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Abstract – Contamination of soils with cadmium is a major threat to ecosystems. Root uptake of cadmium from contaminated soils induces
physiological changes such as a decrease in plant growth. Plant species and varieties show differential physiological mechanisms of cadmium
tolerance. Here, we studied the effect of cadmium chloride on leaf chlorosis, gas exchange attributes and some essential nutrients in the shoots
of selected tolerant and sensitive mungbean (Vigna radiata) varieties at the seedling, vegetative and reproductive growth stages. Our results
show that elevated concentrations of cadmium led to accumulation of cadmium in the shoot and roots, intervein chlorosis of leaves and loss
of pigments. Tolerant mungbean showed steady-state contents of potassium, magnesium, manganese and iron, and photosynthetic pigments
at all growth stages. A decrease in the net photosynthesis, increase in substomatal CO2 level and a decline in the ratio of net photosynthesis
and substomatal CO2 level revealed that cadmium prevented CO2 fixation by Rubisco. Correlations of shoot cadmium concentration and
chlorosis with its nutrient and pigment content, although negative in both varieties, were closer in the tolerant but absent, or weaker if present,
in the sensitive mungbean. Most nutrients had close association with the content of photosynthetic pigments of tolerant mungbean, which
indicated their involvement in maintaining steady levels of pigments. This finding indicates the involvement of nutrients and pigments in
cadmium tolerance. In conclusion, cadmium tolerance in mungbean was attributed to low cadmium uptake and its accumulation in the shoot,
leaf chlorosis, improved pigment, nutrient levels and carboxylation efficiency of Rubisco throughout the mungbean phenology. Based on these
findings the tolerant mungbean can be grown in moderately cadmium-contaminated soils.

cadmium toxicity / chlorosis / CO2 assimilation / mungbean / nutrients / pigments

1. INTRODUCTION

Contamination of soils with heavy metals has become a se-
rious threat worldwide, because they accumulate in soils and
plants in excessive amounts and enter the food chain (Helal
et al., 1998; Jamali et al., 2007). Among the many heavy met-
als, cadmium is the most devastating soil pollutant due to its
excessive discharge as a byproduct from industries. It is a non-
essential and potentially toxic metal, decreasing dry matter
and seed yields (Mediouni et al., 2006). Being highly mobile
within phloem, cadmium is translocated into different plant
parts (Epstein and Bloom, 2005). Reduction in growth and
yield with increased cadmium levels in growth media arises
due to leaf rolling, chlorosis of the leaf and stem (Wahid and
Ghani, 2008) and a diminished gas exchange rate (Vassilev
et al., 2005). Other adverse effects include decreased ATPase
activity of the plasmalemma fraction in maize (Astolfi et al.,
2005), changed lipid composition by enhanced production of
reactive oxygen species and free radicals (Balakhnina et al.,
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2005), and decreased activities of antioxidants (Agarwal and
Sharma, 2006).

Photosynthetic systems are highly damaged by increased
cadmium levels. Loss of chlorophyll or its biosynthesis and
carbon fixation by Rubisco are of special consideration in crop
production. Applied cadmium inhibits chlorophyll biosynthe-
sis, enhances its degradation at the heme level, hampers pho-
tochemical and carboxylation reactions of photosynthesis and
disrupts the chloroplast metabolism (Vassilev et al., 2005;
Ekmekci et al., 2008). In addition, stomatal conductance and
its index, transpiration and net photosynthetic rate are influ-
enced by cadmium toxicity (Bindhu and Bera, 2001). Such
effects are also assigned to the cadmium-induced membrane
damage and activities of antioxidants in pea and sunflower
(Hernandez and Cooke, 1997; Azevedo et al., 2005).

Acquisition of essential nutrients in requisite amounts is
important for optimal plant growth, since they are either struc-
tural or functional components of cells. High cadmium lev-
els perturb the plant mineral nutrition, and a negative correla-
tion has been found for the uptake and distribution of essential
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macro- and micronutrients in various plant parts (Kim et al.,
2003; Shukla et al., 2003; Adhikari et al., 2006). Root mem-
brane transporters involved in the uptake of potassium, magne-
sium and manganese are the first targets of cadmium (Mengel
et al., 2001). Being mobile within the plant, cadmium may
alter the nutritional status of various plant parts, which may
be of greater physiological significance for photosynthesiz-
ing leaves (Baryla et al., 2001; Shukla et al., 2003; Wahid
et al., 2007).

Mungbean is sensitive to cadmium stress. In screening tri-
als, we noted significant varietal differences in this crop for
cadmium tolerance, which led to the selection of cadmium-
tolerant (NM-98) and sensitive (NM-28) varieties (Wahid and
Ghani, 2008). From the above findings we hypothesized that
cadmium tolerance in mungbean might be consistent with low-
ered chlorosis and maintenance of enhanced CO2 and nutrient
assimilation capacity of the leaves. In view of this predic-
tion, the present study was undertaken to compare the selected
tolerant and sensitive mungbean varieties for changes in leaf
chlorosis, gas exchange attributes, photosynthetic pigments,
some essential nutrients and their interrelationships at three
phenological stages.

2. MATERIALS AND METHODS

2.1. Experimental details

Experiments were conducted during February–June, in the
2004 and 2005 sowing seasons, to determine changes in leaf
chlorosis, growth, gas exchange, photosynthetic pigments and
nutrient content of tolerant and sensitive mungbean [Vigna
radiata L. (Wilczek)] varieties. Seeds were sown in plastic
pots (5 per pot) containing 10 kg of soil. Thinning was car-
ried out three days after emergence and two uniform seedlings
were maintained per pot. The experimental design was com-
pletely randomized with four replications. Plants were grown
up to predetermined growth stages (seedling, vegetative and
reproductive: 15, 40 and 60 days after emergence, respec-
tively) before applying 0 (no cadmium), 3, 6, 9 and 12 mg
cadmium per kg soil using cadmium chloride. The cadmium
levels used in this study were selected after conducting pre-
liminary experiments under a range of cadmium levels in view
of its availability under slightly alkaline pH of the soil, as
described elsewhere (Wahid and Ghani, 2008). The physico-
chemical characteristics of the soil were: texture, sandy loam;
saturation, 28–30%; pH, 8; electrical conductivity of soil ex-
tract, 2.4 dS/m; organic matter, 1.15%; total nitrogen, 0.52%;
and other nutrients (mg/kg) total phosphorus, 6.6; potassium,
160; and calcium, 10.3. Plants were irrigated with tap water
(electrical conductivity 0.4 dS/m, sodium adsorption ratio 8,
and cadmium nil). Soil moisture was kept at optimum level
at all the crop growth periods. Half-strength nutrient solution
(Epstein and Bloom, 2005) was applied fortnightly to fulfill
nutritional needs. Determinations were made 15 days after the
treatment applied at each stage.

2.2. Leaf chlorosis, plant growth leaf gas exchange
and pigment determinations

To determine the comparative effects of cadmium stress
at all growth stages, intervein chlorosed area was estimated,
as described elsewhere (Wahid and Ghani, 2008). Leaf area
was determined on a leaf area meter (Model Li-3000, Licor,
Licoln, USA). To determine their dry weight, the shoots were
cut from roots. The root mass was collected after carefully
washing off the adhering soil and briefly blotting the roots
dry. Both the parts were put in paper envelopes and kept in
an oven at 70 ◦C for a week. Net photosynthetic and sub-
stomatal CO2 concentrations were determined on the second
and third fully expanded leaves using an infrared gas ana-
lyzer (Analytical Development Company, Hoddesdon, Eng-
land). The set of conditions for these determinations was: air
flow per unit leaf 335–340 mmol/m2/s, atmospheric pressure
98.6–99.8 kPa, photosynthetically active radiation on leaf sur-
face 900–1100 µmol/m2/s, CO2 concentration ∼357 µmol/mol
and ambient temperature was different at each stage. The net
photosynthesis-to-substomatal-CO2 ratio, separating the limi-
tations to CO2 uptake by stomata and its assimilation by Ru-
bisco, was computed.

For the estimation of chlorophylls and carotenoids, the
fresh material was extracted in 80% acetone in black-colored
bottles, filtered, absorbance of the extract determined im-
mediately using a spectrophotometer and quantities deter-
mined as described by Gitelson et al. (2001). Specific ab-
sorption coefficients of chlorophyll and carotenoid were used
(Lichtenthaler, 1987).

2.3. Elemental analysis

Dried ground powder (0.5 g) of shoot and root was digested
in a mixture of concentrated nitric acid and perchloric acid
(3:1 ratio) on a heating block for about 1 h by gradually rais-
ing the temperature to 250 ◦C, filtered and the volume made
up to 50 mL. The analysis of potassium was carried out using
a flame photometer (Sherwood Model 410, Cambridge). Cad-
mium, magnesium, manganese and iron were estimated using
an atomic absorption spectrophotometer (Perkin Elmer, Model
AAnalyst 3000, Norwalk, Connecticut) as per the instructions
of the manufacturer.

2.4. Statistical analysis

In the absence of any remarkable differences in various
growth and analytical characters for both the years, the data
were averaged to perform analysis of variance and determine
significant differences among varieties, cadmium treatments
and their interactions using COSTAT software (COHORT
software, 2003, Monterey, California). Correlations were es-
tablished for shoot cadmium and leaf chlorosis with some gas
exchange parameters, pigment and nutrient contents and those
of pigments with nutrient contents separately for both the vari-
eties at the seedling, vegetative and reproductive growth stages
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in order to find the mechanism of cadmium tolerance in mung-
bean.

3. RESULTS AND DISCUSSION

3.1. Plant growth, chlorosis and cadmium
concentration

The purpose of this research was to find the physiological
basis of cadmium tolerance in the selected tolerant and sensi-
tive mungbean varieties. Adverse effects of cadmium are evi-
dent as toxicity symptoms such as chlorosis and necrosis, and
diminished growth and yield (Dalla Vecchia et al., 2005). This
study revealed significant differences in the chlorosis, dry mat-
ter yield of shoot and root, leaf area per plant and cadmium ac-
cumulation in the shoot and root at three growth stages (Tab. I).
As presented in Figure 1, both the varieties manifested re-
markable differences for mesophyll chlorosis with a rise in
root zone cadmium levels, although the extent of chlorosis at
the seedling, vegetative and reproductive stages was greater
in sensitive (eleven-, ten- and nine-fold, respectively) than in
tolerant mungbean (seven-, seven- and six-fold, respectively).
Greater leaf chlorosis, an important manifestation of cadmium
toxicity (Dalla Vecchia et al., 2005; Wahid and Ghani, 2008),
mainly on the young leaves of sensitive mungbean, was ob-
served as overall leaf yellowing and tangible chlorosed areas
among the veins.

Plant performance under stressful conditions is appraised in
terms of reduction in growth, yield and available area for pho-
tosynthesis (Bindhu and Bera, 2001; Mediouni et al., 2006).
In this study, applied cadmium diminished shoot and root
dry weight and leaf area of both the varieties, although this
diminution was greater in the sensitive mungbean (Fig. 1).
Compared with control, the decline in shoot dry weight at the
seedling, vegetative and reproductive stages was 41, 35 and
46% for sensitive and 19, 20 and 31% for tolerant mungbean,
while for root dry weight this decline was 60, 52 and 45% for
sensitive and 22, 23 and 32% for tolerant mungbean. Likewise,
the decline in leaf area per plant at the respective growth stages
was 50, 36 and 40% in tolerant mungbean, but 67, 70 and 52%
in sensitive mungbean. Increased levels of cadmium are toxic
to many plants and the signs of toxicity are evident in the
aboveground parts as increased chlorosis, and decreased leaf
area, biomass and seed yield in various plant species (Baryla
et al., 2001; Wahid and Ghani, 2008). Well-marked difference
in the tolerant and sensitive mungbean for shoot and root cad-
mium accumulation was evident (Tab. I; Fig. 2). The cadmium
accumulation at the above-mentioned growth stages was sub-
stantially greater for shoots (26, 25 and 20%, respectively) and
roots (23, 29 and 28%) of sensitive mungbean as compared
with tolerant mungbean (15, 16 and 15% for shoots and 18,
21 and 22% for roots). Negative relationships of leaf chloro-
sis with shoot dry weight and leaf area (Tab. II) revealed that
greater accumulation of cadmium in the leaves of sensitive
mungbean as a toxicity response curtailed the available area
for photosynthesis, production of photoassimilates and their
partitioning for dry matter yield.
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Figure 1. Leaf chlorosis, shoot and root dry weight, and leaf area of
mungbean varieties differing in cadmium tolerance. These data per-
tain to the plants treated with increased cadmium levels at the veg-
etative stage and harvested after 15 days. Vertical bars are standard
deviations of means.

3.2. Leaf gas exchange and photosynthetic pigments

Photosynthetic systems in plants are specific targets of cad-
mium damage (Balakhnina et al., 2005; Wahid et al., 2007).
Measurements of the changes in net photosynthesis, sub-
stomatal CO2 level and the ratio of net photosynthesis-to-
substomatal CO2 level revealed significant differences in vari-
eties, cadmium treatments and their interaction at the seedling,
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Table I. Statistical analysis of variance sources (two mungbean varieties and five cadmium levels including control) applied to the mungbean
plants at the seedling, vegetative and reproductive growth stages and harvested 15 days after cadmium treatment application.

Character Seedling stage Vegetative stage Reproductive stage
Varieties Cd levels V × L Varieties Cd levels V × L Varieties Cd levels V × L

(V) (L) (V) (L) (V) (L)
Shoot dry weight ** ** * ** ** NS ** ** NS
Root dry weight ** ** ** ** ** ** ** ** **s
Leaf area per plant ** ** * ** ** ** ** ** NS
Shoot cadmium ** ** ** ** ** ** ** ** *
Root cadmium ** ** ** ** ** ** ** ** **
Net photosynthesis ** ** ** ** ** ** ** ** NS
Transpiration rate NS ** NS NS ** NS NS * NS
Stomatal conductance NS ** NS NS * NS NS ** NS
Substomatal CO2 level ** * NS ** * NS ** * NS
Net photosynthesis-to- * ** * * * * * ** NS
substomatal-CO2 ratio
Chlorophyll content ** ** ** ** ** ** ** ** **
Carotenoid content ** ** ** ** ** ** ** ** **
Chlorophyll-to- ** * NS ** NS NS ** ** **
carotenoid ratio
Potassium content ** * NS ** ** NS ** ** NS
Magnesium content ** ** ** ** ** NS * ** **
Manganese content * ** NS ** ** NS * ** NS
Iron content ** ** NS ** ** NS * ** NS

Significant at ** P < 0.01; * P < 0.05 and ns, non-significant.
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Figure 2. Concentrations of cadmium in the shoot and root of mung-
bean varieties differing in cadmium tolerance. These data pertain to
the plants treated with increased cadmium levels at the vegetative
stage and harvested after 15 days. Vertical bars are standard devia-
tions of means.

vegetative and reproductive growth stages (Tab. I). Cadmium
stress produced a steeper and greater decline in the net rate
of photosynthesis of sensitive mungbean (60, 46 and 48%, re-
spectively) than the tolerant mungbean (38, 23 and 39%) at
the studied growth stages (Fig. 3). Although applied cadmium
increased substomatal CO2 in both varieties (Fig. 3), never-
theless tolerant mungbean displayed a lower substomatal CO2
level (34, 23 and 25%) than the sensitive mungbean (40, 37
and 23%) at the seedling, vegetative and maturity stages, re-
spectively. Decline in the net rate of the photosynthesis-to-
substomatal-CO2 ratio, representing limitation to CO2 fixa-
tion by Rubisco, was greater in the sensitive than the tolerant
mungbean (Fig. 3) at all growth periods (72, 61 and 58% for
sensitive and 54, 38 and 51% for tolerant mungbean). Overall,
these findings suggest that applied cadmium had a discernible
effect on the net rate of photosynthesis and substomatal CO2
concentration of leaves; the former decreased and the latter
was enhanced (Fig. 3). This revealed that the effect of cad-
mium toxicity on CO2 assimilation was mainly due to the non-
stomatal component of photosynthesis, which is contrary to
earlier findings for bean (Poschernirieder et al., 1989) and pea
(Balakhnina et al., 2005). The elevated substomatal CO2 con-
centration and decreased net photosynthesis-to-substomatal-
CO2 ratio revealed that cadmium minimized the carboxylation
efficiency of Rubisco as a toxicity response, albeit a suffi-
cient amount of intracellular CO2 was available. The pres-
ence of negative correlations of net photosynthesis and the net
photosynthesis-to-substomatal-CO2 ratio and positive ones of
substomatal CO2 level with shoot cadmium and leaf chlorosis
at the three growth stages of mungbean (Tab. II) further sub-
stantiated these effects.
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Table II. Interrelationships (correlation coefficient, r) established between leaf chlorosis, some photosynthetic parameters, pigment and some
essential nutrient contents of cadmium-sensitive and tolerant mungbean varieties at three growth stages.

X variable Y variable Seeding Vegetative Reproductive
Sensitive Tolerant Sensitive Tolerant Sensitive Tolerant
mungbean mungbean mungbean mungbean mungbean mungbean

Shoot cadmium Leaf chlorosis 0.986** 0.982** 0.944* 0.958** 0.977** 0.992**
Net photosynthesis –0.909* –0.974** –0.985** –0.955* –0.985** –0.955*
Substomatal CO2 level 0.871ns 0.877ns 0.871ns 0.774ns 0.871ns 0.774ns
Net photosynthesis-to- –0.941* –0.940* –0.936* 0.986** –0.981** 0.929*
substomatal CO2 ratio
Chlorophylls –0.918* –0.987** –0.982** –0.976** –0.982** –0.976**
Carotenoids –0.945* –0.991** –0.896* –0.933* –0.896* –0.933**
Chlorophyll-to- –0.589ns –0.837ns –0.922* –0.968** –0.922* –0.968**
carotenoid ratio
Potassium –0.671ns –0.972** –0.773ns –0.979** –0.773ns –0.979**
Magnesium –0.707ns –0.895* –0.765ns –0.943* –0.765ns –0.943**
Manganese –0.716ns –0.987** –0.749ns –0.988** –0.749ns –0.988**
Iron –0.711ns –0.960** –0.784ns –0.978** –0.784ns –0.978**

Leaf chlorosis Net photosynthesis –0.962** –0.917* –0.984** –0.984** –0.997** –0.972**
Substomatal CO2 level 0.938* 0.999** 0.982** 0.947* 0.937* 0.802ns
Net photosynthesis-to- –0.981** –0.988** 0.999** –0.942* 0.999** 0.949**
substomatal CO2 ratio
Chlorophylls –0.966** –0.988** –0.947* –0.987** –0.986** –0.987**
Carotenoids –0.973** –0.985** –0.924* –0.977** –0.934* –0.960**
Chlorophyll-to- –0.713ns –0.878* –0.770ns –0.981** –0.910* –0.975**
carotenoid ratio
Potassium –0.749ns –0.992** –0.934* –0.959** –0.860ns –0.994**
Magnesium –0.730ns –0.948** –0.939* –0.961** –0.875ns –0.976**
Manganese –0.777ns –0.962** –0.920* –0.970** –0.853ns –0.971**
Iron –0.744ns –0.968** –0.940* –0.988** –0.883* –0.987**

Chlorophylls Potassium 0.883* 0.993** 0.881* 0.926* 0.878* 0.994**
Magnesium 0.819ns 0.951* 0.847ns 0.922* 0.842ns 0.950*
Manganese 0.868* 0.985** 0.782ns 0.938* 0.798ns 0.948*
Iron 0.842ns 0.966** 0.855ns 0.993** 0.843ns 0.976**

Carotenoids Potassium 0.868ns 0.976** 0.827ns 0.898* 0.962** 0.956*
Magnesium 0.852ns 0.933* 0.795ns 0.919* 0.833ns 0.882*
Manganese 0.869ns 0.973** 0.724ns 0.907* 0.735ns 0.894*
Iron 0.867ns 0.940* 0.820ns 0.982** 0.796ns 0.967**

Chlorophyll-to- Potassium 0.778ns 0.929* 0.614ns 0.977** 0.621ns 0.979**
carotenoid ratio

Magnesium 0.524ns 0.914* 0.768ns 0.915* 0.786ns 0.923*
Manganese 0.747ns 0.889* 0.739ns 0.988** 0.842ns 0.951**
Iron 0.576ns 0.924* 0.723ns 0.987** 0.843ns 0.952**

Significant at ** P � 0.01, * P � 0.05 and ns P � 0.05.

Maintenance of steady levels of photosynthetic pigments
is an important manifestation of metal tolerance in plants
(Bhattacharjee and Mukherjee, 2003). Chlorophylls and
carotenoids are involved principally in light harvesting and
a balance in their amounts (given as the chlorophyll-to-
carotenoid ratio) is imperative for optimum light energy cap-
ture in photosynthesis (Wahid and Ghazanfar, 2006). Leaf
chlorophyll concentration revealed significant differences be-
tween the varieties and cadmium levels and their interaction

at all stages (Tab. I). As depicted in Figure 4 for the vege-
tative stage, cadmium-treated tolerant mungbean indicated a
lesser decline in the concentration of chlorophylls (18, 15 and
24%) than the sensitive mungbean (59, 49 and 61%) at the re-
spective growth stages. Likewise, carotenoid content also de-
creased (Fig. 4) but indicated significant differences between
varieties, cadmium treatments and an interaction of varieties
and cadmium treatments at all stages (Tab. I). The decline in
carotenoid concentrations was 50, 42 and 39% for sensitive
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Figure 3. Leaf gas exchange parameters of mungbean varieties dif-
fering in Cd tolerance. The measurements were taken at the time of
harvesting with an infrared gas analyzer. These data pertain to the
plants treated with increased cadmium levels at the vegetative stage
and harvested after 15 days. Vertical bars are standard deviations of
means.

mungbean and 15, 11 and 27% for tolerant mungbean at the
seedling, vegetative and reproductive growth stages. These
changes in chlorophyll and carotenoid contents significantly
changed the chlorophyll-to-carotenoid ratio in both the va-
rieties with increased cadmium levels (Tab. I; Fig. 4). The
decline in this ratio for the sensitive mungbean was 18, 10
and 34%, and it either nominally decreased (3 and 5% at
the seedling and vegetative stages) or increased (4% at the
reproductive stage) in the tolerant mungbean. The loss of
chlorophyll may be due to either an increased activity of the
chlorophyll-degrading enzyme chlorophyllase or diminished
activity of 5-aminolevulinic acid dehydratase (ALAD), a key
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Figure 4. Changes in leaf photosynthetic pigments of mungbean vari-
eties differing in Cd tolerance. These data pertain to the plants treated
with increased cadmium levels at the vegetative stage and harvested
after 15 days. Pigments were extracted from fresh materials preserved
at the time of harvest. Vertical bars are standard deviations of means.

enzyme in the chlorophyll biosynthesis pathway (Bhattachar-
jee and Mukherjee, 2003), or both.

Leaf chlorosis as a result of cadmium toxicity was di-
rectly associated with the loss and/or hampered biosynthesis
of chlorophyll, as noted in this study for mungbean at vari-
ous growth stages (Tab. II) and reported previously for pea
(Hernandez and Cooke, 1997), brassica (Baryla et al., 2001)
and rice (Adhikari et al., 2006). However, tolerant mungbean
showed more negative and explicit relationships than sensi-
tive mungbean. More notably, the tolerant, but not the sensitive
mungbean, maintained a steady-state Chl-to-Car ratio, which
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Figure 5. Concentrations of essential nutrients in the shoot of mung-
bean varieties differing in cadmium tolerance. These data pertain to
the plants treated with increased cadmium levels at the vegetative
stage and harvested after 15 days. Vertical bars are standard devia-
tions of means.

was closely associated with the plant dry weight (r = P � 0.01
for tolerant mungbean at all stages, while r = P � 0.05 at
the seedling and P � 0.05 at the vegetative and reproductive
stages for sensitive mungbean). In addition to the photochem-
ical function, carotenoids have a specific role in mitigating
oxidative damage on the thylakoid membranes produced un-

der environmental stresses (Havaux, 1998; de Pascale et al.,
2001; Smeets et al., 2005; Wahid and Ghazanfar, 2006). There-
fore, mungbean sensitivity to cadmium stress in this study is
also assignable to a decreased chlorophyll-to-carotenoid ratio,
which led to a limited light harvesting capacity of leaves.

3.3. Shoot nutrients

Cadmium has been shown to hamper the status of essen-
tial macro- and micronutrients in a number of plant species
(Shukla et al., 2003; Kim et al., 2003; Ghnaya et al., 2007).
In this study, determinations were made for potassium, mag-
nesium, manganese and iron, since their deficiency produces
visible signs of chlorosis on leaves (Epstein and Bloom, 2005).
Statistical analysis of the data indicated significant differences
in the mungbean varieties and cadmium levels for the concen-
trations of potassium, magnesium, manganese and iron (Tab. I;
Fig. 5). With substantial differences, both the mungbeans indi-
cated a decline in the contents of potassium (52, 41 and 38%
for sensitive and 38, 18 and 34% for tolerant), magnesium (48,
37 and 33% for sensitive and 16, 21 and 34% for tolerant),
manganese (29, 30 and 20% for sensitive and 13, 16 and 16%
for tolerant) and iron (30, 26 and 26% for sensitive and 19, 15
and 21% for tolerant) at the seedling, vegetative and reproduc-
tive stages. The chlorosis of leaves under adverse conditions
quite often results from the deficiency of certain essential nu-
trients (Mengel et al., 2001). Correlations of the studied nu-
trients with photosynthetic pigments revealed that except for
a positive correlation of potassium with chlorophyll, none of
the nutrients were related to the carotenoids or chlorophyll-
to-carotenoid ratio at any stage in the sensitive mungbean;
contrarily, these relationships were closer and positive in tol-
erant mungbean at all growth stages (Tab. II). This revealed
that sensitive mungbean appeared to lack an effective control
over the accumulation of cadmium and other nutrients, thereby
showing decreased growth. In view of their involvement in the
biosynthesis of photosynthetic pigments and the role of light
and dark reactions of photosynthesis as structural or functional
components, we believe that the accumulation pattern of the
nutrients as displayed by tolerant mungbean is imperative for
its cadmium tolerance.

4. CONCLUSION

In physiological terms, cadmium tolerance of mung-
bean was related to improved shoot nutrients and photosyn-
thetic pigments, maintenance of a steady-state chlorophyll-
to-carotenoid ratio and low intervein (mesophyll) chlorosis.
These changes in the tolerant mungbean resulted in greater
photosynthetic area and an improved CO2 assimilation capac-
ity of leaves, which emerged as an important mechanism of
cadmium tolerance. Based on these findings, tolerant mung-
bean can be cultivated in moderately cadmium-contaminated
soil for sustained production of this important leguminous
crop species.
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