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ABSTRACT

Five cultivars of mustard (Brassica juncea L. Czern and Coss.) namely ‘Alankar’, ‘Varuna’, ‘Pusa Jai Kisan’, ‘SS2’ and ‘Dhanuka Bold’
were tested for tolerance to cadmium (Cd). Plants were raised from seeds in earthen pots with treatment of 0, 25 and 50 pM Cd in nutrient
solution. All levels of Cd decreased growth and yield of the tested cultivars with varying degrees. Cadmium tolerance (CdT), the ability of
plant to maintain high yield at maximum level of Cd, was calculated as the ratio of yield at the untreated and Cd-treated soils. Among
mustard cultivars ‘Pusa Jai Kisan’ was identified as the Cd tolerant, while ‘SS2’ as the Cd non-tolerant cultivar. To find out the
physiological basis of these differences, we investigated the possible role of photosynthetic pigments [chlorophyll (Chl), carotenoid,
pheophytin, anthocyanin], dry matter accumulation and leaf-Cd accumulation capacity of the cultivars. Among photosynthetic traits, Cd
treatment decreased the content of Chl (Chl a, Chl b, total Chl), Chl fluorescence (F,/F,,) and carotenoid. However, the content of
pheophytin and anthocyanin increased significantly in all the cultivars. Cd accumulation in leaves also increased with increase in Cd level.
However, the extent of Cd-induced decrease or increase characteristics was found greater in Cd-non-tolerant (‘SS2’) than Cd-tolerant
(‘Pusa Jai Kisan’) cultivars. ‘Pusa Jai Kisan’ maintained a higher content of Chl, carotenoid and relative amount of anthocyanin although
it had the least percent pheophytin and Cd-content in leaves and subsequently produced higher dry matter and seed yield than the other

cultivars at all levels of Cd.

Keywords: anthocyanins, cadmium toxicity, carotenoids, Cd content, Chl fluorescence, photosynthetic pigments
Abbreviations: Cd, cadmium; Chl, chlorophyll; DAS, days after sowing; DMSO, dimethyl sulfoxide; FW, fresh weight; LHCP, light

harvesting chlorophyll protein; GST, glutathione-S-transferase

INTRODUCTION

India is a major rapeseed mustard growing country of the
world. It ranks first in the world in respect of acreage and
second in production next to Canada. In India, mustard is
the second most important edible oilseed crop after ground-
nut sharing 27.8% in India’s economy (Kumar 1997). Its
cultivation is mainly in Uttar Pradesh, Rajasthan, Madhya
Pradesh, Haryana, Punjab, Assam, Bihar, Gujarat and West
Bengal states of India. Plant growth and productivity of
crops are limited in many areas of the world by a variety of
environmental stresses. Stress, in fact, implies adverse
affect on an organism, which invariably leads to reduced
growth, metabolism and productivity. Among several
abiotic stresses that plants encounter, heavy metal stress
occupies a specific importance because they are added to
the soil and affect plant right from juvenile stage to produc-
tivity. Cadmium (Cd) is one such heavy metal which has at-
tracted the attention because of its potential toxicity to plant
systems and relative high mobility, in soil plant system
(Zhang et al. 2006).

Cd is a toxic heavy metal that enters the environment
mainly through anthropogenic sources (Davis 1984; Guo
1994). The increasing Cd concentration in agricultural soils
is mainly due to the application of phosphate fertilizers and
sewage sludge as well as atmospheric deposition from in-

dustrial sources (McLaughlin ef al. 1999; Nolan et al. 2003).

Cd has high mobility in the soil-plant system and is easily
taken up by plant roots and translocated to the above-
ground tissues (Yang et al. 1998; Alpha et al. 2009), and
causes toxicity even at lower concentration (Sanita di Toppi

and Gabbrielli 1999).

Cd is an active inhibitor of photosynthetic process and
of chloroplast development (Padmaja et al. 1990; Rascio et
al. 1993). It can cause disorganization of grana and influen-
ces chlorophyll (Chl) biosynthesis (Baszyiiski et al. 1980).
In addition, it disturbs the balance in the accumulation, dis-
tribution and correlation of photosynthetic pigments (Sanita
di Toppi and Gabbrielli 1999). In addition, Cd reduces plant
growth and biomass (Sandalio ef a/. 2001; Khan et al. 2006,
2007; Anjum et al. 2008; Singh et al. 2008) and decreases
seed yield (Khan et al. 2007; Ghani and Wahid 2007,
Wabhid and Ghani 2008).

Cd toxicity in plants results from a range of interactions
at cellular level and/or imbalance between the production
and elimination of reactive oxygen species (ROS). Plants
possess a range of potential cellular mechanisms that may
be involved in the diminution of ROS and tolerance to
metal stress (Hall 2002). The antioxidative defense system
in plants comprises enzymatic and non-enzymatic antioxi-
dants. Photosynthetic pigments are of primary importance
in augmenting growth under normal and environmental
limited conditions. They harness solar radiation and play an
important role in biomass and yield production. Any effect
of Cd toxicity on growth and yield will be the result of its
effect on photosynthetic pigments. The tolerance of plants
to stress, therefore, may be the manifestation of the inherent
contents of the photosynthetic pigments of a genotype/cul-
tivar. Thus, five cultivars of mustard were tested for toler-
ance to Cd stress and to select tolerant and non-tolerant

types.
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MATERIALS AND METHODS
Plant growth conditions

Seeds of mustard (Brassica juncea L. Czern and Coss.) cultivars
namely ‘Alankar’, ‘Varuna’, ‘Pusa Jai Kisan’, ‘SS2’ and ‘Dhanuka
Bold’ were sown in 23 cm-diameter earthen pots containing 4 kg
reconstituted soil [soil composed of peat and compost, 4:1, v/v,
mixed with sand, 3:1, v/v)] in the winter season under natural day/
night condition with average day and night temperature of 21 + 2
and 12 + 2°C, respectively. Relative humidity was 58 + 6% and
PAR 900 + 25 pmol/m?/s. The plants were treated with 0, 25 and
50 uM Cd as CdCl, given along with Hoagland nutrient solution.
Three replicates for each treatment were maintained. After 30 days
of emergence, photosynthetic characteristics (content of Chl, an-
thocyanin, carotenoid, pheophytin, Chl fluorescence), Cd-content
in leaves and dry mass were recorded while seed yield was recor-
ded at harvest.

Measurements
1. Chlorophyll and carotenoid

Total Chl and carotenoid content was extracted using the method
of Hiscox and Israelstam (1979) by using dimethyl sulphoxide
(DMSO) as an extraction medium, and estimated and calculated
by the method of Arnon (1949).

Fresh leaves (100 mg) were cut into small pieces and col-
lected in test tubes containing 7 ml of DMSO. The test tubes were
covered with black paper and incubated at 45°C for 40 min for the
extraction. The content was transferred to a graduated tube and the
final volume was made to 10 ml with DMSO. Extract measuring 3
ml was transferred to a cuvette and the absorbance was read at 645
and 663 nm for Chl content and at 480 and 510 nm for carotenoid
content on UV-VIS spectrophotometer (SL164, Elico, Hyderabad,
India). Total Chl and carotenoid content were calculated according
to the following equations.

Chl a (mg g' FW) = [(12.7 X ODjg3) - (2.69 x ODgys)]
x (V/(1000 x W))

Chl b (mg g FW) = [(22.9 x ODjs) - (4.68 x ODgg3)]
x (V/(1000 x W))

Total Chl (mg g_l FW) = [(202 X OD645) + (802 X OD663)]
X (V/(1000 x W))

Carotenoid (mg g”! FW) = [(7.6 x ODyg) — (1.49 x ODs1)]
x (V/(1000 x W))

where V = volume of the extract, W = mass of the leaf tissue taken.

2. Chlorophyll fluorescence

Chl fluorescence F,/F,, was measured by chlorophyll fluorometer
(0S-30p, USA).

3. Cadmium content in leaves

The leaf sample was dried for 48 h at 80°C and ground to a fine
powder. Dried leaf tissue (200 mg) was transferred to digestion
tubes. Four ml of acid mixture (HNO; and HC1O, 3:1, v/v) were
added to the tubes. Digestion tubes were heated in the digestion
chamber. After heating for about 30-45 min, tubes were kept for
cooling for 10 min. To get the extracts clear and almost colorless,
3-4 drops of hydrogen peroxide were added followed by heating
for another 30 min. Cd concentration was determined by an atomic
absorption spectrophotometer (GBC, 932 plus, Australia).

4. Pheophytin

The method of Bowler et al. (1991) was followed for the
determination of pheophytin as percent degradation of Chl to
pheophytin. Fresh leaf tissues (1 g) were ground with sufficient
amount of 80% acetone and centrifuge at 10,000 rpm for 5 min
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and the increase in the absorbance was recorded at 553 and 665
nm.

5. Anthocyanin

The relative amount of anthocyanin was estimated following the
method of Mancinelli (1984). Fresh leaf tissues (1 g) were grinded
in acidified methanol (CH;OH: H,O: HCI, 79:20:1) and centri-
fuged at 10,000 rpm for 5 min. The supernatant was collected and
read at 530 and 657 nm while the Chl and non-specific degrada-
tion products were corrected at 530 and 657 nm.

6. Dry mass

To obtain dry mass, plants were dried in an oven at 80°C until
constant weight is obtained.

7. Seed yield

It was determined at harvest. Pods from each treatment were col-
lected, sun-dried and thrashed to collect seed, and seeds per plant
were recorded as seed yield.

8. Tolerance index

It was calculated using the data obtained on seed yield in 50 pM
Cd treatment and control, and expressed in percentage.

Tolerance index — seed yield of treated plants <100

seed yield of control plants

Data analysis

Data were analyzed statistically using SPSS version 10.0; Inc.,
Chicago, IL, USA) and presented as mean + SE. Analysis of vari-
ance was performed on the data and least significant difference
(LSD) was calculated for the significant data to identify difference
in the mean of the treatment. The treatment mean was separated by
the LSD test.

RESULTS

As a consequence of Cd stress Chl a, Chl b and total Chl
decreased in all cultivars with increasing Cd concentrations.
The decrease was maximum with 50 pM Cd concentration
(Figs. 1, 2). The decrease in Chl a was 26.3, 28.4, 31.3,
35.6 and 38.2% in ‘Pusa Jai Kisan’, ‘Alankar’, ‘Varuna’,
‘Dhanuka Bold” and ‘SS2’, respectively with 50 pM Cd
compared to control. Among cultivars maximum reduction
in Chl b and total Chl of 50.0 and 42.1% occurred in ‘SS2’
with 50 pM Cd while ‘Pusa Jai Kisan’ showed least
reduction of 32.3 and 28.9% with 50 uM Cd compared to
control. Other cultivars lied in this range with a reduction in
Chl b and total Chl of 37.7 and 31.8% in ‘Alankar’, 40.4
and 34.4% in ‘Varuna’, 42.5 and 37.8% in ‘Dhanuka Bold’,
respectively with 50 uM Cd compared to their respective
control. In all cultivars, Chl » was more affected than Chl a
as shown by increasing Chl a/Chl b ratio with increase in
Cd concentration (Fig. 2). In all cultivars, Chl fluorescence
(F/F,) decreased with increase in Cd level. A decrease of
6.4% in ‘Pusa Jai Kisan’, 11.8% in ‘Alankar’, 14.9% in
“Varuna’, 20.1% in ‘Dhanuka Bold’ and 32.5% in ‘SS2’ oc-
curred with 50 uM Cd treatment compared to control (Fig.
3A).

Cd-content in leaves increased with increasing Cd con-
centration. The cultivar ‘Pusa Jai Kisan’ accumulated mini-
mum Cd while ‘SS2’ accumulated maximum Cd. The trend
in the increase of Cd content among cultivars was ‘SS2°>
‘Dhanuka Bold’> ‘Varuna’> ‘Alankar’> ‘Pusa Jai Kisan’
(Fig. 3B).

In all the cultivars, percent content of pheophytin
showed an increasing trend with increase in Cd concentra-
tion. An increase of 14.9, 16.2, 16.9, 20.7 and 19.3% pheo-
phytin was found in ‘Pusa Jai Kisan’, ‘Alankar’, ‘Varuna’,
‘Dhanuka Bold’ and ‘SS2’, respectively at 50 uM Cd treat-
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Fig. 1 Effect of 0, 25 and 50 pM Cd on Chl a (A) and b (B) contents of
mustard (Brassica juncea L.) cultivars 30 d after emergence. Values
are means = SE (n = 3). Data followed by the same letter are not signi-
ficantly different at P<0.05 as determined by the LSD test.

ment compared to control (Fig. 4A).

Carotenoid content was reduced in all the cultivars.
‘Alankar’, ‘Varuna’ and ‘Dhanuka Bold’ showed a reduc-
tion of 33.3, 35.3 and 31.4%, respectively with 50 pM Cd
treatment compared to control. However, a maximum re-
duction of 47.3% occurred in ‘SS2’ and the least reduction
of 31.2% in ‘Pusa Jai Kisan’ with 50 uM Cd treatments
compared to control (Fig. 4B). In all cultivars, relative
amount of anthocyanin increased (Fig. SA). Maximum in-
crease of 170.0% was found in ‘Pusa Jai Kisan’ followed by
150.9, 108.8, 110.2 and 105.0% in ‘Alankar’, ‘Varuna’,
‘Dhanuka Bold’ and ‘SS2’°, respectively with 50 uM Cd
treatment compared to control.

Plant dry mass and seed yield decreased in all the culti-
vars with maximum decrease of 38.5 and 69.0%, respec-
tively in ‘SS2’ and minimum decrease of 24.3 and 26%,
respectively in ‘Pusa Jai Kisan” with 50 uM Cd treatment
compared to their respective control (Figs. 5B, 6A). The
trend in the decrease of plant dry mass and seed yield was
‘SS2°> ‘Dhanuka Bold’> ‘Varuna’> ‘Alankar’> ‘Pusa Jai
Kisan’.

Pusa Jai Kisan has highest tolerance index followed by
‘Alankar’, “Varuna’, ‘Dhanuka Bold’ and ‘SS2’ (Fig. 6B).

DISCUSSION

In the present study, variation in response of five mustard
cultivars were studied for Cd accumulation in leaves and
concurrent changes in photosynthetic traits, dry mass and
seed yield under Cd stress, to select tolerant and non-toler-
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Fig. 2 Effect of 0, 25 and 50 pM Cd on total Chl content (A) and Chl a
to Chl b ratio (B) of mustard (Brassica juncea L.) cultivars 30 d after
emergence. Values are means + SE (» = 3). Data followed by the same
letter are not significantly different at P<0.05 as determined by LSD test.

ant cultivars. The addition of Cd to the soil resulted in re-
duction in growth of mustard plants in terms of plant dry
mass and seed yield. This reduction occurred as a result of
Cd stress-induced generation of reactive oxygen species
(ROS) which lead to oxidative stress in plants (Skorzynska-
Polit et al. 2003/04; Mobin and Khan 2007; Anjum et al.
2008; Rodriguez-Serrano et al. 2009). ROS causes oxida-
tive stress resulting in damage to photosynthetic pigments,
biomolecules such as lipid, proteins and nucleic acid lead-
ing to reduction in growth and productivity (Foyer et al.
1994). Plant species and genotypes differ significantly in
the uptake of Cd and its subsequent translocation from roots
into shoots (Metwally et al. 2005; Khan et al. 2006). In our
study, Cd treatment caused an increase in Cd-accumulation
in leaves in all the cultivars. Cd accumulation in all tissues
of Cd treated plant agrees with the results of Dixit et al.
(2001), Arao et al. (2003), Metwally et al. (2005), Mobin
and Khan (2007), Anjum et al. (2008), Singh et al. (2008)
and Markovska et al. (2009). Among cultivars, ‘SS2’ ac-
cumulated maximum Cd in leaves and ‘Pusa Jai Kisan’
accumulated least Cd. This variation in accumulation of Cd
depends on the binding to extracellular matrix (Horst 1995),
complexing inside the cell (Cobbett et al. 1998) and on the
transport efficiency (Marchiol et al. 1996). Low Cd content
in leaves of ‘Pusa Jai Kisan’ may be due to retention of Cd
in roots which occurs due to cross-linking of Cd to carboxyl
group of cell wall proteins (Barcelé and Poschenrieder
1990) and this can be regarded as an important protection
mechanism against diffusion of metal in plants. Low Cd
content in leaves protects the photosynthetic function in
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Fig. 3 Effect of 0, 25 and 50 pM Cd on Chl fluorescence (A) and Cd-
content (B) in leaves of mustard (Brassica juncea L.) cultivars 30 d
after emergence. Values are means = SE (rn = 3). Data followed by the
same letter are not significantly different at P<0.05 as determined by LSD
test.

plants against the Cd-induced oxidative stress (Dixit et al.
2001; Anjum et al. 2008; Singh et al. 2008). Cd causes de-
crease in the photosynthesis (Mobin and Khan 2007; Anjum
et al. 2008; Shi et al. 2009; Khan et al. 2009) which may
occur due to decrease in the level of photosynthetic pig-
ments (Padmaja et al. 1990; Mobin and Khan 2007). Photo-
synthetic pigments have been shown as one of the main
target of Cd toxicity (Vassilev et al. 2002a, 2002b) resulting
in reduced photosynthesis (Somashekaraiah et al. 1992;
Draz'kiewicz et al. 2003; Mobin and Khan 2007) and dry
matter production. ‘Pusa Jai Kisan’ accumulated least Cd in
leaves and thus protected its photosynthetic pigments than
the other cultivars. Among photosynthetic pigments Chl,
carotenoid, pheophytin and anthocyanin are of significant
importance. A Cd-induced decrease in Chl content has been
extensively studied in various crops (Chettri et al. 1998;
Oncel et al. 2000; Monni et al. 2001; Anjum et al. 2008;
Singh et al. 2008). In the present study, ‘Pusa Jai Kisan’ ex-
hibited lesser decrease in Chl content compared to control
followed by ‘Alankar’, “Varuna’,
This indicated the higher tolerance of ‘Pusa Jai Kisan’ to Cd
stress. Higher decrease in Cd-induced reduction in Chl con-
tent in ‘SS2’ may be associated with inhibition of proto-
chlorophyll reductase, synthesis of amino levulinic acid
and/or Cd-induced production of free radicals (Stobart et al.
1985; Radotic ef al. 2000; Zengin and Munzuroglu 2006).
The report on the decrease in tetrapyrrol intermediates in
Chl biosynthetic pathway, protoporphyrin IX, Mg-porphy-
rin IX and protochlorophyllide has been found under chill
and heat (Tewari and Tripathy 1998) and salinity stress

‘Dhanuka Bold’ and ‘SS2’.
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Fig. 4 Effect of 0, 25 and 50 pM Cd on pheophytin (A) and carotenoid
(B) contents of mustard (Brassica juncea L.) cultivars 30 d after
emergence. Values are means + SE (» = 3). Data followed by the same
letter are not significantly different at P<0.05 as determined by LSD test.

(Khan 2003). In addition, a greater reduction in Chl b con-
tent, evident by higher Chl a/Chl b ratio was found in all the
cultivars. Environmental stress-induced increase in Chl a/
Chl b ratio has been studied by many researchers (Delfine
et al. 1999; Hammani et al. 2004; Mobin and Khan 2007).
In fact, the ratio of Chl a to Chl b is an indicator of stress-
effects (Zengin and Munzuroglu 2006) which is linked with
the reduction in light harvesting Chl protein (LHCP) (Log-
gini et al. 1999). This reduction is an adaptive defense me-
chanism of chloroplast which allows them to reduce the
adverse condition (Asada et al. 1998). In the present study,
Chl a to Chl b ratio increased in all cultivars but in ‘Pusa Jai
Kisan’ this ratio showed least reduction and thus protected
its chloroplast from Cd stress to the maximum extent. The
maximum protection of Chl content in ‘Pusa Jai Kisan’ is
supported by the lowest content of percent pheophytin. Per-
cent pheophytin represents the degradation of Chl and its
conversion to pheophytin. The conversion occurs by substi-
tution of Mg in Chl by heavy metal and that this subsitution
in vivo makes plant incapable of photosynthesis (Kiipper et
al. 1996).

Cd treatments also caused reduction in carotenoid con-
tent in all the cultivars. The reduction was greatest in ‘SS2’
and least in ‘Pusa Jai Kisan’ (Fig. 3B). Carotenoids are in-
volved in the protection of photosynthetic apparatus against
photoinhibitory damage caused by singlet 'O, which is pro-
duced by the excited triplet state of Chl under stress. Caro-
tenoids act as quenchers deactivating singlet 'O, (Foyer and
Harbinson 1984; Sieferman-Harms 1987). In ‘Pusa Jai
Kisan’, higher amount of carotenoids than the other culti-
vars helped to decrease the Cd-induced smglet 0, effects.

However, anthocyanin showed an increasing trend with
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Fig. 5 Effect of 0, 25 and 50 pM Cd on relative amount of anthocyanin
(A) and plant dry mass (B) of mustard (Brassica juncea L.) cultivars
30 d after emergence. Values are means + SE (» = 3). Data followed by
the same letter are not significantly different at P<0.05 as determined by
LSD test.

increase in Cd concentration. Anthocyanin has been associ-
ated with the quenching of oxygen free radicals and redu-
cing Cd effects (Hale er al. 2002; Kalantari and Oloumi
2005). Stress-induced increase in the content of anthocyanin
has been extensively found by different workers (Christie e?
al. 1994; Hale et al. 2002; Rivera-Becerril et al. 2002;
Hasegawa ef al. 2004; Erylmaz 2006). ‘Pusa Jai Kisan’ ex-
hibited maximum anthocyanin which might be due to
greater synthesis of glutathione-S-transferase (GST) en-
zyme as this enzyme is responsible for catalyzing last step
of anthocyanin synthesis (Marrs and Walbot 1997; Schreder
et al. 2003). Although the accumulation of anthocyanin may
be only of secondary importance in living cell but its ac-
cumulation might help in protection of the photosynthetic
apparatus from abiotic stress-generated superoxide radicals
without limiting photosynthesis (Gould et al. 1995, 2002;
Krupa et al. 1996; Mobin and Khan 2007).

Thus, the lower content of Cd in leaves of ‘Pusa Jai
Kisan’ subsequently helped this cultivar to increase its Chl,
carotenoid and anthocyanin content. The maintenance of
higher Chl content and other accessory pigments are strongly
related with photosynthesis and dry matter production
(Mobin and Khan 2007).

Chl fluorescence was also studied under Cd stress and it

was found to decrease with the increase in Cd concentration.

Fluorescence is an indicator of stress and is used for screen-
ing of plants for tolerance to environmental stresses (Baker
and Rosenquist 2004). In ‘Pusa Jai Kisan’, the lowest re-
duction in Chl fluorescence was found while in ‘SS2” high-
est reduction occurred.

In all cultivars, Cd caused decrease in yield. This reduc-
tion in yield under Cd stress is also supported by Mahajan
and Tuteja (2005), Ghani and Wahid (2007), Khan et al.
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Fig. 6 Effect of 0, 25 and 50 pM Cd on seed yield (A) and tolerance
index (B) of mustard (Brassica juncea L.) cultivars at harvest. Values
are means + SE (n = 3). Data followed by the same letter are not signifi-
cantly different at P<0.05 as determined by LSD test.

(2007) and Wahid and Ghani (2008). Among cultivars, Pusa
Jai Kisan showed least reduction in yield and ‘SS2’ showed
maximum reduction in yield. This shows the tolerant nature
of ‘Pusa Jai Kisan’ which is also indicated by its tolerance
index (Fig. 6B).

In conclusion, the present study revealed that all culti-
vars of mustard responded differentially to Cd stress and the
toxicity of Cd is obvious in terms of decrease in growth and
yield. The higher capacity of ‘Pusa Jai Kisan’ to produce
greater dry mass and yield than the other cultivars under Cd
stress was the result of lower Cd content in leaves thereby
maintaining higher contents of Chl, carotenoids, and greater
relative amount of anthocyanin. Thus, photosynthetic pig-
ments may be used as physiological trait for screening mus-
tard cultivars for Cd tolerance.
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