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Abstract 
 

Losses of arable lands due to increasing soil salinization over the world are increasing and fresh water recourses are 

diminishing. Viable imperative option is to explore potential of halophytic plants like quinoa in semi-arid and arid agro 

ecologies where crop production is severely affected. Therefore, preliminary study was conducted using NaCl (0, 100, 200, 

300 and 400 dS m-1) amended soil in pots in wire house of Department of Crop Physiology, University of Agriculture 

Faisalabad during 2012‒13 to examine the salt tolerance variations of four well adapted quinoa lines (Q1, Q2, Q7, Q9) with 

the purpose to identify line suitable for further cultivation on salt-affected soils. Data regarding different salt tolerance indices 

indicated that tolerance was linked to high leaf turgor potential, increased K+ over Na+ uptake and de novo accumulation of 

osmoprotectants (proline and total phenolics contents) in plant tissues. Lines Q7 and Q2 were more salt tolerant and Q7 gave 

maximum seed yield at 100 dS m-1 by maintaining improved growth due to reasonable gas exchange relations under all salt 

regimes than other two. The large quinoa genetic variability in salinity tolerance opened new avenues to explore it further in 

different salt affected field conditions. © 2017 Friends Science Publishers 
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Introduction 
 

Salinity is one of the major threat to crop-production world 

over, especially in semi-arid and arid areas (Schleiff, 2008). 

Salinity affects more in the areas of low rainfall, high 

evapotranspiration, elevated temperature, poor water and 

soil management practices (Azevedo et al., 2006). Globally 

salinity affects more than 45 Mha of irrigated lands, 1.5 

Mha are taken out of production as a result of high salinity 

each year (Munns and Tester, 2008). In cultivable land of 

Pakistan 6.8 Mha soils is salt affected and out of which 2.67 

m ha are in Punjab province (Vashev et al., 2010). The salt 

responsible for salinity includes sulfates, chlorides, 

carbonates and bicarbonates of sodium, potassium, 

magnesium and out of these sodium chloride (NaCl) is the 

main cause (Li et al., 2006). Salt stress causes nutrient and 

ionic imbalance, ionic toxicity, production of reactive 

oxygen species and curtailed assimilation of ammonium and 

nitrate. Sodium replaces calcium bridging in membranes 

that hampers protein, nucleic acids and enzyme activities 

(Pattanagul and Maysaya, 2008). Similarly, soils having low 

fertility levels are responsible for yield reduction due to 

improper nutrients availability. 

Generally, there are three approaches for increasing 

the production of crops from salt-affected soils: reclamation 

of salt-affected soils, use of salt tolerant germplasm and 

introduction of salt tolerant genotypes (Blumwald et al., 

2004; Yilmaz et al., 2004) or alternate crops e.g. 

acclimatization of salt tolerant plants (gaining popularity 

word wide) appropriate for highly saline conditions 

(Flowers, 2004). The first approach is not practicable due to 

wide salt-affected areas, insufficient availability of good 

quality water, soil permeability and high cost of 

amendments (Akhtar et al., 2010). Limited salt tolerant 

germplasm is available due to several barriers during 

development i.e. variable environmental conditions, lack of 

information about genetic makeup of crops, their 

biochemical and physiological responses to salinity and 

complex polygenic salt tolerant traits. Salinity-tolerance will 

only be achieved when all key characters are collectively 

considered in a complementary way (Shahbaz and Ashraf, 

2013). Therefore, we should be realized that there is no 

existence of such thing which we can considered as a “silver 

bullet” that can resolve problems of salinity; focusing only 

one character (gene) will not result any substantial 

improvements. 

Halophytes can be raised in variety of salty 

environments, from coastal areas, mudflats and salt 

marches, to inland deserts steppes and salt flats. They occur 

in different plant families among them dominant is 

Chenopodiaceae (Flowers and Colmer, 2008). Halophyte 

can tolerate higher concentration of salts due to variety of 

adaptations. These include osmotic adjustment through ion 

compartmentalization in vacuoles, succulence, accumulation 

of organic compatible solutes, salt secreting bladders and 

glands (Shabala and Mackay, 2011). 

mailto:sahu.shehdi@yahoo.com


 

Iqbal et al. / Int. J. Agric. Biol., Vol. 19, No. 4, 2017 

 934 

Halophyte grows optimally even at high salt 

concentrations (100‒200 mM NaCl for dicots and 50 mM 

for monocots) (Flowers and Colmer, 2008). For semiarid 

and arid agro ecologies, this suggests more vide irrigations 

with poor quality (saline) water. Yet again, halophyte 

species can be considered as “spotlight” being capable of 

not only surviving, but really gaining benefit from saline 

irrigation. Furthermore, there was not found significant 

yield reduction in some halophyte species even with sea 

water irrigations (e.g. Chenopodium quinoa Willd. Hariadi 

et al., 2011). Any conventional known crop species is not 

capable to tolerate such extreme salt concentrations, 

considering halophyte ideal for saline agriculture. 

Quinoa a grain crop belongs to Amaranthaceae family 

with superior nutritional profile, originated from Andean 

region of Latin America where its cultivation was found 

seven thousand years ago (Jacobsen et al., 2003). Quinoa 

displays optimum growth in range of 100 to 200 mM NaCl, 

that why considered as true halophyte. Moreover, some 

genotypes can tolerate and grow with salt concentrations 

of seawater (40 dS m-1) (Jacobsen et al., 2003; Koyro 

and Eisa, 2008). The interest about this crop is 

increasing over the world, both due to abiotic stress 

tolerance and superior nutritional benefits (Stikic et al., 

2012). 

Grain of quinoa is gluten-free, contain substantial 

amount of all essential-amino acid, vitamins, (A, B2 and E), 

minerals (Ca, K, Fe, Mn) and health supportive fatty-acids 

(omega 3) (Rep-Carrasco et al., 2003). Recently in Pakistan 

quinoa has been successfully introduced, cultivated and 

basic production technology developed (Basra et al., 2014). 

Since quinoa can be successfully grown on marginal soils 

(Jacobsen et al., 2003) which was the main objective to 

introduce in Pakistan has yet to be tested under local salt 

affected conditions. Significant variations exist among 

quinoa accessions for physiological and agronomical 

variables when raised under different set of saline conditions 

(Adolf et al., 2012).  

Quinoa offers an alternate crop for the future due to its 

great properties as a food source. This study was therefore 

performed to examine the salt tolerance variations of four 

quinoa lines with the aim to identify germplasm suitable for 

cultivation on salt affected soils. 

 

Materials and Methods 
 

Experimental Details and Plant material 

 

This pot study was conducted in wire-house (open 

natural environment), Department of Agronomy, 

University of Agriculture Faisalabad (UAF) during 25 

November 2012 to 10 April, 2013 with following 

details. Four quinoa lines were collected from 

Department of Crop Physiology, (UAF). Details of lines 

are presented in Table 1. Lines are cited hereafter 

according to their respective local codes. 

Imposition of Salinity Levels in Pots 
 

The soil used in this study was analyzed according to 

standard procedures and its chemical and physical 

characteristics are presented in Table 2. Before filling soil, 

the pots were lined internally using polythene sheet and hole 

at bottom was also blocked with cork in order to stop 

leaching. Five salinity levels 1.51 (control; no salt added), 

10, 20, 30 and 40 dS m-1 were created by adding desired 

amount of NaCl salt in each pot and mixing was carried out 

with help of mechanical mixer one month prior to sowing 

according to protocol described in US Staff Handbook-60. 

Twenty-five seeds of each quinoa line were sown in every 

pot comprising 13 kg soil per pot. Every treatment was 

replicated four times. Five (1.51, 10, 20, 30 and 40 dS m-1) 

reference pots were also maintained to notice the effect of 

irrigation water on developed salinity. ECe was recorded 

regularly in the reference pots and from pots containing 

plants at the end. No significant changes in levels of salinity 

were observed at end. Pots were placed in wire-house under 

natural light and temperature according to completely 

randomized design. Each pot was supplement with P and K 

@ 60 kg ha-1 as basal dose using DAP and SOP fertilizers 

while N dose was applied @ 75 kg ha-1 using urea half dose 

at sowing and half at flowering. Pots were provided with 

good quality water. After emergence, extra plants were 

uprooted to maintain equal plant population of five 

plants/pot. Data regarding Na+ and K+ concentrations in leaf 

and root, water relations, gas relations, leaf biochemical 

analysis and yield parameters were collected at different 

stages as mentioned below. 
 

Determination of Na+ and K+ Concentrations in Leaves 

and Roots 
 

Newly emerged fully expanded leaf; sixth leaf from the top 

(three leafs, from three plants and their respective roots) 

were collected from each pot and recorded fresh and oven 

dried weights. Dried leaf (0.1 g) and roots (0.1 g) were 

digested in 25 mL 1% HNO3 solution on a hot plate at 85°C 

for 4 h. After digestion 1 mL of digested mixture was 

diluted to 20 mL volume to determine Na+ and K+ 

concentrations in leaf by flame photometer (Sherwood, UK, 

Model 360).  
 

Determination of Water Relations 
 

Early in the morning at 6:00 a.m after 45 DAS, leaf water 

potential (ѱw) was measured using the youngest fully 

developed leaf from top from five plant/treatment with a 

Scholander type water potential apparatus (Arimad-2-

Japan). The same leaf was kept in a freezer for one week at -

21ºC. the measurement of osmotic potential (ѱs) after 

extracting the sap from the frozen leaf material, was 

determined with an osmometer (VAPRO, Model 5520, 

USA). Leaf turgor potential was calculated using the 

following equation:  

ѱ𝑝 = ѱ𝑤 − ѱ𝑠 
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Measurement of Gas Exchange Relations 
 

Fifty days after sowing, net CO2 assimilation rate (A), 

stomatal conductance (gs) and transpiration rate (E) were 

measured by putting leaf (young fully expanded, 3rd leaf 

from top) in leaf chamber of potable infrared gas analyzer 

(Analytical development company, Hoddeson, UK). 

Instrument was used between 10:00 am to 1:00 pm. Leaf 

chamber conditions were: temperature (25-28C), ambient 

CO2 (371 µmol/mol), leaf chamber molar gas flow rate (400 

µmol/s) leaf chamber gas flow rate (296 ml/min), PAR at 

leaf surface up to 770 µmol/m2/s. 
 

Determination of Antioxidants 
 

Sixty days after sowing, fully expanded young leaves from 

five random plants, grown in each pot, were collected. Leaf 

samples were collected early in the morning before 6:00 am, 

packed in aluminum foil, put in thermo bottles containing 

liquid nitrogen, and transferred to plastic zipper bags, 

which were put in freezer (-80°C) for further analysis. 

Biochemical analysis was done within three days using 

spectrophotometer (UV 4000). Osmoprtectants, that is leaf 

total phenolic contents (TPH), were estimated according to 

protocol of Waterhouse (2001) at 765 nm wavelength 

using reference standards of gallic acid. The proline 

content in fresh leaf was determined by the method 

followed by Bates et al. (1973). 

 

Growth and Yield Estimation 

 

Plant height and main panicle lengths were measured at 

maturity with the help of centimeter scale, while stem 

diameter was measured with the help of Vernier caliper at 

three points of stem i.e., upper middle and bottom than 

averages were calculated.  

Harvesting was done from each pot on 10 April 2013 

when plants were matured as according to suggestions cited 

in Jacobsen and Stølen (1993) article. Inflorescences and 

other plant parts were dried on filter paper at 25‒30°C. After 

ten days’ seeds were threshed manually. Remaining plant 

part was dried at 65°C for one week, and recorded the dry 

weight and added to seed weight to calculate total biomass. 

Later on, thousand seeds weights was also recorded using 

digital balance. 

 

Statistical Analysis 

 

Each treatment was replicated four times, and data were 

statistically analyzed by a two-way ANOVA analysis under 

a completely randomized design (CRD) comprising 

factorial arrangement using statistical software “Statistix” 

(ver. 8.1, Tallahasse, FL, USA). Salinity levels and quinoa 

lines were taken as factor.  

 

Results 
 

Plant Growth and Yield Responses 

 

Data in Fig. 1(a, b) reveal that plant heights and main 

panicle lengths of all quinoa lines (Q1, Q2, Q7 and Q9) 

were significantly (P ≤ 0.001) influenced by NaCl stress 

applied in pot soil. Salt stress of 10 dS m-1 had a 

significant positive effect on increasing plant height and 

main panicle length of all lines, however further increase 

negative influence. Furthermore, Q2 and Q7 had larger 

main panicles and higher plant heights at maturity while 

growing at all salt regimes. Minimum values for these 

parameters were recorded for Q1 at 40 dS m-1 salt stress 

while stem diameters were found statistically similar 

(Fig. 1c). 

Data showed significant (P ≤ 0.001) reduction in shoot 

biomass and seed yield of Q1 and Q2 at 30 dS m-1, while 

these reductions started at 20 dS m-1 for Q1 and Q9 (Fig. 3a, 

b). Furthermore, Q2 and Q7 produced more biomass and 

seed yield than Q1 and Q9 at normal and all salt regimes. 

Maximum shoot biomass and seed yield was produced by 

Q7 at 10 dS m-1 NaCl level while minimum was found in 

Q1 at 40 dS m-1 (Fig. 3a, b). 1000 seed weight of all lines 

reduced significantly at 40 dS m-1 while lines Q2 and Q7 

had more seed weights as compared to Q1 and Q9 at this 

extreme level of salt stress (Fig. 3c). 

 

Leaf Gas Exchange 

 

There was significant (P ≤ 0.001) influence of varying 

levels of salt stress on leaf photosynthetic rate (An), 

stomatal conductance (gs) and transpiration rate (E). 

Table 1: Details of quinoa lines 

 
Code*  G. Line** Origin  

PI 596293 Q1 New Mexico, USA  
Ames 13730 Q2 Colorado, USA  

Ames 13737 Q7 New Mexico, USA  

PI 634919 Q9 Chile  
(*as per the germplasm database **coding of lines made for local 

identification) 

Source: Main source was USDA since 2008, I collected from Department 
of Crop Physiology, University of Agriculture Faisalabad, Pakistan 

 

Table 2: Physical and chemical characteristic of soil used 

in pot study 

 
Characteristics  Value 

Sand (%) 52.1 
Silt (%) 27.1 

Clay (%) 19.2 

Textural class Sandy clay loam 
Saturation percentage (%) 31 

pHe 7.6 

ECe (dS m-1) 1.41 
Available phosphorous (Olson) (mg kg-1) 3.31 

Extractable potassium (NH4OAC) (mg kg-1) 82 

Organic matter (%) 0.71 
Total nitrogen (%) 0.06 
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NaCl stress in growth medium significantly decreased all 

these parameters (Fig. 3a-c) An was found significantly 

higher at 10 dS m-1 in Q1, Q2 and Q7 than decreased with 

further increased salt stress. However, lines Q2 and Q7 had 

more An than An of Q1 and Q9 at every increased salt level 

(Fig. 4.2.3a). All lines showed decreasing trend for gs and E 

with increase in salinity levels except Q1 which had more E 

at 10 dS m-1 while line Q2 and Q7 had more gs and E than 

other two lines (Q1 and Q9) at all salt regimes (Fig. 3b, c). 

 

Leaf Water Relations 
 

Fig. 4 depicts that all quinoa lines had significantly linear 

lower (more negative) leaf water potential (Ψl), leaf osmotic 

potential (Ψπ) and leaf turgor potential (Ψp) when grown at 

every incremented NaCl stress. However, lines Q2 and Q7 

had significant better Ψl and Ψπ compared with Q1 and Q9 

at all salt regimes (Fig. 4 a, c). 
 

Leaf Na+, K+ Contents and K+/Na+ Ratios 
 

A significant linear increase was found for both leaf Na+ and 

K+ contents at every increased salt level in all lines (Fig. 5a, 

b). While significant less Na+ and higher K+ contents were 

found in leaves of Q2 and Q7 as compared to Q1 and Q9 at 

all salt regimes (Fig. 5a, b). Furthermore, leaf K+/Na+ 

 
 

Fig. 1: Plant height (a), main panicle length (b) and stem 

diameter (c) of quinoa lines affected by NaCl salt stress. Q-

1, Q-2, Q-7 and Q-9 indicate the quinoa lines. S and G 

indicate salinity treatments and lines respectively, and SxG 

indicates the interaction. Error bars indicate s.e. (n=4) 
 

 
 

Fig. 2: Shoot biomass per plant (a), seed yield per plant (b) 

and thousand seed weight (c) of quinoa lines affected by 

NaCl salt stress. Q-1, Q-2, Q-7 and Q-9 indicate the quinoa 

lines. S and G indicate salinity treatments and lines 

respectively, and SxG indicates the interaction. Error bars 

indicate s.e. (n=4) 

 
 

Fig 3: Leaf photosynthetic rate (An) (a), leaf stomatal 

conductance (gs) (b) and leaf transpiration rate (E) (c) of 

quinoa lines affected by NaCl salt stress. Q-1, Q-2, Q-7 

and Q-9 indicate the quinoa lines. S and G indicate salinity 

treatments and lines respectively, and SxG indicates the 

interaction. Error bars indicate s.e. (n=4) 
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decreased significantly in all lines at every increased NaCl 

level. Q2 and Q7 had better leaf K+/Na+ ratios at all NaCl 

incremented growth regimes (Fig. 5c). 
 

Root Na+, K+ Contents and K+/Na+ Ratios 
 

Higher root Na+ contents were found in all lines at every 

increased salt level in pot soil (Fig. 6a). Furthermore, 

lines Q-1 and Q-9 had maximum Na+ contents in roots at 

400 mM NaCl salt stress. While root K+ contents 

gradually decreased with increased in NaCl salt (Fig. 6b). 

Root K+/Na+ ratio also decreased drastically when plants 

were grown in all saline medium (Fig. 6c). 
 

Leaf Free Proline and Phenolics 
 

Total phenolic and free proline content in leaves were found 

significant higher at 10 dS m-1 NaCl stress and onward 

stress in all quinoa lines with increasing trends compared to 

control. Furthermore, lines Q7 and Q2 showed maximum 

free proline content at 80% sea level salinity (Fig. 7a). 
 

Discussion 
 

Quinoa lines were evaluated in normal and saline soil in 

pots under natural wire house conditions of Faisalabad in 

order to explore physiological, growth and yield responses. 

Growing season was November 2012 to April 2013 same as 

growing season of quinoa in Pakistan (Basra et al., 2014). 

The growth and yield of (Fig. 1; Fig 2) of quinoa 

lines did not affected by 10 dS m-1 NaCl salt stress but 

slightly increased. This level could be considered 

optimum therefore for growth in local conditions. This 

salt induced stimulation in growth response in quinoa and 

several other plant species has been found at moderate 

salinity levels (Hariadi et al., 2011). This is might be due to 

increase in tissue water contents (Khan et al., 2005). 

However, significant shoot biomass and seed yield 

reductions of Q1 and Q9 were found at 20 dS m-1 while 

these reductions for Q2 and Q7 were recorded at 30 dS m-1 

(Fig. 3a, b). While drastic reductions were found at 80% sea 

level salinity in Q1 and Q9 lines. Thus, it shows wide 

variation among quinoa lines exists for salt tolerance when 

tested under new environmental conditions of Faisalabad, 

and confirms it as a facultative halophyte (Adolf et al., 

2012). Regardless of this variation, all lines completed life 

cycle and produced seeds even at 80% sea level salinity. 

Koyro and Eisa (2008) and Harriadi et al. (2011) also 

reported this type of trend in the past, it suggests that these 

lines could also be tested in other climatic conditions of 

Pakistan and other countries as well. Thousand grain weight 

 
 

Fig 4: Leaf water potential (a), leaf osmotic potential (b) 

and leaf turgor potential (c) of quinoa lines affected by 

NaCl salt stress. Q-1, Q-2, Q-7 and Q-9 indicate the quinoa 

lines. S and G indicate salinity treatments and lines 

respectively, and SxG indicates the interaction. Error bars 

indicate s.e. (n=4) 

 
 

Fig 5: Leaf Na+ concentration (a), leaf K+ concentration (b) 

and leaf K+/Na+ ratio (c) of quinoa lines affected by 

NaCl salt stress. Q-1, Q-2, Q-7 and Q-9 indicate the 

quinoa lines. S and G indicate salinity treatments and 

lines respectively, and SxG indicates the interaction. 

Error bars indicate s.e. (n=4) 
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of all lines found less at higher salinity levels (30 and 40 dS 

m-1) might be due to more seed protein contents than 

carbohydrates (Koyro and Eisa, 2008). 

The appropriate water relations for maintenance of 

turgor is very crucial for normal cell functioning and plant 

growth and has been recognized as a vital mechanism of salt 

tolerance in every plant (Jensen et al., 2000; Bosque-

Sanchez et al., 2003). These attributes have been directly 

linked with plant gas/ionic relations and leaf morphological 

characteristics, as stomatal resistance is usually helpful 

to maintain plant water status (Adolf et al., 2012).  

 

In the current study, inverse relationships were found 

between stomatal conductance and leaf transpiration with 

NaCl concentration (Fig. 3b, c) which leaded to less growth 

and ultimately low yield (Fig. 1‒2). Likely water relations 

were regulated in the tested lines through increased 

inorganic osmotica accumulation (K+ and Na+) in leaf, a 

hypertonic response (Fig. 5) in order to maintain internal 

osmolality of cell to extract water from high external 

osmolality of soil (Fig. 4). Furthermore, reduced 

transpiration as happened in all tested lines quinoa lines 

(Fig. 3c) at higher salinity levels, might be also helpful in 

regulating water relations, which could be possible due 

to quinoa morphological adaptations i.e. fewer and 

smaller stomata (Orsini et al., 2011). These 

morphological adaptions have been reported as efficient 

strategy to cut down transpiration water loss but also 

responsible for reduction in overall stomatal 

conductance of leaf (Adolf et al., 2012). 

Salt stress of 20 dS m-1 and onwards adversely 

affected net photosynthesis in quinoa lines especially in 

Q1 and Q9, which was linked to stomatal conductance 

(Fig. 3a, b). Although, stomatal closure under salt and 

drought stress is indicative of defense to prevent 

desiccation, but at the same hour, leads to a substantial 

reduction of CO2 diffusion to the carboxylation sites 

(Ozgur et al., 2013). 

Other factors might be also responsible to non-

stomatal reduction of photosynthesis; debatably most 

important of these is alteration in the leaf-K+/Na+ ratio. 

Potassium has been recognized for the activation of more 

than fifty enzymes (Shabala, 2003); including Rubisco and 

chlorophyll biosynthesis catalyzing enzymes. Similarities in 

physiochemical characteristics of K+ and Na+ (i.e., ionic 

radius and ion hydration energy), later contests with K+ for 

vital binding-sites of enzymes (Marschner, 1995). 

Therefore, a low leaf-K+/Na+ ratio in quinoa lines (Fig. 5c) 

especially Q1 and Q9, might be responsible to reduce 

dramatically plant’s capacity of photosynthesis. 

Furthermore, like cellular-metabolic activities in animals 

(Hughes and Cidlowski, 1999), potassium depletions in 

leaf-mesophyll under saline-regimes (Shabala, 2000; 

Shabala et al., 2005) may trigger programmed cell death by 

activating many caspase-like proteases (Shabala, 2009) and 

enhancing leaf drop.  

In this scenario, plant’s salt tolerance is highly linked 

 
 

Fig. 6: Root Na+ concentration (a), root K+ concentration 

(b) and root K+/Na+ ratio (c) of quinoa lines affected by 

NaCl salt stress. Q-1, Q-2, Q-7 and Q-9 indicate the quinoa 

lines. S and G indicate salinity treatments and lines 

respectively, and SxG indicates the interaction. Error bars 

indicate s.e. (n=4) 

 

 
 

Fig 7: Leaf free proline concentration (a) and leaf soluble 

phenolic contents (b) of quinoa lines affected by NaCl salt 

stress. Q-1, Q-2, Q-7 and Q-9 indicate the quinoa lines. S and 

G indicate salinity treatments and lines respectively, and 

SxG indicates the interaction. Error bars indicate s.e. (n=4) 
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with prevention of shoot potassium decline and appropriate 

leaf-K+/Na+ ratio (Shabala and Cuin, 2008). In current 

study, lines Q2 and Q7 had better leaf-K+/Na+ ratios at all 

salt regimes (Fig. 5c), thus representing salt tolerance. This 

might involve an efficient Na+ dumping in leaf vacuole or 

Na+ translocation to older leaves. Na+ concentration was 

measured in young leaves in this study and usually young 

leaves had lower degree of accumulation (Adolf et al., 

2013). It seems that lines Q2 and Q7 responded at whole 

plant level by translocating Na+ in older leaves that leads to 

low Na+ loads in young leaves (Fig. 5a). It also seems to 

restrict Na+ at root paranchyma as root Na+ contents of Q2 

and Q7 were higher while growing in saline solutions 

especially at 400 mM NaCl (Fig. 6a). This strategy of low 

accumulation of Na+ might be also linked with preferential 

K+ uptake at root parenchyma and translocation to leaf, as 

leaf K+ concentration was also found higher in Q7 and Q2 

(Fig. 5b). Quinoa plants accumulate more K+ in leaves 

under salt stress (Adolf et al., 2012), which was also 

confirmed in this study. 

Further possible elucidation might be alteration in Na+ 

loading rate in xylem. It has been described that processes 

i.e. nutrient element uptake, their radial transport and 

movement to shoot are mostly uncoupled (Plett and Moller, 

2010; Wegner et al., 2011). It is recently argued that, 

thermodynamically Na+ loading in xylem is almost surely an 

active process, facilitated by SOS1-like Na+/H+ exchanger 

in halophytes (Shabala and Mackay, 2011). Meanwhile, 

xylem-K+ loading is a passive process happens through 

selective outward rectifying cation conductance (NORC) or 

K+-selective (SKOR) depolarization activated channels at 

xylem parenchyma (Shabala et al., 2008). It seems that in 

quinoa xylem K+ and Na+ loadings are uncoupled and thus 

tolerant lines may exhibit better activities of Na+/H+ 

antiporters located at the xylem parenchyma border. 

Validation of this hypothesis may be included in future 

research programs. 

Exposure to salt stress, proline concentration and leaf 

phenolic contents increased exponentially at every increased 

stress level in all quinoa lines (Fig. 7a‒b). But, the levels of 

increase for both free proline and total phenoles were still 

not enough to contribute significantly to cell osmotic 

adjustment (Ruffino et al., 2010). However, Cuin and 

Shabala (2007) proposed that these osmolyte may play 

indirect role in osmotic adjustment by regulation of K+ 

transport across the plasma membrane, thus preventing 

NaCl induced efflux of K+. In another study Ismail et al. 

(2016) reported that rutin; a phenol which accumulated 

approximately more than 27.5-times in young leaves of two 

quinoa cultivars under salt stress. Exogenous applications of 

rutin were also done by same group of scientists and found 

rutin can mitigate salt stress in quinoa plants. Furthermore, 

after detailed electrophysiological experiments after 

exogenous application of rutin in quinoa leaves, also 

revealed that these beneficial effects were attributed to 

improved potassium retention and increased rate of Na+ 

pumping from the cell.  

The lack of correlation between rutin-induced changes 

in K+ and H+ fluxes suggest that rutin accumulation in the 

cytosol scavenges hydroxyl radical formed in response to 

salinity treatment thus preventing K+ leak via one of ROS-

activated K+ efflux pathways, rather than controlling K+ flux 

via voltage-gated K+-permeable channels. So, the role of 

free proline and phenolics as osmoprotectant by mitigating 

Na+ toxicity warrants further detailed studies. Other 

important role of these compounds in quinoa, which has 

been widely accepted are very helpful to detoxify reactive 

oxygen species produced due to salt stress (Adolf et al., 

2012). Both these metabolites are indicators of salt 

toxicity, and their values were not increased 

significantly at 10 dS m-1 in all quinoa lines (Fig. 7a‒b), 

which confirms that 10 dS m-1 level is not a big hazard for 

quinoa, as has been accepted for the halophytes (Shabala 

and Mackay, 2011). 

 

Conclusion 
 

All the quinoa lines not only survived but also produced 

seeds even at 40 dS m-1 salt stress. Lines Q2 and Q7 

performed better and produced 25‒28% more seed yield as 

compared to Q1 and Q9 under control and saline conditions. 

With increase in salinity level osmoprtectants (free proline 

and phenolics) increased in all quinoa lines. Salt tolerance 

was linked with low Na+ and high K+ accumulation in 

leaves.  
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