4±0.4 –2.42±0.17 –1.48 3.4±0.1 –0.97±0.02 –0.13 

Cl– salts 50 –0.20±0.02 –0.14 3.4±0.2 –1.11±0.09 –0.17 2.8±0.1 –0.99±0.09 –0.15 

 75 –0.28±0.01 –0.22 3.7±0.6 –1.13±0.10 –0.19 4.0±0.6 –1.07±0.05 –0.23 

 100 –0.35±0.06 –0.29 4.0±0.8 –1.34±0.09 –0.40 4.4±0.5 –1.09±0.01 –0.25 
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Table S4.5 Continued 

  

Root 

solution Ψπ 

(MPa) 

 

 

  

Change 

in root 

solution 

Ψπ 

(MPa) 

(relative 

to 

control) 

At 21 days of treatment At 42 days of treatment 

Leaf water 

content 

(mL g–1 

dry mass)  

Leaf sap 

Ψπ (MPa)  

Change in 

leaf sap Ψπ 

(MPa) 

(relative to 

control) 

Leaf 

water 

content 

(mL g–1 

dry 

mass) 

Leaf sap 

Ψπ (MPa) 

  

Change in 

leaf sap Ψπ 

(MPa) 

(relative to 

control) 

LSD (5%)  

Treatments n.s.  n.s. n.s.  n.s. n.s.  

Salt concentrations  n.s.  n.s. n.s.  n.s. 0.5*  

Treatment × Salt 

concentration 
n.s.  n.s. n.s.  n.s. 0.7*  

Lee 

Control 0 –0.06±0.02  4.2±0.3 –0.99±0.04  3.6±0.5 –0.75±0.04  

 50 –0.24±0.02 –0.18 3.6±0.0 –1.13±0.02 –0.14 3.3±0.2 –0.87±0.03 –0.1 

NaCl 75 –0.36±0.01 –0.30 3.8±0.1 –1.06±0.03 –0.07 2.8±0.1 –1.00±0.07 –0.3 

 100 –0.41±0.01 –0.35 3.5±0.7 –1.21±0.04 –0.22 3.3±0.0 –1.16±0.02 –0.4 

Na+ salts 50 –0.19±0.01 –0.13 4.0±0.3 –1.14±0.03 –0.15 3.2±0.1 –0.83±0.04 –0.1 

 75 –0.27±0.02 –0.21 4.3±0.3 –1.14±0.06 –0.15 3.4±0.1 –1.09±0.02 –0.3 

 100 –0.31±0.00 –0.25 4.1±0.3 –1.46±0.12 –0.47 3.7±0.2 –1.13±0.14 –0.4 

Cl– salts 50 –0.20±0.02 –0.14 3.5±0.2 –1.17±0.03 –0.18 3.0±0.0 –0.90±0.03 –0.2 

 75 –0.28±0.01 –0.22 4.2±0.3 –1.24±0.09 –0.25 3.1±0.1 –1.13±0.02 –0.4 

 100 –0.35±0.06 –0.29 4.3±0.2 –1.46±0.07 –0.47 4.0±0.5 –1.00±0.03 –0.3 

LSD (5%)  

Treatments n.s.  n.s. n.s.  n.s. n.s.  

Salt concentrations  n.s.  n.s. n.s.  n.s. 0.4*  

Treatment × Salt 

concentration 
n.s.  n.s. n.s.  n.s. n.s.  
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Table S4.5 Continued 

  

Root 

solution Ψπ 

(MPa) 

 

 

  

Change 

in root 

solution 

Ψπ 

(MPa) 

(relative 

to 

control) 

At 21 days of treatment At 42 days of treatment 

Leaf water 

content 

(mL g–1 

dry mass)  

Leaf sap 

Ψπ (MPa)  

Change in 

leaf sap Ψπ 

(MPa) 

(relative to 

control) 

Leaf 

water 

content 

(mL g–1 

dry 

mass) 

Leaf sap 

Ψπ (MPa) 

  

Change in 

leaf sap Ψπ 

(MPa) 

(relative to 

control) 

Soja 

Control 0 –0.06±0.02  4.1±0.9 –0.81±0.05  4.5±0.2 –0.71±0.02  

 50 –0.24±0.02 –0.18 4.1±0.2 –1.04±0.05 –0.23 3.7±0.4 –0.90±0.03 –0.2 

NaCl 75 –0.36±0.01 –0.30 4.6±0.4 –1.04±0.06 –0.23 3.7±0.4 –0.78±0.04 –0.1 

 100 –0.41±0.01 –0.35 5.3±0.6 –1.15±0.06 –0.34 3.9±0.2 –0.95±0.02 –0.2 

Na+ salts 50 –0.19±0.01 –0.13 5.0±0.2 –0.93±0.03 –0.12 3.5±0.3 –0.97±0.04 –0.3 

 75 –0.27±0.02 –0.21 5.2±0.2 –0.98±0.08 –0.17 4.0±0.3 –0.80±0.02 –0.1 

 100 –0.31±0.00 –0.25 4.3±0.4 –1.28±0.11 –0.47 4.4±0.3 –0.99±0.05 –0.3 

Cl– salts 50 –0.20±0.02 –0.14 4.2±0.1 –0.91±0.08 –0.10 3.6±0.5 –0.83±0.04 –0.1 

 75 –0.28±0.01 –0.22 4.7±0.3 –1.02±.04 –0.21 3.8±0.2 –0.89±0.14 –0.2 

 100 –0.35±0.06 –0.29 4.4±0.3 –0.96±0.14 –0.15 3.9±0.3 –1.09±0.00 –0.4 

LSD (5%) 

Treatments n.s.  n.s. n.s.  n.s. n.s.  

Salt concentrations  n.s.  n.s. n.s.  n.s. n.s.  

Treatment × Salt 

concentration 

n.s.  n.s. n.s.  n.s. n.s.  
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Table S4.6 LSD0.05 (least significant differences) values and the probability levels for three-way ANOVA for net photosynthetic rate (Pn), stomatal 

conductance (gs), sub–stomatal CO2 (internal CO2 concentration, Ci), leaf respiration rate (R), SPAD, leaf water content, and sap Ψπ in three soybean 

genotypes (G. max – cvs. Bunya, and Lee, and G. soja) grown in control (non–saline) and 50, 75 and 100 mM treatments of NaCl, Na+ (without Cl–) 

and Cl– (without Na+). Salts used in the various salt types are given in Table 4.1. Treatments were imposed on 13-day-old plants, Pn was measured at 

20–22 days of treatments between 09:00 AM and 15:00 PM at photosynthetically active radiation of 1500 µmol photons m–2 s–1, CO2 concentration of 

400 µmol mol–1, leaf chamber temperature of 28 ○C and 60% – 70% relative humidity. Leaf respiration rate and SPAD values were also measured at 

20–22 days of treatments between 09:00 AM and 15:00 PM. P values are for genotype, salt type, salt concentration, genotype × salt type interaction, 

salt type × concentration interaction, genotype × salt type × salt concentration interaction; all at * P < 0.05, ** P < 0.01, *** P < 0.001 and n.s. = not 

significant. 

 

 21 days of treatment 

Pn (µmol 

CO2 m–2 s–1) 

gs (mol H2O 

m–2 s–1) 

Ci (µmol 

CO2 mol–1) 

R (µmol 

CO2 m–2 s–1) 

SPAD 

value 

Leaf water content 

(mL g–1 dry mass) 

Leaf sap Ψπ 

(MPa) 

Genotype 1.7** 0.1*** 16.8*** n.s. n.s. 1.1*** n.s. 

Salt type 2.5*** 0.1*** n.s. 0.4*** n.s. n.s. n.s. 

Salt concentration 2.5*** 0.1*** n.s. 0.4* n.s. n.s. n.s. 

Genotype × Salt type n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Genotype × Salt concentration ** n.s. n.s. 0.7* n.s. n.s. n.s. 

Salt type × Salt concentration n.s. n.s. n.s. n.s. n.s. n.s. 0.04* 

Genotype × Salt type × Salt 

concentration 
5.5* n.s. n.s. 0.9* n.s. n.s. n.s. 
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Table S4.7 LSD0.05 (least significant differences) values and the probability levels for three-way ANOVA for net photosynthetic rate (Pn), stomatal 

conductance (gs), sub–stomatal CO2 (internal CO2 concentration, Ci), leaf respiration rate (R), SPAD, leaf water content, and sap Ψπ in three soybean 

genotypes (G. max – cvs. Bunya, and Lee, and G. soja) grown in control (non–saline) and 50, 75 and 100 mM treatments of NaCl, Na+ (without Cl–) 

and Cl– (without Na+). Salts used in the various salt types are given in Table 4.1. Treatments were imposed on 13-day-old plants, Pn was measured at 

40–42 days of treatments between 09:00 AM and 15:00 PM at photosynthetically active radiation of 1500 µmol photons m–2 s–1, CO2 concentration of 

400 µmol mol–1, leaf chamber temperature of 28 ○C and 60% – 70% relative humidity. Leaf respiration rate and SPAD values were also measured at 

40–42 days of treatments between 09:00 AM and 15:00 PM. P values are for genotype, salt type, salt concentration, genotype × salt type interaction, 

salt type × concentration interaction, genotype × salt type × salt concentration interaction; all at * P < 0.05, ** P < 0.01, *** P < 0.001 and n.s. = not 

significant. 

 

 42 days of treatment 

Pn (µmol 

CO2 m–2 s–1) 

gs (mol H2O 

m–2 s–1) 

Ci (µmol CO2 

mol–1) 

R (µmol CO2 

m–2 s–1) 

SPAD 

value 

Leaf water 

content 

(mL g–1 dry mass) 

Leaf sap Ψπ 

(MPa) 

Genotype n.s. n.s. n.s. n.s. n.s. 0.2*** n.s. 

Salt type 2.1*** 1.4*** 13.9*** n.s. n.s. 0.3* n.s. 

Salt concentration 2.1*** 1.4*** 13.9*** n.s. n.s. 0.3** n.s. 

Genotype × Salt type n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Genotype × Salt concentration n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Salt type × Salt concentration n.s. n.s. n.s. n.s. n.s. 0.4* 0.03* 

Genotype × Salt type × Salt concentration n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
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Fig. S4.1 Dry mass of (a, b, c) lamina, (d, e, f) petioles and (g, h, i) stems per plant in 

three soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) grown in control 

(non-saline) and 50, 75 and 100 mM treatments of NaCl, Na+
 (without Cl–), and Cl– 

(without Na+) for 21 days. Salts used in the various salt types are given in Table 4.1. 

Treatments were imposed on 13-day-old plants. Values are means ± SE (n = 4). The 

probability levels for one-way ANOVA for treatment means at salt concentrations of 50 

mM, 75 mM and 100 mM in each graph are: ** P < 0.01, *** P < 0.001, and n.s. = not 

significant, and bars represent least-significant differences at P = 0.05. The probability 

levels for three-way ANOVA for the genotype × salt type × salt concentration interaction 

are in Table S4.1. 
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Fig. S4.2 Dry mass of (a, b, c) lamina, (d, e, f) petioles and (g, h, i) stems per plant in 

three soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) grown in control 

(non-saline) and 50, 75 and 100 mM treatments of NaCl, Na+
 (without Cl–) and Cl– 

(without Na+) for 42 days. Salts used in the various salt types are given in Table 4.1. 

Treatments were imposed on 13-day-old plants. Values are means ± SE (n = 4). The 

probability levels for one-way ANOVA for treatment means at salt concentrations of 50 

mM, 75 mM and 100 mM in each graph are: ** P < 0.01, *** P < 0.001, and n.s. = not 

significant, and bars represent least-significant differences at P = 0.05. Note: the axis 

scale for lamina dry mass (a, b, c) and stem dry mass (g, h, i) differ from those of petioles 

(d, e, f). The probability levels for three-way ANOVA for the genotype × salt type × salt 

concentration interaction are in Table S4.1. 
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Fig. S4.3 Na+ concentration in (a, b, c) lamina, (d, e, f) petioles and (g, h, i) in stems in 

three soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) grown in control 

(non-saline) and 50, 75 and 100 mM treatments of NaCl, Na+
 (without Cl–), and Cl– 

(without Na+) for 21 days. Salts used in the various treatments are given in Table 4.1. 

Treatments were imposed on 13-day-old plants. Values are means ± SE (n = 4). The 

probability levels for one-way ANOVA for treatment means at 50 mM, 75 mM salt 

concentration and 100 mM in each graph are: *** P < 0.001 and bars represent least-

significant differences at P = 0.05. Note: the axis scale for Na+ concentration in lamina 

(a, b, c) and petioles (d, e, f) differ from those in stems (g, h, i). The probability levels for 

three-way ANOVA for the genotype × salt type × salt concentration interaction are in 

Table S4.3. 
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Fig. S4.4 Na+ concentration in (a, b, c) lamina,  (d, e, f) petioles and (g, h, i) stems in three 

soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) grown in control (non–

saline) and 50, 75 and 100 mM treatments of NaCl, Na+
 (without Cl–), and Cl– (without 

Na+) for 42 days. Salts used in the various treatments are given in Table 4.1. Treatments 

were imposed on 13-day-old plants. Values are means ± SE (n = 4). The probability levels 

for one-way ANOVA for treatment means at salt concentrations of 50 mM, 75 mM and 

100 mM in each graph are: *** P < 0.001 and bars represent least-significant differences 

at P = 0.05. Note: the axis scale for Na+ concentration in the lamina (a, b, c) differ from 

those of the petioles (d, e, f) and stems (g, h, i). The probability levels for three-way 

ANOVA for the genotype × salt types × salt concentration interaction are in Table S4.4.   
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Fig. S4.5 Cl– concentration in (a, b, c) lamina, (d, e, f) petioles and (g, h, i) stems in three 

soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) grown in control (non–

saline), and 50, 75 and 100 mM treatments of NaCl, Na+
 (without Cl–), and Cl– (without 

Na+) for 21 days. Salts used in the various treatments are given in Table 4.1. Treatments 

were imposed on 13-day-old plants. Values are means ± SE (n = 4). The probability levels 

for one-way ANOVA for treatment means at salt concentrations of 50 mM, 75 mM and 

100 mM in each graph are: * P<0.05, ** P<0.01, and *** P<0.001, and bars represent 

least-significant differences at P = 0.05. The probability levels for three-way ANOVA 

for the genotype × salt type × salt concentration interaction are in Table S4.3. 
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Fig. S4.6 Cl– concentration in (a, b, c) lamina, (d, e, f) petioles and (g, h, i) stems in three 

soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) grown in control (non–

saline) and 50, 75 and 100 mM treatments of NaCl, Na+
 (without Cl–), and Cl– (without 

Na+) for 42 days. Salts used in the various treatments are given in Table 4.1. Treatments 

were imposed on 13-day-old plants. Values are means ± SE (n = 4). The probability levels 

for one-way ANOVA for treatment means at salt concentrations of 50 mM, 75 mM and 

100 mM in each graph are: *** P < 0.001 and bars represent least-significant differences 

at P = 0.05. Note: the axis scale for Cl– concentration in the lamina (a, b,c) differ from 

those of the petiole (d, e, f) and roots (g, h, i). The probability levels for three-way 

ANOVA for the genotype × salt type × salt concentration interaction are in Table S4.4.   
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Fig. S4.7 K+ concentration in (a, b, c) lamina, (d, e, f) petioles and (g, h, i) stems in three 

soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) grown in control (non–

saline) and 50, 75 and 100 mM treatments of NaCl, Na+
 (without Cl–), and Cl– (without 

Na+) for 21 days. Salts used in the various treatments are given in Table 4.1. Treatments 

were imposed on 13-day-old plants. Values are means ± SE (n = 4). The probability levels 

for one-way ANOVA for treatment means at salt concentrations of 50 mM, 75 mM and 

100 mM in each graph are: *** P < 0.001 and n.s. = not significant, and bars represent 

least-significant differences at P = 0.05. The probability levels for three-way ANOVA 

for the genotype × salt type × salt concentration interaction are in Table S4.3.   
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Fig. S4.8 K+ concentration in the (a, b, c) lamina, (d, e, f) petioles and (g, h, i) stems in 

three soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) grown in control 

(non–saline), and 50, 75 and 100 mM treatments of NaCl, Na+
 (without Cl–), and Cl– 

(without Na+) for 42 days. Salts used in the various treatments are given in Table 4.1. 

Treatments were imposed on 13-day-old plants. Values are means ± SE (n = 4). The 

probability levels for one-way ANOVA for treatment means at salt concentrations of 50 

mM, 75 mM and 100 mM in each graph are: *** P < 0.001 and n.s. = not significant, and 

bars represent least-significant differences at P = 0.05. The probability levels for three-

way ANOVA for the genotype × salt type × salt concentration interaction are in Table 

S4.4.   
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Fig. S4.9 K+/Na+ ratio (tissue concentrations on a molar basis) in the (a, b, c) lamina, (d, 

e, f) petioles and (g, h, i)  stems in three soybean genotypes (G. max – cvs. Bunya, and 

Lee, and G. soja) grown in control (non–saline), and 50, 75 and 100 mM treatments of 

NaCl, Na+
 (without Cl–) and Cl– (without Na+) for 21 days. Salts used in the various 

treatments are given in Table 4.1. Treatments were imposed on 13-day-old plants. Values 

are means ± SE (n = 4). The probability levels for one-way ANOVA for treatment means 

at salt concentrations of 50 mM, 75 mM and 100 mM in each graph are: *** P < 0.001 

and bars represent least-significant differences at P = 0.05. Note: the axis scale for K+/Na+ 

ratio in the lamina (a, b, c) differ to those from those in petioles (d, e, f) and stems (g, h, 

i). The probability levels for three-way ANOVA for the genotype × salt type × salt 

concentration interaction are in Table S4.3. 
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Fig. S4.10 K+/Na+ ratio (tissue concentrations on a molar basis) in the (a, b, c) lamina, (d, 

e, f)  petioles and (g, h, i) stems in three  soybean genotypes (G. max – cvs. Bunya, and 

Lee, and G. soja) grown in control (non–saline) and 50, 75 and 100 mM treatments of 

NaCl, Na+
 (without Cl–) and Cl– (without Na+) for 42 days. Salts used in the various 

treatments are given in Table 4.1. Treatments were imposed on 13-day-old plants. Values 

are means ± SE (n = 4). The probability levels for two-way ANOVA for treatment means 

at salt concentrations of 50 mM, 75 mM and 100 mM in each graph are: *** P < 0.001and 

bars represent least-significant differences at P = 0.05. Note: the axis scale for K+/Na+ 

ratio in the lamina (a, b, c) differ to those from those in petioles (d, e, f) and stems (g, h, 

i). The probability levels for three-way ANOVA for the genotype × salt type × salt 

concentration interaction are in Table S4.4.   
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Fig. S4.11 SPAD values at (a, b, c) 21 days and (d, e, f) 42 days of treatments in three 

soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) grown in control (non–

saline) and 50, 75 and 100 mM treatments of NaCl, Na+
 (without Cl–), and Cl– (without 

Na+). Salts used in the various treatments are given in Table 4.1. Treatments were 

imposed on 13-day-old plants, SPAD was measured at 19–21 days and 40 – 42 days of 

treatment between 09:00 AM and 15:00 PM. Values are means ± SE (n = 4). The 

probability levels for two-way ANOVA for treatment means at salt concentrations of 50 

mM, 75 mM and 100 mM in each graph are: n.s. = not significant. The probability levels 

for three-way ANOVA for the genotype × salt type × salt concentration interaction are in 

Table S4.6. 
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Fig. S4.12 Leaf respiration rate at (a, b, c) 21days and (d, e, f) 42 days of treatment in 

three soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) grown in control 

(non–saline) and 50, 75 and 100 mM treatments of NaCl, Na+
 (without Cl–) and Cl– 

(without Na+). Salts used in the various treatments are given in Table 4.1. Treatments 

were imposed on 13-day-old plants, leaf respiration rate was measured at 19–21 days and 

40–42 days of treatment between 09:00 AM and 15:00 PM. Values are means ± SE (n = 

4). The probability levels for two-way ANOVA for treatment means at salt concentrations 

of 50 mM, 75 mM and 100 mM in each graph are: n.s. = not significant. The probability 

levels for three-way ANOVA for the genotype × salt type × salt concentration interaction 

are in Table S4.6. 
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Fig. S4.13 Scatter plots of net photosynthesis rate (Pn) against (a, b, c) stomatal 

conductance (gs) and (d, e, f) sub-stomatal CO2 (internal CO2 concentration, Ci) in three 

soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) grown in control (non–

saline; open circles) and 50, 75 and 100 mM treatments of NaCl (solid circles), Na+ salts 

(without Cl–) (solid and upward triangles), and Cl– salts (without Na+) (solid and 

downward triangles). Salts used in the various salt types are given in Table 4.1. 

Treatments were imposed on 13-day-old plants and sampled at 21 days of treatments. Pn 

was measured at 19 - 21 days of treatment between 09:00 AM and 15:00 PM at 

photosynthetically active radiation of 1500 µmol photons m–2 s–1, CO2 concentration of 

400 µmol mol–1, 28 0C leaf chamber temperature and 60–70% relative humidity. Each 

value is an individual replicate and each replicate is a plant growth in a different pot. ** 

significant at P < 0.01 and *** significant at P < 0.001.  
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Fig. S4.14 Scatter plots of net photosynthesis rate (Pn) against (a, b, c) stomatal 

conductance (gs) and (d, e, f) sub-stomatal CO2 (internal CO2 concentration, Ci) in three 

soybean genotypes (G. max – cvs. Bunya, and Lee, and G. soja) grown in control (non–

saline; open circles) and 50, 75 and 100 mM treatments of NaCl (solid circles), Na+ salts 

(without Cl–) (solid and upward triangles) and Cl– salts (without Na+) (solid and 

downward triangles). Salts used in the various salt types are given in Table 4.1. 

Treatments were imposed on 13-day-old plants and sampled at 42 days of treatment. Pn 

was measured at 40-42 days of treatment between 09:00 AM and 15:00 PM at 

photosynthetically active radiation of 1500 µmol photons m–2 s–1, CO2 concentration of 

400 µmol mol–1, 28 0C leaf chamber temperature and 60–70% relative humidity. Each 

value is an individual replicate and each replicate is a plant growth in a different pot. ** 

significant at P < 0.01 and *** significant at P < 0.001.  

 

 

 

 



Supplementary Materials | Page 216 

 

Fig. S4.15 Scatter plots of net photosynthesis rate (Pn) against shoot dry mass at (a, b, c) 

21 days and (d, e, f) 42 days in three soybean genotypes (G. max – cvs. Bunya, and Lee, 

and G. soja) grown in control (non–saline; open circles) and 50, 75 and 100 mM 

treatments of NaCl (solid circles), 50, 75 and 100 mM Na+
 (without Cl–) (solid and 

upward triangles) and Cl– (without Na+) treatments (solid and downward triangles). Salts 

used in the various salt types are given in Table 4.1. Treatments were imposed on 13-day-

old plants and sampled at 42 days of treatment. Pn was measured at 40-42 days of 

treatment between 09:00 AM and 15:00 PM at photosynthetically active radiation of 1500 

µmol photons m–2 s–1, CO2 concentration of 400 µmol mol–1, 28 0C leaf chamber 

temperature and 60–70% relative humidity. Each value is an individual replicate and each 

replicate is a plant growth in a different pot. *** significant at P < 0.001. 
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Fig. S4.16 Scatter plots of shoot dry mass against shoot Na+ concentration (stems, petioles 

and lamina) at (a, b, c) 21 and (d, e, f) 42 days of treatment in three soybean genotypes 

(G. max – cvs. Bunya, and Lee, and G. soja) grown in control (non–saline; open circles), 

and 50, 75 and 100 mM treatments of NaCl (solid circles), Na+ salts (without Cl–) (solid 

and upward triangles) and Cl– salts (without Na+) (solid and downward triangles). Salts 

used in the various salt types are given in Table 4.1. Treatments were imposed on 13–

day–old plants and sampled at 21 and 42 days of treatment. Each value is an individual 

replicate and each replicate is a plant growth in a different pot. *** significant at P < 

0.001. Note: the axis scale for shoot dry mass at 21 days of treatment (a, b, c) differ from 

those at 42 days of treatment (d, e, f). 
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Fig. S4.17 Scatter plots of shoot dry mass against shoot Cl– concentration (stems, petioles 

and lamina) at (a, b, c) 21 and (d, e, f) 42 days of treatment in three soybean genotypes 

(G. max – cvs. Bunya, and Lee, and G. soja) grown in control (non–saline; open circles), 

and 50, 75 and 100 mM treatments of NaCl (solid circles), Na+
 (without Cl–) (solid and 

upward triangles) and Cl– (without Na+) (solid and downward triangles). Salts used in the 

various salt types are given in Table 4.1. Treatments were imposed on 13-day-old plants 

and sampled at 21 and 42 days of treatment. Each value is an individual replicate and 

each replicate is a plant growth in a different pot. n.s. = not significant. Note: the axis 

scale for shoot dry mass at 21 days of treatment (a, b, c) differ from those at 42 days of 

treatment (d, e, f). 
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Fig. S4.18 Scatter plots of shoot dry mass against K+ concentration (stems, petioles and 

lamina) at (a, b, c) 21 and (d, e, f) 42 days of treatment in three soybean genotypes (G. 

max – cvs. Bunya, and Lee, and G. soja) grown in control (non–saline; open circles) and 

50, 75 and 100 mM treatments of NaCl (solid circles), Na+
 (without Cl–) (solid and 

upward triangles) and Cl– (without Na+) treatments (solid and downward triangles). Salts 

used in the various salt types are given in Table 4.1. Treatments were imposed on 13-day-

old plants and sampled at 21 and 42 days of treatment. Each value is an individual 

replicate and each replicate is a plant growth in a different pot. ** significant at P < 0.01 

and *** significant at P < 0.001. Note: the axis scale for shoot dry mass at 21 days of 

treatment (a, b, c) differ from those at 42 days of treatment (d, e, f). 
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Fig. S4.19 Scatter plots of shoot dry mass against shoot K+/Na+ ratio (stems, petioles and 

lamina) at (a, b, c) 21 and (d, e, f) 42 days of treatment in three soybean genotypes (G. 

max – cvs. Bunya, and Lee, and G. soja) grown in control (non–saline; open circles) and 

50, 75 and 100 mM treatments of NaCl (solid circles), Na+
 (without Cl–) (solid and 

upward triangles) and Cl– (without Na+) treatments (solid and downward triangles). Salts 

used in the various salt types are given in Table 4.1. Treatments were imposed on 13–

day–old plants and sampled at 21 and 42 days of treatment. Each value is an individual 

replicate and each replicate is a plant growth in a different pot. ** significant at P < 0.01 

and *** significant at P < 0.001. Note: the axis scale for shoot dry mass at 21 days of 

treatment (a, b, c) differ from those at 42 days of treatment (d, e, f).
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Fig. S4.20 Scatter plots of net photosynthesis rate (Pn) against Na+ concentration in 

lamina at (a, b, c) 21 and (d, e, f) 42 days of treatment in three soybean genotypes (G. 

max – cvs. Bunya, and Lee, and G. soja) grown in control (non–saline; open circles) and 

50, 75 and 100 mM treatments of NaCl (solid circles), Na+ salts (without Cl–) (solid and 

upward triangles), and Cl– slats (without Na+) (solid and downward triangles). Salts used 

in the various salt types are given in Table 4.1. Treatments were imposed on 13-day-old 

plants and sampled at 21 and 42 days of treatment. Pn was measured at 19–21 days and 

40–42 days of treatment between 09:00 AM and 15:00 PM at photosynthetically active 

radiation of 1500 µmol photons m–2 s–1, CO2 concentration of 400 µmol mol–1, 28 0C leaf 

chamber temperature and 60–70% relative humidity. Each value is an individual replicate 

and each replicate is a plant growth in a different pot. * significant at P < 0.05, *** 

significant at P < 0.001, and n.s. = not significant.  
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Fig. S4.21 Scatter plots of net photosynthesis rate (Pn) against Cl– concentration in lamina 

at (a, b, c) 21 and (d, e, f) 42 days of treatment in three soybean genotypes (G. max – cvs. 

Bunya, and Lee, and G. soja) grown in control (non–saline; open circles) and 50, 75 and 

100 mM treatments of NaCl (solid circles), 50, 75 and 100 mM Na+
 (without Cl–) (solid 

and upward triangles), and Cl– (without Na+) treatments (solid and downward triangles). 

Salts used in the various salt types are given in Table 4.1. Treatments were imposed on 

13-day-old plants and sampled at 21 and 42 days of treatment. Pn was measured at 19-21 

days and 40-42 days of treatment between 09:00 AM and 15:00 PM at photosynthetically 

active radiation of 1500 µmol photons m–2 s–1, CO2 concentration of 400 µmol mol–1, 28 

0C leaf chamber temperature of and 60–70% relative humidity. Each value is an 

individual replicate and each replicate is a plant growth in a different pot. * significant at 

P < 0.05, *** significant at P < 0.001, and n.s. = not significant.  
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Fig. S4.22 Scatter plots of net photosynthesis rate (Pn) against K+ concentration in lamina 

at (a, b, c) 21 and (d, e, f) 42 days of treatment in three soybean genotypes (G. max – cvs. 

Bunya, and Lee, and G. soja) grown in control (non–saline; open circles), and 50, 75 and 

100 mM treatments of NaCl (solid circles), 50, 75 and 100 mM Na+
 (without Cl–) (solid 

and upward triangles), and Cl– (without Na+) treatments (solid and downward triangles). 

Salts used in the various salt types are given in Table 4.1. Treatments were imposed on 

13-day-old plants and sampled at 21 and 42 days of treatment. Pn was measured at 19-21 

days and 40-42 days of treatment between 09:00 AM and 15:00 PM at photosynthetically 

active radiation of 1500 µmol photons m–2 s–1, CO2 concentration of 400 µmol mol–1, 28 

0C leaf chamber temperature of and 60–70% relative humidity. Each value is an 

individual replicate and each replicate is a plant growth in a different pot. * significant at 

P < 0.05, ** significant at P < 0.01, and *** significant at P < 0.001.  
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Fig. S4.23 Scatter plots of net photosynthesis rate (Pn) against K+/Na+ ratio in lamina at 

(a, b, c) 21 and (d, e, f) 42 days of treatment in three soybean genotypes (G. max – cvs. 

Bunya, and Lee, and G. soja) grown in control (non–saline; open circles), and 50, 75 and 

100 mM treatments of NaCl (solid circles), 50, 75 and 100 mM Na+
 (without Cl–) (solid 

and upward triangles), and Cl– (without Na+) treatments (solid and downward triangles). 

Salts used in the various salt types are given in Table 4.1. Treatments were imposed on 

13–day–old plants and sampled at 21 and 42 days of treatment. Pn was measured at 19-

21 days and 40-42 days of treatment between 09:00 AM and15:00 PM at 

photosynthetically active radiation of 1500 µmol photons m–2 s–1, CO2 concentration of 

400 µmol mol–1, 28 0C leaf chamber temperature and 60–70% relative humidity. Each 

value is an individual replicate and each replicate is a plant growth in a different pot. * 

significant at P < 0.05, *** significant at P < 0.001, and n.s. = not significant.  
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Fig. S4.24 Photo of three soybean genotypes (a, d) G. max – cv. Bunya, (b, e) G. max – 

cv. Lee, and (c, f) G. soja) grown in control (non–saline) and 50, 75 and 100 mM 

treatments of NaCl, 50, 75 and 100 mM Na+ salts (without Cl–), and Cl– salts (without 

Na+). Salts used in the various salt types are given in Table 4.1. Treatments were imposed 

on 13–day–old plants and photo was taken at 21 days of treatment. 
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