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Abstract Application of phosphatic (P) fertilizers and

biosolids is known to enhance cadmium (Cd) contamina-

tion in saline soils. Increased concentration of dissolved

chloride (Cl-) in soil solution significantly influences Cd

bioavailability in P fertilizer- or biosolid-amended soils.

Arbuscular mycorrhizal (AM) fungi have an ability to

protect plants against salinity and heavy metals by medi-

ating interactions between toxic ions and plant roots. The

effects of Glomus mosseae (AM) and NaCl and Cd stresses

on Cd uptake and osmolyte and phytochelatin (PCs) syn-

thesis in Cajanus cajan (L.) Millsp. (pigeonpea) were

studied under greenhouse conditions. Two genotypes [Sel

85 N (tolerant) and ICP 13997 (sensitive)] were subjected

to NaCl (4 and 6 dS m-1) and Cd (CdCl2, 25 and

50 mg kg-1 dry soil) treatments. NaCl and Cd applied

individually as well as in combination caused dramatic

reductions in plant biomass and induced membrane per-

oxidation, ionic perturbations, and metabolite synthesis in

both genotypes, although Sel 85 N was less affected than

ICP 13997. Cadmium uptake was enhanced when NaCl

was added along with Cd. The protection of growth in Sel

85 N was associated with restricted accumulation of Na?,

Cl-, and Cd2? and higher concentrations of stress metab-

olites (sugars, proteins, free amino acids, proline, glycine

betaine). Cd led to a significant increase in biothiols (NP-

SH) and glutathione (GSH), with a larger pool of NP-SH

which strongly induced accumulation of phytochelatins,

whereas no significant effects in their concentrations were

detectable under NaCl stress. The interactive effects of

NaCl and Cd on all parameters were larger than those of

individual treatments. Fungal inoculations improved plant

growth and reduced accumulation of toxic ions. Higher

stress metabolite synthesis and PCs observed in AM plants

of Sel 85 N indicated the role of an efficient AM symbiosis

capable of attenuating NaCl and Cd stresses.
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Introduction

Environmental deterioration has become an increasing threat

to sustainable crop production (Munns 2005; Katerji and

others 2009). Abiotic stresses such as soil salinization and

heavy-metal contamination are worldwide agricultural

and ecoenvironmental problems posing a serious threat to

global agricultural production (Gabrijel and others 2009;

Grewal 2010). More than 800 million hectares of land

throughout the world are salt-affected (Munns and Tester

2008), which is equal to more than 6% of the world’s total land

area (FAO 2008). In agricultural soils degraded by salinity,

due to inappropriate water quality used for irrigation, phos-

phatic (P) fertilizers, sewage sludge, and biosolids are fre-

quently applied to improve soil quality. Biosolids are the

organic materials resulting from the sewage treatment process

and a significant source of nutrients (nitrogen, phosphorus)

that are used especially as fertilizer or soil amendment to

sustainably improve and stimulate growth of a number crops

(Weggler-Beaton and others 2000). However, biosolids are

known to be rich in sodium chloride (NaCl) and also contain

heavy metals such as cadmium (Gabrijel and others 2009).

Soil salinity has been shown to significantly enhance the
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mobility and bioavailability of Cd in soils and, thus, causes

increased Cd uptake and concentrations in crops grown on P

fertilizer or biosolid-borne soils (Shafi and others 2009;

Raziuddin and others 2011). Even though salinity–heavy-

metal interactions are not mechanistically fully understood, it

has been shown previously that Cd sorption to soil constitu-

ents is reduced by the application of Cl-, and this effect has

been ascribed to the formation of soluble Cd–Cl (cadmium-

chloro) complexes (Gabrijel and others 2009). Chloro-com-

plexation of Cd and the resulting improved diffusion of Cd

through soil to the plant roots and possibly uptake of Cd–Cl

complexes are suspected to be the reasons for the Cl- effect on

Cd uptake (Lopez-Chuken and others 2010). Therefore, in

many arid and semiarid regions, it may be presumed that

saline water irrigation containing high levels of chloride might

aggravate heavy-metal pollution problems resulting in

enhanced Cd uptake by crops.

Both Cd and salt stress can pose several problems for

plant growth and development as well as inhibit leaf pho-

tosynthesis (Shafi and others 2010; Raziuddin and others

2011). Cadmium becomes toxic to plants through irre-

versible changes to protein conformation by forming metal

thiolate bonds, and through alteration of cell wall and

membrane permeability (Zeng and others 2009). Further-

more, both stresses in combination cause higher plasma

membrane permeability and elicit lipid peroxidation

(Muhling and Lauchli 2003), which can culminate in poor

growth and low biomass production (Monteiro and others

2009; Zhou and others 2010).

The biochemical pathways involved in these processes

offer a battery of biomarkers that provide mechanistic end

points of toxicity. Relating these end points to traditional

responses (growth) can help in understanding the overall

process of stress-induced senescence and the protection

strategies adopted by plants against stresses (Monteiro and

others 2009). One important physiologic and basic strategy

employed by higher plants to resist abiotic stresses is the

adjustment of osmosis through production and subsequent

transportation of organic osmoprotectants in plant cells (Xu

and others 2010). Many plant species accumulate signifi-

cant amounts of these stress metabolites such as proline,

glycine betaine, total soluble sugars, and free amino acids

in response to stress conditions (Garg and Manchanda

2009). Plants cope with cellular damage of toxic metals by

complexation with phytochelatins (PCs), which has been

identified as an important mechanism for detoxifying toxic

metals such as Cd in various plant species (Vazquez and

others 2009). Phytochelatins form complexes with metals

through their cysteine sulfhydryl groups and these metal

complexes are subsequently compartmentalized in the

vacuole (Vazquez and others 2009; Garg and Aggarwal

2011). These stress metabolites play a crucial role in

osmoregulation under stress, but their relative contribution

varies among species, genotypes, and even between dif-

ferent organs within the same plant (Siddiqui and others

2009). The combined effect of NaCl and Cd is not simply

an additive influence, yet only a few researchers have tried

to elucidate their effects on plant growth and development.

There are a few reports on osmolyte accumulation under

individual NaCl and Cd stresses, however, little is reported

about the interactive influences between salinity and Cd

stresses on osmolyte and PC synthesis. To fill in this gap,

the relative contributions of increasing NaCl concentra-

tions in the soil solution to Cd uptake and allocation in

different plant organs were studied in Cajanus cajan (L.)

Millsp. (pigeonpea) genotypes.

AM symbiosis occurs in almost all habitats, including

disturbed soils, and aids in ecosystem restoration (Khade

and Adholeya 2007; Miransari 2010). The AM fungi most

commonly observed in agroecosystems and disturbed soils

are Glomus sp., with G. mosseae the most efficient fungus

in terms of plant performance and protection offered

against the detrimental effects of soil stresses (Zhang and

others 2006; Porras-Soriano and others 2009). AM fungi

can alleviate the unfavorable effects of stresses such as

heavy metals, salinity, and drought on plant growth due to

the formation of extensive hyphal networks (Garg and

Chandel 2010). AM symbioses reduce oxidative damage

and bring stress tolerance under salinity and Cd stress

(Azcon and others 2009; Wu and others 2010). Legume

crops are sensitive to NaCl and Cd stresses as compared to

cereals and forage grasses and frequently encounter strong

inhibition of biomass production (Grewal 2010). However,

reports on the interactions between AM fungi and NaCl

and Cd stresses in combination in legume species are

lacking. Therefore, it is important to investigate the effect

of AM inoculation on osmolyte synthesis and PC accu-

mulation under combined stresses of NaCl and Cd which

might offer potential knowledge for improving stress

tolerance.

The study was conducted to assess whether mycorrhizal

colonization might help plants better adapt to soil salinity

and Cd stress by regulating metal uptake in their tissues

through PC complexation and relatively higher osmolyte

synthesis than non-AM plants.

Pigeonpea (Cajanus cajan [L.] Millsp.) is a major pulse

crop of the semiarid tropics that is traditionally cultivated as

an annual crop in Africa, Asia, and Australia (Sairam and

others 2009). The crop represents about 5% of world legume

production (Hillocks and others 2000), with about 90%

being produced in India (Odeny 2007). Due to its deep

rooting habit, pigeonpea offers little competition to other

crops and is therefore much used in intercropping systems

with cereals such as maize, sorghum, millet, or other

legumes. This crop shows genetic diversity and has an

advantage over other plant species because it can also
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respond to AM fungi along with soil-borne nitrogen-fixing

rhizobacteria simultaneously. Both microorganisms are

active in root cortical cells but do not seem to compete for

infection sites. Thus, growth and productivity of pigeonpea

are dependent on the synergistic interactions of micros-

ymbionts, that is, AM fungi and rhizobia (Franzini and

others 2009). Moreover, under saline and heavy-metal

conditions, enhancement of growth in legume plants has

been related partly to mycorrhiza-mediated enhancement of

mineral nutrition (Kaya and others 2009) and decreased

uptake of Na and Cd (Garg and Aggarwal 2011; Manchanda

and Garg 2011).

Despite extensive research on the various mechanisms

conferring tolerance to NaCl and Cd stresses, little is

known about the role of soil microsymbionts such as AM

in ensuring survival of pigeonpea under these stresses. In

this study, one tolerant and one sensitive genotype of

Cajanus cajan (L.) Millsp. (pigeonpea) colonized by

Glomus mosseae were used to study their response to

growth, cadmium uptake, and osmolyte and PC synthesis

under NaCl and Cd toxicities.

Material and Methods

Plant Growth/Cultivation Conditions

The experiments were conducted in a greenhouse from

mid-June to October 2010 in the Department of Botany,

Panjab University, Chandigarh, India (30.5�N, 76.5�E and

elevation 305–366 m). The minimum temperature was

22�C (night) and maximum temperature 37�C (day). The

relative humidity varied between 55 and 92% in the

morning and between 42 and 81% in the afternoon.

Plant Material and Symbiotic Inoculants (Rhizobial

and Mycorrhizal)

Two genotypes of pigeonpea, tolerant (Sel 85 N) and

sensitive (ICP 13997) to both NaCl and Cd stresses, were

used as experimental plants. The seeds were washed with

water and surface sterilized by dipping in 15% H2O2

solution for 8 min, then washed several times with deion-

ized water to remove any traces of chemical that could

interfere in seed germination. Seeds were pretreated with

specific rhizobial inoculum of Sinorhizobium fredii AR-4

and were kept at room temperature for drying. Seeds were

also inoculated with fungal inoculum of Glomus mosseae,

placed at 15-cm pot depth prior to sowing of seeds into the

pots to facilitate fungal colonization of plant roots

(approximately 300 spores/100 g of soil). Rhizobial and

mycorrhizal inocula were obtained from the Division of

Microbiology, Indian Agricultural Research Institute

(IARI), New Delhi, India.

Experimental Design and Treatments

The soil (mixture of sand and loam in a 1:1 ratio) was

obtained from the nearby agricultural fields. It was fumi-

gated thoroughly with 0.1% formaldehyde under air-tight

plastic sheets for 5 days and the fumigant allowed to dis-

sipate for 10 days (Giri and others 2007). Three plants

were maintained in each pot containing 7 kg of soil mix-

ture, with pH 7.2, electrical conductivity (ECe) of 1.0 dS

m-1, organic carbon content of 0.68% (Walkley 1947),

total N content of 0.42% (Nelson and Sommers 1973),

20 ppm of P (Chapman and Pratt 1961) and 3.9 mg

Cd kg-1 dry soil (Ouzounidou and others 1992). Fifteen-

day-old plants were exposed to salt and Cd treatments. The

experimental layout was a 3 3 3 3 2 complete factorial

combination comprising three saline treatments [1.0, 4, and

6 dS m-1 ECe corresponding to 0, 40, and 60 mM NaCl,

respectively (Richards 1954)] and three Cd treatments

(applied as CdCl2 at 0, 25, and 50 mg Cd kg-1 of dry soil),

individually as well as in combinations, and two mycor-

rhizal inoculations (with and without treatments). Each

treatment was replicated six times in a randomized block

design. Roots and leaves from control and treated plants

were harvested 60 days after treatment (DAT) for analysis

of various physiological and biochemical parameters.

Measurements and Analysis

Determination of Biomass

Harvested plants were divided into shoots and roots, oven-

dried at 70�C for 72 h until they attained constant weight,

and weighed. Dried samples were ground to powder and

stored for mineral analysis.

Arbuscular Mycorrhizal (AM) Colonization

Arbuscular mycorrhizal (AM) colonization was estimated

by using the modified Phillips and Hayman (1970) proce-

dure. The roots were cut into small pieces of approximately

1.0 cm which were then dipped in KOH solution for 24 h,

placed in HCl solution for 15–30 min for neutralization,

and then stained with glycerol-trypan blue solution (0.05%)

for 24–36 h. Each root piece was examined under a com-

pound light microscope for AM colonization, and data

regarding the presence and/or absence of mycorrhizal

structures, that is, arbuscules/vesicles, were recorded and

the percentage occurrence of these structures was calcu-

lated as follows:
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Percent root infection

¼ Total number of infected roots

Total number of roots observed
� 100

Electrolyte Leakage (Relative Membrane Permeability)

The electrolyte leakage was determined to assess mem-

brane permeability as described by Zwiazek and Blake

(1991). The plant samples were washed with deionized

water to remove surface contamination. A total of 2.5 g of

fresh plant material was placed in 25 ml of deionized water

for 10 min and, subsequently, the electrolytic conductivity

of the bathing solution was measured with a conductivity

meter. The plant material was then heated to boiling. The

bathing solution was cooled to room temperature, and

electrolytic conductivity was measured again. The elec-

trolyte leakage was calculated according to the following

equation:

Lipid Peroxidation (MDA Content)

Lipid peroxidation was estimated by measuring the for-

mation of malondialdehyde (MDA) with the thiobarbituric

acid (TBA) reaction as described by Heath and Packer

(1968). Plant samples (0.4 g) were homogenized with 2 ml

of 5% trichloroacetic acid (TCA) and centrifuged at

10,0009g for 15 min. After centrifugation, 1 ml of super-

natant was mixed with 1 ml of 0.5% TBA in 20% TCA and

incubated in a boiling water bath for 30 min. Thereafter, it

was immediately cooled on ice to stop the reaction and

centrifuged at 10,0009g for 5 min. The absorbance at 532

and 600 nm was determined, and MDA concentration was

estimated by subtracting the nonspecific absorption at

600 nm from the absorption at 532 nm, using an absorbance

coefficient of extinction of 156 mM-1 cm-1.

Ion Determinations

Sodium (Na?) Sodium content was estimated by flame

photometry using the method of Chapman and Pratt (1961).

Ten milliliters of acid mixture consisting of nitric acid,

sulfuric acid, and perchloric acid (9:4:1) was added to

2–5 g of ground plant samples and kept at 120�C over-

night. The samples were then maintained at 70�C on a hot

plate for 30 min; the temperature was increased to 120�C

for 30 min and finally to 250�C until 3–4 ml of sample was

left. The final volume of 50 ml was maintained with

deionized water and samples were left overnight. The next

day they were filtered using filter paper (Whatman No. 1),

and sodium content was estimated on a flame photometer.

A blank was run without plant samples.

Chloride (Cl-) Plant samples of equal mass were

extracted with 1 N HNO3 (mol l-1) as described by Storey

(1995) and Cl- was determined by a modified method of

silver titration as described by Chen and others (2001).

Excess AgNO3 solution (0.025 N) was used to precipitate

chloride of aqueous extracts and excess Ag? was estimated

by NH4SCN titration. NH4Fe(SO4)2 was used as a color

indicator for isoionic point determination. Chloride con-

centration was calculated using the formula:

Cl� ¼ N AgNO3 V1 � N NH4SCN V2ð Þ = DW

where N AgNO3 and N NH4SCN are the concentrations

(mol l-1) of AgNO3 and NH4SCN solutions, DW (g) is the

dry weight of plant tissue, V1 (ml) is the total volume of

AgNO3 solution in Cl– extracts, and V2 (ml) is the total

volume of NH4SCN solution used for excess Ag?

precipitation.

Cadmium (Cd2?) After harvest, roots and leaves were

thoroughly washed with deionized water. The root samples

were then immersed in 20 mM ethylenediaminetetraacetic

acid (EDTA) solution for 10 min to remove adsorbed metal

on the surfaces, rewashed with deionized water, and dried

in an oven (Lin and others 2007). Cd content was deter-

mined in plant material (250 mg) by the method of

Ouzounidou and others (1992). Dried soil samples and

plant material were wet digested in a HNO3–HClO4 acid

mixture (5:2 v/v) at 125–135�C for 6 h (AOAC 1990). Cd

content was determined by atomic absorption spectropho-

tometry (AAS, Hitachi 1800-type spectrophotometer) and

expressed on a dry weight basis.

Chlorophyll Determination

Leaf chlorophyll concentration (Chl a and b) was measured

as described by Hiscox and Israelstam (1979). Leaves were

cut into uniform discs (100 mg), suspended in 10 ml of

dimethyl sulfoxide (DMSO), and then incubated at 65�C

for 1 h. The extinction value of chlorophyll was measured

at dual wavelengths of 645 and 663 nm on a Double Beam

Electrolyte Leakage (%) ¼ Electrolytic conductivity of solution before heating

Electrolytic conductivity of solution after heating
� 100
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UV-190 spectrophotometer (Labnics Equipment) using

DMSO as a blank. The amount of total chlorophyll was

calculated from the extinction coefficients following the

equations of Arnon (1949):

Chla ¼ 10:63� A663 � 2:39� A645

Chlb ¼ 20:11� A645 � 5:18� A663

Relative Water Content (RWC)

RWC of fully expanded leaves (0.5 g) from the top of the

plant was used to assess the relative tolerance of mycor-

rhizal and nonmycorrhizal plants to stress using the fol-

lowing equation (Schonfeld and others 1988):

RWC (%) ¼ FW� DW

TW� DW
� 100

where FW is leaf fresh weight, DW is leaf dry weight after

24 h at 70�C, and TW is leaf turgid weight after submer-

gence in deionized water for 4 h.

Stress Metabolites

Total soluble sugars (TSS) The sugars were estimated by

the method of Irigoyen and others (1992). Five hundred

milligram of freshly harvested plant samples was crushed

in 5 ml of 95% (v/v) ethanol. The insoluble fraction of the

extract was washed twice with 5 ml of 70% ethanol. All

soluble fractions were centrifuged at 3,5009g for 10 min.

TSS were analyzed by reacting 0.1 ml of the alcoholic

extract with 3 ml of freshly prepared anthrone (150 mg

anthrone ? 100 ml 72% [w/v] H2SO4) and placing the

solution in a boiling water bath for 10 min. After cooling,

the absorbance at 625 nm was determined on a Double

Beam UV-190 spectrophotometer (Labnics Equipment).

A standard curve was prepared using graded concentrations

of glucose.

Total proteins The total proteins were determined using

the Bio-Rad assay (Bradford 1976). One hundred milli-

gram of plant samples was homogenized in 5 ml of phos-

phate buffer (pH 7.0). The extract was centrifuged at

15,0009g for 30 min. The residue was re-extracted with

3 ml of phosphate buffer and the supernatants were pooled.

The above extract (0.1 ml) was added to 5 ml of protein

reagent and the contents were mixed thoroughly. The

absorbance was taken at 595 nm against a reagent blank

prepared from 0.1 ml of appropriate buffer and 5 ml of

protein reagent. The protein concentration was quantified

using bovine serum albumin (BSA) as a standard.

Free amino acids The method of Lee and Takahashi

(1966) was adopted for the estimation of total free amino

acids. Dried plant samples (100 mg) were homogenized in

5 ml of 80% ethanol, refluxed for 15 min on a steam bath,

and centrifuged. The residue was further refluxed twice

with 80% ethanol. The supernatants were pooled together

for free amino acid estimations. The extract (0.2 ml) was

added to 3.8 ml of ninhydrin reagent. The contents were

heated in a boiling water bath for 12 min, cooled to room

temperature, and spectrophotometrically analyzed. The

purplish blue color was read at 570 nm. The quantity of

total free amino acids was calculated from the reference

curve prepared by using glycine (5–50 mg) and expressed

as mg amino acids per mg tissue dry weight.

Proline content Free proline content was determined

following the method of Bates and others (1973). Proline

estimation is based on the formation of a brick-red-colored

proline–ninhydrin complex in acidic medium. Plant sam-

ples (0.5 g) were homogenized in 5 ml of sulfosalicylic

acid (3%) using a mortar and pestle, the homogenate was

filtered, and the filtrate was used for estimation of proline

content. Two milliliters of the extract was transferred to a

test tube and to which 2 ml of glacial acetic acid and 2 ml

of ninhydrin reagent were added, and then the preparation

was heated at 100�C for 30 min. Six milliliters of toluene

was added to the preparation and then transferred to a

separating funnel. The chromophore-containing toluene

was separated and its absorbance read at 520 nm in a

Double Beam UV-190 spectrophotometer (Labnics

Equipment) against a toluene blank. The concentration of

proline was estimated by referring to a standard curve

made from known concentrations of L-proline.

Glycine betaine content Glycine betaine estimation was

carried out following the method of Greive and Grattan

(1983). Betaine makes a betaine periodite complex with

iodide in acidic medium, which absorbs at 360 nm in the

UV range. Finely ground plant samples (0.5 g) were

mechanically shaken with 20 ml of deionized water for

48 h at 25�C and the extracts were diluted 1:1 with 2 N

sulfuric acid. A 0.5 ml aliquot was cooled in ice water for

1 h and cold potassium iodide–iodine reagent (0.2 ml) was

added to it. The samples were stored at 0–4�C for 16 h and

were centrifuged at 10,0009g for 15 min at 0�C. The

supernatant was carefully aspirated. The periodite crystals

were dissolved in 9 ml of 1,2-dichloroethane (reagent

grade). After 2.0–2.5 h, the absorbance was measured at

365 nm with a Double Beam UV-190 spectrophotometer

(Labnics Equipment). Reference standards of glycine

betaine (50–200 mg/ml) were prepared in 2 N sulfuric acid

and the procedure for sample estimation was followed.

Determination of Glutathione

Glutathione was estimated following the method of

Anderson (1985). Fresh plant samples (0.5 g) were

homogenized in 2 ml of 5% (w/v) sulfosalicylic acid at

0–4�C. The homogenate was centrifuged at 10,0009g for

10 min. To 0.5 ml of supernatant, 0.5 ml of 0.1 M (pH 7.0)
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reaction buffer, 0.5 mM EDTA, and 50 ll of 3 mM

50dithio-bis-(2-nitrobenzoic acid) (DTNB) were added.

After 5 min, the absorbance for determination of GSH was

read at 412 nm on a Double Beam UV-190 spectropho-

tometer (Labnics Equipment). A standard curve was pre-

pared from varying concentrations of reduced glutathione.

Determination of Total Nonprotein Thiols/Biothiols

Total nonprotein thiols were determined as described by

Del Longo and others (1993). The supernatant (100 ll)

(described above) was transferred to a microfuge tube, to

which 0.5 ml of reaction buffer [0.1 M phosphate buffer

(pH 7.0), 0.5 mM EDTA] and 0.5 ml of DTNB (1 mM)

were added. The reaction mixture was incubated for

10 min and spectrophotometrically read at 412 nm using a

Double Beam UV-190 spectrophotometer (Labnics

Equipment). Values were corrected against a blank con-

taining no extract. A standard curve was prepared from

varying concentrations of cysteine to calculate the non-

protein thiol content in samples.

For theoretical determination of phytochelatins (PCs),

the difference between total nonprotein thiols and GSH

was considered to represent PCs (Bhargava and others

2005).

Statistical Analysis

Data presented are the mean values based on six biological

repeats ± standard error (SE) per treatment. All results

were subjected to one-way analysis of variance (ANOVA)

using SPSS ver. 16.0 (SPSS, Inc., Chicago, IL, USA).

Dunnett’s multiple-comparison test was performed at

P \ 0.05 on each of the significant variables measured.

Results

Biomass Production and AM Colonization

Increasing NaCl and cadmium (Cd) concentrations in the

soil solution brought significant decreases in shoot and root

dry matter (Table 1) of both the genotypes, with a greater

reduction in ICP 13997 than in Sel 85 N. Even the control

plants of the two genotypes differed substantially in

growth, as plants of ICP 13997 were only about half the

size of Sel 85 N (Table 1). The results clearly indicated

that the combination of two stresses (NaCl ? Cd) led to a

further decline in these growth traits. It was observed that

there was a much greater reduction in root dry weight

(RDW) than in shoot dry weight (SDW) with increase in

soil salinity and Cd contamination; this resulted in a

decline in the root-to-shoot ratio (RSR) (Table 1).

Inoculation with the AM fungus Glomus mosseae allevi-

ated the negative effects of NaCl and conferred partial

tolerance under Cd stress and salt ? metal combinations in

Sel 85 N. Mycorrhizal plants of Sel 85 N exhibited higher

biomass accumulation than ICP 13997 under all stress

treatments. Percentage AM colonization (Table 1) was

significantly affected by NaCl and Cd treatments as well as

by their combinations. No mycorrhizal colonization was

found in the uninoculated plants. Irrespective of genotype,

root colonization (Table 1) was observed under unstressed

conditions and gradually decreased as the salinity and Cd

stresses increased, when applied individually and in com-

bination. Significant differences in root colonization were

observed between the two genotypes, and AM colonization

was much lower for ICP 13997 than for Sel 85 N.

Ionic Relations

Sodium (Na?) and Chloride (Cl–) Concentrations

A clear demarcation between the two genotypes in their

tolerance and sensitivity was evident, even under control

conditions. ICP 13997 was sensitive to stresses, as char-

acterized by high accumulation of Na?, Cl–, and Cd2?

(Table 2), which was significantly accentuated by salinity

and Cd treatments. The interactive effects of NaCl and Cd

(NaCl 9 Cd) on Na? and Cl– content were more pro-

nounced when compared with the effects of NaCl and Cd

alone. In both genotypes, roots were the most preferential

site of Na? accumulation; however, Cl– concentration was

higher in leaves than in roots. Under stressed conditions,

AM symbiosis notably decreased Na? and Cl– concentra-

tions in both genotypes, with a higher decline in Sel 85 N

than ICP 3997 under both stresses applied singly and in

combinations.

Cadmium (Cd) Accumulation

A proportional increase in Cd uptake was observed in

pigeonpea plants in an organ-, genotype-, and dose-

dependent manner (Table 2). Increased concentrations of

Cl- ions in the soil solution led to mobilization of Cd and

increased accumulation Cd in the roots but not its trans-

location from roots to leaves. Significant relationships

between the presence of Cl- ions in the soil solution and

Cd uptake by the plants were observed as the stress levels

increased in both genotypes. Cadmium content showed a

positive and significant correlation with Cl– ions in the

roots (r = 0.69**, Sel 85 N; r = 0.81**, ICP 13997) and

in the leaves (r = 0.51**, Sel 85 N; r = 0.79**, ICP

13997). ICP 13997 accumulated higher concentrations of

Cd in the roots and in leaves than Sel 85 N. The coloni-

zation of pigeonpea plants with G. mosseae significantly
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reduced Cd uptake by roots and subsequent translocation

into leaves under Cd and NaCl ? Cd stress conditions;

hence, the concentration of Cd in inoculated plants was

remarkably lower than in uninoculated plants. This was

more apparent in Sel 85 N than in ICP 13997.

Relative Membrane Permeability, Lipid Peroxidation,

Photosynthetic Pigments, and Relative Water Content

NaCl and Cd stresses generated oxidative stress in roots

and leaves (data not shown) resulting in electrolyte leakage

and membrane peroxidation and reduced concentrations of

major photosynthetic pigments (chlorophyll a, b, Chl a/b)

and leaf hydration (Table 3) in a concentration- and

genotype-dependent manner. NaCl supply had a stimula-

tory effect on Cd mobilization at the root–soil interface

which accounted for synergistic induction of membrane

damage and chlorophyll degradation when compared to

NaCl or Cd treatments alone. In NaCl ? Cd-exposed

pigeonpea plants colonized by G. mosseae, smaller per-

turbations in membrane leakage and peroxidation, Chl

pigment concentration, and RWC were observed. The

application of AM inoculum to stressed plants reduced

oxidative damage resulting in decreased membrane leak-

age, MDA production, and chlorophyll degradation in Sel

85 N when compared to ICP 13997 under NaCl, Cd, and

NaCl ? Cd treatments.

Stress Metabolites

Total Soluble Sugars (TSS), Proline, and Glycine Betaine

Content

The organic solutes, (Figs. 1, 2, 3) accumulated preferen-

tially in stressed and injured plant organs (roots) of both

the genotypes and became much more apparent with

increasing levels of NaCl and Cd. Concentrations of stress

metabolites (TSS, proline, and glycine betaine) remarkably

increased in Sel 85 N when compared with ICP 13997

under all the NaCl and Cd treatments. The additional effect

of NaCl ? Cd in terms of increasing TSS, proline, and

glycine betaine was greater than that of NaCl and Cd

individually. Mycorrhizal symbiosis helped colonized

plants to attenuate the adverse effects of salt, Cd, and

NaCl ? Cd interactions which further enhanced the syn-

thesis and accumulation of TSS, proline and glycine

betaine in roots and leaves of Sel 85 N more than those of

ICP 13997.

Total Proteins and Free Amino Acids

The reduction of root and leaf (data not given) proteins

(Fig. 4) correlated with the augmentation of salt and CdT
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concentrations in soil which was clearly evident in ICP 13997

compared to Sel 85 N. This was supported by a progressive

and substantial increase in free amino acid content (Fig. 5)

under increasing stress treatments. The combination of

NaCl ? Cd, compared with NaCl and Cd alone, was found to

be synergistic, which further increased protein degradation

resulting in accumulation of free amino acids. Mycorrhizal

symbiosis led to a smaller decline in total protein content and

as a result Sel 85 N had comparatively more proteins and free

amino acids under salt and heavy-metal conditions.

Fig. 1 Effect of arbuscular

mycorrhizal (AM) inoculations

on total soluble sugars (lg g-1

FW) in roots of pigeonpea

genotypes under salt (NaCl) and

cadmium (Cd) stress,

individually and in

combination. Values are means

based on six biological

repeats ± standard error (SE).

Asterisk denotes significant

difference between exposed and

control plants (P \ 0.05), as

determined by Dunnett’s

multiple-comparison test

Fig. 2 Effect of arbuscular

mycorrhizal (AM) inoculations

on free proline (mg g-1 FW) in

roots of pigeonpea genotypes

under salt (NaCl) and cadmium

(Cd) stress, individually and in

combination. Values are means

based on six biological

repeats ± standard error (SE).

Asterisk denotes significant

difference between exposed and

control plants (P \ 0.05), as

determined by Dunnett’s

multiple-comparison test
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Nonprotein Thiols (NP-SH), Glutathione (GSH),

and Phytochelatin (PC) Accumulation

The plants supplemented with Cd exhibited a steady and

consistent increase in NP-SH, GSH, and PCs in the roots

(Figs. 6, 7, 8) of Sel 85 N, indicating its intrinsic ability to

tolerate cellular metal load compared with ICP 13997.

Although thiols and GSH synthesis increased with the level

of metal stress imposed, the increase in thiols was greater

than that in GSH. The treatment of Cd strongly registered

Fig. 3 Effect of arbuscular

mycorrhizal (AM) inoculations

on glycine betaine (lg g-1 DW)

in roots of pigeonpea genotypes

under salt (NaCl) and cadmium

(Cd) stress, individually and in

combination. Values are means

based on six biological

repeats ± standard error (SE).

Asterisk denotes significant

difference between exposed and

control plants (P \ 0.05), as

determined by Dunnett’s

multiple-comparison test

Fig. 4 Effect of arbuscular

mycorrhizal (AM) inoculations

on total proteins (lg g-1 FW) in

roots of pigeonpea genotypes

under salt (NaCl) and cadmium

(Cd) stress, individually and in

combination. Values are means

based on six biological

repeats ± standard error (SE).

Asterisk denotes significant

difference between exposed and

control plants (P \ 0.05), as

determined by Dunnett’s

multiple-comparison test
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an increase in PC synthesis in roots and they were the

dominant biothiols under Cd exposure. The study also

revealed that levels of NP-SH, GSH, and PCs were not

affected by plants supplemented with only NaCl. The

NaCl ? Cd treatment increased the production of NP-SH,

GSH, and PCs in Sel 85 N more than treatment with either

Fig. 5 Effect of arbuscular

mycorrhizal (AM) inoculations

on free amino acids (mg g-1

DW) in roots of pigeonpea

genotypes under salt (NaCl) and

cadmium (Cd) stress,

individually and in

combination. Values are means

based on six biological

repeats ± standard error (SE).

Asterisk denotes significant

difference between exposed and

control plants (P \ 0.05), as

determined by Dunnett’s

multiple-comparison test

Fig. 6 Effect of arbuscular

mycorrhizal (AM) inoculations

on nonprotein thiols (NPT)

(nmol g-1 FW) in roots of

pigeonpea genotypes under salt

(NaCl) and cadmium (Cd)

stress, individually and in

combination. Values are means

based on six biological

repeats ± standard error (SE).

Asterisk denotes significant

difference between exposed and

control plants (P \ 0.05), as

determined by Dunnett’s

multiple-comparison test
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salt or Cd alone. Accumulation of thiols, GSH, and PCs in

roots and leaves (data not given) of both genotypes was

affected by mycorrhizal colonization. The levels of these

metabolites were comparable in unstressed (control) non-

mycorrhizal and mycorrhizal plants as well as in salt-

stressed plants, while a considerable increase in their levels

Fig. 7 Effect of arbuscular

mycorrhizal (AM) inoculations

on glutathione content (GSH)

(nmol g-1 FW) in roots of

pigeonpea genotypes under salt

(NaCl) and cadmium (Cd)

stress, individually and in

combination. Values are means

based on six biological

repeats ± standard error (SE).

Asterisk denotes significant

difference between exposed and

control plants (P \ 0.05), as

determined by Dunnett’s

multiple-comparison test

Fig. 8 Effect of arbuscular

mycorrhizal (AM) inoculations

on phytochelatins (PCs)

(nmol g-1 FW) in roots of

pigeonpea genotypes under salt

(NaCl) and cadmium (Cd)

stress, individually and in

combination. Values are means

based on six biological

repeats ± standard error (SE).

Asterisk denotes significant

difference between exposed and

control plants (P \ 0.05), as

determined by Dunnett’s

multiple-comparison test
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was observed in mycorrhizal plants grown in the presence

of Cd alone and NaCl ? Cd.

Discussion

Plant growth inhibition is a classical parameter commonly

used in the assessment of the effects of stress on plants.

Apart from being an important indicator of toxicity at an

individual level, growth inhibition is a nonspecific mani-

festation of alterations in physiobiochemical characteristics

that are produced by plants as a specific response to a par-

ticular stress (Monteiro and others 2009). The present study

revealed that rising root zone salinity (NaCl) and cadmium

(Cd) toxicity caused a significant depression of growth in

two pigeonpea genotypes; however, the two genotypes

responded differently in terms of tolerance to stress. Stress-

exposed plants of ICP 13997 suffered from more severe

stress effects than Sel 85 N. Plant biomass declined pro-

portionately with increased uptake of NaCl and Cd from the

soil solution into plant organs. Similar observations have

been reported on chickpea and lettuce (Monteiro and others

2009; Grewal 2010). The addition of NaCl to Cd-loaded

soils caused severe toxicity to ICP 13997 plants when

compared to Sel 85 N, resulting in further reduction in

SDW and RDW when compared with the stresses from

NaCl and Cd individually. The detrimental effects of NaCl

and Cd were more severe on RDW than SDW, thereby

resulting in a decline in the root-to-shoot ratio (RSR). Our

data agreed with that of Grewal (2010), Feng and others

(2010), Shafi and others (2010), and Raziuddin and others

(2011) that RDW was considerably decreased as soil

stresses intensified. In the present study, colonization with

the AM fungus Glomus mosseae significantly improved

plant biomass production in plants under NaCl and Cd

stresses as well as their combinations, indicating an

enhancement of stress tolerance by mycorrhizal plants.

Mycorrhizal colonization increased the fitness of the host

plants and as a result growth improvement in stressed

AM-inoculated plants was highly significant, with Sel 85 N

being more tolerant than ICP 13997. The stimulatory effect

of AM inoculation on development of plants under stresses

from NaCl and Cd individually has also been observed by

Sheng and others (2008), Garg and Manchanda (2009), and

Hajiboland and others (2010). However, reports on inter-

action of the effects of AM, NaCl, and Cd in legumes were

lacking. The results of the present study showed that

increasing salt and Cd concentrations reduced colonization

of pigeonpea plants. Reduction in mycorrhizal colonization

has been reported by Porras-Soriano and others (2009), Wu

and others (2010), and Garg and Aggarwal (2011).

Significantly increased tissue concentrations of sodium

(Na?), chloride (Cl–), and cadmium (Cd2?) in analyzed

plant material are common indicators of ionic imbalance

(Aydi and others 2008) and were noted in the present study

as well. Increasing salinity in combination with water

deficit and ion toxicity (enhanced Na?, Cl–, and Cd2?)

resulted in decreased plant growth and dry matter accu-

mulation. A greater distribution of Na?, Cl–, and Cd2? was

observed in both organs of ICP 13997 under increasing

concentrations of NaCl and Cd. Stress-induced increases in

Na?, Cl–, and Cd2? have been reported by Aydi and others

(2008), Monteiro and others (2009), and Roy and others

(2010). The NaCl ? Cd treatments increased Na?, Cl–, and

Cd2? contents in both genotypes compared to NaCl and Cd

alone due to heightened Cd solubility and increased

transport of Cd within roots in the presence of Cl–, as

reported by Shao and others (2008), Lopez-Chuken and

others (2009), and Manousaki and Kalogerakis (2009). Our

results showed that Na?, Cl-, and Cd2? concentrations

were reduced in plants inoculated with the AM fungus, G

mosseae, even at high stress levels. The inoculation treat-

ment also displayed a higher ability for accumulating Na?

and Cd2? in roots with lesser partitioning of Na? and Cd2?

to shoots when exposed to NaCl ? Cd treatments. Giri and

others (2007) and Andrade and Silveira (2008) suggested

that Na? and Cd2? might have been retained in the intra-

radical AM fungal hyphae or were compartmentalized in

the root cell vacuoles.

Significant increases in electrolyte leakage and MDA

content and decreases in chlorophyll (Chl) content and

RWC were recorded in organs under NaCl ? Cd stresses.

Similar results have been reported under individual NaCl

and Cd stresses (Monteiro and others 2009; Sairam and

others 2009; Feng and others 2010; Khan and others 2010).

Synergistic effects of NaCl and Cd stresses were observed

under their combined treatments. AM symbiosis improved

membrane integrity, Chl a, b concentrations, Chl a/b ratio,

and water status under NaCl ? Cd stresses. Similar

observations have been reported by Beltrano and Ronco

(2008), Colla and others (2008), Andrade and others

(2009), and Hajiboland and others (2010) for some plant

species.

Our results showed that exposure to NaCl and Cd

stresses induced the accumulation of TSS, glycine betaine,

and especially proline in roots and leaves of both pigeon-

pea genotypes. Alterations in the contents of these

metabolites were also observed in the studies of Palma and

others (2009) and Hajlaoui and others (2010). The com-

bined stresses (NaCl ? Cd) caused a further increase in the

concentrations of TSS, free proline, and glycine betaine

compared to individual stresses, as has also been reported

by Xu and others (2010). In the present study, mycorrhizal

inoculation promoted the accumulation of these stress

metabolites, thereby alleviating the adverse effects of NaCl

and Cd stresses individually as well as in combination.
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Therefore, the better growth of AM-inoculated Sel 85 N

plants compared to uninoculated plants exposed to stresses

may be the result of increased osmolyte (TSS, proline, and

glycine betaine) concentrations. The studies of Kaya and

others (2009) and Garg and Manchanda (2009) reported

accumulation of these metabolites in mycorrhiza-stressed

plants (individual NaCl and Cd).

NaCl and Cd stresses induced protein degradation and

subsequent accumulation of amino acids in roots and leaves

of pigeonpea genotypes when applied individually and in

combination. Decreased total protein level is a potential

indicator of proteolysis, a senescence parameter that was

seen in the sensitive genotype ICP 13997. Protein concen-

tration was positively correlated with mycorrhizal coloni-

zation in Sel 85 N under both NaCl and Cd stresses and their

combination. Stimulation of de novo synthesis of proteins by

mycorrhization has been observed under salt or metal

stresses (Khudsar and others 2001; Andrade and Silveira

2008; Azevedo Neto and others 2009; Roy and others 2010).

A significant increase in nonprotein thiol (NP-SH) and

GSH levels was observed particularly in Sel 85 N under

increasing Cd and NaCl ? Cd treatments. However, no

substantial changes in the concentration of NP-SH were

detectable under NaCl stress. This suggests active partici-

pation of biothiols in the detoxification of Cd, which is a

common response to toxic metals. Enhanced levels of

NP-SH and GSH improve Cd tolerance (DalCorso and

others 2008; Sobrino-Plata and others 2009; Kolb and

others 2010). Cadmium stress induced the rapid biosyn-

thesis of PCs, which play an important role in reduced Cd

translocation to shoots, and the results are consistent with

those of Vazquez and others (2009). The salt ? Cd treat-

ments substantially increased the accumulation of PCs,

resulting in increased Cd tolerance in Sel 85 N compared

to ICP 13997. In the present study, mycorrhizal symbiosis

remarkably enhanced accumulation of NP-SH, GSH, and

PCs subjected to Cd as well as NaCl ? Cd treatments,

which shows that mycorrhizal colonization may not only

help plants better adapt against soil salinity and Cd stress,

but AM-inoculated plants may be more efficient in regu-

lating metal ions by PC complexation and higher osmolyte

synthesis. Although there is general lack of information

concerning Cd tolerance strategies operating in mycorrhi-

zal plants, tolerance of heavy-metal toxicity in AM

symbiosis is based on nutritional mechanisms, including

heavy-metal chelation through the production of chelating

molecules such as metallothioneins (MTs) and PCs

(Rivera-Becerril and others 2002; Rivera-Becerril 2003).

The accumulation of thiol groups above the GSH levels

leading to PC synthesis suggested that mycorrhizal roots of

pigeonpea might possess a heavy-metal chelation pathway

contributing to stress tolerance in metal-contaminated soils

(Garg and Aggarwal 2011).

Conclusions

The results of this study showed that the mycorrhizal

fungus Glomus mosseae was an effective inoculant with

regard to stimulating growth and alleviating salt and heavy-

metal toxicities through increased osmolyte synthesis in

Cajanus cajan (L.) Millsp. genotypes. Variation between

the genotypes could be the result of an inherent difference

in the tendency to accumulate toxic ions in the plant. The

enhanced stress tolerance bestowed by AM fungus was at

least partly due to its influence in arresting NaCl-induced

Cd uptake by root tissues.
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