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Abstract Combined stress of salinity and heavy

metal is a serious problem for crop production;

however, physiological mechanisms of tolerance to

such condition remain elusive in cotton. Here, we used

two cotton genotypes differing in salt tolerance, to

understand their response to salinity (NaCl) and

cadmium (Cd) either alone or in combination

(Cd ? Na) via hydroponics. Results showed that

salinity and/or Cd drastically reduced plant growth,

chlorophyll content and photosynthesis, with greater

effect observed in Zhongmian 41 (sensitive) than

Zhong 9806 (tolerant). Although salinity and/or Cd

induced malondialdehyde (MDA) accumulation in

Zhongmian 41 at 5 and 10 days after treatment, MDA

content remained unchanged in Zhong 9806, implying

that Zhongmian 41 but not Zhong 9806 faced oxida-

tive stress following exposure to salinity and/or Cd.

Differential responses of antioxidant enzymes such as

superoxide dismutase, guaiacol peroxidase, catalase

and ascorbate peroxidase to Cd, NaCl and Cd ? Na

indicate genotype- and time course- dependent vari-

ations. In both genotypes, Cd content was decreased

while Na concentration was increased under combined

stress compared with Cd alone. Importantly, NaCl

addition in Cd-containing medium caused remarkable

reduction in Cd concentration, with the extent of

reduction being also dependent on genotypes. The

salt-tolerant genotypes had lower Na concentration

than sensitive ones. Furthermore, obvious changes in

leaf and root ultrastructure was observed under Cd, Na

and Cd ? Na stress, however Zhong 9806 was less

affected compared with Zhongmian 41. These results

may provide novel insight into the physiological

mechanisms of Cd ? Na stress tolerance in various

cotton genotypes.
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Abbreviations

APX Ascorbate peroxidase

Cd Cadmium

CAT Catalase

Ca Calcium

Ci Intercellular CO2 concentration

Cu Copper

Fo, Fm and

Fv

Initial, maximal and variable

fluorescence
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Fe Iron

Fv/Fm Maximal photochemical efficiency of

PSII

Gs Stomatal conductance

MDA Malondialdehyde

Mg Magnesium

Mn Manganese

Na Sodium

Pn Net photosynthesis rate

POD Guaicol peroxidase

PSII Photosystem II

ROS Reactive oxygen species

SOD Superoxide dismutase

Tr Transpiration rate

Zn Zinc

Introduction

Soil salinity, mainly as a result of high concentration

of NaCl, is one of the most important abiotic stresses

limiting the distribution and productivity of major

crops. Currently, more than 800 Mha of land are salt

affected, and the area is still expanding (Munns 2005).

As estimated by FAO (2000), every year 0.25–

0.50 Mha of land worldwide is lost to agricultural

production because of irrigation-induced secondary

salinization. Cotton is an important fiber crop and

classified as a salt tolerant crop. However, its growth

and yield are severely inhibited in higher salinity soil,

especially at germination and seedling stages (Ashraf

2002). Meanwhile, as a salt-tolerant crop that could

grow in sandy and saline soils, cotton production in

China has moved to the marginal saline soils including

areas already affected by salinity (e.g. in river valleys

and estuaries, coastal zones, etc.), because the tradi-

tional cotton-cultivating areas are also the most

important food producing areas (Dong et al. 2012).

Thus, the development and improvement of cotton

production in salt-affected soils are of great signifi-

cance to sustained cotton production without sacri-

ficing grain production for food security.

In addition to salinity, soils are frequently loaded

with potentially toxic heavy elements such as Cd due

to increasing anthropogenic activities. Cadmium is

one of the most toxic pollutants, due to its high

solubility and its carcinogenic, mutagenic, and terato-

genic effects in numerous animal species (Barazani

et al. 2004). In China, at least 13,330 ha of farmland

were contaminated by Cd (Zhang and Huang 2000).

Individually, salinity or Cd stress has been the subject

of intense research in different plants and well

documented in various academic journals (Weggler

et al. 2004; Wu et al. 2003). However, the saline

depressions of river valleys and estuaries is often

constitute sites of accumulation of industrial effluents

contaminated by heavy metals due to increasing

anthropogenic activities in recent decades (Gabrijel

et al. 2009). As a result, soil salinity significantly

influenced Cd solubility and thus bioavailability and

phytoaccumulation (Weggler et al. 2004). Interest-

ingly, in a survey of durum wheat fields varying in soil

pH and salinity, grain Cd concentration of durum

wheat was positively correlated with soil salinity

(Norvell et al. 2000). Contradictory, Bingham et al.

(1984) reported that application of Cl reduced Cd

adsorption to soil constituents, and this effect was

ascribed to the formation of soluble Cd–Cl complexes.

It was also observed that Cd2? activity decreased with

increased Cl level in nutrient solution by forming

CdCln
2-n species, and also reduced Cd uptake by Swiss

chard plants. However, there does not appear to be any

report on Cd uptake and translocation in cotton under

saline conditions. Therefore, a focus on physiological

and metabolic aspects of stress combination of salinity

and Cd is considerable ecological significance to

facilitate the development of cotton cultivars with

enhanced tolerance to stress conditions. Meanwhile, it

is interesting to examine the possible use of phytore-

mediation for the reclamation of heavy metal polluted

lands affected by salinity using salt-tolerant non-

edible plants such as cotton. Therefore, the present

study reports, the genotypic difference in antioxidative

metabolism, ultrastructure and photosynthetic perfor-

mance, and nutrient concentration in response to

combined stress of salinity and Cd using two cotton

genotypes varying in salt tolerance.

Materials and methods

Plant material and growth condition

Greenhouse hydroponic experiments were conducted

on Zijingang Campus of Zhejiang University, Hang-

zhou, China, using two cotton genotypes of Zhong

9806 and Zhongmian 41 being tolerant and sensitive to

salt stress (Zhou et al. 2011; Lin et al. 2006),
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respectively. Seeds of individual genotypes were

surface sterilized in H2SO4, rinsed with distilled water,

then germinated in moist sand. When seedling grew

into two leaves stage, the uniform healthy plants were

selected and transplanted to 5 L containers filled up 4.5

basal nutrient solution (BNS) for initial growth. The

composition of BNS was as described by Wu et al.

(2004). The container was covered with polystyrol plate

with 5 evenly spaced holes and 1 plant per hole. On the 7

days after transplanting, Cd as CdCl2 and Na as NaCl

were added to the corresponding containers to form 4

treatments: (1) basic nutrition solution (BNS, Control),

(2) BNS ? 5 lMCd (Cd), (3) BNS ? 150 mMNa, (4)

BNS ? 5 lM Cd ? 150 mM Na (Cd ? Na). The

experiment was arranged in a split plot design with

treatment as the main plot and genotype as the sub plot,

and there were five replicates for each treatment. The

solution pH was adjusted to 6.5 ± 0.1 with NaOH or

HCl, as required. The nutrient solution in the growth

container was continuously aerated with pumps and

renewed every 5 days.

Growth measurement and metal analysis

At 20 days after treatment, plants were harvested and

separated to roots, stems and leaves. The roots were

soaked with 20 mMNa2EDTA for 3 h to eliminate the

ions on the surface and then wash thoroughly with

deionized water. Plant height, root length and fresh

weight were measured, and then dry at 80 �C for 72 h

and weighed. The dried shoots and roots were

powdered and weighted, then ashed at 550 �C for

12 h. The ash was digested with 5 ml 30 %HNO3, and

then diluted with deionized water. Metal concentra-

tions of Cd, Na Zn, Fe, Mn, Cu, Ca and Mg were

quantified by a flame atomic absorption spectrometry

(SHIMADZUAA-6300, Kyoto, Japan).

Measurement of lipid per oxidation

and antioxidant enzyme activities

Fresh fully expanded functional leaves (the 3rd or 4th

up-most leaves) were sampled at 5, 10, 15 days after

treatment, then homogenized in 8 ml of 50 mM

phosphate buffer (PBS, pH 7.8) using a pre-chilled

mortar and pestle. The homogenates were then

centrifuged at 10,0009g for 15 min at 4 �C, and the

supernatants were used in an assay to determine the

malondialdehyde (MDA) content and activities of

superoxide dismutase (SOD, EC 1.15.1.1), catalase

(CAT, EC 1.11.1.6) and peroxidase (POD, EC

1.11.1.7) according to Wu et al. (2003), and ascorbate

peroxidase (APX, EC 1.11.1.11) according to Chen

et al. (2010).

Measurement of chlorophyll content, chlorophyll

fluorescence and photosynthesis parameters

The chlorophyll content of leaves was determined

according to acetone/ethanol mixture method of Chen

(1984). Photosynthesis and chlorophyll fluorescence

parameters were performed with intact fully expanded

functional leaves (the 3rd or 4th up-most leaves).

Measurement of net photosynthetic rate (Pn), stomatal

conductance (Gs), transpiration rate (Tr) and intercel-

lular CO2 concentration (Ci) were conducted with a

portable photosynthesis system LI-6400 (Li-COR, Lin-

coln, NE, USA). Chlorophyll fluorescence parameters

were performed using pulse-modulated chlorophyll

fluorometer and ImagingWin software application

(IMAGING-PAM, Walz; Effeltrich, Germany). After

20 min dark adaption, leaves were illuminated under a

high saturating light pulsewith frequency of 0.05 Hz for

260 s. The initial fluorescence (Fo) was determined

using a measuring beam (\0.05 lmol m-2 s-1 PAR).

The maximal fluorescence (Fm) was determined using

saturating pulse (2500 lmol m-2 s-1 PAR). Variable

fluorescence (Fv) was calculated from the formula:

Fv = Fm - Fo. Maximal photochemical efficiency of

PS II (Fv/Fm) was calculated according to Genty et al.

(1989) by ImagingWin software automatically. False-

color images of Fv/Fm were recorded, stored, and

compared with ImagingWin.

Examination of leaf and root ultrastrcture

Leaf/root ultrastructure was performed on the plants

after 20 days treatment. Fresh roots (3 mm in length,

2–3 mm behind the apex) and leaves (1 mm2 top

middle section of the third fully expanded leaf) were

hand-sectioned and fixed for 6–8 h in 100 mM PBS

buffer (pH 7.0) containing 2.5 % glutaraldehyde (v/v)

and washed three times with the same PBS. Samples

were post-fixed in 1 % osmium tetroxide (OsO4) for

1 h and washed in PBS for 1 h, then dehydrated in a

graded ethanol series (50, 60, 70, 80, 90, 95, and

100 %) with 15–20 min interval and followed by

acetone (100 %) for 20 min and then infiltrated and
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embedded in Spurr’s resin overnight. Finally, the

specimen sections were stained by uranyl acetate and

alkaline lead citrate for 15 min, respectively, and

ultra-thin sections (80 nm) were prepared and

mounted on copper grids and viewed under a trans-

mission electron microscope (JEOL JEM-1230 EX,

Japan).

Statistic analysis

All data presented were mean values of each treatment

with five replicates. Statistical analysis was performed

with the data processing system (DPS) statistical

software package (Tang and Feng 1997) using

ANOVA followed by the Duncan’s Multiple Range

Test (DMRT) to evaluate treatment effects (P\ 0.05).

Origin Pro version 8.0 (Origin lab corporation,

Wellesley Hills, Wellesley, MA, USA) was used to

prepare graphs.

Results

Effect of alone or combined stresses of Cd

and salinity on growth parameters

The effect of Cd and salinity on plant growth was

evaluated by measuring plant height, root length, fresh

and dry weight of root, stem and leaf. Cotton plants

treated with alone or combined stress of salinity (Na)

and Cd showed a significant decrease in plant height,

root length, shoot and root dry/fresh weights in the

order of Cd[Cd ? Na[Na, and with a much

severe response in Importantly salt-sensitive genotype

Zhongmian 41 (Fig. 1A–H; Supplemental Table S1).

On average of the above mentioned 8 growth param-

eters, plants under Cd, Cd ? Na and Na treatments

decreased by 56.01, 44.70 and 32.36 % in Zhongmian

41; 43.48, 32.68 and 20.84 % in Zhong 9806, respec-

tively, compared with those of controls (Fig. 1A–H).

Photosynthesis parameters

Cotton plants treated with alone or combined stress of

salinity and Cd showed a significant decrease in net

photosynthetic rate (Pn), stomatal conductance (Gs),

transpiration rate (Tr) and intercellular CO2 concen-

tration (Ci), with a larger reduction in Zhongmian 41

over Zhong 9806 (Fig. 2A–D; Table S2.). Meanwhile,

addition of NaCl to the solution containing Cd

significantly increased the Pn relative to Cd alone

treatment. For example, salinity and Cd alone and

Cd ? Na induced a significant reduction in Pn by

78.91, 51.16 and 60.3 % in Zhongmian; 46.44, 23.07

and 26.36 % in Zhong 9806, respectively (Fig. 2A). In

addition, on average of Gs, Ci and Tr, revealed a

decrease by 54.21, 32.04 and 44.41 % in Zhongmian;

40.84, 19.62 and 28.89 % in Zhong 9806 under Cd,

salinity and Cd ? Na, respectively, when compared

with their controls (Fig. 2B–D).

Chlorophyll content and fluorescence parameters

of PSII

Chlorophyll content was significantly decreased in

both genotypes under Cd, salinity and Cd ? Na

(Fig. 3A–D, Table S2), with Zhong 9806 being less

affected than Zhongmian 41. Chlorophyll a ? b was

decreased in Zhongmian 41 under Cd, salinity and

Cd ? Na by 91.86, 46.59 and 81.97 % respectively,

compared to control, however, in Zhong 9806 it was

decreased by 55.47, 17.51 and 52.91 % (Fig. 3C).

Chlorophyll a/b decreased in Zhongmian 41 under

stress of Cd, Na and Cd ? Na by 7.91, 42.58 and

61.04 %, respectively, compared to control, while in

Zhong 9806 it was increased under Cd and Cd ? Na

by 53.55 % and 40.46 %, respectively (Fig. 3D).

As shown in Fig. 4A and Supplemental Table S2,

Cd, Cd ? Na stress caused a significant inhibition in

Fv/Fm for both genotypes relative to control. How-

ever, it remained unaffected under salinity alone stress

in Zhong 9806. Interestingly, NaCl addition in the

solution containing Cd levels significantly increased

Fv/Fm in both genotypes as compared with Cd alone.

The false color image application was useful to

understand changes of Fv/Fm induced by different

treatments. In comparison with the control, the leaf

color shifted from blue to green along with reducing

Fv/Fm ratio (Fig. 4B). Images also revealed that Cd

alone stress induced the most severe damage, and

followed by Cd ? Na.While, under salinity alone leaf

color was almost blue in Zhong 9806 than in

Zhongmian 41.

MDA contents and antioxidant enzymes activities

Changes of antioxidant enzyme activities and MDA

content in leaves of the two genotypes under Cd and
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Na alone or Cd ? Na are shown in Fig. 5A–H and

Table S3. SOD activity showed genotype- and time-

dependent variation in response to Cd, Na and

Cd ? Na (Fig. 5A, B and Supplemental Table S3).

The expression patterns of the two genotypes were

strikingly different. During Cd and Na alone stress
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SOD activities of the tolerant Zhong 9806 dropped

after 5–10 day, whereas the addition of NaCl in the

solution of Cd considerably increased SOD activities

in leaves of Zhong 9806. Meanwhile, it increased

dramatically in Cd and remained similar with control

in salinity after 15 days; while Cd ? Na induced

significant increase especially after 10–15 days

(Fig. 5B). Zhongmian 41 showed significant increase

in SOD activity in leaves under the all stress treatment

in comparison with the control up to 10 days, whereas

the difference was not significant for 15 days except in

salinity (Fig. 5A).

The POD activity was markedly increased under

Cd, Na and Cd ? Na stress in both genotypes

(Fig. 5C, D), except for Na stress alone at 15 day in

Zhongmian 41 which was no difference relative to

control. The CAT activity was significantly increased

in both genotypes after 10 and 15 days exposure to Cd,

Na and Cd ? Na (Fig. 5E, F). However, at day 5 it

was decreased under Cd, interestingly NaCl addition

in Cd solution (Cd ? Na) dramatically increased CAT

activity in leaves for both genotypes and in Na alone in

Zhongmian 41.

The APX activity differed significantly between the

two genotypes. Zhongmian 41 showed lower leaf APX

activity in the treatments of Cd stress, relative to the

control at day 5 and 10. In addition of NaCl in the

solution of Cd significantly increased the APX activity

at day 10. However, at day 15 the enzyme activity was

increased in all stress treatment as compare with

control (Fig. 5G). By contrast, Zhong 9806 showed

higher leaf APX activity in the treatment of Cd at day

10 and 15, and no obvious change at day 5, as

compared with the control. Interestingly, NaCl addi-

tion in the solution containing Cd levels increased

APX activity in leaves as compared with the treatment

with Cd alone till 15 days with sharply increase at day

10 (Fig. 5H).

The MDA content was measured as an index of

lipid peroxidation. The responses of MDA content to

Cd stress and Na treatment varied with genotypes

(Table S3). On average of 3 sampling data, MDA

content in Zhongmian 41 increased by 22.17, 27.33

and 31.84 % under Cd, Na and Cd ? Na, respectively,

compared with control. Zhongmian 41 had higher leaf

MDA contents than Zhong 9806 under Cd, Na and

Cd ? Na stresses, except at day 15 on average of 5 and

10 days of Cd, Na and Cd ? Na stress Zhong 9806

showed lower MDA content by 38.72, 37.04 and

50.74 %, respectively, than Zhongmian 41.
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Ultrastructure of chloroplasts and root tip-cells

Under the control conditions, chloroplasts of the two

cotton genotypes maintained normal thylakoids

arrangement in grana and in membranes interconnect-

ing grana (Fig. 6A, B). Exposure of 5 lM Cd for 20

days resulted in swollen grana/stroma lamellae and

loose thylakoid membranes; the number and size of

grana stacking per chloroplast decreased significantly

compared with control. Furthermore, increased osmio-

philic plastoglobuli and cracked chloroplast mem-

brane were observed. The chloroplast ultrastructural

deterioration due to Cd stress was more severe in

Zhongmian 41 than in Zhong 9806, and starch grain

was observed in Zhong 9806 with less osmiophilic

plastoglobuli under Cd stress (Fig. 6C, D). Na stress

alone, affected ultrastructures of leaf mesophyll cells

in Zhongmian 41; disorganized parallel arrangement

of lamellae and led to swollen grana/stroma lamellae

and loose thylakoid membranes, induced starch grains,

increased the number of osmiophilic plastolobulis.

While in Zhong 9806 most thylakoids still remained in

normal structures though some thylakoids were

swelled under Na stress relative to control. Under

combined stress (Cd ? Na), loose thylakoid mem-

branes, and swollen thylakoids and osmiophilic gran-

ule increased significantly in the two genotypes

compared with control.

The electron micrographs of root tip cells from Cd

stressed cotton seedlings revealed obvious ultrastruc-

tural changes, characterized by cracked karyotheca

and increased vacuolar size and number (Fig. 7C, D).

Cracked karyotheca and dissolved nucleolus due to Cd

wasmore severe in Zhongmian 41 than in Zhong 9806.

Under Na and Cd ? Na stresses affected distortion of

cells and nucleus and plasmolysis, characterized by

cracked karyotheca and the distortion of cells were

observed more in Zhongmian 41 than in Zhong 9806.

Meanwhile, under Cd ? Na increased vacuole num-

ber was more obvious in Zhongmian 41 than in Zhong

9806.

Cd, Na and others mineral element concentrations

Cd concentration in roots, stems and leaves increased

markedly when plants were exposed to Cd-containing

medium; however, there was no detection of Cd in

control plants and under salinity stress. (Table 1).

Moreover, Cd ? Na treatment had markedly lower Cd

concentration than Cd alone treatment, in particular

for stems and leaves Cd concentration of Zhong 9806.

i.e., Cd concentrations in roots, stems, leaves under

Cd ? Na treatment was 84.08, 96.99, 94.62 % in

Zhongmian 41, and 91.62, 72.04, 83.17 % in Zhong

9806 lower than that in Cd alone stress.

Salinity and Cd ? Na stress caused significant

increase in Na concentration in both genotypes;
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however, Zhong 9806 was less affected Cd ? Na

(Table 1), while under Cd stress there were no

significant differences compared with control in the

two genotypes. For instance, Na concentration was

increased in roots under Na and Cd ? Na stress in

Zhongmian 41 (increased by 1237.88 and 207.8 %,

respectively) and in Zhong 9806 (increased by 531.07

and 57.25 %, respectively) relative to control. More-

over, Na concentration was significantly lower under

Cd ? Na as relative to salinity (Na) alone. i.e., Na

concentrations in roots, stems, leaves in Cd ? Na

treatment was 76.86, 23.16, 20.06 % in Zhongmian

41, and 75.02, 11.66, 24.38 % in Zhong 9806 lower

than that of salinity (Na) alone stress.

Ca concentration was significantly decreased under

alone or combined stress of Cd and salinity in both

genotypes. In root, Ca concentration was decreased

under Cd, Na and Cd ? Na in Zhongmian 41

(decreased by 41.07, 52.79 and 35.47 % and in Zhong

9806 (decreased by 34.7, 26.49 and 29.84 %, respec-

tively) compared to control. However, in stem, it was

decreased by 45.03, 38.35 and 32.27 % in Zhongmian

41 under Cd, salinity and Cd ? Na, whereas in Zhong

9806 by 36.02 and 29.86 % under stress of Cd and

Cd ? Na, while under stress of salinity there were no

significant differences compared to control. Moreover,

in leaf, Ca concentration was decreased under stress of

Cd, salinity and Cd ? Na by 51.81, 34.79 and

37.65 % in Zhongmian 41, respectively, compared

to control. However, in Zhong 9806 Ca concentration

was decreased by 28.74 and 17.81 % under Cd and

Cd ? Na, while under salinity stress there were no

significant differences compared to control. On the

whole, salt tolerant genotype accumulated more Ca in

roots, stems and leaves than sensitive genotype when

exposed to Na and Cd ? Na stresses.

Both salinity alone and Cd ? Na stresses led to

significant decrease in root Mg concentrations for both

cotton genotypes (Table 1), however, the reduction

was more in Zhongmian 41.Moreover, more reduction

occurred in Cd stress alone than NaCl ? Cd stress.

The salt tolerant genotypes had more Mg concentra-

tions in leaves than the sensitive ones under NaCl and

NaCl ? Cd stresses.

Cu concentration was significantly decreased in

Zhongmian 41 under alone or combined stress of Cd

and salinity; however, in Zhong 9806, it was increased

compared to control. Moreover, NaCl addition in the

Cd-containing medium led to significant increase of

Cu concentration in both stems and leaves except for
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Fig. 5 Effect of alone and

combined stresses of salinity

and Cd on SOD (A, B), POD
(C, D), CAT (E, F), and
APX (G, H) activities in

leaves of Zhongmian 41 (left

panel) and Zhong 9806

(right panel) at 5, 10 and

15 days after treatment

expressed as the percentage

of control (%). Error bars

represent SD values,

different letters indicate

significant differences at

(P\ 0.05) among the 4

treatments and refer to each

sampling data. Control, Cd,

Na, and Cd ? Na

corresponds to basic

nutrition solution (BNS),

BNS ? 5 lM CdCl2
BNS ? 150 mM NaCl, and

BNS ? 5 lM
CdCl2 ? 150 mM NaCl,

respectively
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the root Cu concentration in Zhong 9806 compared to

Cd stress alone.

Root Fe concentration in Zhongmian 41 was

decreased under Cd, Cd ? Na stresses and increased

under NaCl stress, compared with the control

(Table 1). No significant difference was found in root

Fe concentration between the combined stress and the

control for Zhong 9806; however, Cd stress decreased

root Fe concentration than the control. In stem, Fe

concentration was increased under stress of Cd and

Cd ? Na by 50.08 and 13.84 %, respectively, com-

pared to control in Zhongmian 41, while under stress

Zhong 9806

CW

GLSL
CW

GL

SL

CW

Os

SG

Os
CW

SG

Os
CW

Os

GL
SL

Os
CW

CW

Os

Zhongmian 41

(A) (B)

(C) (D)

(E) (F)

(G) (H)

Fig. 6 Transmission electron micrograph of chloroplasts of

Zhongmian 41 (left panel) and Zhong 9806 (right panel)

cultured in basic nutrition (BNS A, B), BNS? 5 lM CdCl2 (C,
D), BNS ? 150 mM NaCl (E, F), and BNS ?5 lM

CdCl2 ? 150 mM NaCl (G, H). CW cell wall, GL granum

lamellae, Os osmiophilic plastolobuli, SG starch grain, SL

stroma lamellae. Bar 0.2 lm
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of salinity, it was decreased by 19.7 %. However, in

Zhong 9806, it was decreased under stress of Cd,

salinity and Cd ? Na by 31.74, 1.05 and 35.81 %,

respectively, compared to control. Fe concentration

increased in leaves under stress of Cd, salinity and

Cd ? Na by 20.34, 51.85 and 23.22 % in Zhongmian

41, respectively, however it was decreased under

stress of Cd and salinity by 3.04 and 8.24 % in Zhong

9806, respectively, while under combined stress of Cd

and salinity, it was increased by 11.75 %.

Mn concentration was significantly decreased in

the root of Zhongmian 41 under alone or combined

stress of Cd and salinity; however, in Zhong 9806,

there were no significant differences compared to

Zhong 9806
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Fig. 7 Transmission electron micrograph of root cell of

Zhongmian 41 (left panel) and Zhong 9806 (right panel)

cultured in basic nutrition (BNS A, B), BNS? 5 lM CdCl2 (C,

D), BNS ? 150 mM NaCl (E, F), and BNS ? 5 lM
CdCl2 ? 150 mM NaCl (G, H). CW cell wall, N nucleus, NL

nucleolus, V vacuole. Bar 2 lm
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control. In stem, Mn concentration was decreased in

both genotypes, however, under salinity it was

increased in Zhong 9806, while in Zhongmian 41

it was decreased. In leaf, Mn concentration was

decreased under stress of Cd, salinity and Cd ? Na

in both genotypes. On the whole, salt tolerant

genotypes had higher in all tissue Mn concentration

than sensitive ones when exposed to Cd, salinity and

Cd ? Na stresses.

Zn concentration was decreased in root of both

genotypes under stress of Cd and combined stress of

Cd and salinity. Cd stress alone decreased root Zn

concentration in all genotypes, with the effect being

more severe than Cd ? Na stress. However, under

stress of salinity; it was increased in Zhong 9806,

while in Zhongmian 41 it was decreased. In stem, Zn

concentration was decreased in both genotypes under

alone or combined stress of Cd and salinity. In leaf,

there were no significant differences in zinc concen-

tration under Cd, salinity and Cd ? Na compared to

control in Zhongmian 41. However, in Zhong 9806 it

was increased.

Table 1 Effect of alone and combined stresses of salinity and Cd on mineral concentrations (mg kg-1DW) in Zhongmian 41 and

Zhong 9806 after 20 days treatments

Genotype Treatment Cd Na Ca Mg Cu Fe Mn Zn

Root

Zhongmian 41 Control 0d 657.4e 652.0a 2591.2c 67.1b 1551.7c 571a 788.8a

Cd 1255.5a 702.4e 383.8cd 1469.8e 55.4bc 679.1f 40.5c 153.3e

Na 0d 8743.5a 305.6d 2050.7d 46.8cd 1829.6ab 72.4c 335.4c

Cd ? Na 199.8c 2023.5c 427.1bc 1754.5de 38.1d 1276.7d 34.7c 227.5d

Zhong 9806 Control 0d 941.3de 693.4a 4088.8a 43.3cd 1735.5abc 468.2b 334.2c

Cd 648.9b 990.5de 454.4bc 2576.3c 110.4a 975.4e 432.4b 99.0e

Na 0d 5940.3b 506.6b 3561.3b 123.3a 1607.2bc 497.0b 453.6b

Cd ? Na 54.3d 1483.5cd 485.1b 3150.1b 70.4b 1948.3a 450.3b 267.9cd

Stem

Zhongmian 41 Control 0c 787.3d 6446.3a 3929.3b 28.1b 55.5bc 60.7a 41.1a

Cd 87.3a 823.4d 3543.6d 1580.2f 12.6d 83.2a 22.8cd 6.7f

Na 0c 11784b 3974.0cd 2847.3de 8.4e 44.5c 21.2d 17.0e

Cd ? Na 2.6c 9054.6c 4366.0bcd 2410.2e 13.8d 63.4b 28.2c 26.6c

Zhong 9806 Control 0c 549.6d 7179.6a 4709.4a 16.7cd 86.7a 27.7c 37.9a

Cd 16.3b 623.4d 4565.3bc 3243.3cd 19.1c 58.8bc 19.6d 30.9b

Na 0c 13374.3a 6543.6a 4076.3b 34.4a 86.0a 50.9b 27.7bc

Cd ? Na 4.5c 11,810.6b 5005.6b 3532.3bc 24.5b 55.5bc 18.5d 22.0d

Leaf

Zhongmian 41 Control 0d 1291.4e 28,493.3ab 11,736.8ab 34.4a 202.1c 267.6bc 56.8bc

Cd 39.6a 1345.0e 13,729.7e 5576.9f 23.3bc 244.2bc 172.5d 71.6a

Na 0d 22,371.0a 18,580.6de 9324.5cd 15.4d 306.6a 255.2bc 61.0ab

Cd ? Na 2.1cd 17,886.0b 17,724.3e 7717.5de 21.3bcd 249.1abc 95.7e 67.7ab

Zhong 9806 Control 0d 924.6e 32,210.5a 12,654.5a 17.7cd 264.2ab 335.4a 33.0e

Cd 31.2b 965.0e 22,950.5cd 7443.1e 19.4bcd 254.5abc 233.7c 39.4de

Na 0d 13,659.3c 29,766.3ab 10,580.1.5bc 25.0b 241.9bc 278.1b 49.6cd

Cd ? Na 5.2c 10,324.3d 26,469.6bc 8098.1de 23.1bc 294.2ab 124.7e 47.6cd

Different letters indicate significant differences (P\ 0.05) among the 4 treatments and within the two genotypes of data. Control, Cd,

Na, and Cd ? Na corresponds to basic nutrition solution (BNS), BNS ? 5 lM CdCl2, BNS ? 150 mM NaCl, and BNS ? 5 lM
CdCl2 ? 150 mM NaCl
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Discussion

Both Cd and NaCl have obvious detrimental effects on

plants, such as inhibition of root and shoot growth,

nutrients uptake and photosynthesis. Typical salinity

values for irrigation water for agriculture often reach

up to 180 mM, especially under arid and semi-arid

regions (Khoshgoftar et al. 2004), therefore, salinity in

agricultural soils is an extensive and important prob-

lem. Reports available up to date provided the

controversial results on the influence of salinity on

Cd stress. It was reported that NaCl would enhance Cd

uptake (huang et al. 2006). However, Lefevre et al.

(2009) observed that salinity reduced Cd accumula-

tion in Mediterranean halophyte species, and Ghnaya

et al. (2007) proved that Cd-induced growth reduction

in halophyte Sesuvium portulacastrum was signifi-

cantly improved by NaCl. Therefore, the interaction

between Cd and NaCl is quite complex, being largely

affected by many factors, including plant species and

growth conditions. Thus, it is interesting to view and

understand the interaction between Cd and salt stress

in the salt-tolerant cotton plants and its genotypic

difference.

In the current study, growth parameters such as

plant height and biomass (fresh/dry weight) were

reduced in the two cotton genotypes when plants

exposed to 5 lM Cd, indicating that Cd stress inhibits

plant growth. However, growth inhibition was partly

alleviated by NaCl addition (Cd ? Na vs. Cd)

(Fig. 1A–H; Supplemental Table S1). Furthermore,

Cd concentrations in leaves, stems and roots reduced

by addition of NaCl to Cd solutions (Cd ? Na)

compared with Cd alone treatment (Table 1). Indicat-

ing that, the plants might be complete for Na?

absorption to Cd2? under NaCl stress. Generally,

reduction in Cd concentration in roots and shoots

should be responsible for elevated capacity of Cd

tolerance in plants. On the other hand, in view of the

results of the present research, there is evidently some

potential planting salt-tolerant non-edible cotton

plants for fibre, but not for the use of phytoremediation

for the reclamation of Cd polluted lands affected by

salinity.

Net photosynthesis and chlorophyll content were

decreased by Cd, salinity alone and in combination,

with less reduction in Zhong 9806 as compared with

Zhongmian 41. NaCl and Cd caused reduction in

photosynthesis through its adverse impact on gas

exchange parameters such as stomatal conductance

and photosynthetic rate. The stomatal closure and

decrease in leaf conductance would inhibit the diffu-

sion of CO2 to the site of carboxylation and thus

reduce photosynthetic uptake. Cd and salt stress

drastically reduced photosynthesis by reducing total

chlorophyll content and stomatal conductance (Kang

et al. 2007). These findings are in agreement with our

result that the inhibition of photosynthesis by Cd and

salt stress resulted from both of decreased chlorophyll

content and stomatal conductance. It was reported that

chlorophyll content decreased by salt stress in chick-

pea cultivars (Garg and Singla 2004), by Cd stress in

Phyllanthus amarus and chlorophyll b was more

sensitive than chlorophyll a (Rai et al. 2005). These

previous reports are in agreement with our results. The

ratio of Fv/Fm always used as stress indicator,

describing the potential yield of the photochemical

reaction. In our result Fv/Fm ratio was found to be

decrease under of Cd, salinity alone and combined

stress in Zhongmian 41; however, in Zhong 9806 there

were no significant difference under salinity stress

(Fig. 4A; Supplemental Table S2). In agreement to

our results, a reduction in the Fv/Fm ratio has already

been reported in rice grown under Cd stress (Pagliano

et al. 2006). It was proved that lower Fv/Fm under salt

stress conditions, indicating that RUBP regeneration,

which needs adequate electron translocation from PSII

to electron acceptor, might be disturbed by salinity.

The obvious expected biochemical response during

stress is enhanced reactive oxygen species (ROS)

production. Rapid increase of ROS result in severe cell

biochemical changes during oxidative stress, includ-

ing lipid peroxidation and damage to proteins and

DNA, which may lead to cell death (Dietz 2005). SOD

activity is enhanced when plants are subjected to

environmental stress. However, the extent and dura-

tion of the enhancement varied with stress intensity,

species, age of the plants and reduced stress periods

(Piquery et al. 2000). In our experiment, SOD activity

showed genotype- and time-dependent variation in

response to Cd, Na and Cd ? Na treatments (Fig. 5A,

B; Supplemental Table S3). However, POD activity

was markedly increased under Cd, Na alone and

combination in both genotypes (Fig. 5C, D), except

for salinity alone at 15 days which was no difference

relative to control. The higher activity of SOD and

POD in the plants subjected to harsh environments is

favorable for their tolerance and survival. This finding
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is in consistent with our result. Salinity induced

significantly increased in CAT activity in both geno-

types under Cd, salinity alone or in combination after

10 and 15 days. However, after 5 days it was

decreased under stress of Cd, but increase under stress

of salinity alone and Cd ? Na. The variation in CAT

activity might be due to Cd stress may be partly

attributed to possible variation among species, growth

stage, stress intensity, and duration of exposure.

Increases in CAT activity have been mentioned by

Perez Lopez et al. (2009) after salt exposure. The

increase of CAT activity has been reported in certain

plant species exposed to heavy metals. These reports

are in agreement with our results.

It was reported that APX plays a central role in

plant defense against oxidative stress by scavenging

H2O2 in chloroplast, ctyosol, mitochondria, and per-

oxisome of plant cells (Asada 2006). In the present

study, the APX activity showed time and genotype

dependent variation in response to Cd, salinity alone

and Cd ? Na. However, in the tolerant genotype

Zhong 9806 increased significantly after 5 days sal-

inty and Cd ? Na treatments and kept similar in Cd

alone with control, remained significantly higher than

the control till 15 days (Fig. 5H). In Zhongmian 41,

significant inhibition or no effect was detected till

10 days (increase in Na ? Cd at day 10), followed by

a significant increase at 15 days (Fig. 5G). In parallel

to our results, Yu and Liu (2003) observed that APX

activity was significantly increased in the leaves of salt

tolerant cultivar of soybean plants under salt stress.

Variation in APX activity in Zhongmian 41 may be

due to the duration of treatment exposure. MDA as the

decomposition product of polyunsaturated fatty acids

of biomembranes, showed a greater accumulation

under stress conditions (Yu and Liu 2003). In our

result, Cd, salinity and Cd ? Na increased MDA

accumulation in Zhongmian 41, and being signifi-

cantly higher than that of Zhong 9806 (Table S3).

The alterations observed in the ultrastructure of the

chloroplasts in leaves of plants exposed to Cdmight be

due to an increase in the production of reactive oxygen

species (ROS) which in high concentration in the

cellular environment can cause oxidative damage to

cellular structure and function (Choudhury and Panda

2005). In this study, the effect of Cd on the

ultrastructure of chloroplasts involved disorganization

of the thylakoid system and stroma (Fig. 6C, D).

These changes are similar to the disorganization of the

thylakoid membranes observed in Nicotiana tabacum

cells by Vijaranakul et al. (2001). In addition, Cd can

also induce thylakoid distortions and an increase in the

number and size of plastoglobuli and peripherical

vesicles, as observed in our study, however, Zhong

9806 was less affected and we observed accumulation

of starch grains under Cd stress. The accumulation of

starch in leaves might be due to either nutrient

deficiencies, decrease of the sink force or disturbed

vein loading system. The starch accumulation under

salt conditions was also observed in NaCl acclimated

Citrus cell line and it is tempting to speculate that

starch synthesis plays a role in moderating the osmotic

condition (Ferreira and Lima-Costa 2008). These

results are in agreement with our result in Zhongmian

41 (Fig. 6E). Salinity also induced swelling of the

thylakoids which is typical symptom of salinity stress

in chloroplast; our result in agreement with previous

report in barley (El-Banna and Attia 1999). While in

Zhong 9806, most thylakoids still kept in normal

structures though some thylakoids were swelling.

Under combined stress (Cd ? Na), loose thylakoid

membranes, and swollen thylakoids and osmiophilic

granule increased significantly in the two genotypes

compared with control (Fig. 6G, H).

In the present investigation, ultrastructural alter-

ations in root tip cells of both cotton genotypes were

mainly concentrated on membranes like plasma and

nuclear membrane, vacuoles and nucleoli. Cracked

karyotheca, increased vacuolar size and number and

dissolved nucleolus due to Cd was more prevalent in

Zhongmian 41 than in Zhong 9806. Increased vacuo-

lation in present study might play a significant role in

Cd detoxification and tolerance, thus preventing the

circulation of free Cd ions in the cytosol and forces

them into a limited area. The roots are directly exposed

to the soil and affected by salinity. Therefore, this

organ must tolerate the salinity stress to keep the

whole plant alive and the root tip is also suggested to

function as a sensor for different kinds of stress. Thus,

the investigation on salinity-induced ultrastructural

changes in roots is important. Salinity stress-induced

distortion of cells and nucleus and plasmolysis,

characterized by cracked karyotheca and the distortion

of cells were observed more in Zhongmian 41 than in

Zhong 9806. The vacuolation of root tip cells may be

an adaptive response to accumulate excess ions under

salinity, which protects the cytoplasm from toxic

levels of ions. The vacuolation of root cap cells and
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cortical cells may also function to separate ions from

more vulnerable meristematic cells and procambial

cells. However, the suppression of mucilage produc-

tion in the peripheral root cap cells should have

adverse effects on the root growth. Vacuolation and

vesiculation of root cells are also observed under

salinity stress in barley (El-Banna and Attia 1999).

These findings are in agreement with our result, under

Cd ? Na, increased vacuole number was more obvi-

ous in Zhongmian 41 than in Zhong 9806 (Fig. 7G, H).

Previous researches about the effect of Cd stress on

nutrient uptake and accumulation in plants sorption

have provided contradicting results, which might be

due to the differences in the culture methods, species,

organs, and conditions such as concentration in

medium, growth period and temperature. Liu et al.

(2003) observed significant positive correlations

between Cd and Fe, Cd and Zn, Cd and Cu existed

in rice in terms of their concentrations in roots and

leaves. In contrast, previous reports indicated that

toxic Cd levels inhibited uptake of nutrient elements

such as P, K, S, Ca, Zn, Mn, and B by plants in an

organ and genotype specific manner in pea (Metwally

et al. 2005). In our present work, Na concentrations

were significantly lower under Cd ? Na as relative to

salinity alone in the two cotton genotypes. NaCl

addition markedly reduced Cd concentration

(Cd ? Na vs. Cd; Table 1), which is beneficial to

reduced Cd toxicity.

Calcium and Mg concentrations were decreased in

plants of both genotypes under Cd, salinity, and alone

and combined stresses, and the reduction was more in

Zhongmian 41 compared to Zhong 9806. Cd, Na and

Cd ? Na caused significant decrease in Cu concen-

tration in Zhongmian 41, but increased in Zhong 9806.

Fe concentration showed genotypes and organ depen-

dent variation in response to Cd, salinity and Cd ? Na

stresses. Zn and Mn concentrations in Zhongmian 41

were decreased in the roots and stems. However, in

leaves there were no significant differences in Zn

concentration compared to control. On the other hand,

in Zhong 9806 Mn concentration was increased under

salinity in root, while it was decreased under Cd and

Cd ? Na. Moreover, Zn concentration was decreased

in stem under Cd, Na and Cd ? Na, while it was

increased in leaf. Furthermore, Mn concentration was

decreased in Zhong 9806 leaf under Cd, Na and

Cd ? Na, while in root there were no significant

differences. However, in stem it was decreased under

Cd and Cd ? Na, whereas under stress of salinity it

was increased compared to control. Salinity stress may

also lead to nutritional disorders in crops because of

the effect of salinity on nutrient availability, compet-

itive uptake, transport or partitioning within the plant.

The three stresses reduced most nutrient accumulation

in both roots and shoots, which was similar to the

results of Yang et al. (1998), who reported that

addition of Cd to growth medium decreased the

accumulation of Fe, Mn, Cu, Ca, and Mg in cabbage,

ryegrass, maize, and white clover. Salinity is an

important determinant of Cd concentration in crops

(Weggler-Beaton et al. 2000); the mechanism has not

yet been elucidated. It was reported that Cd uptake was

enhanced when plants grew in soils with higher NaCl

content. Although, the detailed interaction between

salinity and heavy metals, including Cd is still not

fully understood. Weggler-Beaton et al. (2000) proved

that the effect of salinity in increasing Cd bio-

availability is attributable to the formation of Cd-Cl

complexes, predominantly the 1:1 (CdCl?) and 1:2

(CdCl2) complexes. These complexes are less strongly

sorbed to soil than free Cd2? ion and hence increase

Cd mobility at the soil-root interface. Moreover, these

complexes also stimulate transport of Cd across the

zone encompassing soil rhizosphere, apoplast, plasma

membrane. Thus, increased soil–plant transfer of Cd

can occur under salinity. In the present research,

nevertheless, we found that addition of NaCl in Cd

stressed solution resulted in decrease of Cd concen-

tration in both roots and shoots. The reason for the

inconsistency between our results and those of others

could be attributable to the different culture condi-

tions. In the experiments with soil media, enhanced Cd

uptake was due to the fact that Cl- forms complexes

with Cd sorbed to soil originally. While in our

experiment using hydroponic solution, Cd is fully

dissolved, so formation of Cl-Cd complexes has no

distinct effect on Cd bio-availability. Meanwhile, it

might be possible that injured roots due to high salinity

weaken the capacity of ion uptake, or Na ion

competitively inhibits Cd uptake.

In conclusion, the present study demonstrated that

Zhong 9806 are more tolerant to salinity and Cd alone

and combination stresses than that of Zhongmian 41.

NaCl alleviated Cd toxicity in cotton plants. Addition

of NaCl to the Cd solution reduced Cd accumulation

and translocation, but improved such mineral nutrients

as Ca, Mg and Zn uptake and translocation in cotton
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plants. Addition of NaCl could excite effective

antioxidants’ responses to Cd toxicity, especially in

the enhancement of SOD, CAT, POD and APX which

were beneficial in antagonizing oxidative stress as

shown in reduced MDA accumulation. Furthermore,

Cd and salinity stresses induced changes in ultrastruc-

ture of chloroplasts and in root cells, and Zhong 9806

was less affected than Zhongmian 41. Our data would

give insight into the mechanism of combination

effects of salinity and Cd toxicity on cotton plants,

and it also could provide the effective way to alleviate

Cd toxicity for plants.
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