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Abstract Salinity and lead (Pb) contamination of
soil are important environmental issues. A hydropon-
ics experiment was performed to unravel the effects of
salinity on modulation of Pb tolerance and phytore-
mediation potential of quinoa. Four-week-old plants
of quinoa genotype “Puno” were treated with different
concentrations of NaCl (0, 150 and 300 mM), Pb (0,
250 and 500 uM) and their combinations. It was
noticed that plant biomass, chlorophyll contents and
stomatal conductance of quinoa were slightly affected
at 150 mM NaCl or 250 uM Pb. However, the higher
concentrations of NaCl (300 mM) and Pb (500 pM)
caused significant decline in these attributes. The
accumulation of Na in quinoa increased under the
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combined application of salt with highest level of Pb.
The uptake of K was not affected at the lower levels of
either salinity or Pb, but decreased significantly at
their highest levels. The combination of salinity and
Pb increased H,O, contents and caused lipid perox-
idation that was mitigated by the activation of
antioxidant enzymes (superoxide dismutase, catalase,
peroxidase, ascorbate peroxidase). The activities of
these enzymes increased by 4-, 3.75-, 5.4- and 2-fold,
respectively, in the combined application of 500 pM
Pb and 300 mM NaCl with respect to control. A
multivariate analysis indicated that Pb tolerance
potential of quinoa under combined application of
NaCl and Pb was higher at 150 than 300 mM NacCl.
The bioconcentration factor and translocation factor
for Pb remained less than one either in the absence or
presence of salinity. Lead accumulation and tolerance
potential indicated that quinoa genotype “Puno” is
suitable for phytostabilization of Pb under saline
conditions.

Keywords Antioxidants - Heavy metals -
Phytostabilization - ROS - Salinity

Introduction
The increasing trend of industrialization, urbanization,

agriculture and mining has led to an increase in soil
contamination with heavy metals (Kushwaha et al.,
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2018; Pourrut et al., 2011). Among different heavy
metals, lead (Pb) is regarded as one of the dangerous
contaminants and its continued use has put environ-
ment as well as human health at risk (Kushwaha et al.,
2018). Lead is naturally present in the earth crust in
relatively low concentration (< 50 mg kg™' soil);
however, the recent increase in anthropogenic activ-
ities has considerably increased the concentration and
forms of Pb present in soil (Arias et al., 2010).

Lead has been reported to cause interferences with
plant photosynthetic processes, uptake of nutrients,
growth of seedlings, permeability of membranes,
activities of various enzymes and water balance either
directly or indirectly (Ahmad et al., 2018; Kumar
et al., 2012; Shahid et al., 2011). When present in
elevated concentration, Pb causes disturbance in
normal functioning of chloroplasts by inhibiting the
enzymes that take part in the biosynthesis of chloro-
phyll, fixation of carbon dioxide and the complexation
of proteins with pigments in photosystems (Sharma &
Dubey, 2005). It also damages the donor and acceptor
sites, electron-transfer reactions and oxygen evolving
complex (Pourrut et al., 2011) and triggers the
generation of reactive oxygen species (ROS) which
cause cellular toxicity leading to peroxidation of lipids
and leakage of membranes (Malecka et al., 2001;
Natasha, 2020). Plants respond to these elevated levels
of ROS by the activation of various enzymatic
antioxidants such as catalase (CAT), peroxidase
(POD), ascorbate peroxidase (APX) and superoxide
dismutase (SOD) and non-enzymatic antioxidants
(carotenoids, tocopherols and ascorbic acid) (Gratio
et al., 2005; Mishra et al., 2009; Parvez et al., 2020).

Agricultural soils are not only being contaminated
with heavy metals, but also facing the issue of soil
salinization which has already affected above 6% of
total land and above 20% of irrigated agricultural land
all over the globe (Qadir et al., 2014). Soil salinization
severely affects the growth and productivity of crops
by inducing osmotic stress and ionic imbalance
(Munns & Tester, 2008; Negrao et al., 2017). Addi-
tionally, it also causes oxidative stress, reduction in
stomatal conductance and pigment contents of leaves
(Abbas et al., 2017; Hu et al., 2017). The abovemen-
tioned negative effects eventually lead to diminish
productivity of plants grown on saline soils (Abbas
et al., 2017; Qadir et al., 2014). The extent of damage
caused by salinity is dependent on the kind of salt
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affected soils and the type of plants grown on these
soils (Shabala et al., 2013).

Food security is being threatened globally due to an
exponential increase in the world population; hence,
the productive use of saline soils and waters is
imperative. Cultivation of halophytes is considered
as the most promising and suitable approach to deal
with the menace of salinization (Jacobsen et al., 2009).
Quinoa (Chenopodium quinoa Willd.) a halophyte has
emerged as an exemplary food crop (Shabala et al.,
2013) due to its remarkable tolerance to salinity (Riaz
et al., 2020; Ruiz-Carrasco et al., 2011) and drought
stress (Razzaghi et al., 2015). It can produce highly
nutritious seeds even if cultivated under extremely
contaminated environment (Abbas et al., 2021; Igbal
et al.,, 2019). In our previous study, we found the
antagonistic effect between Na™ and As uptake i.e.
increase in Na' uptake decreased As contents in
quinoa tissues. Moreover, quinoa has the potential for
phytostabilization of toxic metals in the presence of
salinity (Amjad et al., 2021; Parvez et al., 2020).

The findings on interaction of salinity with Pb are
not conclusive. Salinity may increase or decrease Pb
tolerance of plants (Li et al., 2019; Manousaki &
Kalogerakis, 2009). As for quinoa, its growth and
physiological responses under the combined stresses
of salinity and Pb have not been studied yet. Therefore,
the present study was conducted to explore (a) the
physiological and biochemical attributes of quinoa
under the co-contamination of salinity and Pb (b) the
effects of salinity on Pb tolerance and phytoremedi-
ation potential of quinoa.

Materials and method
Experimental description

The current hydroponics experiment was carried out at
the Department of Environmental Sciences, COM-
SATS University Islamabad, Vehari Campus during
2019-2020. Four-week-old, healthy plants of quinoa
genotype “Puno” (originated from Denmark) were
transplanted in polystyrene sheets, and these sheets
were made afloat on half strength Hoagland’s nutrient
solution (Hoagland & Arnon, 1950). The solution
contained macro-nutrients in mM (S 1.0, Mg 1.0, Ca
2.5, K 3.0, P 0.5, N 3.75) and micro-nutrients in pM
(Cu 0.16, Mo 0.25, Zn 0.38, C1 9.0, Mn 4.55, Fe 26.0,
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B 23.15). All the chemicals utilized in the current
experiment were of high purity and were procured
from Sigma-Aldrich. After acclimatization of one
week, salinity treatments (0, 150, 300 mM NacCl) were
applied in two splits in two successive days. After one-
week gap, treatments of Pb (0, 250 and 500 pM Pb)
were applied alone and in combination with NaCl
using lead nitrate salt [Pb (NO3),]. Each treatment had
four replications with one plant per replicate. Solution
pH was regularly monitored and maintained at
6.5 & 0.2 by either NaOH (1 N) or HCl (1 N).
Nutrient solution was changed on weekly basis
throughout the experiment. The average minimum
and maximum temperature during the study was 10
and 26 °C, respectively.

Harvesting of plants and growth measurements

Harvesting of plants was done after four weeks of
treatments exposure, and plants were divided into
shoots and roots. The roots were carefully washed in
0.01 M HCI and subsequently washed with distilled
water for removing surface adsorbed Pb (Parvez et al.,
2020). Root and shoot lengths were measured. After-
wards, roots and shoots were subjected to air drying.
Dry weight of samples was measured after oven
drying at 70 °C till constant weight.

Ionic analysis

For analyzing the ionic contents, shoots and roots were
finely ground in a porcelain grinder and subjected to
digestion in 1:2 mixture of HCIO, and HNO;.
Following digestion, samples were filtered and con-
centrations of Na and K were analyzed by flame
photometer (BWB-XPS5). The concentration of Pb in
digested samples was determined by atomic absorp-
tion spectrophotometer (PerkinElmer Model: PinAA-
cle 900F, Inc. USA), using certified reference material
(NIST SRM 1547, peach leaves) internal standards
(CPAchem, Bulgaria) and reagent blanks.

Bioconcentration factor, translocation factor
and tolerance index

The calculations of bioconcentration factor (BCF) and
translocation factor (TF) were done according to
Shabbir et al. (2020) as given below.

BCF = Concentration of Pb in plant/concentration
of Pb in solution.

TF = Concentration of Pb in shoot/concentration of
Pb in root.

Tolerance index (TI) was calculated according to
given equation as described by Parvez et al. (2020).

Dry weight of plants grown under Pb stress

Dry weight of plants grown without Pb stress
x 100

TI =

Stomatal conductance, leaf pigments
and membrane stability index

Stomatal conductance of fully expanded second leaf
from the top was estimated before harvesting using a
portable leaf porometer (Decagon Devices, Pullman,
WA, USA). The pigment contents [chlorophyll a (Chl
a), chlorophyll b (Chl b) and total chlorophyll (Total
Chl)] were determined by following Lichtenthaler
(1987). The leaf samples (1.0 g) were put into liquid
nitrogen for few seconds in order to protect metabo-
lites by stopping the metabolic processes. Afterwards,
the samples were ground in a hydro-acetone solution
(80% acetone) to obtain leaf extract. After grinding,
the mixture was subjected to centrifugation for 10 min
at 3000 x g. The supernatant of the centrifuged samples
was collected, and a UV-Vis spectrophotometer
(Lambda 25, PerkinElmer, Inc. USA) was used for
recording the absorbance of samples at specified
wavelengths (663.2 and 646.8 nm). The method
described by Sairam et al. (2002) was adopted for
measuring the membrane stability index (MSI) of
leaves.

Hydrogen peroxide (H,0,)

The H,O, contents of leaves were determined by
following the method described by Islam et al. (2008).
Briefly, 0.5 g leaf sample was homogenized in
trichloroacetic acid (0.1%) under liquid nitrogen.
After homogenization, the sample was subjected to
centrifugation at 12,000xg for 20 min. Following
centrifugation, the reaction mixture (pH-7.0) was
prepared by mixing supernatant (1 mL) with potas-
sium phosphate buffer (1 mL, 10 mM) and potassium
iodide (1 mL, 2 M). Immediately, the absorbance was
recorded at 390 nm wavelength by UV-Vis
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spectrophotometer. The concentration of H,O, was
estimated through a standard curve of H,0,.

Lipid peroxidation

Thiobarbituric acid reactive substances (TBARS)
were measured according to Hodges et al. (1999) in
order to determine the lipid peroxidation. The leaf
samples were weighed (0.5 g) and homogenized at
4 °C using a hydro-acetone solution (80% acetone)
under liquid nitrogen. The homogenized samples were
mixed with butyl hydroxytoluene (BHT) and thiobar-
bituric acid (TBA) and incubated at 95 °C. Thereafter,
the samples were subjected to centrifugation at
12,000xg for 10 min, and their absorbance was
recorded at 532 nm wavelength by UV-Vis spec-
trophotometer. The TBARS contents were presented
in nmol g~ " on fresh weight basis.

Activities of antioxidant enzymes

To measure the activities of antioxidant enzyme [SOD
(EC1.15.1.1), CAT (EC 1.11.1.6), POD (1.11.1.7) and
APX (EC 1.11.1.11], the leaf samples (youngest fully
expanded leaves) were weighed (0.25 g) and ground
under liquid nitrogen using a 0.1 M phosphate buffer
of pH 7.0. After grinding, the leaf extract was
subjected to 30 min centrifugation at 15,000x g and
4 °C temperature. For determining the activity of
SOD, the method given by Dhindsa et al. (1981) was
followed. The activity of SOD was related to 50%
reduction of nitroblue tetrazolium (NBT). The method
of Nakano and Asada (1981) was followed for
measuring the activity of APX which was presented
as tM ascorbate min~' mg~" protein. The contents of
POD were measured by following Hemeda and Klein
(1990) and were expressed as UM of guaiacol oxidized
min~"' mg~" protein. In order to determine the activity
of CAT, the method provided by Aebi (1984) was
used. The contents of CAT were presented as uM of
H,0, degraded min~' mg~" protein.

Statistical analysis

The current study was carried out in a completely
randomized design (CRD). All the data were analyzed
by statistical software “Statistix 8.1.” The analysis of
the data was done by one-way analysis of variance
(ANOVA). Treatments means were compared by least
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significant difference (LSD) test at 5% probability
level (Steel et al., 1997). Principal component analysis
(PCA) and Pearson correlation matrices were drawn
using “XLSTAT 2014.”

Results
Plant growth

Growth of quinoa plants did not affect significantly at
the lower levels of both salinity (150 mM NaCl) and
Pb (250 uM Pb) treatments (Table 1). However, the
highest levels of salinity (300 mM NaCl) and Pb
(500 puM) caused significant reduction in plant growth
as compared to control. Interestingly, when lower
level of salinity was combined with both levels of Pb,
plant growth was improved. However, the combina-
tion of higher level of salinity and Pb caused the
highest reduction in plant growth attributes. Shoot
length decreased by 34% at the highest level of Pb
treatment (500 uM). When lower (150 mM) and
higher (300 mM) levels of NaCl were combined with
the higher level of Pb, the respective reduction in shoot
length was 24% and 47%, while in root length it was
32% and 58%, compared to control treatment. Dry
weights of shoot and root decreased by 30% and 34%
at the higher level of Pb alone treatment. The
combination of the lower and higher levels of salinity
with Pb caused 18% and 43% decrease in shoot dry
weight, while 24% and 56% in root dry weight,
respectively, compared to control treatment.

Leaf chlorophyll contents and stomatal
conductance

Chlorophyll contents (chl a, chl b and total chl) and
stomatal conductance of quinoa leaves decreased as
the levels of salinity and Pb were increased in the
nutrient solution (Table 2). When the lower level of
salinity was combined with Pb treatments, chlorophyll
contents and stomatal conductance were improved.
The higher level of Pb (500 pM) caused 17%, 35%,
21% and 40% decrease in chl a, chl b and total chl and
stomatal conductance, respectively. For the lower
level of salinity applied in combination with higher
level of Pb, the respective reduction in abovemen-
tioned attributes was 13%, 28%, 16% and 31% as
compared to control. The combination of the higher
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Table 1 Effect of different levels of salinity and Pb on shoot length, root length, shoot dry weight and root dry weight of quinoa

genotype “Puno” grown in hydroponics

Treatments Shoot length (cm) Root length (cm) Root dry weight (g plant™ ") Shoot dry weight (g plant™ )
Control 151+ 09a 238+ 12a 0.16 4 0.008 a 1.40 + 0.08 a

S150 13.0 &£ 0.7 be 220 £ 1.1 ab 0.14 £ 0.007 ab 1.30 & 0.07 ab

S300 11.3 £ 0.8 cd 17.8 & 1.0 de 0.11 £ 0.006 ¢ 097 £0.05d

Pb250 120 £ 08 ¢ 187 £ 1.1 cd 0.13 £ 0.007 b 1.20 & 0.07 be

Pb500 10.0 £ 0.7 d 137 £ 08 f 0.10 £ 0.008 cd 098 £ 0.05d

S150 + Pb250 14.0 & 0.9 ab 20.0 £ 1.4 be 0.14 & 0.007 ab 1.33 &£ 0.07 ab

S150 + Pb500 115+ 1.0 cd 162+ 1.1e 0.12 & 0.006 ¢ 1.15 + 0.06 ¢

S300 + Pb250 100 £ 0.6d 127+ 08 f 0.09 £ 0.005 d 095 +0.05d

S300 + Pb500 80+07e 100 £07 ¢g 0.07 £ 0.005 e 0.80 £ 0.04 e

Data are mean of four replications &+ SE. For each parameter, values having different letters indicate significant difference at 5%

probability level

Table 2 Effect of different levels of salinity and Pb on chlorophyll a, chlorophyll b, total chlorophyll and stomatal conductance of
quinoa genotype “Puno” grown in hydroponics

1

1

Treatments Chlorophyll a (ug g~ Chlorophyll b (nug g~ Total chlorophyll (ug g~ Stomatal conductance
FW) FW) FW) (mmol m™2 s

Control 423 £ 18 a 104 £52a 527+ 20a 582+ 40 a
S150 380 &+ 15 bed 80+ 42b 469 + 18 b 535 £ 43 ab
S300 286 £ 14 e 70 £3.2d 356 £ 12d 425 £ 26 ¢
Pb250 400 £ 17 abc 80 £39c¢ 480 £ 18 b 500 £35b
Pb500 350 £ 16 d 68 £ 3.6 de 418 £ 16 ¢ 350 £ 33 de
S150 + Pb250 410 + 16 ab 90 £4.0b 500 £ 19 ab 545 4+ 42 ab
S150 + Pb500 370 £ 15 cd 75+35¢ 445 £ 16 ¢ 400 £ 30 cd
S300 + Pb250 298 £+ 14 e 55+ 34e 353 £ 13d 208 £ 27 e
S300 + Pb500 220 £ 8 f 45 £ 32 f 265+ 11e 181 £ 15f

Data are mean of four replications £ SE. For each parameter, values having different letters indicate significant difference at 5%

probability level

level of salinity with higher level of Pb resulted in
48%, 57%, 50% and 69% respective decrease in chl a,
chl b, total chl and stomatal conductance in compar-
ison with control treatment.

Tonic contents

The contents of Na in root and shoot increased with the
corresponding increase in NaCl concentration in the
growth medium (Fig. la, b). The application of
salinity along with the lower level of Pb did not
increase the contents of Na, but the combination of

salinity with the higher level of Pb significantly
increased Na contents with respect to salinity alone
treatments. The contents of K in root and shoot neither
decreased at the lower level of salinity nor at Pb, but
decreased at the higher levels of both stresses in
comparison with control treatment (Fig. 1c, d). The
combination of salinity and Pb further decreased the
contents of K in quinoa plants with respect to control
treatment.

@ Springer
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Lead accumulation and tolerance

The combination of the lower level of salinity with Pb
treatments did not increase Pb contents, but the
combination of the higher level of salinity with Pb
increased Pb contents both in root and shoot of quinoa
(Table 3). Root accumulated more Pb than shoot for all
the applied levels of Pb in the nutrient solution. The
BCF was less than one for all the Pb treatments
(Table 3). The combination of salinity with each level
of Pb increased the value of BCF. Root to shoot
translocation of Pb was expressed as TF, which was
also less than one for all the Pb treatments. Addition of
salt to each Pb treatment did not significantly increase
the TF in quinoa. There was a decline in tolerance
index (TI) with an increase in the levels of Pb and
salinity in the nutrient solution (Table 3). On the other
hand, the combination of the lower level of salinity
with the lower and higher level of Pb increased the TI
from 85-95% and 70-82%, respectively. However, in
the combined treatments of the higher level of salinity
with lower and higher level of Pb, TT was decreased to
69% and 57%, respectively.

Oxidative stress attributes

The contents of H,O, and TBARS increased more
under salinity stress as compared to Pb stress (Fig. 2a,
b). The combination of salinity and Pb caused more
oxidative damage than the either stress alone. The
higher level of salinity alone caused 2.0- and 2.5-fold
increase, respectively in the contents of H,O, and
TBARS in comparison with control plants. The higher
level of Pb stress, respectively, caused 2.0- and 1.9-
fold enhancement in H,O, and TBARS contents as
compared to control treatment. The combined treat-
ment of the higher level of salinity and Pb resulted in
fourfold increase in the contents of H,O, and TBARS
in comparison with control treatment.

Membrane stability index (MSI) declined with an
increase in the levels of Pb and salinity (Fig. 2c). The
lower levels of either salinity or Pb alone did not cause
any damage to membranes. However, the higher levels
of Pb and salinity stress, either alone or in combina-
tion, significantly reduced MSI. The highest reduction
in MSI (47%) was noticed in the combined treatment
of the higher levels of Pb (500 uM) and salinity
(300 mM NacCl).

Table 3 Effect of different levels of salinity and Pb on shoot Pb concentration, root Pb concentration, bioconcentration factor (BCF),
translocation factor (TF) and tolerance index of quinoa genotype “Puno” grown in hydroponics

Treatments Shoot Pb concentration Root Pb concentration BCF TF Tolerance index
(mg kg™' DW) (mg kg~' DW) (%)

Control _ _ _ _ _

S150 _ _ _ _ 92.6 &+ 7.5 ab

S300 _ _ _ _ 69.1 £62d

Pb250 10+1.0d 14+10d 0.46 £ 0.02 0.71 £0.04 857 £6.9 bc
[ b

Pb500 I5+15¢ 20+ 15¢ 0.34 £0.01 0.75+0.06 70.1+£62d
d b

S150 + Pb250 11 +1.44d 15+14d 0.5 + 0.04 0.73 £ 0.04 953+ 8.1a
bc b

S150 + Pb500 16 + 1.1 ¢ 22 + 1.0 be 0.37 £0.02 073 +0.05 823+£75¢c
d b

S300 + Pb250 22 +09b 26+ 15b 0.92 +£0.06 0.85+0.06 68.0+6.1d
a a

S300 + Pb500 26 1.0 a 35+ 16a 0.59 £ 0.04 074 +004 571+£55e
b b

Data are mean of four replicates = SE. The values having different letters indicate significant difference at 5% probability level
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Fig. 2 Effect of different levels of salinity and Pb on H,0,
contents (a), TBARS (b) contents and membrane stability index
(c) of quinoa genotype “Puno” grown in hydroponics. Data are

Antioxidant enzymes activities

Antioxidant enzymes (SOD, CAT, POD and APX)
showed varied response against salinity and Pb stress.
The activities of all the antioxidant enzymes were
higher in the combined treatments as compared to
individual treatments of Pb and salinity (Fig. 3a—d).
Under the higher level of salinity, the activities of
SOD, POD, CAT and APX were 3.3-, 2.0-, 3.0- and
1.5-fold higher than control. In the joint application of
250 yM Pb and 300 mM NaCl, the respective

@ Springer

presented as mean of four replications £ SE. The values sharing
different letters indicate significant difference at 5% probability
level

enhancement in the activities of above enzymes was
4.6-, 3.5-, 5.3- and twofold higher than control. The
activities of these enzymes increased by 4-, 3.75-, 5.4-
and twofold in the combined application of 500 uM
Pb and 300 mM NaCl with respect to control.

Multivariate analyses

Principal component analysis (PCA) and Pearson
correlation matrix were performed to determine the

correlations between different observations and
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Fig. 3 Effect of different
levels of salinity and Pb on
activities of SOD (a), CAT
(b), POD (c¢), and APX

(d) of quinoa genotype
“Puno” grown in
hydroponics. Data are
presented as mean of four
replications & SE. The
values sharing different
letters indicate significant
difference at 5% probability
level
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response variables of quinoa under salinity and Pb
stress (Fig. 4a, b; Tables S1, S2 and S3). The PCA
divided all the variables in to eighteen factors (F1 to
F18), but only five factors had the main contribution.
These five factors contributed 71%, 10%, 8%, 5% and
2% variability, respectively. All the variables were
clustered in two groups. Oxidative stress attributes
(H,O,, TBARS, SOD, CAT, POD), Na and Pb
contents were grouped together, whereas the rest of

the parameters were grouped together. Pearson corre-
lation showed that oxidative stress attributes, Na and
Pb contents had negative correlations with the rest of
the parameters (Table S1); therefore, they were
grouped on the opposite side of the axis (Fig. 4b).
The response of different treatments was also illus-
trated by PCA (Fig. 4a). The lower level of salinity
alone or in combination with Pb had similar effect;
therefore, these treatments were scatted around

Fig. 4 Comparison of a Observations (axes F1 and F2: 81.23 %)
a different treatments and 6
b different response
variables of quinoa
genotype “Puno” grown in
hydroponics using principal 4 +
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positive x-axis. The higher level of salinity alone or in
combination with Pb had similar effect; therefore,
these treatments were clustered around negative
x-axis. This opposite clustering of lower and higher
levels of salinity and Pb was also depicted from our
results. We observed severe reduction in growth and
physiological attributes of quinoa under the elevated
levels of salinity, Pb and their combination.

Discussion

The current study was carried out to unravel the effects
of salinity on Pb tolerance and phytoremediation
potential of quinoa by exploring different physiolog-
ical and biochemical attributes. We found that plant
growth and biomass were not decreased to great extent
at 150 mM NaCl concentration which confirmed the
halophyte nature of quinoa (Parvez et al., 2020; Riaz
et al., 2020). However, at 300 mM NaCl, plant growth
and biomass production were severely declined due to
salt stress confirming our previous study on quinoa
(Parvez et al., 2020). Decline in plant biomass at
elevated levels of salinity may be due to osmotic
stress, toxicity and imbalance of ions (Abbas et al.,
2017; Munns & Tester, 2008), oxidative stress (Parvez
etal., 2020) and reduced gas exchange and chlorophyll
contents (Hu et al., 2017; Parvez et al., 2020).

In case of Pb, we found that plant growth was not
much affected at the lower level of Pb (250 uM), but
decreased considerably at the elevated level
(500 pM). In our recent study on quinoa, we found
that the higher levels of Pb were detrimental for
growth and yield of quinoa (Amjad et al., 2021). The
results regarding the interaction of salinity and Pb
were quite interesting and unexpected. When the
lower level of salinity was combined with Pb, plant
growth and TI were increased, whereas, under the
combination of the higher level of salinity and Pb,
plant growth and TI of quinoa were decreased.
Similarly, growth enhancement at the lower level
and growth reduction at the higher level of salinity and
Pb combination was noticed by Manousaki and
Kalogerakis (2009) in a halophyte plant (Atriplex
halimus L.). It has been reported that the lower levels
of salinity (Parvez et al., 2020; Riaz et al., 2020) and
Pb (Liu et al., 2000; Manousaki & Kalogerakis, 2009)
are beneficial for some plants. Shahid et al. (2019)
recently proposed that some trace elements including

Pb can induce phytohormesis in which plant growth
increases at low levels, while decreases at high levels.
The reduction in plant biomass to greater extent in the
combined application of elevated level of salinity and
Pb may be attributed to negative effects on nutrient
uptake, chlorophyll formation, transpiration rates,
enzyme activities and oxidative stress (Amjad et al.,
2021; Nawaz et al., 2016; Parvez et al., 2020).

Chlorophyll contents of leaves (Chl a, Chl b, total
Chl) and stomatal conductance were considerably
reduced under the higher levels of Pb and salinity
stress. Similar reduction in these physiological
attributes had been noticed under the elevated levels
of salt (Koyro & Eisa, 2008; Parvez et al., 2020) and
Pb stress (Ahmad et al., 2018; Lamhamdi et al., 2013;
Nawaz et al., 2016). According to Pourrut et al. (2011),
the higher level of Pb stress results in many physio-
logical disorders in plants including disruption of
chlorophyll molecules. The combination of the lower
level of salinity with both levels of Pb had positive
effects on these attributes (Manousaki & Kalogerakis,
2009; Nawaz et al., 2016). The improvement in
stomatal conductance under moderate level of salinity
and Pb may be due to more absorption of CO, per unit
leaf area (Nawaz et al., 2016; Rawat & Banerjee,
1998). Liu et al. (2000) found that small quantity of Pb
in the growth medium had positive effects on pigment
contents of some plants. In our study, these attributes
were decreased to greater extent under the combina-
tion of the higher level of salinity with both levels of
Pb. So, under these conditions it can be assumed that
chlorophyll structure might had been degraded due to
the damaging effects of various ROS (Pourrut et al.,
2011), as we found increased H,O, and TBARS
contents in quinoa leaves under the combined stress of
salinity and Pb. Moreover, chlorophyll molecule is
destroyed due to disordering of grana and thylakoid
membranes and replacement of main nutrients by Na
and Pb (Akinci et al., 2010; Haseeb et al., 2018; Riaz
et al., 2020).

We found that the lower levels of either salinity or
Pb did not cause oxidative stress (H,O, and TBARS
contents) in quinoa. However, the higher levels of both
salinity and Pb caused oxidative stress, which is
conferred by over production of HO, and TBARS in
this study (Fig. 2a, b). As a result of this oxidative
stress, cell membranes suffered from lipid peroxida-
tion which decreased the stability of membranes
(Fig. 2c¢). These results are corroborated the previous
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findings that either salinity (Abbas et al., 2017; Parvez
et al., 2020) or Pb (Amjad et al., 2021; Murtaza et al.,
2019) induced greater production of H,O, and
TBARS and caused membrane damage in host plants.
Being a very strong oxidant, H,O, causes severe
toxicity to plants particularly when it is transformed to
hydroxyl anions. Hence to avoid toxicity in plants,
efficient and quick detoxification of H,O, is inevi-
table. Various antioxidant enzymes accomplish the
mitigation of H,O, in different components of the cell
(Natasha et al., 2020; Parvez et al., 2020). Different
enzymes work in a conjugated way during the
detoxification of ROS (Pourrut et al., 2011). Among
different antioxidant enzymes, SOD plays the most
crucial role in the mitigation of superoxide radicals
(Parvez et al., 2020). We found that the activity of
SOD was increased in quinoa under the elevated levels
of Pb and salinity stress. Superoxide radicals are
converted into H>O, and oxygen due to the activation
of SOD (Pourrut et al., 2011; Shahid et al., 2014).
Increase in SOD activity under Pb stress may be due to
elevation in O, content or direct interaction between
of Pb and SOD (Pourrut et al., 2011). We noticed a
slight decline in SOD activity in the combined higher
levels of salinity and Pb, which may be due to the
binding of metal ions to the active sites of enzyme or
interruption in enzyme biosynthesis due to the raised
level of ROS (Gupta et al., 2009; Pourrut et al., 2011).
The activities of other measured enzymes (POD, CAT,
APX) also enhanced as the stress levels were
increased. These enzymes accomplish the detoxifica-
tion of H,0, by its conversion into molecular oxygen
and water (Pourrut et al., 2011; Shahid et al., 2014).
The activities of these enzymes were the highest in the
combined treatments of salinity and Pb, indicating
more oxidative stress in the combined application of
both stresses. Activation of these antioxidants under
salinity and Pb stress is well documented in the past
(Murtaza et al., 2019; Natasha et al., 2020).

In line with many previous reports (Parvez et al.,
2020; Riaz et al., 2020), the accumulation of Na in
quinoa increased with the corresponding increase in
salt level of the medium. In a recent field experiment,
we concluded that quinoa yield and grain quality was
more declined on salt affected soil with more Na
contents as compared to saline soil with less Na
concentration. (Abbas et al., 2021). The combination
of salinity with Pb was quite interesting. We found that
the lower level of Pb had no effect, whereas the higher
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level of Pb further increased Na accumulation in
quinoa. Such variation in Na uptake in the presence of
Pb had been noticed in few studies (Lakra et al., 20006;
Lietal., 2019; Singh et al., 2003). It has been reported
that the mechanism of salt tolerance among quinoa
genotypes is variable. Some genotypes exclude toxic
ions at root level and some undergo vacuolar seques-
tration in shoot tissues (Parvez et al., 2020; Shabala
et al., 2013). In our case, more amount of Na was
accumulated in shoot than root, which demonstrated
that salt tolerance mechanism adopted by genotype
“Puno” was vacuolar sequestration.

The contents of K neither decreased in the lower
levels of salinity and Pb nor in their combination. That
might be one of the reasons of less decrease in plant
biomass in the combined treatment of the lower level
of salinity and Pb. Being an essential element, K has
many important physiological functions in plants such
as enzyme activation, osmotic adjustment, chlorophyll
formation, cell enlargement, homeostasis of mem-
brane potential and regulation of cytoplasmatic pH
(Munns & Tester, 2008; Shabala, 2003). Therefore,
the plants which accumulate more K under salt stress
conditions usually are more salt tolerant and they
produce more biomass (Amjad et al., 2015; Riaz et al.,
2020). Contrarily, at the higher level of salinity and its
combination with Pb, the uptake of K was drastically
decreased in quinoa. It has been investigated that the
hydration energy and ionic radii of both Na and K are
very similar. Hence, at the elevated levels of salt
stress, Na cross cell membranes by using K channels
(Marschner, 1995). When excessive amount of Na
enters the cell, the uptake of K is decreased signifi-
cantly resulting in the lower salt tolerance potential of
plants (Abbas et al., 2017; Adolf et al., 2012; Parvez
et al., 2020). Similarly, Pb uptake in plants also results
in the limited uptake of many essential ions including
K, leading to growth inhibition (Lakra et al., 2006; Li
et al., 2019). The strong negative interaction between
K and Pb might be due to their similar ionic radii
(Sharma & Dubey, 2005); therefore, both ions com-
pete for the same K channels for their entry into the
plant cells (Amjad et al., 2021; Pourrut et al., 2011).

We found that Pb contents increased in quinoa as
the amount of Pb was increased in the nutrient
solution. The lower level of salinity did not increase
Pb contents, but the higher level of salinity combined
with Pb further increased Pb contents in quinoa. The
literature about the interaction between salinity and Pb
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is not conclusive. In line with our results, Pb uptake by
Eucalyptus camaldulensis (Nawaz et al., 2016) and
Cucumis sativus (Taghipour & Jalali, 2019) was
increased in the presence of salinity under hydroponic
and soil conditions, respectively. On the other hand,
Manousaki and Kalogerakis (2009) found that Pb
uptake by Atriplex halimus was decreased under
salinity stress mainly due to less solubility and
mobility of Pb in soil in usual range of soil pH
(Abbaspour et al., 2008). In our study, salinity-induced
higher accumulation of Pb may be due to an increase
in the permeability of roots under the elevated levels
of both stresses (Wang et al., 2006) or due to the
enhanced mobility of Pb under hydroponic growth
conditions (Acosta et al., 2011; Nawaz et al., 2016).

The BCF for Pb was less than one for all the Pb
treatments indicating less potential of quinoa plant to
accumulate Pb in shoot and root. Although BCF
increased due to salinity, BCF value remained less
than one as observed by Amjad et al. (2021). Similar
results regarding BCF had been noticed in various
plants under salinity and Pb combination (Nawaz
et al., 2016; Taghipour & Jalali, 2019). Root-to-shoot
translocation of Pb (TF) was also less than one for Pb
alone and the combined treatments of salinity and Pb.
More accumulation of Pb in roots and less transloca-
tion to shoot even in the presence of salinity had been
observed in many studies (Li et al., 2019; Manousaki
& Kalogerakis, 2009; Nawaz et al., 2016; Taghipour &
Jalali, 2019). The limited accumulation and translo-
cation of Pb might be due to the binding of Pb at cell
walls and root surfaces (Butcher, 2009). According to
Pourrut et al. (2011), the reasons of less translocation
of Pb from roots to aerial parts are precipitation of Pb
in intercellular spaces, Pb immobilization by nega-
tively charged pectins within the cell wall, sequestra-
tion in the vacuoles of rhizodermal and cortical cells
and accumulation in plasma membranes.

If the aerial parts of plants such as leaves and seeds
accumulate higher amounts of heavy metals (Pb in our
case), food quality and human health may be deteri-
orated. The reported threshold concentration of Pb is
0.2-0.5 mg kg~' (Kabata-Pendias, 2010). If Pb con-
tents are higher than this range, it may cause non-
carcinogenic and carcinogenic effects to humans. The
limited uptake and translocation of Pb from root to
shoot are an indication that quinoa can be grown on
Pb-contaminated soils as a food crop without health
hazards (Amjad et al., 2021). Moreover, the lower

level of salinity did not increase the uptake of Pb from
soil. The lower translocation potential of quinoa for Pb
indicated its phytostabilization character for Pb-con-
taminated saline and non-saline soils which is quite
beneficial for limiting the entry of Pb into food chain
through consumption of quinoa.

The response of different treatments and variables
was also explained by multivariate analyses. This data
analysis technique is regarded as very ideal to trace
covariance and correlation among different treatments
and variables (Murtaza et al., 2019; Natasha et al.,
2020). In our study, Pearson correlation and PCA
showed strong negative correlation of Na and Pb
contents with plant biomass, chlorophyll contents,
stomatal conductance and K contents. Oxidative stress
attributes had positive correlation with Na and Pb
contents. It was also demonstrated that the lower and
higher levels of salinity in combination with Pb had
different effects. Increase in Pb tolerance potential of
quinoa under the lower level of salinity was also
verified by the close association of these treatments in
PCA. Our results were in accordance with the opposite
clustering of lower and higher levels of salinity, Pb
and their combinations.

Conclusion

We concluded that growth, chlorophyll and stomatal
conductance of quinoa were not affected at the lower
levels of salinity (150 mM NaCl) or Pb (250 uM).
However, the higher levels of salinity (300 mM NaCl)
and Pb (500 pM) alone or in combination caused
pronounced decline in these attributes. Under the
combination of lower level of salinity with Pb, plants
growth and physiological attributes were improved.
The contents of Na increased in the combined
treatments of salinity with the higher level of Pb.
The combination of salinity and Pb induced oxidative
stress that was mitigated by the activation of antiox-
idant enzymes. Lead accumulation in quinoa increased
under higher level of salinity stress, but its root to
shoot translocation remained unchanged. Lead uptake
and tolerance potential of quinoa genotype “Puno”
indicated its suitability for phytostabilization of Pb
under normal and saline conditions.
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