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NaCl impact on Kosteletzkya pentacarpos seedlings simultaneously
exposed to cadmium and zinc toxicities
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Abstract
Data regarding NaCl impact on halophyte plant species exposed to a polymetallic contamination remain scarce. Seedlings of the
salt marsh species Kosteletzkya pentacarpos were simultaneously exposed to cadmium (10 μM) and zinc (100 μM) in the
absence or presence of 50 mM NaCl. Heavy metal exposure reduced plant growth and increased Cd and Zn concentrations in
all organs. Cd and Zn accumulation reduced net photosynthesis in relation to stomatal closure, decreased in chlorophyll con-
centration and alteration in chlorophyll fluorescence-related parameters. Salinity reduced Cd and Zn bioaccumulation and
translocation, with a higher impact on Cd than Zn. It mitigated the deleterious impact of heavy metals on photosynthetic
parameters. NaCl reduced the heavy metal-induced oxidative stress assessed by malondialdehyde, carbonyl, and H2O2 concen-
tration. Subcellular distribution revealed that Cdmainly accumulated in the cell walls, but NaCl increased it in the cytosol fraction
in the leaf and in the metal-rich granule fraction in the roots. It had no impact on Zn subcellular distribution. The additional NaCl
contributed to a higher sequestration of Cd on phytochelatins and stimulated glutathione synthesis. The positive impact of NaCl
on K. pentacarpos response to polymetallic pollution made this species a promising candidate for revegetation of heavy metal-
contaminated salt areas.
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Introduction

The increasing anthropogenic activities, such as mining, agri-
culture, metallurgy, combustion of fossil fuels, and military
operations, have led to widespread contamination of the envi-
ronment (Ogundele et al. 2017; Różański et al. 2017). In ad-
dition to organic contamination, heavy metals such as cadmi-
um, zinc, lead, copper, mercury, and nickel constitute the most
hazardous soil pollutants. Although some of them (Cu, Zn) are
essential elements for living organisms, their presence in the
soil at high concentrations are deleterious to plant growth and
survival. Heavy metals impair plant photosynthesis, induce

oxidative stress, affect plant mineral nutrition, and compro-
mise the plant water and hormonal status (Tattibayeva et al.
2016; Wang et al. 2015; Shahid et al. 2014).

Themajority of studies devoted to heavymetal impact on plant
behavior consider one single heavymetal. However, in real metal-
polluted environmental settings, several heavymetals often coexist
which interact with each other in a complexway. This is especially
the case for Cd and Zn, which are frequently simultaneously pres-
ent on polluted soils (Mani et al. 2015). Although these elements
share several physicochemical properties, they have quite different
impact on plant physiology since Zn is an essential element while
Cd has no recognized biological functions. Cadmium and zinc
may have different distributions in heavy metal-treated plants
(Lefèvre et al. 2014) and may bind to different complexing com-
pounds (Lefèvre et al. 2016). However, their putative interaction in
the case of polymetallic contamination remains poorly document-
ed. It might be argued that cadmium and zinc interact, to some
extent, not only in terms of absorption but also in terms of plant
response to accumulated ions (Qiu et al. 2011). Moreover, the
overall plant response is directly influenced by ion distribution
and the presence of NaCl may somewhat affect both processes
in a complex way (Lutts and Lefèvre 2015).
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Heavy metal pollution is frequently reported in coastal
areas, leading to imbalance of soil ecological system and se-
rious threat to food safety (El Nemr and El-Said 2017). Hence,
it is of crucial importance to study the behavior of plants
simultaneously exposed to salinity and heavy metal condi-
tions. Halophyte species have been considered as a promising
material for phytoremediation of heavy metal-contaminated
sites, and moderate doses of salt are thought to play a role in
the protection against heavy metal toxicity in these species
(Lutts and Lefèvre 2015). Once again, such a protective effect
has often been tested on plants exposed to one single heavy
metal stress (Nawaz et al. 2017; Zhang et al. 2016). For in-
stance, salinity improved zinc tolerance by the halophyte
Spartina densiflora in relation to maintenance of photosyn-
thetic apparatus and mineral nutrition (Redondo-Gomez et al.
2011). Salinity also improved Cd tolerance in Sesuvium
portulacastrum, which could be explained by an increase in
glutathione (GSH), proline concentration, maintenance of the
redox balance, and photosynthesis (Wali et al. 2015, 2016),
although it has been recently demonstrated by Wali et al.
(2017) that Cd hampered salt tolerance in this species.

Kosteletzkya pentacarpos (L.) Presl. (formerly designed as
Kosteletzkya virginica) is a perennial dicot halophyte species
of Malvaceae family, and it is recommended as a potential
resource for food, feed, biodiesel, as well as health care
(Halchak et al. 2011; Qin et al. 2015; Vaughn et al. 2013).
Kosteletzkya pentacarpos is able to cope with a high level of
salinity in its natural environment (up to 420 mM NaCl),
exhibiting a high selectivity for K over Na (Blits and
Gallagher 1990). Ghanem et al. (2010) demonstrated that mu-
cilage produced by the plant may be involved in Na fixation in
stem, preventing accumulation of this toxic element in photo-
synthetic leaves.

Kosteletzkya pentacarpos is also, to some extent, able to
cope with heavy metal pollution in salt marsh conditions, and
it could therefore be recommended as an interesting tool for
phytomanagement of polluted coastal areas (Han et al. 2012).
Han et al. (2013a) demonstrated that NaCl differently inter-
fered with Cd and Zn toxicities in this wetland species.
Cadmium increased the leaf K concentration while Zn had
an opposite effect. Salinity reduced Cd accumulation to a
higher extent than Zn accumulation. Distribution of heavy
metals among plant organs also appeared differently affected
by salinity since Cd was reduced mainly in the leaves while
Zn was reduced in the roots. Management of heavy metal
oxidative stress by K. pentacarpos appeared as a crucial com-
ponent of resistance to Cd (Han et al. 2013b) or Zn (Han et al.
2013a). These data, however, were obtained for plants ex-
posed to one single pollutant (Cd or Zn), but this species
was never tested in the simultaneous presence of the two
heavy metals.

The present work was undertaken in order to answer the
following questions: (1) How does the addition of NaCl

influence the growth response of K. pentacarpos simulta-
neously exposed to cadmium and zinc stresses? (2) What is
the effect of NaCl on Cd and Zn absorption and distribution in
the case of polymetallic contamination? (3)What is the impact
of a mixed pollution on the management of antioxidative sta-
tus by the plant and NaCl influence on this property?

Materials and methods

Plant material and culture condition

Seeds of Kosteletzkya pentacarpos were harvested from the
Jinhai Agricultural Experimental Farm of Yancheng (Jiangsu
Province) and kindly provided by Prof. P. Qin, University of
Nanjing (People’s Republic of China). Germination was per-
formed in trays filled with a perlite and vermiculite mix (1:3
v/v) and moistened regularly with a half-strength, modified
Hoagland nutrient solution. Seedlings were grown in a phytotron
under a 12-h photoperiod [mean light intensity (photosyntheti-
cally active radiation, PAR) = 150 μmol m−2 s−1 provided by
Osram Sylvania (Danvers, MA) fluorescent tubes (F36W/133-
T8/CW)with 25/23 °C day/night temperature and 70/50% atmo-
spheric humidity]. Fifteen days after sowing, seedlings were
fixed on polyvinylchloride plates floating on an aerated half-
strength, modified Hoagland nutrient solution and transferred in
50-L tanks into a greenhouse. The nutrient solution contained the
following chemicals (in mM): 2.0 KNO3, 1.7 Ca(NO3)2, 1.0
KH2PO4, 0.5 NH4NO3, and 0.5 MgSO4 and (in μM) 17.8 Na2
SO4, 11.3H3BO3, 1.6MnSO4, 1 ZnSO4, 0.3 CuSO4, 0.03 (NH4)

6Mo7O24, and 14.5 Fe-EDDHA. Minimum temperatures were
16–18 °C, and daily maxima were 24–28 °C. Natural light was
supplemented by Philips lamps (Philips Lighting S.A., Brussels,
Belgium) (HPLR 400 W) in order to maintain a light irradiance
of 300 μmol m−2 s−1 (PAR) at the top of the canopy.

After 10 days of acclimation in the absence of stress
(25 days after sowing), NaCl, CdCl2, and ZnCl2 were added
to containers in order to create four treatments: (1) control, (2)
50 mM NaCl, (3) 10 μM CdCl2 + 100 μM ZnCl2 (heavy
metals (HMs)), and (4) 10 μM CdCl2 + 100 μM ZnCl2
+ 50 mM NaCl (HMs + Na). Solutions were readjusted every
2 days and renewed every week. The pH of solutions was set
to 5.7 ± 0.02 with KOH. Three replications with 12 plants per
replication and per treatment were used for the measurement
of different parameters.

Growth assessment

After 2 weeks of treatment, stem height, the number of lateral
branches (LBs), the number of leaves (LN) on the main stem,
the number of leaves on LBs, and total length of LBs were
recorded. Plants were then harvested. Roots were quickly
rinsed in sterile deionized water for 30 s to remove ions from
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the free space and gently blotted dry with a paper towel.
Roots, stems, and leaves of each plant were separated and
weighed for fresh weight determination. Before harvest, total
leaf area of each plant was measured with a leaf area meter
(AM300 leaf area meter; ADC BioScientific, Ltd.,
Hoddesdon, UK). Material was then incubated in an oven
for 72 h at 70 °C for dry weight determination.

Evaluation of ion concentration

Dried samples were ground to a fine powder using a porcelain
mortar and a pestle, digested in 35%HNO3, and evaporated to
dryness on a sand bath at 80 °C. The minerals were incubated
with a mix of 37% HCl and 68% HNO3 (3:1), and the mixture
was slightly evaporated. Minerals were dissolved in 0.1 N
HCl. Ion concentrations were determined by Solaar S4 atomic
absorption spectrometry (Thermo Scientific, Cambridge,
UK). For each treatment, three separated plants were consid-
ered and each analysis was performed on technical triplicates.

Translocation factor (TF) is representative of the plant’s
ability to translocate pollutant from the root to the shoot sys-
tem. In the present study, it was estimated for Cd and Zn on the
basis of concentration (TFc) and on the basis of the total
amount (TFa) of translocated pollutants according to the
following:

TFc Concentration in the shoot (mg g−1 dry weight (DW)) /
Concentration in the roots (mg g−1 DW)

TFa Total amount in the shoot (mg) / Total amount in the
roots (mg)

The bioaccumulation factor (BF) is an indicator of the
plant’s ability to accumulate the heavy metal in harvestable
organs compared to its mean concentration in the environ-
ment. Since a nutrient solution was used in the present exper-
iment, we expressed shoot Cd and Zn concentration on a tis-
sue water content basis for BF calculation according to the
following:

BF Shoot concentration of heavy metal (μM) /
Concentration in the nutrient solution (μM)

Subcellular distribution of Cd and Zn

The subcellular distribution of Cd and Zn in K. pentacarpos
roots and shoots was performed at 4 °C according to Weigel
and Jager (1980) with somemodification (Li et al. 2011): 0.2 g
fresh material was ground with liquid nitrogen and homoge-
nized in the 5.0 mL buffer solution (0.25 M sucrose, 1.0 mM
dithioerythritol, and 50 mM Tris-HCl (pH 7.5)). The homog-
enate was centrifuged at 2500g for 20 min. The supernatant of
this first step was regarded as a cytosol fraction. After adding
2.0 mL ultra-pure water, the pellet was heated at 100 °C for
2 min, followed by adding 2.0 mL NaOH (1 M) and heated

again at 70 °C for 1 h. Samples were then centrifuged at
10,000g for 15 min. The supernatant and pellet were desig-
nated as a cell debris fraction (containing mainly cell walls)
and metal-rich granule fraction (granules containing heavy
metals bound to sulfur, iron, calcium, and carbonates), respec-
tively. The three factions were separately analyzed for ion
content by spectrometry as described above.

Photosynthesis-related parameters

Photosynthesis-related parameters were determined on leaves
located at the middle portion of the main stem. A portable
pulse-modulated chlorophyll fluorimeter (FMS2; Hansatech,
King’s Lynn, UK) was used to determine the chlorophyll fluo-
rescence. All measurements were performed in the middle part
of the abaxial side of the leaves. Leaf portions were acclimated
to darkness for 30 min. The minimal fluorescence level (F0)
was measured by estimating the modulated light
(0.1μmol m−2 s−1). The maximal fluorescence level (Fm) with
all photosystem II (PSII) reaction centers closed was deter-
mined by a 0.8-s saturating pulse at 18,000 μmol m−2 s−1 in
dark-adapted leaves. Leaf was then continuously illuminated
with white actinic light (600 mmol m−2 s−1) for 3 min. The
steady-state value of fluorescence (Fs) was recorded, and a
second saturating pulse at 18,000 μmol m−2 s−1 was imposed
to determine maximal fluorescence level in the light-adapted
state (F′m). The actinic light was removed, and the minimal
fluorescence level in the light-adapted state (F′0) was deter-
mined by illuminating the leaf with a 3-s pulse of far-red.
Using both light and dark fluorescence parameters, the maxi-
mal efficiency of PSII photochemistry in the dark-adapted
state (Fv/Fm), the photochemical quenching coefficient (qP),
the non-photochemical quenching (NPQ), and the actual PSII
efficiency (ФPSII) were calculated according to Maxwell and
Johnson (2000).

Chlorophyll (Chl a and Chl b) and total carotenoid
(xanthophylls and β-carotene) concentrations were quantified
on the whole leaves from seven plants per treatment after
acetone extraction as previously described (Han et al. 2012).
Net photosynthesis (A) was recorded with an infrared gas
analyzer (LCA4 8.7; ADC BioScientific, Ltd., Hoddesdon,
Hertfordshire, UK) using a Parkinson leaf cuvette (PLC) on
intact leaves for 1 min (20 records min−1) with an air flow rate
of 300 mL min−1. Air taken in the greenhouses was sent to a
chamber into which a leaf portion of 3.5 cm2 was introduced.
The net CO2 assimilation rate and instantaneous transpiration
rate (E) were estimated on leaves located at the middle part of
the main stem. Leaf stomatal conductance (gs) was measured
using a diffusion porometer (AP4; Delta-T Devices, Ltd.,
Cambridge, UK). Five plants were measured for each treat-
ment, and all measurements were performed around at midday
(between 12:30 a.m. and 2:30 p.m.).
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Oxidative stress parameters and non-enzymatic
antioxidants

The level of lipid peroxidation was measured as 2-thiobarbituric
acid-reactive substances, mainly malondialdehyde (MDA)
(Heath and Packer 1968). The concentration of MDA was cal-
culated using an extinction coefficient of 155 mM−1 cm−1.
Carbonyl assay was performed using the Reznick and Packer
(1994) spectrophotometric method in detecting the product of
the reaction of dinitrophenylhydrazine (DNPH) with protein car-
bonyls to form protein hydrazones.

For hydrogen peroxide quantification, samples (0.5 g fresh
weight (FW)) were ground to powder in the presence of 5 mL
of 5% TCA. The mixture was centrifuged at 10,000g for
20 min at 4 °C. The supernatant was adjusted to pH 8.4 with
17 M ammonia solution and then filtered. The filtrate was
divided into aliquots of 1 mL. To one of these (the blank),
8 μg of catalase (CAT) (10,000 U mg−1) was added and sam-
ples were then kept at room temperatures for 10 min. To both
aliquots (with and without CAT), 1 mL of colorimetric reagent
was added. The reaction solution was incubated for 10 min at
30 °C. Absorbance at 505 nmwas determined. The colorimet-
ric reagent contained 10 mg of 4-aminoantipyrine, 10 mg of
phenol, and 5 mg of peroxidase (150 U mg−1) dissolved in
50 ml of 100 mM acetic buffer (pH 5.6) (Zhou et al. 2006).

For ascorbate extraction, frozen tissues were homogenized
in ice-cold 5% metaphosphoric acid solution (1:5, w/v) and
then centrifuged at 20,000g and 4 °C for 10 min. Total ascor-
bate (AsA) + dehydroascorbate (DHA) contents were deter-
mined according to Wang et al. (1991) on the basis of Fe3+-
Fe2+ reduction by ascorbate in acid solution. Fe2+ forms a red
chelate with bathophenanthroline absorbing at 534 nm. The
ascorbate (reduced form) assay mixture contained 0.1 mL of
the extract, 0.5 mL of absolute ethanol, 0.6 M trichloroacetic
acid, 3 mM bathophenanthroline, 8 mMH3PO4, and 0.17 mM
FeCl3. The final total volume was 1.5 mL, and the mixture
was allowed to stand at 30 °C for 90 min. The absorbance of
the colored solution was read at 534 nm. The total ascorbate
assay mixture contained 0.1 mL of the sample, 0.15 mL of
3.89 mM dithiothreitol and 0.35 mL of absolute ethanol in a
total volume of 0.6 mL. Then, the reaction mixture was left
standing at room temperature for 10 min. After reduction of
dehydroascorbate to ascorbate, 0.15 mL of 20% trichloroace-
tic acid was added and the color was developed by adding
0.15 mL of 0.4% (v/v) H3PO4-ethanol, 0.3 mL of 0.5% (w/v)
bathophenanthroline-ethanol, and 0.15 mL of 0.03% (w/v)
FeCl3-ethanol. DHA concentrations were estimated from the
difference of total ascorbate and ascorbate concentration.
Standard curve in the range 0–10 μmol ascorbate was used.

For reduced GSH and total glutathione (GSHt) quantification,
200 mg of frozen samples were extracted and derivatized by
ortho-phthalaldehyde according to Cereser et al. (2001). GSHt
was quantified after a reduction step of oxidized glutathione

(GSSG) by dithiothreitol. Extracts were filtered through
0.45-μm microfilters (Chromafil PES-45/15, Macherey-Nagel)
prior to injection, and OPA derivatives were separated on a
reversed-phase HPLC column with an acetonitrile-sodium ace-
tate gradient system and detected fluorimetrically. Five microli-
ters of the sample was injected into a Shimadzu HPLC system
(Shimadzu, ‘s-Hertogenbosch, TheNetherlands) equippedwith a
Nucleodur C18 Pyramid column (125 × 4.6 mm internal diam-
eter; 5 μm particle size) (Macherey-Nagel, Düren, Germany).
Derivatives were eluted in acetonitrile gradient in a 50 mM so-
dium acetate buffer (pH 6.2) at 30 °C at a flow rate of
0.7mLmin−1. Fluorimetric detectionwas performedwith a spec-
trum system Shimadzu RF-20A fluorescence detector at 420 nm
after excitation at 340 nm. GSH was quantified using nine-point
calibration curves with custom-made external standard solutions
ranging from 0.0625 to 50 μM, and in every ten injections, a
check standard solutionwas used to confirm the calibration of the
system. The recovery was determined using GSH as an internal
standard.

To estimate the total global antioxidant activity, ferric re-
ducing ability of plasma (FRAP) was assayed according to
Benzie and Strain (1996), considering the ability of plant ex-
tract to reduce ferric to ferrous ion at low pH and to produce a
colored ferrous-tripyridyltriazine complex which was spectro-
photometrically detected at 593 nm. A second assay was per-
formed using the 2,2′-azinobis(3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTS) decolorization procedure according to
Pellegrini et al. (1999) assays. Results are expressed in μM
Trolox equivalents (TE)/g fresh mass.

Evaluation of total non-protein thiol
and phytochelatin content

The total non-protein thiol (NPT) concentration was deter-
mined according to De Vos et al. (1992): 200 mg fresh weight
of tissue was ground in 2 mL of 5% (w/v) sulfosalicylic acid
plus 6.3 mM diethylenetriaminepentaacetic acid (pH < 1) at
0 °C with quartz sand in a mortar. The homogenate was cen-
trifuged at 10,000g for 10 min at 4 °C. The supernatants were
collected and used for the determination of thiols using
Ellman’s reagent. Three hundred microliters of the superna-
tant was mixed with 630 μL of 0.5 M KH2PO4 and 25 μL of
10 mM 5,5-dithiobis(2-nitrobenzoic acid) (final pH 7.0). The
absorbance at 412 nm was recorded after 2 min, and the NPT
concentration was estimated using an extinction coefficient of
13,600 M−1 cm−1. Phytochelatin content was evaluated as the
difference between NPTand GSH levels (Schäfer et al. 1997).

Statistical analysis

For each treatment, three 50-L tanks containing 12 plants each
were used in a randomized complete block design. Tissue
material from five individual plants were dried in a 70 °C
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oven, which were used to analyze for growth, water status,
and ionic determination, and seven remaining individual
plants were frozen in liquid nitrogen immediately and ana-
lyzed for pigment content, HM subcellular distribution,
MDA, carbonyl, H2O2, antioxidant (GSH, GSSH, AsA, and
DHA), NPT, phytochelatins (PCs), as well as FRAP and
ABTS. Each analysis was performed on technical triplicates.
All of parameter data were subjected to an analysis of vari-
ance, one-way ANOVA, using SPSS software, with the treat-
ment considered as the main factor. The statistical significance
of the results was analyzed by Tukey’s test at 5% level
(P < 0.05).

Results

Plant growth and water status

All plants remained alive until the end of the experi-
ment. However, after 5–7 days of treatment, chlorosis
and necrosis were observed on HM-treated plants only.
Salinity had no significant impact on morphological
properties (Table 1). In contrast, HMs in the absence
of NaCl reduced the LN on the main stem, the number
of LBs, and the number of leaves on lateral branches.
The main stem length, the total branch length, and the
total leaf area were also clearly affected by HM treat-
ment. The addition of NaCl partly alleviated the toxicity
of HMs on all morphological parameters, except on LN.

Heavy metals had a detrimental impact on root and leaf
dry weight (Fig. 1) which were indeed reduced by 63 and
44%, respectively. The addition of NaCl significantly im-
proved the root dry weight by 51%, when compared to
HMs alone, but it had no impact on the leaf dry weight.
As shown in Fig. 1c, d, salinity did not affect water con-
tent in roots and leaves. In contrast, HMs led to signifi-
cant water loss. The presence of NaCl was, however, un-
able to improve this parameter.

Accumulation and subcellular distribution of Cd
and Zn

As expected, Cd was not detected in control or NaCl-treated
plants. After 2 weeks of HM treatment, the total concentration
of Cd was higher in the roots than in the leaves (Table 2). The
presence of 50 mMNaCl, however, reduced Cd concentration
in all organs but to a higher extent in the leaves (74%) than in
the roots (37%). In roots and leaves, the majority of accumu-
lated Cdwas detected in the cell debris fraction while less than
25% was present in the cytoplasm. NaCl had a contrasting
impact on Cd accumulation in the cytoplasm depending on
the considered organ since it decreased it in the roots while it
increased it in the leaves. The presence of 50 mM NaCl in-
creased Cd recorded in the root metal-rich granule (MRG)
fraction and in the leaf cell debris fraction.

The additional NaCl did not affect Zn concentration in
plants exposed to non-contaminated solution. In the presence
of heavy metals, zinc accumulated to a higher extent in the
roots than in the leaves. NaCl only slightly reduced Zn con-
centration in the roots (12%) while it reduced Zn accumula-
tion in the shoots by more than 44%. In the roots of control
plants, Zn was present in similar proportion in the cytoplasm
and cell debris fraction and only a minor proportion was re-
corded in the root MRG fractions. In contrast, MRG fraction
contained more or less 20% of leaf Zn and the presence of this
element in the cytoplasm was clearly lower than that in roots.
It is noteworthy that NaCl had no obvious impact on Zn dis-
tribution in roots and leaves.

NaCl also reduced Cd and Zn accumulation in the stems
(from 318 to 109 μg g−1 DW for Cd in HM and HM + NaCl-
treated plants and from 841 to 388 μg g−1 DW for Zn; detailed
data not shown). The bioaccumulation factor recorded in HM-
treated plants (Table 3) was higher for Cd than for Zn; in both
cases, the presence of NaCl reduced BF values, but its impact
was higher for Cd than for Zn. For both elements, transloca-
tion factor estimated on a total amount basis (TFa) was higher
than translocation factor estimated on a concentration basis
(TFc). As far as Zn is concerned, TFa was slightly higher in

Table 1 Morphological
parameters in the seedlings of
Kosteletzkya pentacarpos
exposed during 2 weeks to heavy
metals (HMs; 10 μM CdCl2 +
100 μMZnCl2) in the presence or
in the absence of 50 mM NaCl

Parameters Control 50 mM Na HMs HMs + 50 mM Na

LN on main stems 15.0 ± 0.6 b 14.8 ± 0.8 b 6.4 ± 0.8 a 7.2 ± 0.8 a

LN on LBs 15.8 ± 0.7 c 15.8 ± 0.4 c 5.2 ± 0.4 a 8.8 ± 0.4 b

No. of LBs 7.6 ± 0.5 c 7.4 ± 0.5 c 3.2 ± 0.4 a 4 ± 0.7 b

Main stem length (cm) 44.98 ± 0.63 c 44.14 ± 1.38 c 26.72 ± 0.96 a 36.36 ± 0.67 b

Total branch length (cm) 33.03 ± 1.55 c 33.28 ± 1.20 c 7.22 ± 0.77 a 12.49 ± 1.44 b

Leaf area (cm2) 862.34 ± 8.88 c 863.46 ± 9.62 c 187.55 ± 3.59 a 372.68 ± 6.39 b

Each value is the mean of 5 ± SE. Values exhibiting different letters are significantly different at P < 0.05
according to Tukey’s test

LN number of leaves, LBs lateral branches
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HM-treated plants than in controls. NaCl reduced Cd TFc by
47% and TFa by more than 60%. In contrast, NaCl had no
significant impact on the Zn TFc values, although it reduced
TFa by 50%.

Sodium concentration increased from 0.52 ± 0.03 to
12.9 ± 2.0 mg g−1 DW in the roots of control and NaCl-
treated plants, respectively. The presence of heavy metals in
the solution significantly decreased the root Na concentration
to 5.6 ± 0.04 in HM + Na-treated plants. Heavy metals in the
solution, however, did not reduce the leaf Na which was

13.2 ± 2.9 mg g−1 DW in NaCl-treated plants and
14.0 ± 0.2 mg g−1 DW in HM + NaCl-treated ones (detailed
data not shown).

Photosynthesis-related parameters

In the absence of HM, the addition of NaCl had no impact
on net CO2 assimilation rate, instantaneous transpiration,
and stomatal conductance (Fig. 2a–c). However, after
2 weeks of exposure to heavy metal stress, A, E, and gs

Fig. 1 a Root and b leaf dry
weight and c root and d leaf water
content in the seedlings of
Kosteletzkya pentacarpos
exposed during 2 weeks to heavy
metals (HMs; 10 μM CdCl2
+ 100 μM ZnCl2) in the presence
or in the absence of 50 mMNaCl.
Each value is the mean of five
replicates, and vertical bars are
SE. Values exhibiting different
letters are significantly different at
P < 0.05 according to Tukey’s test

Table 2 Total concentration (μg g−1 DW) and subcellular distribution of Cd and Zn in the seedlings of Kosteletzkya pentacarpos exposed during
2 weeks to heavy metals (HMs; 10 μM CdCl2 + 100 μM ZnCl2) in the presence or in the absence of 50 mM NaCl

Cadmium (μg g−1 DW) Zinc (μg g−1 DW)

Total Cytoplasm (%) Cell debris (%) MRG (%) Total Cytoplasm (%) Cell debris (%) MRG (%)

Root

Control – – – – 451 ± 5 a 45 49 6

50 mM Na – – – – 434 ± 16 a 40 54 6

HMs 423 ± 12 b 21 74 5 2514 ± 65 c 45 50 5

HMs + 50 mM Na 266 ± 8 a 8 76 16 2213 ± 28 b 39 54 7

Leaf

Control – – – – 149 ± 11 a 25 53 22

50 mM Na – – – – 150 ± 12 a 28 51 21

HMs 314 ± 10 b 16 76 8 1014 ± 9 c 25 49 26

HMs + 50 mM Na 82 ± 7 a 27 66 7 566 ± 10 b 27 54 19

Each value is the mean of three replicates ± SE. Values exhibiting different letters are significantly different at P < 0.05 according to Tukey’s test

MRG metal-rich granules
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values decreased sharply. The addition of NaCl to HM
treatment significantly mitigated the deleterious effects
of pollutant on these parameters.

Heavy metals also had a direct impact on fluorescence-
related parameters. The maximal efficiency of PSII photo-
chemistry in the dark-adapted state (Fv/Fm) was significantly

Table 3 Bioaccumulation factor (BF) and translocation factor (TFc and TFa) in the seedlings of Kosteletzkya pentacarpos exposed during 2 weeks to
heavy metals (HMs; 10 μM CdCl2 + 100 μM ZnCl2) in the presence or in the absence of 50 mM NaCl

Cadmium Zinc

BF TFc TFa BF TFc TFa

Control – – – 4.3 ± 0.2 c 0.42 ± 0.04 b 1.2 ± 0.1 b

50 mM Na – – – 4.3 ± 0.3 c 0.37 ± 0.05 ab 1.1 ± 0.2 b

HMs 2.5 ± 0.1 a 0.56 ± 0.03 a 2.1 ± 0.1 a 1.4 ± 0.2 b 0.35 ± 0.02 ab 1.4 ± 0.1 c

HMs + 50 mM Na 1.1 ± 0.1 b 0.30 ± 0.03 b 0.65 ± 0.06 b 0.95 ± 0.27 a 0.31 ± 0.02 a 0.70 ± 0.06 a

Each value is the mean of three replicates ± SE. For a given parameter, values exhibiting different letters are significantly different at P < 0.05 according
to Tukey’s test. TFc = HM concentration in the shoot (mg g−1 DW) / HM concentration in the roots (mg g−1 DW); TFa = HM total amount in the shoot
(mg) / HM total amount in the roots (mg)

Fig. 2 Net photosynthesis (A; a), instantaneous transpiration (E; b),
stomatal conductance (gs ; c) , maximal efficiency of PSII
photochemistry in the dark-adapted state (Fv/Fm; d), photochemical
quenching (qP; e), non-photochemical quenching (NPQ; f), actual PSII
efficiency (ФPSII; g), total chlorophyll (Chl a + Chl b; h), and total
carotenoid (i) in the seedlings of Kosteletzkya pentacarpos exposed

during 2 weeks to heavy metals (HMs; 10 μM CdCl2 + 100 μM ZnCl2)
in the presence or in the absence of 50 mM NaCl. Value of pigment
content is the mean of three replicates, and others are the mean of five
replicates. Vertical bars are SE. Values exhibiting different letters are
significantly different at P < 0.05 according to Tukey’s test
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reduced when K. pentacarpos was exposed to HMs (Fig. 2d),
and a similar observation was made for qP (Fig. 2e) andФPSII
(Fig. 2g). The presence of NaCl in HM-contaminated solu-
tions slightly increased Fv/Fm, qP, and ФPSII comparatively
to values recorded in the absence of salt. The presence of NaCl
in the absence of HM slightly increased NPQ values (Fig. 2f).
The recorded increase in NPQ was, however, higher in plants
exposed to HM, and the addition of NaCl to polluted solution
had no impact on this parameter.

Plants exposed to 50 mM NaCl had a higher concentration
of total chlorophyll and total carotenoid comparatively to con-
trols (Fig. 2h, i). In contrast, HMs induced a sharp decrease in
total chlorophyll and carotenoid concentration. The addition
of NaCl to HM-containing solution reduced the negative im-
pact of Cd and Zn on these photosynthetic pigment concen-
trations, which, however, remained lower than those in
controls.

Oxidative stress parameters and non-enzymatic
antioxidants

As indicated in Fig. 3, the additional NaCl alone did not in-
duce MDA or carbonyl increase neither in the roots (Fig. 3a,
b) nor in the leaves (Fig. 3d, e), suggesting that no oxidative
stress occurred in response to NaCl. In contrast, both

parameters increased in HM-treated plants and such an in-
crease was associated to an increase in H2O2 in roots
(Fig. 3c) and leaves (Fig. 3f). The addition of NaCl to con-
taminated solution reduced MDA, carbonyl, and H2O2 in
roots as well as carbonyl and H2O2 in leaves. The additional
NaCl alone had no impact on the total antioxidant activity
estimated by FRAP (Fig. 4a, b) or ABTS (Fig. 4c, d) while
HM strongly increased this total antioxidant activity. In all
cases, the total antioxidant activity of HM-treated plants was
reduced by NaCl addition.

In roots, AsA and DHA, on the one hand (Fig. 5a, c),
and GSH and GSSG, on the other hand (Fig. 5e, g), were
strongly increased by HM treatment. NaCl added to HM-
containing solution did not affect root AsA concentration
but reduced root DHA to values similar to control plants. It
also reduced GSH and GSSG, but in this case, values
remained higher than those in control or NaCl-treated
plants. As far as leaves were concerned, HM also increased
AsA and DHA values (Fig. 5b, d) and the addition of NaCl
mitigated such a HM-induced increase. NaCl significantly
increased the leaf GSH concentration (Fig. 5f) while HM
treatment reduced it. The mixed treatment (NaCl + HM)
increased leaf GSH concentration to values similar to those
recorded for NaCl-treated plants. The leaf GSSG concen-
tration remained unaffected by the treatments (Fig. 5h).

Fig. 3 Concentration of malondialdehyde (root, a; leaf, d), carbonyl
(root, b; leaf, e), and hydrogen peroxide (root, c; leaf, f) in the seedlings
of Kosteletzkya pentacarpos exposed during 2 weeks to heavy metals
(HMs; 10 μM CdCl2 + 100 μM ZnCl2) in the presence or in the

absence of 50 mM NaCl. Each value is the mean of three replicates,
and vertical bars are SE. Values exhibiting different letters are
significantly different at P < 0.05 according to Tukey’s test
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Evaluation of total NPT and PC content

Non-protein thiols were lower in the roots than in the leaves
(Table 4), whatever the considered treatment. NaCl in the
absence of heavy metals had no impact on the NPT concen-
trations. Exposure to HMs induced an increase in NPT values.
PC constituted 90 and 92% of NPT in roots and leaves, re-
spectively. It is noteworthy that in K. pentacarpos exposed to
Cd + Zn solutions, PC concentration was higher in the leaves
than in the roots. The addition of NaCl to HM-containing
solution reduced both NPT and PC values.

Discussion

In coastal areas, heavy metal excess is often associated with
high levels of salinity and contaminated areas are frequently
characterized by multiple pollution. Zinc commonly contains
0.5–5% of Cd, and both elements are simultaneously present
in polluted places. Although salinity impact on heavy metal
absorption by plants has been studied in the case of monome-
tallic exposure (Han et al. 2013a, 2013b; Wali et al. 2015;
Ghabriche et al. 2017), information regarding salt impacts
on plants facing a polymetallic situation remains scanty.

The present study demonstrates that 50 mM NaCl clearly
mitigated the deleterious impact of Cd + Zn on the halophyte
Kosteletzkya pentacarpos. Heavy metals indeed affected all
morphological parameters. Han et al. (2012) reported that
Cd clearly impacted plant ramification in this species while
Zn did not. In the present study, a drastic effect on lateral
branches growth was observed, suggesting that the presence
of Zn in excess did not reduce Cd toxicity. Hormone synthesis
and distribution within organs may be modified by heavy
metals and have a strong impact on plant architecture (Li
et al. 2009; Yan et al. 2016; Sofo et al. 2017). Han et al.
(2013b) reported that in K. virginica, salinity reduced the syn-
thesis of 1-aminocyclopropane-1-carboxylic acid (precursor
of ethylene) and abscisic acid, which are both acting as
senescing hormones. We may thus hypothesize that such a
salt-induced modification may also help improve the growth
of plants exposed to a mixed toxicity and delayed senescence
may explain a higher concentration in photosynthetic
pigments.

NaCl directly interferes with heavy metal absorption.
Cadmium concentration was clearly lower in roots and leaves
of plants in the presence of NaCl than in plants exposed to
heavy metals in the absence of NaCl. From a relative point of
view, the recorded decrease was higher for Cd than for Zn.

Fig. 4 Total antioxidant (estimated in terms of Trolox equivalent per g
fresh weight) quantified by FRAP (Fig. 5a, b) and ABTS (Fig. 5c, d)
methods in the seedlings of Kosteletzkya pentacarpos exposed during
2 weeks to heavy metals (HMs; 10 μM CdCl2 + 100 μM ZnCl2) in the

presence or in the absence of 50 mM NaCl. Values are given separately
for roots (a, c) and leaves (b, d). Each value is the mean of three
replicates, and vertical bars are SE. Values exhibiting different letters
are significantly different at P < 0.05 according to Tukey’s test
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Such a decrease could not be attributed to a decrease in tran-
spiration rate since E and gs both increased in salt-treated
plants exposed to heavy metals. Competition may occur be-
tween Cd and Zn, and the interactive pattern could be an
antagonist in some cases and an additive or synergistic in other
cases depending on the tested species, the external doses, and
the environmental conditions (Sun et al. 2005; Qiu et al. 2011;

Cherif et al. 2012; Tkalec et al. 2014). All these studies, how-
ever, focused on Cd and Zn interaction in the absence of salt.
In our study performed under salt conditions, it is noteworthy
that the recorded NaCl-induced decrease in Cd accumulation
was higher than the salt-induced decrease in Cd accumulation
when plants were, under similar experimental conditions, ex-
posed to Cd alone as we previously reported (Han et al. 2012,

Fig. 5 Concentration of ascorbic acid (AsA; root, a; leaf, b),
dehydroascorbate (DHA; root, c; leaf, d), reduced glutathione (GSH;
root, e; leaf, f), and oxidized glutathione (GSSG; root, g; leaf, h) in the
seedlings of Kosteletzkya pentacarpos exposed during 2 weeks to heavy

metals (HMs; 10 μM CdCl2 + 100 μM ZnCl2) in the presence or in the
absence of 50 mM NaCl. Each value is the mean of three replicates, and
vertical bars are SE. Values exhibiting different letters are significantly
different at P < 0.05 according to Tukey’s test
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2013b): NaCl reduced leaf Cd concentration by 74% when Zn
excess was simultaneously present, while in the case of expo-
sure to Cd alone, an NaCl-induced decrease in leaf Cd was not
higher than 44% (Han et al. 2012).

The overall consequence of these processes was that the
bioaccumulation factor was reduced for both Cd and Zn in the
presence of NaCl. Hence, if plants are used for
phytoextraction purposes aiming at removing Cd and Zn from
contaminated soils, salinity does not appear as a positive en-
vironmental factor. Some new strategies to recover and recy-
cle Cd and Zn from harvested biomass start to be available but
are more efficient when a small amount of highly contaminat-
ed biomass has to be manipulated (Hazotte et al. 2017). In our
study, NaCl reduced the total amount of Cd and Zn in the
shoot by 69.3 and 43.1%, respectively, confirming that
NaCl-induced growth stimulation did not compensate the
salt-induced decrease in heavy metal accumulation for pollut-
ant removal.

Heavy metal translocation from roots to shoots was also
strongly inhibited by NaCl. As a consequence, the total
amount of heavy metals retained by the roots increased in
NaCl-treated plants and to a higher extent for Zn (78%) than
for Cd (25%). It has been recently demonstrated that NaCl
increased the heavy metal (especially Zn) biosorption efficien-
cy of roots from K. pentacarpos in relation to a salt-induced
increase in mucilage pectic compounds and hemicellulose in-
volved in heavy metal binding (Lutts et al. 2016). Although
the mucilage in K. pentacarpos is mainly present in intercel-
lular spaces (Ghanem et al. 2010) and hemicellulose is a major
component of the cell wall, our data suggested that NaCl did
not strongly increase the proportion of root Cd sequestered in
cell walls which are recovered in the cell debris fraction. At
the leaf level, Cd proportion in the cell wall was even lower in
NaCl-treated plants than in those facing pollution in the ab-
sence of salt.

Beside cell wall sequestration, heavy metal complexation
to cysteine-rich phytochelatin contributes to heavy metal re-
sistance, especially for Cd (Sun et al. 2005; Lefèvre et al.
2016). In our study, heavy metal exposure increased PC con-
centration in leaves and roots, confirming that K. pentacarpos
is able to trigger this protective mechanism. The addition of

NaCl to a polluted medium reduced PC concentration, but the
recorded decrease (20 and 50% in roots and leaves, respec-
tively) was lower than the recorded decrease in Cd (38 and
73% in roots and leaves, respectively) which leads us to hy-
pothesize that the proportion of Cd sequestered in PC in-
creased in NaCl-treated plants. The Cd-PC complex is consid-
ered to accumulate in the vacuole where lowmolecular weight
PCs polymerize to form highmolecular weight insoluble com-
plexes which are thought to be detected in the MRG fraction
(Adams et al. 1997). This might explain that Cd proportion in
MRG increased by 300% in our analyzed root sample.

Protection against oxidative stress is also an important
component of heavy metal resistance in plants (Tkalec et al.
2014; Shahid et al. 2014; Yan et al. 2016). In the absence of
heavy metals, no oxidative stress was recorded in salt-treated
K. pentacarpos, confirming the halophytic nature of this spe-
cies. This is also supported by the fact that Na was quite
efficiently translocated to the shoots. NaCl was able to reduce
MDA, carbonyl, and H2O2 in HM-treated plants. Chloroplasts
are important sites for reactive oxygen species (ROS)
synthesis, and Cherif et al. (2012) demonstrated that high Zn
concentration exacerbates the negative effect of Cd on chlo-
roplast structure. In our work, NaCl improved all
fluorescence-related parameters (except NPQ), suggesting
that salt contributes to protect the chloroplast structure. This
protecting effect, together with the NaCl-induced increase in
stomatal conductance and pigment concentration in HM-
treated plants, probably contributed to the salt-induced im-
provement of net photosynthesis in plants challenging with
Cd + Zn.

The total antioxidant activity slightly decreased in plants
exposed to Cd + Zn in the presence of NaCl, suggesting that
ROS synthesis rather than ROS detoxification was improved
in the presence of salt. Glutathione, which is an important
antioxidant, was, however, increased by NaCl but was deplet-
ed in HM-treated plants in the absence of salt. GSH assumes a
dual function in the presence of heavy metals since it acts both
as an antioxidant and as a precursor of PC (Schäfer et al.
1997). Hence, the recorded GSH depletion recorded in HM-
treated plants could be attributed to the stimulation of these
protective compounds, as previously reported in other species

Table 4 Concentration of non-
protein thiol (NPT) and
phytochelatin (PC) (μmol g−1

FW) in the seedlings of
Kosteletzkya pentacarpos ex-
posed during 2 weeks to heavy
metals (HMs; 10 μM CdCl2
+ 100 μM ZnCl2) in the presence
or in the absence of 50 mM NaCl

Root Leaf

NPT PC NPT PC

Control 0.24 ± 0.01 a 0.22 ± 0.01 a 0.34 ± 0.04 a 0.14 ± 0.03 a

50 mM Na 0.26 ± 0.04 a 0.25 ± 0.04 a 0.47 ± 0.11 a 0.12 ± 0.07 a

HMs 0.71 ± 0.02 c 0.63 ± 0.02 c 1.2 ± 0.1 c 1.1 ± 0.1 c

HMs + 50 mM Na 0.55 ± 0.02 b 0.51 ± 0.01 b 0.81 ± 0.10 b 0.51 ± 0.08 b

Each value is the mean of three replicates ± SE. Values exhibiting different letters are significantly different at P <
0.05 according to Tukey’s test
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(De Vos et al. 1992; Sun et al. 2005). Our data, however,
suggest that NaCl was able to restore GSH content which
could be due both to a direct stimulation of its synthesis and
to a lower requirement of this precursor for PC synthesis,
considering the NaCl-induced decrease in HM accumulation.

Conclusion

These results demonstrate that 50 mM NaCl improved the
ability of the halophyte plant species Kosteletzkya
pentacarpos to cope with the simultaneous presence of Cd
(10 μM) and Zn (100 μM). It increased plant growth in rela-
tion to a decrease of Cd and Zn absorption. The recorded
decrease was higher for Cd than for Zn. NaCl also reduced
heavy metal translocation to the shoot, which, in turn, allows
to maintain photosynthetic activities. Exogenous NaCl in-
creased GSH content and improved the antioxidative status
of plants exposed to heavy metals. It compromises the use of
K. pentacarpos for phytoextraction and heavy metal removal
from contaminated soils, but its positive impact on plant
growth could favor the use of this plant for revegetation of
HM-polluted sites in salt marsh and coastal areas.
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