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Increasing soil and underground water salinization with decreasing availability of fresh water has become a
potential threat to sustainable crop production in arid and semi-arid areas globally. Introduction and evaluation
of salt-tolerant halophytic crops is one of the sustainable ways to preserve productivity in saline ecosystems.
This study was aimed to screen quinoa germplasms under high-sodium adsorption ratio (SAR) saline stress.
Thirteen quinoa germplasms were evaluated under four levels [best available water (BAW), 8, 16, and 24
dSm-1] of high-SAR saline water irrigation. The evaluation was carried out based on growth, yield, and ionic
content parameters along with statistical tools such as multivariate analysis, salt tolerance indices, and cor-
relation. The results showed that the salinity levels of 16 and 24 dSm-1 resulted in increase of chlorophyll
content relative to BAW and 8 dSm-1. The germplasm CSQ2 recorded the highest proline content (163.7 mg
g-1 FW) at 24 dSm-1. Increasing levels of salinity reduced relative water content in plant leaves, and the
germplasm CSQ2 showed minimal reduction of 4% at 24 dSm-1. Na? and K? contents in the plants increased
with increasing salinity levels, while the K?/Na? ratio decreased. The grain yield of quinoa germplasms ranged
between 3.5 and 14.1 g plant-1. The germplasm EC507740 recorded the highest grain yield (7.0 g plant-1)
followed by CSQ1 and CSQ2 at a maximum stress of 24 dSm-1. Principal component analysis (PCA) and
correlation elucidated that Na? content in plants was negatively correlated with all the studied traits except
SPAD, proline content, and K? content. The different salt tolerance indices indicated that the germplasms
EC507740, CSQ1, CSQ2, EC507738, and IC411825 were more stable at high-SAR salinity, while PCA
showed the germplasms EC507740 and CSQ2 as the most salt-tolerant germplasms.

Keywords. Growth; ionic content; principal component analysis; quinoa germplasm; salt tolerance indices;
sodium adsorption ratio; yield

1. Introduction

Increasing salinization and declining availability of
good-quality irrigation water for agriculture have
threatened the productivity of about 960 million ha of
farmlands globally and the livelihood of millions of
farmers (Wicke et al. 2011). Nearly 2000 ha of pro-
ductive land worldwide are becoming unproductive
each day as a consequence of continuous spread of
salinity (Shahid et al. 2018). Continuous use of saline
underground water for irrigation purposes and faulty

irrigation management practices have affected 20% of
irrigated land globally (Negacz et al. 2022). In India,
6.73 million ha of arable land are affected by soil
salinization (2.94 million ha saline soils and 3.79
million ha sodic soils) (Sharma and Singh 2015; She-
oran et al. 2021). Moreover, in a survey, 32% to 84%
of underground water used for irrigation purposes was
declared of poor quality (Minhas 1999). Due to salinity
hazards, the country is losing 16.84 million tons of
food grains annually, the value of which has been
estimated as INR 230.20 billion (Mandal et al. 2018).
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With the paucity of good-quality irrigation water in
arid and semi-arid regions, farmers are compelled to
use underground saline water to irrigate crops. In many
parts of arid and semi-arid regions, declining ground-
water levels and consequent exploitation of water from
lower strata of saline aquifers having high electrolyte
concentrations is increasing salt loads in the soil over
time. It has been reported that such underground saline
water is not only rich in electrolytes but also has excess
Na? content relative to Ca?? and Mg?? with a
resultant higher sodium adsorption ratio (SAR). Such
ionic imbalance of saline water having higher SAR
([10 mmol L-1) is termed high-SAR saline water,
which has been found to limit crop productivity when
used for irrigation purposes (Minhas et al. 2004).
Continuous irrigation with high-SAR saline water
adversely affects both crop yield and soil properties
through salinity and sodicity hazards. In such situa-
tions, the choice of crops is limited to some tolerant
species and adoption of alternate irrigation strategies or
bio-saline agriculture; e.g., agroforestry-based systems
and growing of halophyte and semi-halophyte crops are
the only feasible options to sustain productivity (Dagar
2018).
Quinoa (Chenopodium quinoa Willd.) is a promising

facultative halophyte that has recently been recognized
for its endurance in multiple abiotic stresses (drought,
salinity, frost, etc.), and has a high potential for culti-
vation in saline and drought-prone areas of the world
(Bhargava et al. 2007; Bazile et al. 2016; Hariadi et al.
2011; Hirich et al. 2013; Hirich et al. 2014; Iqbal et al.
2019; Shabala et al. 2013; Salehi 2020). Quinoa grains
possess excellent nutritional quality, surpassing the
values prescribed by the FAO (Bhargava et al. 2007;
Hirose et al. 2010; Bazile et al. 2015). Grains are rich
sources of high-quality proteins with all essential
amino acids (Dini et al. 2005), vitamins, and minerals
(iron, zinc, magnesium, and calcium) (Repo-Carrasco
et al. 2003; Stikic et al. 2012). Quinoa grains are also
free from gluten content, making them highly suit-
able for people suffering from celiac disease (Yazar and
Incekaya 2014; Salehi et al. 2021). Further, the gly-
cemic index of quinoa grains makes them a good food
for diabetics. The outstanding nutritional properties and
variety of health benefits of quinoa make it a
prospective crop to fight world hunger (Pulvento and
Bazile 2023).
Several studies have proven quinoa’s salt-tolerant

ability and showed that it can be grown productively
under a wide range of salinity stresses (Jacobsen
et al. 2003; Koyro et al. 2008; Eisa et al. 2012;
Razzaghi et al. 2015; Goehring et al. 2019). Quinoa

exhibited no adverse effects and even showed a small
increase in grain yield under moderate salinity of
8–10 dSm-1 (Hirich et al. 2014; Geissler et al.
2015). Quinoa performed optimally at 10–20 dSm-1

salinity and can tolerate salinity stress of up to 40
dSm-1, representing seawater salinity (Jacobsen
et al., 2003; Hariadi et al. 2011; Adolf et al. 2013).
It has been reported that quinoa could grow up to
high salinity of 50–75 dSm-1 and complete its life
cycle (Orsini et al. 2011; Eisa et al. 2017). In
another study, 50% reduction in grain yield was
observed at 25 dSm-1 salt concentration, but quinoa
was able to grow and produce yield up to a 51.5
dSm-1 level of salinity (Razzaghi et al. 2015). Yazar
et al. (2015) observed that grain yield of quinoa cv.
Titicaca decreased with increase in salinity levels up
to 30 dSm-1. From the above findings it can be
inferred that quinoa crop possesses a high degree of
salt tolerance and can be grown successfully with
good yield in saline environments.
Various physiological and biochemical pathways

have been identified for the salinity tolerance ability
and the halophytic nature of quinoa. Among them,
quick Na? removal from the cytosol, high K?

accumulation in the shoot and root to maintain a
favorable K?/Na? ratio (Sun et al. 2017), Na?

omission and compartmentation (Hariadi et al. 2011),
reduced stomatal densities (Shabala et al. 2013),
accumulation of salt in the form of salt nodules in
the leaves (Agarie et al. 2007), and a protected seed
interior (Koyro and Eisa 2007), etc., are some of the
foremost mechanisms described for salt tolerance in
quinoa.
Quinoa is a new crop in Southeast Asia and its

potential and suitability for saline agro-ecosystems of
India have not been studied so far. Although its toler-
ance to salinity stress is well established through sev-
eral available studies, there are few studies on its
performance under high-SAR saline irrigation water or
soil. Recently, it has been observed that sodicity is
more detrimental for quinoa growth and yield perfor-
mance than salinity stress (Abbas et al. 2021; Iqbal
et al. 2019). So, it is necessary to screen suit-
able quinoa germplasms under sodicity stress as well.
With the above facts, the current investigation
attempted (i) to study the impact of high-SAR saline
water on the physiological, growth, and yield param-
eters of quinoa germplasms, (ii) to determine the most
sensitive characteristics under high-SAR saline water,
and (iii) to find promising quinoa germplasms based on
multivariate analysis, correlation, and salt tolerance
indices.
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2. Materials and methods

2.1 Experimental site

The experiment was conducted for two consecutive
winter seasons (2017–18 and 2018–19) at the ICAR-
Central Soil Salinity Research Institute (CSSRI), Kar-
nal, Haryana, India. The experimental site is located at
28�7170N, 76�9670E and 244 m AMSL, and has a
semi-arid sub-tropical type climate characterized by
three distinct seasons, i.e., rainy season (July–October),
cool winter season (November–March), and hot sum-
mer season (April–June). The mean annual precipita-
tion of the region is 670 mm, 70% of which is received
during the rainy season.

2.2 Experiment setup and treatments

Earthen pots of 24 cm diameter and 25 cm height were
used for the experimental purpose. Pots were uniformly
filled (up to 20 cm depth) with 9.0 kg surface (0–15
cm) soil of the experimental farm of the Institute. The
filled soil was sandy loam (sl) in texture, which rep-
resents the typical soil of the Indo-Gangetic plains
(IGP) of India. The physico-chemical properties of the
soil were analysed, and the results are given in sup-
plementary table 1. The experiment was set up in a pot
house which was covered with a transparent polythene
sheet in order to protect the pots from rainwater.
Out of the 13 germplasms of quinoa used in the

study, 11 (G1 to G11) were obtained from ICAR-
National Bureau of Plant Genetic Resources (NBPGR),
New Delhi, and the remaining two, G12 and G13, were
exotic germplasms being grown by farmers of
Bulandshahr of Uttar Pradesh State and Kota of
Rajasthan State of India, respectively (original source
not known) (supplementary table 2). Three levels of
high-SAR irrigation water salinity (ECiw), viz., 8
dSm-1, 16 dSm-1, and 24 dSm-1, along with good-
quality irrigation water available at the institute [here-
after designated as best available water (BAW)] were
taken as treatments over 13 quinoa germplasms. The
experiment was planned in a factorial complete ran-
domized design (FCRD) with three replications. The
natural saline underground water available at the tube
wells of the experimental farm located at Nain village
of Panipat district of Haryana, which represents the
semi-arid climate of IGP of India, was used for the
salinity treatments. The chemical properties of saline
water used for irrigation were analysed in the labora-
tory and are listed in supplementary table 3.

The climatic requirements for the growing period of
quinoa crops are suitably met during the winter season
at the experimental site. Sowing of all the germplasm
lines was done on 15th and 19th November 2017–18
and 2018–19. Each germplasm was sown in four pots
representing each treatment with three replications per
treatment, making a total of 12 pots per germplasm in
the experiment. All the pots were irrigated with BAW
until germination. After seedling emergence, three
plants were kept in each pot by thinning out the
remaining plants. The salinity treatments started 14
days after sowing (DAS) up to maturity stage. As no
recommended fertilizers levels have been standardized
for the Indian conditions, we applied only nitrogen on
soil weight basis (equivalent to 50 kg N ha-1) through
the application of a uniform dose of 0.5 g urea to each
pot at the pre-flowering stage of the crop under all
treatments.

2.3 Physiological and biochemical parameters

Observations on SPAD (Soil Plant Analysis Depart-
ment) values, proline content, and relative water con-
tent (RWC) were recorded at vegetative and
reproductive growth stages. Plant sampling and
observations at the vegetative growth stage were
recorded at the principal growth stage 4 (formation of
vegetative harvestable parts; Sosa-Zuniga et al. 2017),
which was observed 40–45 DAS in different germ-
plasms. For the reproductive stage, plants were sam-
pled when 50% of the plants completed anthesis on the
main panicle (principal growth stage 6, 70–75 DAS).
Third and fourth fully expanded leaves from the top of
the plant were sampled between 10:00 h to 12:00 h for
the estimation of RWC and proline content.
The relative chlorophyll content of leaves in terms of

SPAD meter values was recorded at the vegetative and
reproductive stages. SPAD meter readings were recor-
ded between 09:00–11:00 h of the day using SPAD-
502 (DL plus Konica Minolta, Japan) on the top three
intact fully expanded leaves of each plant.
About 300 mg of sampled fresh leaves were

homogenized in 5 mL of 3% sulphosalicylic acid and
then centrifuged at 5000 rpm for 15 min, and the
supernatant was taken for proline estimation. Proline
content in the supernatant was determined using the
method described by Bates et al. (1973) and quantified
on fresh weight basis (mg g-1 FW).
After weighing the sample for proline content, the

remaining portions of the leaves were used for esti-
mation of RWC. After measuring the fresh weight, leaf
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samples were cut into small pieces and submerged in
water for 8 h for soaking. Then, the turgid weight was
measured after blotting dry. These samples were oven-
dried at 70�C for 48 h and their dry weight was
recorded. RWC was estimated using the following
formula given by Weatherley (1950):

RWC ¼ ðFW� DWÞ=ðFW� TWÞ � 100

where RWC is the relative water content, FW is the leaf
fresh weight, DW is the leaf dry weight, and TW is the
turgid leaf weight.

2.4 Antioxidant enzyme activities

For estimation of antioxidants [ascorbate peroxidase
(APX), catalase (CAT), and guaiacol peroxidase
(GPOX)], fully expanded fresh leaves from the tops of
the plants were again sampled at the reproductive stage.
The fresh leaf tissues (300 mg) were ground in 3.0 mL
phosphate buffer (0.1 M, pH 7) and centrifuged at
10000 rpm (4�C, 15 min). The supernatant was col-
lected as an extract for the estimation of antioxidant
enzymes. APX activity with enzyme classification
1.11.1.11 was estimated as a decrease in optical density
of the reaction mixture by ascorbate at 290 nm in a UV
spectrophotometer (Nakano and Asada 1981). Reaction
mixture (3 mL) was prepared by adding L-ascorbate
(0.15 mL, 15 mM), H2O2 (0.15 mL, 10 mM), and
potassium phosphate buffer (2.7 mL, 0.1 M, pH 7.0).
Activity was initiated by adding 50 lL of extract and
the reduction in optical density due to ascorbate was
measured at 290 nm using a UV spectrophotometer for
3 min at 15 s interval. The activity in terms of APX
needed to oxidize 1 nmol of ascorbate min-1 was
expressed as enzyme unit (EU) g-1 fresh weight (FW)
using an extinction coefficient of 2.8 mM-1 cm-1.
Activity of CAT (enzyme classification 1.11.1.6) was

estimated from the measurement of the decomposition
of H2O2 (Aebi 1984). The reaction mixture contained 2
mL potassium phosphate buffer (0.1 M, pH 7), 50 lL
enzyme extract, and 0.95 mL hydrogen peroxide (15
mM). The decrement in absorbance of reaction mixture
was recorded at 240 nm for 3 min. The activity of CAT
as decomposition of 1 mM H2O2 mL-1 min-1 was
expressed as EU g-1 FW using an extinction coeffi-
cient of 36 M-1 cm-1. GPOX activity (enzyme clas-
sification 1.11.1.7) was estimated from the increase of
optical density due to the formation of tetra-guaiacol at
470 nm (Castillo et al. 1984). The reaction was initi-
ated by adding potassium phosphate buffer (2.5 mL,

100 mM, pH 7), guaiacol (0.6 mL, 1%), and enzyme
extract (0.1 mL), and the increment in absorbance was
measured at 470 nm for 3 min at 15 s intervals. GPOX
activity, as the amount needed to oxidize 1 nmol of
guaiacol min-1 mL-1, was expressed as EU g-1 FW
using the molar extinction coefficient of 26.6 mM-1

cm-1.

2.5 Ionic content

Na? and K? contents in the above-ground plant portion
(excluding root and grains) were estimated at the
maturity stage of each germplasm. Oven-dried plant
samples were ground individually into fine powder and
0.5 g of ground sample was further digested in a di-acid
mixture (HNO3:HClO4 in 10:3 ratio). The digested
plant sample was then diluted to 100 mL with double-
distilled water and Na? and K? concentrations were
measured using a flame photometer (PFP7, Jenway,
Bibby Scientifc, UK).

2.6 Growth and yield

Plant height of germplasm lines was measured at the
vegetative, reproductive, and maturity stages. At the
vegetative stage (principal growth stage 4), plants were
measured from the base of plant at soil level to the
uppermost part of the plant. At maturity, the plants
were measured in cm from the soil level to the tip of the
primary panicle (Stanschewski et al. 2021). The num-
ber of branches on the main axis of each germplasm
line were counted at the end of principal growth stage 6
(flowering). The length of the main panicle on each
germplasm was measured in cm from base of the
panicle to the end. The number of significant panicles
on lateral branches which contributed to seed yield was
counted at the maturity stage of each germplasm. The
seeds from each plant were separated manually and
weighed for seed weight per plant. For estimating
1000-grain weight (TW), seeds from each germplasm
were counted using a seed counter (WAVER IC-VAi,
AIDEX Co. Ltd., Japan) and the weight was recorded
in grams.

2.7 Root and shoot dry weight

After harvesting grains from all panicles of every plant,
the pots were watered and whole plants were uprooted.
After uprooting, the roots were cut from the base. The
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shoot and roots were then oven-dried separately for
recording root and shoot dry biomass.

2.8 Salt tolerance indices

To assess the relative performance of the studied
germplasms across the salinity treatments, different salt
tolerance indices were calculated as follows:
Stability index (SI) = Ys/Yns (Bouslama and Scha-

paugh 1984)
Yield index (YI) = Ys/ Ys (Gavuzzi et al. 1997)
Stress tolerance index (STI) = Yns 9 Ys/Yns

2 (Fer-
nandez 1992)
Stress susceptibility index (SSI) = (1 –Ys /Yns)/SI; SI

= 1 – YS/ Yns (Fischer and Maurer, 1978)
where Ys and Yns are the grain yields of germplasms
grown under saline and non-saline (BAW) treatments,
respectively. Ys and Yns are the average yields of all
germplasms evaluated under saline (at 8, 16, and 24
dSm-1 levels of irrigation water salinity) and non-sal-
ine (BAW) conditions, respectively. Salt tolerance
indices were calculated for each salinity level and
averaged at the germplasm level to delineate the index
value of a germplasm across salinity treatments.

2.9 Statistical analysis

The growth, physiological, biochemical, and yield data
were subjected to two-way analysis of variance
(ANOVA) in factorial completely randomized design
(FCRD) (Gomez and Gomez 1984). Analysis of data
was performed using general linear model (GLM)
procedure in the R software (R Core Team 2021) and
treatment means were separated using Duncan’s mul-
tiple range test (pB0.05).
Principal component analysis (PCA) was employed

using the ‘factoextra’ and ‘FactoMineR’ packages in
the R software to determine the pattern of variability in
the studied traits of quinoa germplasm under salinity
levels and to identify contrasting germplasms using
mean values of all the studied traits data at different
salinity treatments. Data scaling was adopted before
PCA to standardise the data to have zero mean and unit
variance. Dimension reduction in data was done based
on covariance-based factor loadings and eigenvalues
with varimax rotation. Biplots for the first two impor-
tant components were generated to determine the
contrasting germplasm groups based on their projec-
tions on the biplot axes and the variables significantly

contributing to the variation. Germplasm ranking was
then done by generating the factor scores of germ-
plasms based on factor loadings of each variable. Heat
map-based clustering was performed to identify diverse
germplasm groups across salinity treatments using the
R software. Pearson’s correlation matrix was used to
determine the degree of interrelationship among
important traits.

3. Results

3.1 Physiological traits

It was evident that at the vegetative stage of quinoa
germplasms, the relative chlorophyll content measured
in terms of SPAD values did not vary significantly
under all salinity levels (figure 1A), while at the
reproductive stage, the SPAD values were significantly
(p\0.05) higher at salinity levels of ECiw 16 and 24
dSm-1 as compared with those under ECiw 8 dSm-1

and BAW treatments (figure 1A). The leaves at these
salinity levels appeared dark green and fleshy as
compared with BAW and ECiw 8 dSm-1.
Among the studied quinoa germplasms, EC507746

recorded the highest SPAD value (45.7), followed by
the germplasms EC507740 (45.4) and CSQ 1 (45.3) at
the vegetative stage (figure 1A). At the reproductive
stage, significantly higher SPAD values were observed
in germplasm EC507740 (51.5) followed by
EC507746 (50.2) and EC507742 (48.4) compared with
the remaining germplasms.
Proline content, an indicator of adjustment to abiotic

stress, increased significantly (p\0.01) with gradual
increase in salinity levels up to ECiw 24 dSm-1 in all
germplasms (table 1). The values of proline content
ranged between 17.0 to 32.2 and 32.0 to 163.7 mg g-1

FW at the vegetative and reproductive stages, respec-
tively. A significant (p\0.05) salinity and germplasm
interaction was observed at both growth stages, which
showed that germplasms EC507738 and CSQ2 recor-
ded the highest proline content (32.2 and 163.7 mg g-1

FW) with a salinity level of ECiw 24 dSm-1 at the
vegetative and reproductive stages, respectively.
The relative water content (RWC) in leaves of quinoa

germplasms showed a declining trend with increasing
salinity levels in most germplasms (table 2). However,
the germplasms did not exhibit a significant difference
in RWC at the vegetative stage. The salinity and
germplasm interaction was significant (p\0.05) at the
reproductive stage and the germplasm CSQ2 exhibited
highest RWC (83.7%) with BAW irrigation. The data
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Figure 1. Effect of salinity levels on SPAD values (A), plant height (B) and number of branches per plant (C) of quinoa
germplasms. Error bars indicate SEM. Bars with different lowercase letters are significantly different using DMRT (pB0.05).
S0: BAW; S1: ECiw 8 dSm-1; S2: ECiw 16 dSm-1; S3: ECiw 24 dS m-1; G1: EC507744; G2: EC507742; G3: IC411824; G4:
EC507741; G5: EC507746; G6: EC507738; G7:EC507748; G8:EC507739; G9:IC411824-1; G10: EC507740; G11:
IC411825; G12: CSQ1; G13: CSQ2.
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further revealed that at the highest level of salinity
(ECiw 24 dSm-1), the germplasm CSQ2 had the
highest RWC (77.7%) with only 4% decline over
BAW.

3.2 Antioxidant enzyme activities

The activities of three antioxidant enzymes (APX,
CAT, and GPOX) were significantly affected due to
salinity and germplasm while their interaction was
observed as non-significant. It was evident that while
the activity of the three enzymes was unaffected due to
application of ECiw 8 dSm-1, the salinity levels of
ECiw 16 and 24 dSm-1 significantly increased as
compared with BAW and ECiw 8 dSm-1 (figure 2A–
C). The difference between ECiw 16 and 24 dSm-1

salinity levels was also significant for APX, CAT, and
GPOX values.
The studied germplasms also differed significantly in

antioxidant activity (figure 2A–C). The activities of
APX and CAT were estimated to be maximum in
germplasm CSQ2 (40.28 and 3.34 EU g-1 FW) fol-
lowed by germplasm EC507740 (39.05 and 3.19 EU
g-1 FW), whereas the activity of the GPOX enzyme
was higher in EC507740 (3.96 EU g-1 FW), CSQ2
(3.89 EU g-1 FW), and CSQ1 (3.89 EU g-1 FW) than
the remaining germplasms.

3.3 Growth and yield

The data on plant height as affected by salinity levels at
various growth stages of quinoa germplasms are
depicted in figure 1B. At the vegetative stage, a non-
significant difference was observed among BAW and
ECiw 8 dSm-1 treatments, whereas a significant
reduction in plant height with increasing salinity levels
was noticed at the reproductive and maturity stages. At
the maturity stage, plant height was reduced by 16.7,
28.9, and 44.1% under 8, 16, and ECiw 24 dSm-1

salinity levels, respectively. Among the quinoa germ-
plasms, the tallest plants were measured in germplasm
EC507741 at all growth stages. At highest salinity
stress (ECiw 24 dSm-1), the extent of reduction in plant
height was minimum in germplasm EC507740 (32.1%)
over BAW.
Application of increasing salinity levels adversely

affected the yield parameters of all quinoa germplasms.
The number of branches plant-1 were reduced by 10.7,
22.2, and 30.9% at ECiw 8, 16, and 24 dSm-1,

respectively, as compared with that observed under
BAW (figure 1C). Among the germplasms, EC507740
recorded the highest number of branches plant-1

(24.3). All other germplasms also showed statistically
similar number of branches plant-1 to that of the
aforesaid germplasm, with the exception of EC507744
(21.5) and EC507742 (21.1), which were significantly
lower than EC507740.
The combined effect of salinity and germplasm was

significant for number of panicles (p\0.01), length of
panicle (p\0.01), and 1000-grain weight (p\0.05). It
was evident from the interaction effect that at the
highest salinity level of ECiw 24 dSm-1, germplasm
EC507740 showed the highest number of panicles
plant-1 (19.8) and 1000-grain weight (2.1 g) (table 3)
compared with those of other germplasms. The length
of the main panicle was the highest in germplasm
CSQ2 (8.0 cm) with BAW irrigation treatment. On the
other hand, with the highest stress level of ECiw 24
dSm-1, germplasm EC507739 showed superiority over
the others with respect to the length of the main
panicle.
Root and shoot dry weights were significantly

affected by salinity levels, germplasm, and their inter-
action. Each incremental salinity level caused marked
reduction (p\0.01) in root and shoot dry weights of all
the quinoa germplasms over BAW (table 4). Germ-
plasms EC507741 and EC507738 recorded the highest
root dry weight (1.98 g), while germplasm EC507738
recorded the highest shoot dry weight (11.47 g) with
BAW irrigation. On the contrary, at the highest level of
salinity (ECiw 24 dSm-1), germplasm EC507740
recorded maximum root dry weight plant-1 (0.95 g),
followed by germplasm CSQ2 (0.89 g). Germplasm
EC507742 recorded the highest shoot dry weight (5.63
g), followed by germplasm EC507740 (5.44 g) at ECiw

24 dSm-1.
Variable response of quinoa germplasms was

observed due to salinity levels on grain yield (table 4).
There was significant effect of salinity (p\0.001) and
germplasm (p=0.001) but not their interaction
(p=0.09). A significant reduction in grain yield plant-1

of quinoa germplasms was noted with incremental
salinity levels. At BAW irrigation, germplasms
EC507740 and CSQ2 produced the highest grain yield
(14.1 g plant-1), followed by IC411824-1 (13.6 g
plant-1). At the highest stress level of ECiw 24 dSm-1,
germplasm EC507740 recorded the highest grain yield
(7.0 g plant-1), followed by CSQ1 (6.2 g plant-1) and
CSQ2 (5.7 g plant-1).
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Figure 2. Effect of salinity levels on antioxidant enzyme activities of ascorbate peroxidase (A), catalase (B), and guaiacol
peroxidase (C) of quinoa germplasm. Error bars indicate SEM. Bars with different lowercase letters are significantly different
using DMRT (pB0.05). S0: BAW; S1: ECiw 8 dSm-1; S2: ECiw 16 dSm-1; S3: ECiw 24 dS m-1; G1: EC507744; G2:
EC507742; G3: IC411824; G4: EC507741; G5: EC507746; G6: EC507738; G7: EC507748; G8: EC507739; G9: IC411824-
1; G10: EC507740; G11: IC411825; G12: CSQ1; G13: CSQ2.
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3.4 Plant ionic content

Accumulation of Na? and K? in quinoa germplasms
showedmarked increase with increasing levels of salinity
(table 5). The Na? content in plants ranged between
0.20% and 2.54% across salinity levels. Similarly, the
corresponding values for K? content were 2.7–4.7%. At
the highest level of salinity (ECiw 24 dSm-1), germplasm
EC507744 recorded the highest Na? content while
germplasm CSQ2 accumulated the lowest Na? in plants
as compared with the remaining germplasms.
The accumulation of K? also showed an increasing

trend with the increasing salinity levels in most of the
germplasms (table 5). The highest accumulation of K?

(4.4%) was associated with ECiw 24 dSm-1 in germ-
plasm EC507738. Furthermore, the magnitude of
increase in ion accumulation as a result of increasing
salinity stress was relatively higher in the case of Na?

than that of K?, resulting in decline of the K?/Na?

ratio of plants. The maximum K?/Na? ratio was found
in the case of the BAW treatment in all germplasms. At
the highest level of salinity, germplasm EC507738
showed the highest K?/Na? ratio (2.5), followed by
germplasm CSQ2 (2.4).

3.5 Salt tolerance indices

To find themost tolerant germplasm across salinity levels,
various salinity tolerance indices were calculated, which
are depicted in figure 3. As can be seen in the figure, the
stability index was maximum in germplasm EC507739
(0.68) followed by germplasms EC507740 (0.62), CSQ2
(0.60), and IC411825 (0.59). The maximum values for
yield indexwere obtained in germplasmEC507740 (1.31)
followed by CSQ1 (1.18), CSQ2 (1.17), and EC507739
(1.06). The order of germplasms with respect to stress
tolerance index was EC507740 (0.76)[CSQ2 (0.70)[
CSQ1 (0.64). The values of salt susceptibility index were
highest in germplasms EC507742 (1.24), EC507738
(1.20), and IC411824-1, indicating the more susceptible
germplasms. In agreement with the stability index data,
the minimum values of the salt susceptibility index were
recorded for germplasms EC507739 (0.64), IC411825
(0.80), and EC507740 (0.87).

3.6 Principal component and cluster analysis

Principal component analysis was performed for all 18
traits separately under different salinity levels. Two
PCAswere performed, PCA-I with all 18 traits (figure 4)

and PCA-II with 12 traits (supplementary figure 1) after
removing the 6 redundant traits. The correlation matrix
(figure 6) among all the traits showed that some of the
traits were highly correlated. Na, TW, PL, RDW, and PH
were highly correlated with grain yield (r[0.8). Simi-
larly, CAT activity also showed high correlation with
PROL (r=0.84). Therefore, these 6 traits were consid-
ered redundant as these may influence the result of the
PCA. The PCA biplot of the first two components
showed a scattered pattern of germplasms over all the
four quarters, indicating diverse germplasm groups
(figure 4 and supplementary figure 1).
The PCA-I biplot of the first two components of BAW,

ECiw 8 dSm-1, 16 dSm-1, and 24 dSm-1 salinity levels
had eigenvalues greater than 1 and accounted for 47.21,
42.19, 48.08, and 44.56% cumulative variability,
respectively (supplementary table 4). Similarly, a
cumulative variability of 49.8, 44.3, 54.2, and 47.9 was
explained by PCA-II biplots at BAW, ECiw 8 dSm-1,
ECiw 16 dSm-1, and ECiw 24 dSm-1 treatments,
respectively (supplementary table 5).
The germplasms were ranked for their tolerance or

sensitivity to salt stress based on factor scores obtained
by considering the value of each trait of PCA-I (table 6).
The factor scores predicted that germplasms G13
(CSQ2) and G10 (EC507740) were found to be most
tolerant germplasms at all salinity levels. These two
germplasms had maximum values on the x-axis of the
PCA-I biplot.GermplasmG5 (EC507746)was ranked as
the most sensitive germplasm at ECiw 8 dSm-1, while
germplasm G2 (EC507742) was found to be as most
sensitive at ECiw 16 and 24 dSm-1 salinity levels. The
biplot indicated that the sensitive germplasms were
projected on opposite sites of the tolerant germplasms. A
similar projection of the germplasms was also obtained
from PCA-II (supplementary figure 1), therefore vali-
dating the ranking obtained with PCA-I.
A heat map-based similarity matrix was generated

from the quantitative traits data. The cluster analysis
classified the studied germplasms into five diverse
groups, clearly distinguished with a coefficient of 0.81
(figure 5). The first cluster comprised germplasms G10
(EC507740) and G13 (CSQ2). The second group
constituted two germplasms, namely, G1 (EC507744)
and G6 (EC507744). Germplasms G5 (EC507746), G7
(EC507748), and G9 (IC411824-1) were categorised in
the third cluster. The fourth cluster included two
germplasms, G8 (EC507739) and G12 (CSQ1), while
the fifth cluster included four germplasms, G2
(EC507742), G4 (EC507741), G3 (IC411824), and
G11 (IC411825). The most tolerant germplasms, G13
and G10, were classified in the same group.
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3.7 Interrelationship among traits

To establish the degree of interrelationship among the
studied traits, Pearson’s correlation matrix was visual-
ized as a heatmap (figure 6). The grain yieldwas positive
and significantly correlated with plant height (r=0.9),
root dry weight (r=0.88), 1000-grain weight (r=0.81),
number of branches plant-1 (r=0.78), number of pani-
cles plant-1 (r=0.78), K?/Na? ratio (r=0.77), and RWC
(r=0.67). The plant Na? content had strong negative
correlation with grain yield plant-1 (r=–0.93), plant
height (r=–0.93), root dry weight (r=–90), number of
branches (r=–0.83), and panicle length (r=–0.83), while
plant Na? content showed positive relationship with K?

content (r=0.71), proline content (r=0.69), and SPAD
(r=0.67). Moreover, all growth traits were
significantly and positively corrected with all yield
traits.

4. Discussion

As a consequence of any external biotic or abiotic
stress, plants tend to survive through suitable mod-
ifications of their morphological features and
physiological processes. Salinity stress adversely

affects the seedling, vegetative, and reproductive
stages of crop plants, thereby affecting growth and
yield. The magnitude of damage due to opposing
externalities mainly depends on the nature of the
crop (tolerant or sensitive), the stage of the crop,
and the degree of stress. Even though quinoa is a
semi-halophytic crop, its growth and yield are
adversely affected by high-SAR salinity stress
levels of 8–24 dSm-1.
Salinity stress induced proline accumulation in the

leaves of quinoa germplasms, which was substantially
high under ECiw 24 dSm-1 (table 1). Higher accumu-
lation of proline in leaf tissues was observed in germ-
plasm CSQ2 followed by CSQ1 at ECiw 24 dSm-1,
which indicated higher resilience of these germplasms
towards salinity stress. Proline is an important osmo-
protector produced by plants in response to drought
and salinity stress (Elewa et al. 2017) which helps in
osmotic adjustment in leaves (Muscolo et al. 2016),
thereby mitigating the adverse effect of salt stress on
plant growth. Salt stress restricts water uptake, which
inhibits oxidation of proline, which, in turn, results in
high proline accumulation in leaf tissues (Aguilar et al.
2003). A high concentration of proline also helps in
scavenging reactive oxygen species under high-stress
conditions, which results in the formation of more

Figure 3. Salt tolerance indices (SI: stability index; YI: yield index; STI: stress tolerance index; SSI: stress susceptibility
index) of quinoa germplasms across salinity levels. Numbers on the bars indicates the rank of the germplasm under respective
indices. G1: EC507744; G2: EC507742; G3: IC411824; G4: EC507741; G5: EC507746; G6: EC507738; G7: EC507748;
G8: EC507739; G9: IC411824-1; G10: EC507740; G11: IC411825; G12: CSQ1; G13: CSQ2.
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stable proteins, membranes of leaf tissues, and other
cellular contents (Mann et al. 2019).
The results indicated that the salinity level of ECiw 8

dSm-1 had no effect on leaf relative chlorophyll con-
tent as compared with SPAD values in quinoa germ-
plasms. A substantial increase in SPAD values under
high salinity levels (ECiw 16 and 24 dSm-1) indicates
higher chlorophyll accumulation in younger leaves
under high salt stress conditions. In conformity to these
findings, Jaikishun et al. (2020) reported the highest
average relative chlorophyll content in terms of SPAD

(46.68) at 500 mM NaCl salinity level. Algosaibi et al.
(2015) also observed higher SPAD values at 16 dSm-1

salt stress than in controls and at 8 dSm-1. It can be
assumed that quinoa plants have a tendency to com-
pensate for photosynthetic loss due to reduced leaf size
and stomatal conductance by enhancing chlorophyll
content in leaves. It was also noticed that under salinity
stress treatments, leaf size was reduced with greater
succulence as compared with that of BAW irrigation in
all germplasms. The changes in leaf thickness and leaf
water content due to salinity stress might also interfere

Figure 4. Principal components analysis (PCA-I) of 13 quinoa germplasms at different salinity levels. Biplot vectors are
factor loadings for first two component dimensions using 18 variables.
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with SPAD readings, as observed by Marenco et al.
(2009). They observed that reduced leaf water content
and increased leaf thickness increased the SPAD

readings in leaves through interference in transmit-
tance. Therefore, the relationship between chlorophyll
content and SPAD values needs further study under
salinity levels to corroborate the proposed changes in
chlorophyll content under our experimental conditions.
Relative water content, an indicator of water deficit

in the plant leaves, decreased to the extent of 1.29 to
15.82% under different germplasms across salinity
levels. Higher salt concentration in the crop root zone
under salinity stress reduces the total soil water
potential, which affects plant water uptake, ultimately
resulting in leaf water deficit (Razzaghi et al. 2015) at
elevated salinity levels. However, different germplasms
showed discrepancy with respect to RWC. Germplasm
CSQ2 showed higher relative water content in leaves
compared with the rest of the germplasms at the highest
level of salinity with a reduction of only 4%. This
indicated its ability to maintain favorable leaf water
content required for plant metabolic processes more
efficiently under salinity stress. It has been demon-
strated that quinoa can regulate stomatal conductance
under salt stress conditions, which helps in maintaining
leaf water potential by inhibiting transpiration loss
(Cocozza et al. 2013).

Table 6. Ranking of quinoa germplasm based on PCA
factor scores under various salinity levels

Rank
ECiw

8 dS m-1
ECiw

16 dS m-1
ECiw

24 dS m-1

1 3.78 (G13) 3.40 (G13) 4.71 (G13)
2 3.36 (G10) 2.61 (G10) 2.57 (G10)
3 1.49 (G8) 1.88 (G8) 2.31 (G6)
4 0.82 (G6) 1.59 (G11) 0.73 (G12)
5 0.66 (G11) 1.48 (G12) 0.07 (G7)
6 0.20 (G12) 1.05 (G3) 0.04 (G9)
7 0.16 (G9) -0.12 (G5) 0.03 (G8)
8 -0.45 (G3) -0.48 (G7) -0.02 (G1)
9 -0.73 (G7) -1.16 (G9) -0.97 (G11)
10 -1.44 (G2) -1.60 (G4) -1.63 (G5)
11 -1.84 (G4) -1.77 (G6) -2.07 (G3)
12 -2.82 (G1) -3.15 (G1) -2.38 (G4)
13 -3.19 (G5) -3.73 (G2) -3.38 (G2)

G1: EC507744; G2: EC507742; G3: IC411824; G4: EC507741;
G5: EC507746; G6: EC507738; G7: EC507748; G8:
EC507739; G9: IC411824-1; G10: EC507740; G11: IC411825;
G12: CSQ1; G13: CSQ2.

Figure 5. Heat map-based clustering of quinoa germplasms considering all studied traits. G1: EC507744; G2: EC507742;
G3: IC411824; G4: EC507741; G5: EC507746; G6: EC507738; G7:EC507748; G8:EC507739; G9:IC411824-1; G10:
EC507740; G11: IC411825; G12: CSQ1; G13: CSQ2.

Screening quinoa germplasms under salinity stress Page 17 of 23    23 



Irrigation with increasing high-SAR salinity levels
caused a marked reduction in the number of branches
per plant (figure 1C) and plant height of all germplasms
(figure 1B). Under salinity stress, reduction in osmotic
potential, cell wall flexibility, and turgor pressure were
responsible for retardation of growth (Kumar et al.
2017; Pooja et al. 2019) due to reduced cell division
and expansion. Diversion of metabolic energy towards
mitigating salt-induced damage, which could otherwise
be utilized for the growth and development of the plant,
is also responsible for sluggish growth under stress
conditions (Jaikishun et al. 2020).
Salinity stress starting from 8 dSm-1 resulted in

reduction of number of panicles per plant, length of
panicles, and 1000-grain weight compared with BAW
(table 3). The negative effect of salinity stress on
growth parameters was also reflected in yield-attribut-
ing parameters, yield, and root and shoot biomass yield
of quinoa germplasms. Under salinity stress, oxidative-

prompted closure of stomata, higher Na? accumula-
tion, reduction in RWC, reduced leaf size, etc., were
presumed to lower the photosynthetic efficiency of
plants (Koyro and Eisa 2007; Tavakkoli et al. 2010),
which might have negatively impacted root and shoot
biomass and grain yield. Loss of stigma receptivity
along with lower pollen viability, and sluggish grain
filling due to reduced starch synthetase, were also
hypothesized to lower grain yield of quinoa under salt
stress conditions (Koyro et al. 2008). Transport of plant
metabolites was also affected due to reduction in water
uptake under high salt concentration, resulting in lower
biomass production (Hassen et al. 2014). The yield
parameters and yields of quinoa germplasms also var-
ied significantly due to salinity levels. Higher growth
and yield-attributing characters recorded under germ-
plasms EC507740 and CSQ2 at the highest salinity
level (ECiw 24 dSm-1) transformed into higher bio-
mass production and ultimately enhanced grain yield.

Figure 6. Pearson’s correlation matrix among studied traits. RWC: relative water content, PROL: proline content, PH: plant
height, BPP: no. of branches plant-1, PP: no. of panicles plant-1, PL: panicle length, TW: 1000-grain weight, SDW: shoot
dry weight, RDW: root dry weight, Na: Na? content, K: K? content, KNa: K?/Na? ratio; APX: ascorbate peroxidase; CAT:
catalase; GPOX: guaiacol peroxidase.
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Germplasm variation with respect to yield performance
might be due to genetic variation existing in some
germplasms to withstand different stress levels as
manifested through better physiological mechanisms
and morphological adaptations. Earlier studies on var-
ious germplasms/cultivars of quinoa also showed
genetic variation in the degree of salt tolerance (Cai
and Gao 2020; Gomez-Pando et al. 2010; Jaikishun
et al. 2020; ).
The activities of antioxidant enzymes were

increased with higher salinity stress (figure 2A–C).
Experimental findings indicated that the activities of
antioxidant enzymes increased in salt-tolerant geno-
types compared with others. Salinity stress causes
production of reactive oxygen species (ROS), which
triggers the production of H2O2 (Maia et al. 2012).
This induces the production of antioxidant enzymes
like APX, CAT, and GPOX, which aim to neutralize
H2O2 by conversion into water and oxygen. It has
been reported that APX has greater affinity for H2O2

than CAT, thus playing an essential role in ROS
scavenging under salt stress (Correa-Aragunde et al.
2013). The increased activities of antioxidants in tol-
erant germplasms at the reproductive stage indicate
the presence of metabolic adjustment that might lower
lipid peroxidation under high salinity stress and help
coping under salt stress. However, Causin et al.
(2020) did not observe a direct relationship between
antioxidant enzyme activities and salt tolerance in
three quinoa cultivars when examined at the estab-
lishment stage, and argued that these traits are not
necessarily true indicators of salinity tolerance.
The reduction in growth and biomass yield in our

experiment was evidenced even at a lower salinity level
of 8 dSm-1. Our results are contrary to the earlier
findings of Eisa et al. (2012), who reported growth
stimulation in quinoa with 100 mM NaCl. Similarly, a
non-significant effect on dry weight of quinoa was
observed by Wilson et al. (2002) at 11 dSm-1 of mixed
salt salinity. In the present study, we used high-SAR
saline water which might have exerted a dual stress of
soluble solutes as well as excess Na?, which could be
responsible for declining growth and yield even at an
initial salinity of 8 dSm-1. It can be assumed that the
extent of tolerance of quinoa under high-SAR saline
water (SAR[10 mmol L-1) is lower than that of saline
water with safe SAR levels. However, quinoa was able
to grow and produce yield even at the highest salinity
level of ECiw 24 dSm-1 having 41.3 mmol L-1 SAR.
These findings are in conformity with those of Koyro
et al. (2008), Eisa et al. (2012), and Jaikishun et al.
(2020), who opined that quinoa acts as a facultative

halophyte plant and could produce economic yield up
to irrigation water salinity of 20–30 dSm-1.
Application of incremental salinity levels consis-

tently increased the Na? content in plants (table 5).
Quinoa is reported to act as a salt includer for osmotic
adjustment in plant tissues (Ben Amor et al. 2005; Eisa
et al. 2012), which is assumed to be a low energy-
consuming characteristic feature described for many
halophyte species (Koyro et al. 2011). However, excess
accumulation of Na? above what is required for
osmotic adjustment has a deleterious effect on the
growth of quinoa plants (Eisa et al. 2012). Further, the
accumulation of K? also showed an increasing trend
with increasing salinity levels. This implies that quinoa
plants could maintain favorable ionic balance by
counteracting excess Na? with K? uptake. Although
the increase in K? concentration was not in proportion
to that of Na? content, it resulted in reduction of the
K?/Na? ratio with increasing salinity stress. The high-
SAR irrigation water having ample amount of Na?

used in this study might have resulted in a higher
uptake of Na? and thereby accounted for higher
accumulation in plants. It is also worth mentioning that
all quinoa germplasms were able to maintain a K?/Na?

ratio above 1.0, which helped in mitigating any salt
injury symptoms (Koyro et al. 2011), particularly in
young leaves.
Estimation of salinity tolerance indices is helpful in

delineating the groups of tolerant and
stable germplasms. Selection of germplasms directly
based on growth and yield traits data is difficult due to
lack of germplasm consistency for all traits at the
applied stress levels, and therefore, the use of different
indices can help in identifying the group of best per-
forming germplasms (Naghavi et al. 2013). Screening
based on different tolerant indices considering all the
traits values can give an account of more tolerant
germplasms under a given stress (Raman et al. 2012;
Gholinezhad et al. 2014; Singh et al. 2015). Based on
yield index, germplasms EC507739, EC507740,
CSQ2, and IC411825 were found to be superior in
producing grain yield, while germplasms EC507740,
CSQ1, CSQ2, and EC5077439 were observed to be
more stable under the studied stress levels. The stress
tolerance index, which gives an account of the germ-
plasms that produce higher grain yield under stress
conditions, showed that EC507740 followed by CSQ2
and CSQ1 ranked the highest among all the germ-
plasms, showing their resilience at higher levels of
salinity stress. The lowest salt susceptibility was
recorded for germplasms EC507739, IC411825, and
EC507740. Moreover, considering all the above
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indices, germplasms EC507740, CSQ1, CSQ2,
EC507738, and IC411825 may be considered more
stable and consistent germplasms under high-SAR
salinity stress.
Multivariate analysis through PCA has been iden-

tified as the most effective statistical method to
identify the most salt-tolerant germplasm and for
establishing germplasm–trait associations (Chikha
et al. 2016; Sivakumar et al. 2020). PCA was per-
formed with 13 germplasms to identify distinct salt-
tolerant and salt-sensitive germplasms at different
salinity levels (figure 4 and supplementary table 4).
PCA biplot axes showed geometrical distances among
the germplasms, which reflect the diversity among
them in terms of the variables measured. The factor
scores of the germplasms distinguished salt-tolerant
and salt-sensitive germplasms. Germplasms G13
(CSQ2) and G10 (EC507740) were scored as tolerant
germplasms while germplasms G5 (EC507746) and
G2 (EC507742) were scored as salinity-sensitive
germplasms. Therefore, multivariate analysis using
PCA can be used as an effective tool for screening
and to validate salt-tolerant germplasms. In previous
studies, PCA was used to discriminate stress-tolerant
wheat (Rana et al. 2015), barley (Allel et al. 2016),
rice (Chunthaburee et al. 2016), and tomato
(Sivakumar et al. 2023).
Dendrogram-based classification of 13 germ-

plasms distinguished them into 5 groups (figure 5)
showing diversity among the selected germplasms.
The most tolerant germplasms indicated in the PCA
(CSQ2 and EC507740) grouped together in the first
cluster, further validating the PCA results. Interre-
lation among traits as Pearson’s correlation metrics
gives a clear picture of the association between
characters which were responsible for imparting
better tolerance and higher yields under salinity
stress (figure 6). Na? content and K? content had
strong negative association with grain yield, while
K?/Na? ratio had strong positive relation with
growth and yield traits as well as grain yield,
showing that higher K?/Na? balance in plants is
more effective than their individual contents in
imparting salt tolerance. Wakeel et al. (2013) also
showed that optimum K?/Na? is vital to maintain
the growth and development of plants by playing a
crucial role in enzymatic reactions of the cytoplasm.
The positive correlation of Na? content with K?

content and SPAD further elucidates the unique
feature of quinoa to enhance K? uptake and to
maintain leaf greenness for counteracting salinity
stress.

5. Conclusion

The quinoa germplasms evaluated in this study showed
wide variation in the measured growth, physiological,
biochemical, and yield traits at different high-SAR salini-
ties. Various salinity tolerance indices, multivariate analy-
ses, correlation, and clustering approaches were used to
identify salinity-tolerant quinoa germplasms. Based on the
PCA, we conclude that the proline content, K?, K?/Na?

ratio, root dry weight, and high ascorbate peroxidase
activity are the adaptive traits imparting tolerance to high-
SAR salinity. Overall, the results of salinity tolerance
indices and PCA showed that germplasms EC507740 and
CSQ2were themost tolerant and stable germplasmswhich
could be used for cultivation in arid and semi-arid areas
affected with high-SAR salinity and for future breeding
programs. Furthermore, there is need to assess the effect of
salinity on nutritional properties and to identify salt-re-
sponsive markers in tolerant germplasms.
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