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Improving plant salt tolerance is thus a veritable challenge for breeders as salt stress is one of the most 
important factors that negatively affect plant growth and productivity worldwide. In this study, we 
evaluated the physiological strategies involved in the salt resistance of three salt resistant mutant lines. 
Three weeks old plants of the three mutant lines and that of the control cultivar Locale were submitted 
in pots to three NaCl concentrations (0; 100 and 200 mM) in a completely randomized design with three 
replications. Plant growth, ions and organic solutes contents were determined after two weeks of 
treatment. Plant growth reduction under salt stress was earlier and more accentuated in the control 
cultivar followed by line L2 than the salt resistant lines L18 and L23. The rate of Na+, proline and 
soluble sugars accumulation; that of K+ and Ca++ absorption and that of K/Na and Ca/Na reduction 
under salt stress varied greatly according to the population. The salt resistance of line L18 was due to 
Na+ accumulation in leaves associated to proline and soluble sugars accumulation, the maintenance of 
high absorption of Ca++, high K/Na and Ca/Na ratios whereas that of line L23 was due to Na+ exclusion 
from leaves associated to the maintenance of high absorption of high K+ and Ca++, high K/Na and 
Ca/Na ratios. Line L2 resist to salt stress via proline accumulation and the maintenance of high Ca/Na 
ratio. Thus, lines developped different salt resistance strategies according to their relative salt 
resistance level. 
 
Key words: Amaranthus cruentus, mutant lines, salt resistance mechanisms.  

 
 
INTRODUCTION 
 
Soil salinity results from the accumulation of soluble  salts  containing    chloride,     sulphate,     sodium    carbonate,  
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potassium, magnesium and calcium. Among them, NaCl 
and Na2SO4 are especially toxic for plant growth (Beghin, 
2019). Unadequate agricultural practices, especially 
irrigation with poor quality water, are one of the major 
causes of soil salinization process (Ruan et al., 2010). A 
soil is considered as saline when the electrical 
conductivity of the soil exceeds 4 ds/m (Shrivastava and 
Kumar, 2015). Approximately 10% of the total agricultural 
lands (950 Mha) and 50% of the total irrigated area (230 
Mha) in the world are encountering salt stress (Behra et 
al., 2022). Soil salinization is one of the major abiotic 
factors reducing plant growth at most developmental 
stage, the young seedlings and flowering stages is the 
most sensitive (Lutts et al., 1995; Khan et al., 2010).  

Salt stress present two components: it acts through 
osmotic stress and compromises plant water uptake as a 
result of the lowering of external osmotic potential, and 
through an ionic stress resulting from either accumulation 
of toxic ions (Na

+
 and Cl

-
) or depletion in essential 

elements (potassium, calcium, manganese) (Behra et al., 
2022). Plants display various strategies in order to cope 
with salt stress. One of them consists in reducing Na

+
 

accumulation and enhancing K
+
 accumulation allowing 

to lower Na/K ratio mainly in photosynthetic leaves 
(Lutts et al., 1996; Almansouri et al., 1999; Wouyou et al., 
2019). Another strategy consist in the biosynthesis of 
osmoprotectants and compatible solutes among which 
proline and soluble sugars are the most frequently reported 
(Gupta and Huang, 2014; Gouveitcha et al., 2021). 

Amaranth (Amaranthus cruentus) is a pseudo-cereal 
which is mainly cultivated in Africa for its leaves rich in β-
carotene, lipid, carbohydrate, calcium, iron, proteins, and 
vitamin C (Olaniyi et al., 2008; James et al., 2010; 
Achigan-Dako et al., 2014). It is also one of the traditional 
leafy vegetables produced in Benin, helping to fight 
against food insecurity and playing an important role in 
the economy (Dansi et al., 2008; Adjogboto et al., 2019). 
In Benin, an important part of the production zone of 
amaranth is prone to salinization by irrigation water 
(Gandonou, 2020). The majority of vegetable crop 
species are salt-sensitive and exhibit a very low salinity 
threshold (ECt, which ranged from 1 to 2.5 dS m

-1
 in 

saturated soil) (Behra et al., 2022).  Several authors 
reported that salt stress reduces amaranth growth (Qin et 
al., 2013; Amukali et al., 2015; Lavini et al., 2016). This is 
especially the case for the most widely prized cultivar in 
Benin called Locale (Wouyou et al., 2017; Luyckx et al., 
2021). Increasing salt tolerance in this amaranth cultivar 
will have a high benefical impact in nutritional and 
economic security in the country and thus appears as a 
major goal. 

 
 
 
 
In a recent study, we developed some amaranth mutant 
lines from the sensitive cultivar Locale issued from γ-rays 
irradiation strategy and which exhibit impoved salt 
resistance comparatively to the initial cultivar (Atou et al., 
2022). The underlying physiological and biochemical 
mechanisms involved in this improvement remain 
unidentified. The present study aims at evaluating the 
implication of sodium, potassium and calcium ions 
accumulation on one hand as well as proline and soluble 
sugars accumulation on the other hand in the salt 
resistance acquired by the salt resistant identified lines. 
 
 
MATERIALS AND METHODS 
 
Plant  
 
Four populations of A. creuntus were considered in the present 
study. The first population corresponds to cultivar Locale from 
which mutant lines were generated. Locale was used in this study 
as control cultivar (CC). The three other populations were three 
mutant lines L2, L18 and L23 identified as salt-resistant in 
comparison with the control cultivar at the young plant stage as 
detailed in our previous report (Atou et al., 2022). 
 
 
Experimental design and conditions 
 
The experiment was carried out in a screening house of the 
International Institute of Tropical Agriculture (IITA/Benin) (N 6° 25’ 
260’’ E 2° 19’ 682’’; 15 masl) in the City of Abomey-Calavi 
(Republic of Benin) located in the Gulf of Guinea which is 
characterized by a subequatorial bimodal climate with two dry 
seasons and two rainy seasons (Kinhoegbè et al., 2020). The 
annual rainfall varies between 1200 and 1500 mm/year and the 
temperature range from 24 to 30°C (Kinhoégbè et al., 2020). The 
seeds from the four amaranth populations were germinated in tubs 
filled with potting soil for two weeks. The young plants were then 
transferred to small pots (5.8 cm × 6 cm) containing a mixture of 
potting soil and sand (50:50) (one plant/pot) and grown for one 
week before stress application. Plants of the control cultivar Locale 
and of the three salt resistant mutant lines were subjected to salt 
stress in large earthen pots (11.3 cm × 14 cm) filled with 3 kg of the 
same mixture as before. Treatments consisted of watering the 
plants every other day with 100 ml/pot of water containing 0, 100 
and 200 mM NaCl. The experimental set-up was a completely 
randomized design with two factors. The first factor is represented 
by the three saline treatments (T0 = 0 mM; T1 = 100 mM and T2 = 
200 mM) and the second is represented by the four amaranth 
populations (the control cultivar, and salt-resistant mutant lines L2; 
L18 and L23) with three replicates. 

 
 
Plant growth determination  

 
Plant height, shoot and root fresh and dry matters were measured 
after two weeks of  treatment. For  dry  matter  determination,  fresh 
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Table 1. Effect of salt stress on growth of four amaranth population after two weeks exposure to differnts NaCl 
concentrations (n= 3). Values are means ± standard errors. 
 

Population NaCl (mM) PH SFM SDM RFM RDM 

CC 

0 58.60±0.49
a
 53.06±2.29

a
 1.87±0.14

a
 3.51±0.27

a
 0.22±0.1

a
 

100 44.85±2.05
b
 22.90±1.42

b
 1.09±0.28

b
 2.70±0.36

b
 0.16±0.1

b
 

200 42.05±1.51
b
 19.61±1.18

b
 0.89±0.00

b
 1.33±0.03c 0.12±0.1

b
 

       

L2 

0 59.92±1.18
a
 53.13±1.03

a
 2.15±0.09

a
 4.11±0.09

a
 0.19±0.02

a
 

100 41.05±1.87
b
 31.45±1.48

b
 1.29±0.14

b
 2.96±0.16

b
 0.20±0.04

a
 

200 39.95±2.92
b
 23.92±2.73

c
 0.95±0.95

b
 2.06±0.30

b
 0.13±0.02

a
 

       

L18 

0 58.50±1.03
a
 41.18±1.44

a
 1.87±0.32

a
 3.44±0.14

a
 0.26±0.03

a
 

100 48.82±4.42
a
 24.55±1.64

b
 1.03±0.13

a
 2.99±0.49

a
 0.25±0.03

a
 

200 36.67±1.26
b
 21.28±1.39

b
 1.31±0.12

a
 2.74±0.24

a
 0.23±0.00

a
 

       

L23 

0 55.75±3.05
a
 46.42±0.20

a
 1.75±0.39

a
 3.01±0.67

a
 0.27±0.05

a
 

100 44.80±3.00
b
 21.56±2.38

b
 1.11±0.12

a
 2.67±0.40

a
 0.23±0.06

a
 

200 40.35±1.56
b
 25.55±0.88

b
 1.34±0.15

a
 2.51±0.24

a
 0.15±0.01

a
 

 

Means with different letters within column for each population are significantly different at p =0.05. PH: Plant height; SFM: 
shoot fresh mass; SDM: shoot dry mass; RFM: root fresh mass; RDM: root dry mass. 
Source: Author 

 
 
 
samples were transferred to an oven at 80°C for 72 h. 
 
 
Shoot water content 
 
Shoot water content was determined according to the formula: 
[(Shoot fresh mass – Shoot dry mass)/Shoot fresh mass] × 100 as 
used by Gouveitcha et al. (2021). 
 
 
Ion concentrations 
 

Ion determination was performed as reported by Henry et al. 
(2021). Leaves and roots were individually dried in an oven at 80°C 
for 72 h, ground in a mortar, and the powder was dried for 
additional 24 h. To determine the concentrations of Na

+
, K

+
 and 

Ca
++

,
 
20 mg of the leaf and root powders were placed in 10 ml jars 

and digested with nitric acid (68%) at room temperature. The 
solutions were filtered through Whatman paper (85 mm, Grade 1). 
The filtrate was used for the determination of cations (Na

+
, K

+
 and 

Ca
++

) using a flame spectrophotometer (Sherwood Model 360). Ion 
concentrations were expressed in mg g

−1
 DM (Dry Mass). 

 
 
Extraction and determination of proline and soluble sugars 
 

Proline and soluble sugars extraction and determination were 
performed as described by Henry et al. (2021). Samples of 100 or 
200 mg of leaf fresh mass (youngest fully-unfolded leaf), or root 
fresh mass were used. Proline concentration was determined 
spectrophotometrically using the method of Bates et al. (1973) and 
obtained results were expressed as µmol proline g

−1
 FM (Fresh 

Mass). Standerd curve was established using proline (Sigma 
Aldrich) as standard. Total soluble sugars were estimated by the 
anthrone reagent method using glucose as the standard according 
to  Yemm  and  Willis  (1954)   with  slight   modification  (Manaa  et  

al., 2014) using an UV-visible spectrophotometer (Jenway 7305). 
Soluble sugars concentration was expressed as µmol soluble 
sugars g

−1
 FM (Fresh Mass). 

 
 
Statistical analyses 

 
For all recorded parameters, the means and standard errors were 
calculated with three replications per treatment using the Excel 
spreadsheet. The results were subjected to one or two-ways 
analysis of variance (ANOVA) as appropriate and the means were 
compared with the Tukey-Kramer test. Analyses were performed 
using JMP Pro software (JMP Pro SAS Institute, 2009). 

 
 
RESULTS 
 
Effect of NaCl salt stress on plant growth 
 
Salt stress reduced plant growth in mutant lines and the 
control cultivar (Table 1). NaCl induced a significant 
(p=0.001) decrease in plant growth at 100 and 200 mM 
NaCl for all growth parameters evaluated in the control 
cultivar. For lines L18 and L23, growth reduction under 
salt stress was non significant for all the growth 
parameters except for plant height and shoot fresh mass. 
In addition, plant height reduction under salt stress was 
significant at 100 and 200 mM NaCl for line L23 whereas 
it was significant only at 200 mM NaCl for line L18. This 
result indicated that growth of line L18 was less affected 
by NaCl than that of line L23. Line L2 has similar trend as 
the control cultivar  but the root dry mass reduction under 
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Table 2. Effect of different NaCl concentrations on shoot water content (%) of four populations of amaranth after 
two weeks stress application (n= 3). Values are means ± standard errors. 
 

NaCl (mM) 
Populations 

CC L2 L18 L23 

0 96.44±0.29
a
 95.95±0.10

a
 95.39±0.90

a
 96.22±0.82

a
 

100 95.01±1.47
a
 95.80±0.63

a
 95.75±0.52

a
 94.85±0.13

a
 

200 95.41±0.27
a
 95.78±0.83

a
 93.68±0.90

a
 94.76±0.45

a
 

 

Means with different letters within column for each population are significantly different at p =0.05. 
Source: Author 

 
 
 

Table 3. Results of two ways analysis of variance for Na
+
, K

+
 and Ca

++
 ions contents in leaves and roots of plants of four 

populations of amaranth after two weeks of exposure to different NaCl concentrations.  
 

Parameter Stress Population Interaction (Stress × population) 

Na
+
 

Leaves 131.93*** 15.58*** 4.79** 

Roots 8.52** 0.39
ns

 0.65
ns

 

     

K
+
 

Leaves 8.03** 3.60
ns

 5.09** 

Roots 94.62*** 21.22*** 37.16*** 

     

Ca
++

 
Leaves 1.50

ns
 24.17*** 16.17*** 

Roots 4.00
ns

 23.33*** 38.33*** 

     

Proline 
Leaves 55.34*** 78.53*** 2.25

ns
 

Roots 17.91*** 40.50*** 0.48
ns

 

     

Soluble sugars 
Leaves 7.34*** 8.87*** 4.92** 

Roots 33.64*** 6.36** 2.81* 
 

“f” values were given of the effect of the following factors: stress (presence of NaCl in the plant culture medium), 
population and the interaction between stress and population.ns: Difference not significant; **: difference significant at p 
=0.01; ***: difference significant at p =0.001.  
Source: Author 

 
 
 
salt stress was not significant for line L2. Moreover, the 
relative shoot fresh mass reduction percentages under 
salt stress were lower for line L2 (40.81 and 54.08%) at 
100 and 200 mM NaCl, respectively, than for control 
cultivar (56.84 and 63.04%). This confirms that growth 
reduction under salt stress was less accentuated in line 
L2 than in control cultivar and indicates that this line was 
intermediary between the control cultivar and lines 18 
and L23. 
 
 
Effect of NaCl on shoot water content 
 
NaCl stress induced similar effect on shoot water content 
in the control cultivar and the three amaranth mutant 
plants   with   globally  a  slight  non  significant  decrease 

(Table 2). Thus, shoot water content did not change 
significantly under salt stress in the four amaranth 
populations. 
 
 
Effect of salt stress on plant ion contents 
 
Two-ways ANOVA revealed a significant effect of NaCl 
only on leaf and root Na

+
 and K

+
 content while there was 

no significant impact of stress on Ca
++

 accumulation 
(Table 3). Moreover, a significant difference among 
populations was found for leaf Na

+
, roots K

+
 and leaf and 

roots Ca
++

. A significant interaction between NaCl stress 
and population was recorded for all parameters except 
for roots Na

+
.  Thus, except for roots Na

+
, each 

population should be analyzed separately. 
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Table 4. Effect of salt stress on leaf sodium (Na
+
) content (mg g

-1
 DM) 

of four amaranth populations after two weeks exposure to 
differnt NaCl concentrations (n= 3).  
 

Population NaCl (mM) Na
+
 

CC 

0 0.58±0.03
b
 

100 0.96±0.19
b
 

200 2.07±0.13
a
 

   

L2 

0 0.35±0.04
b
 

100 0.61±0.02
ab

 

200 1.03±0.22
a
 

   

L18 

0 0.38±0.04
c
 

100 0.73±0.06
b
 

200 1.87±0.01
a
 

   

L23 

0 0.46±0.05
b
 

100 0.61±0.05
b
 

200 1.34±0.07
a
 

 

Means with different letters within column for each genotype are 
significantly different at =0.05 or =0 .01. Values are means ± standard 
errors. 
Source: Author 

 
 
 

Table 5. Effect of different NaCl concentration and amaranth population on root 
sodium (Na

+
) content (mg g

-1
 DM) after two weeks exposure. 

 

NaCl (mM) Na
+
 Population Na

+
 

0 1.72
b
 CC 2.02

a
 

100 2.36
a
 L2 2.18

a
 

200 2.38
a
 L18 2.24

a
 

- - L23 2.16
a
 

Standard error 0.09 - 0.16 

Probability 0.0005 - 0.84 
 

Means with different letters within column for each plant organ are significantly different at 
p = 0.001. 
Source: Author 

 
 
 

Effect of salt stress on leaf Na
+
 content 

 
Salt stress induced a significant increase in Na

+
 content 

in leaves in the four considered populations (Table 4). 
This increase was significant only at 200 mM NaCl for the 
control cultivar and lines L2 and L23 but was already 
detected in response to 100 mM in L18. Thus, the rate of 
Na

+
 accumulation was more accentuated in leaves of line 

L18 than the control cultivar and the two other mutant 
lines. Moreover, Na

+
 accumulation rate in terms of 

percentages was lower in leaves for line 23 than in the 
control cultivar either at 100 mM (33.40/65.80) or at 200 
mM NaCl (190.67/258.20). This is also valid for line L2  at 

200 mM NaCl comparatively to control cultivar (192.35/ 
258.20). Thus, line L18 accumulated more Na

+
 in leaves 

than the control cultivar whereas line L23, followed by 
line L2 (in a less extend) accumulated less Na

+
 in leaves 

than the control cultivar. 
 
 
Effect of salt stress on root Na

+
 content 

 
As far as roots are concerned, salt stress induced a 
significant increase in Na

+
 content already in response to 

100 mM NaCl with no difference among populations 
(Table 5). 
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Table 6. Effect of salt stress on leaves and roots potassium (K
+
) and calcium (Ca

++
) contents (mg g

-1
 DM) of four amaranth 

populations (Amaranthus cruentus) after two weeks exposure to different NaCl concentrations (n= 3).  
 

Population NaCl (mM) 
K

+
 content Ca

++
 content 

Leaves Roots Leaves Roots 

CC 

0 133.73±4.17
a
 125.38±0.00

a
 48.05±6.00

a
 54.05±0.00

a
 

100 117.02±11.05
a
 25.07±6.26

b
 18.02±0.00

b
 42.04±6.00

a
 

200 109.93±22.84
a
 12.54±0.00

b
 0.00±0.00

c
 0.00±0.00

b
 

      

L2 

0 160.90±8.35
a
 29.25±8.35

a
 24.02±6.00

a
 42.04±6.00

a
 

100 110.75±2.09
b
 35.52±2.08

ab
 42.04±6.00

a
 42.04±6.00

a
 

200 100.30±7.23
b
 8.36±2.08

b
 36.04±0.00

a
 66.07±6.00

a
 

      

L18 

0 133.73±8.35
ab

 68.96±3.61
a
 30.03±6.006

b
 36.04±0.00

a
 

100 167.17±34.39
a
 48.06±2.08

b
 54.05±0.00

a
 54.05±0.00

a
 

200 62.69±3.61
b
 18.81±0.00

c
 54.05±0.00

a
 72.02±0.00

a
 

      

L23 

0 56.42±7.23
b
 33.43±9.10

a
 42.04±6.00

a
 36.04±0.00

a
 

100 129.55±7.53
a
 45.97±7.53

a
 48.05±6.00

a
 54.05±0.00

a
 

200 81.49±7.23
b
 31.34±0.00

a
 54.05±0.00

a
 54.05±0.00

a
 

 

Means with different letters within column for each population are significantly different at p =0.05 or p = 0.01. Values are means ± 
standard errors. 
Source: Author 

 
 
 
Effect of salt stress on leaf and roots K

+
 content 

 
Salt stress induction had no significant effect on K

+
 

content (Table 6) in leaves of the control cultivar but a 
slight increase at 100 mM NaCl followed by a high 
decrease at 200 mM NaCl was observed for line L18 
(with a significant difference between 100 and 200 mM 
NaCl) whereas a significant decrease was observed in 
line L2 and a significant increase in line L23 at 100 mM 
NaCl (Table 6). In roots, a significant decrease in K

+
 

content was observed in the control cultivar and line L18 
at both 100 and 200 mM NaCl, while this effect was 
significant for line L2 at 200 mM NaCl only. No effect was 
observed in line L23. Thus, salt stress induced a 
decrease in leaves K

+
 content only in line L2 with an 

unexpected increase in line L23 at 100 mM NaCl. A 
decrease in root K

+
 was noticed for all population except 

line L23. It thus appears that L23 maintained an efficient 
K

+
 nutrition in both leaves and roots under salt stress in 

comparison with the control cultivar. 
 
 
Effect of salt stress on leaf and roots Ca

++
 content 

 
Salt stress induced a significant decrease in Ca

++
 content 

in leaves and roots for the control cultivar Locale, only 
(Table 6). No significant effect was observed for the three 
mutant lines except for line L18 in which a significant 
increase was observed in leaves. It thus appears that  the 

three mutant lines maintained higher Ca
++

 absorption 
than the control cultivar in both leaves and roots under 
salt stress. 
 
 
Effect of salt stress on ionic selectivity ratio 
 
Salt stress induced a significant decrease on leaf K/Na 
ratio for the control cultivar and line L2 at all NaCl dose, 
whereas the decrease was significant only at 200 mM 
NaCl for line 18 (Table 7). No significant effect was 
observed for lines L23 at 200 mM but a significant 
increase was observed at 100 mM NaCl. In roots, a 
decrease in K/Na ratio at 100 mM NaCl was significant 
only for the control cultivar and line L18 (Table 7). Thus, 
salt stress induced a decrease in leaves K/Na ratio in all 
populations except for line L23 with an increase at 100 
mM NaCl. In roots, no significant decrease in K/Na ratio 
was observed for line L2 and L23. It thus appears that 
line L23 maintained higher K/Na ratio in both leaves and 
roots than the control cultivar, followed by line L18 in 
leaves and by L2 in roots. 

Salt stress induced a significant decrease on Ca/Na 
ratio in leaves for the control cultivar already at 100 mM 
NaCl, whereas the decrease was significant only at 200 
mM NaCl for lines L18 and 23. No significant effect was 
observed for line L2 (Table 7). In roots, a decrease in 
Ca/Na ratio was significant only for the control cultivar; a 
significant increase was even observed for L18. 
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Table 7. Effect of salt stress on the ionic selectivity ratios K/Na and Ca/Na in leaves and roots of four amaranth 
populations after two weeks exposure to different NaCl concentrations (n= 3).  
 

Genotype NaCl (mM) 
K/Na ratio  Ca/Na ratio 

Leaves Roots  Leaves Roots 

CC 

0 232.5±17.59
a
 73.23±0.00

a
  84.26±13.92

a
 31.57±0.00

a
 

100 134.05±29.88
b
 10.38±2.65

b
  20.42±4.07

b
 17.28±2.29

b
 

200 54.67±13.26
b
 17.14±12.41

b
  0.00±0.00

b
 0.00±0.00

c
 

       

L2 

0 465.90±52.44
a
 16.73±5.39

a
  70.74±20.61

a
 22.81±1.84

a
 

100 183.01±7.51
b
 16.32±1.72

a
  69.61±10.65

a
 19.55±4.04

a
 

200 109.85±30.57
b
 3.32±0.84

a
  38.30±8.12

a
 26.12±2.26

a
 

       

L18 

0 355.03±16.97
a
 39.90±3.53

a
  78.42±13.49

a
 20.77±0.75

a
 

100 239.43±67.85
a
 19.80±0.85

b
  74.77± 6.46

a
 22.27±0.21

b
 

200 33.47±2.21
b
 7.36±0.00

c
  28.83±0.24

b
 28.21±0.00

b
 

       

L23 

0 122.15±3.48
b
 21.53±6.60

a
  91.71±9.05

a
 22.70±1.01

a
 

100 214.23±23.73
a
 19.47±3.45

a
  81.10±16.05

ab
 22.79±0.44

a
 

200 61.70±8.63
b
 12.40±0.00

a
  40.54±2.12

b
 21.39±0.00

a
 

 

Means with different letters within column for each population are significantly different at p =0.05 or p = 0.01. Values are 
means ± standard errors. 
Source: Author 

 
 
 
Thus, salt stress induced a decrease in leaves Ca/Na 
ratio for all population except for line L2. In roots no 
significant decrease was observed for the salt resistant 
mutant lines with a surpising increase for line L18. It 
appears that line L2 maintained higher Ca/Na ratio in 
leaves than the control cultivar, followed by lines L18 and 
L23. Line L18 maintained higher root Ca/Na ratio than the 
control cultivar followed by lines L2 and L23. 
 
 
Proline and soluble sugars contents of leaves and 
roots 
 
Two-ways ANOVA revealed a significant effect of NaCl 
and population on leaf and root proline as well as soluble 
sugars concentartions. We noticed a significant 
interaction between NaCl stress and population only for 
leaf and root soluble sugars content (Table 3). Thus, the 
effect of salt stress on leaf and root proline content must 
be analyzed independently from the population and vice-
versa. However, that on leaf and root soluble sugars 
content must be analyzed for each amaranth population 
separately. 
 
 
Proline content in leaves and roots 
 
Salt stress induced an increase on leaf and root proline 
concentration  which   was   significant  at  200 mM  NaCl 

(Table 8). Moreover, a significant difference was 
observed among populations for leaf and root proline 
concentrations and line L2 presented the highest 
concentrations either in leaf or in root followed by line 
L18; the lowest concentrations were observed in leaf and 
root of line L23. Thus, the concentrations of proline in 
roots and shoots were higher in L2 or L18 than the 
control cultivar indicating that lines L2 and L18 
accumulated more proline in both leaves and roots than 
the control cultivar. 
 
 
Soluble sugars content in leaves and roots 
 
Salt stress induced a significant increase in soluble 
sugars content in leaves in line L18 only (Figure 1A) with 
the highest soluble sugars content. Thus, line L18 
accumulated more soluble sugars in leaves under salt 
stress than the control cultivar and the two other mutant 
lines. In roots a significant increase was observed only in 
the three mutant lines at 200 mM NaCl but not at 100 mM 
NaCl (Figure 1B). Line L18 accumulated more soluble 
sugars in both leaves and roots under salt stress than the 
control cultivar, followed by lines L2 and 23 in roots. 
 
 
DISCUSSION 
 
Results  of  this  study  confirmed  that   growth  reduction 
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Table 8. Effect of different NaCl concentrations and amaranth populations on leaf and root proline 
concentration (µmol g

-1
 FM) after two weeks exposure. 

 

NaCl (mM) Leaf Root  Population Leaf Root 

0 32.02
b
 33.91

b
  CC 38.20

bc
 41.19

b
 

100 45.20
ab

 44.68
ab

  L2 69.67
a
 68.89

a
 

200 61.25
a
 59.88

a
  L18 53.86

ab
 57.78

ab
 

    L23 22.90
c
 16.77

c
 

Standard error 5.64 6.51  - 4.76 4.87 

Probability 0.0036 0.028  - ˂0.0001 ˂0.0001 
 
Means with different letters within column for each plant organ are significantly different at p =0.05; p = 0.01 or p = 
0.001. 
Source: Author 
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Figure 1. Soluble sugars content (µmol g
-1

 FM) of leaves (A) and roots (B) of four amaranth 
populations after two weeks under salt stress 
Means with different letters within column for each genotype are significantly different at p =0.05 
or p = 0.01. 
Source: Author 



 

 

 
 
 
 
under salt stress was lower in lines L18 and L23, followed 
by line L2 than in the control cultivar Locale confirming 
the resistance status of these lines reported in our 
previous study (Atou et al., 2022). It is well known that 
the growth reduction of plants in response to salinity 
could be due to cell dehydration or to specific ionic 
toxicity effects, or to both parameters occurring 
simultaneously. The specific ionic toxicity included Na

+
 

accumulation especially in leaves and a drastic decrease 
in the absorption of calcium and potassium, two major 
ions for an optimal cellular metabolism (Yildirim et al., 
2006). No change in plant water content was observed 
for the four amaranth populations indicating that water 
content parameter is not the main aspect of salt stress 
effect in these populations as previously reported in 
amaranth cultivars (Wouyou et al., 2019).  

Plants developed some physiological and biochemical 
mechanisms to survive, grow and produce in the 
presence of high salt concentrations including sodium ion 
exclusion and/or vacuolar compartmentation (Gouveitcha 
et al., 2021). The present study revealed that salt stress 
induced a significant increase of Na

+
 content in both 

leaves and roots in all the four evaluated populations. 
These results are consistent with those reported for other 
amaranth cultivars (Omani, 2005; Beghin, 2019; Wouyou 
et al., 2019; Luyckx et al., 2021; Atou et al., 2020; 
Estrada et al., 2021) and other plant species including 
pepper (Bouassaba and Chougui, 2018), tomato 
(Rodríguez-Ortega et al., 2019) and rice (Prodjinoto et 
al., 2021).  

Moreover, the salt resistant line L18 accumulated more 
Na

+
 in the leaves than the control cultivar, suggesting that 

it is able to display a tolerance strategy towards toxic 
ions. One possible explanation could be that L18 
efficiently compartmentalizes Na

+
 in the vacuole so that it 

cannot interfere with cytosolic enzyme activities 
(Chinnusamy et al., 2005). Sodium transfer to the 
vacuole involves numerous NHX transporters and 
requires additional activities of V-ATPase or PPi-ATPase 
(Zhang et al., 2022; Joshi et al., 2022). Mutation induced 
by γ-radiation may have modified regulation of gene 
expression coding for one of these proteins, allowing L18 
to keep low cytosolic Na

+
 and explaining why L18 is a 

“sodium accumulating” line. 
In contrast, another mutant line, L23 typically behaves 

as a sodium exclusion agent and avoid Na
+
 within the 

shoot part of the plant. According to Yang and Guo 
(2018) and Flowers et al. (2019), sodium exclusion is an 
alternative to Na

+
 vacuolar compartmentation. In some 

amaranth cultivars, Omami (2005) found that the salt 
tolerant population accumulated less Na

+
 ion in leaves 

than the sensitive genotype. It is now well established 
that Na

+
 enters in the root through non-selective cation 

channels such as NSCC. However, some specific 
transporters such as SOS1 may be involved in Na

+
 

extrusion from the root to the surrounding medium. SOS1  
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activity is regulated by other proteins (SOS2 and SOS3): 
mutation occurring in genes coding for these proteins 
may have a positive effect on the exclusion efficiency 
(Malakar and Chattopadhyay, 2021). Other molecular 
target directly influencing Na

+
 translocation to the leaves 

could be some HKT protein involved in Na
+
 retrieval from 

the xylem sap, although such a strategy should lead to 
Na

+
 overaccumulation in the roots which was not 

observed in L23 in comparison to L2 or L18. It is 
noteworthy from our results that the amaranth salt 
resistant lines used in this study developed two opposite 
strategies (Na

+
 compartmentation versus Na

+
 exclusion) 

to cope with salinity. It is well known that for a considered 
plant species, two different salt-tolerant genotypes could 
use opposite strategies as reported in rice (Lutts et al., 
1999) and sugarcane (Gandonou et al., 2011).  

Results revealed that salt stress induced a decrease in 
leaves K

+
 content only in line L2 with surprinsingly an 

increase in line L23 at 100 mM NaCl. These results 
indicate that salt stress did not induce a systematic 
decrease in K

+
 content in leaves as generally reported in 

plants (Maggio et al., 2007; Shahid et al., 2011; 
Gouveitcha et al., 2021) and corroborated thus the report 
of Beghin (2019) who found that low doses of salt 
stimulate K

+
 uptake in the leaves of two varieties of 

amaranth. According to Gharbi et al. (2017) under low or 
moderate saline stress, halophyte species often tend to 
increase K

+
 uptake rather than reduce it, in order to 

ensure maintenance of the metabolic status of the plant. 
It appears from the present results that among the three 
salt-resistant lines, only line L23 maintained a high K

+
 

accumulation in both leaves and roots under salt stress 
mainly in comparison with the control cultivar. Maintaining 
high K

+
 content in the presence of salt is a general 

response of the most salinity-tolerant genotypes in many 
plant species, and this ion is known to be a major 
component in osmotic adjustment under stress conditions 
(Wu et al., 1996). Similar results have been observed in 
other genotypes of amaranth (Omani, 2005; Wouyou et 
al., 2019; Estrada et al., 2021) and other plant species 
(Ibrahim et al., 2018; Gouveitcha et al., 2021). It has 
however to be mentioned that Na

+
 may also assume the 

function of a cheap osmoticum, thus lowering the cost of 
energy required for osmotic adjustment, provided Na

+
 is 

sequestered in the vacuoles (Ishikawa et al., 2022). In 
contrast to organic solutes, Na

+
 is available in the 

external medium and does not need to be produced. 
However, compartmentalization in vacuoles requires 
energy, although to a lower extent than proline synthesis 
(Munns and Gilliham, 2015). The Na

+
 and K

+
 contents 

alone are not an exhaustive characteristic: given the 
competition for transporters, salinity also induces a 
modification of the K

+
 contents. It is therefore the K/Na 

ratio that is an essential criterion for salt tolerance (Wu et 
al., 2018). The results of this study revealed that line L23 
maintained higher  K/Na  ratio  in   both  leaves  and roots  
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than the control cultivar, followed by line L18 in leaves 
and by L2 in roots indicating that the salt resistance of 
line L23 and L18 was due, at least partially, to their 
capacity to maintain high K/Na ratio in the presence of 
NaCl. 

Salt stress induced a decrease in leaves and roots 
Ca

++
 content only in the control cultivar with surprinsingly 

an increase in leaves of line L18. The results of this study 
raise the following question: is the increase in Ca

++
 

observed mainly in the salt-resistant Amaranthus 
cruentus mutant line L18 an indicator of the halophytic 
nature of this species as suggested by Gharbi et al. 
(2017) concerning K

+
? A decrease in Ca

++
 content is a 

general trend in plants exposed to salt stress (Rahimi and 
Biglarifard, 2011; R’him et al., 2013; Köster et al., 2018) 
and salt resistant genotypes generally maintain high 
supply of Ca

++
 under salt stress. It appears from the 

results that the three mutant lines maintained higher Ca
++

 
concentration than the control cultivar in both leaves and 
roots under salt stress indicating that the salt resistance 
of these lines was due in part to their capacity to maintain 
high absorption of Ca

++
 in the presence of NaCl. A 

decrease in Ca/Na is a general trend in plants exposed to 
salt stress (R'him et al., 2013) and according to Cramer 
et al. (1985) in the presence of NaCl, NaCl displaces 
Ca

++
 from the plasmalemma of the root cells, which 

causes an increase in the membrane permeability 
resulting in an alteration of the selectivity ratio. This 
observation is of primary importance in relation to the 
crucial roles assumed by Ca

++
 in plant response to 

environmental stresses: it indeed assumes key function 
in a myriad of signal transduction pathways and is also 
directly influencing the hormonal status of the plant (Ma 
et al., 2022). Hence, maintenance of Ca

++
 in the presence 

of salt may be a tremendous advantage for the mutant 
lines. 

Results of this study revealed that salt stress induced 
an increase in leaves and root proline, and that the 
concentrations of proline in roots and shoots were higher 
in L2 or L18 than the control cultivar, and that of line L23 
was lower that of the control cultivar. Proline 
accumulation under salt stress is a common behaviour in 
plants (Mishra and Saxena, 2009; Bouassaba and 
Chougui, 2018) and it was considered to be involved in 
salt resistance strategy (Ehsanpour and Fatahian, 2003; 
Bouassaba and Chougui, 2018). The fact that the proline 
accumulation was higher in both leaves and roots of 
mutant lines L2 and L18 than in the control cultivar 
indicated that the salt resistance of these lines was due 
at least partially to proline accumulation. Besides its role 
in osmotic adjustment, proline was reported to assume a 
plethora of functions in stressed plants and was 
considered as an efficient antioxidant, a regulator of 
cytosolic pH, a protecting coumpounds acting to preserve 
cellular structures, a storage form of N for growth 
resumption after stress relief (Zhao et al., 2021).  

 
 
 
 
Deciphering the precise roles of proline in our mutant line 
still require additional experiments, especially considering 
that glycine betaïne, which was not quantified in the 
present study, is another osmoticum able to accumulate 
to high concentrations in the plants from the 
Amaranthaceae family (Munns et al., 2020). 

Salt stress induced an increase in soluble sugars 
contents in leaves and roots of all populations which is a 
common behaviour in plants exposed to salt stress. It has 
been postulated that growth may be more inhibited than 
photosynthesis on a short term basis, thus leading to 
passive sugar accumulation (Van Zelm et al., 2020). If 
this hypothesis is valid, it implies that the most sensitive 
plants must contain the highest sugar level. However, 
salt-resistant plants are known to accumulate high 
concentartions of soluble sugars mainly in the leaves 
(Bouassaba and Chougui, 2018; Kpinkoun al., 2019). The 
fact that the salt resistant line L18 accumulated more 
soluble sugars in both leaves and roots than the control 
cultivar and the two other mutant lines indicate that the 
salt resistance of this line could be related to high soluble 
sugars accumulation. Soluble sugars may be involved in 
osmotic adjustment and protection of cellular structures 
but this is true for non-reducing sugars such as sucrose 
but not for reducing ones such as hexose which induce 
Maillard’s reaction at high concentration (Ma et al., 2022). 
Hence, identification of accumulated sugars would 
provide interesting data regarding their roles in salt 
resistance of mutant lines. 

The two most resistant lines on the basis of growth, 
namely L18 and L23, have associated at least five 
different strategies of resistance to salinity, while line L2 
developed only two resistance strategies. These findings 
confirm our previous report about the relative salt 
resistance level of the three mutant lines (Atou et al., 
2022). 

Further studies are needed to better understand the 
response of these mutants lines to salt stress based on 
important physiological parameters such as photo-
synthesis related parameters, stomatal conductance, 
transpiration, lipid peroxidation, antioxidants accumulation 
and activities, sodium and chloride effects discrimination. 
 
 
Conclusion 
 
Salt stress caused globally an increase in sodium ions, 
free proline and soluble sugars content and a decrease in 
plant growth, K/Na and Ca/Na ratios in both leaves and 
roots in the four amaranth populations evaluated with a 
significant variability among the bahaviour of the 
population. The response of K and Ca contents to salt 
stress varied greatly according to the population. The 
overall response of the resistant mutant lines revealed a 
variability among strategies used by lines to resist salt 
stress;  the  salt  resistance  of  line  L18  was  due to Na

+
 



 

 

 
 
 
 
accumulation in leaves associated to proline and soluble 
sugars accumulation and the maintenance of high 
centent of Ca

++
, high K/Na and Ca/Na ratios; whereas 

that of line L23 was due to Na
+
 exclusion from leaves 

associated to the maintenance of high centent of K
+
 and 

Ca
++

, high K/Na and Ca/Na ratios. Line L2 resists to salt 
stress via proline accumulation and maintain high Ca/Na 
ratio. Thus, the two most salt-resistant lines (L18 and 
L23) used more different strategies of resistance to 
salinity than line L2. 
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