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Abstract
Phytoremediation is an ecologically and economically feasible technique to remove heavy metal from soil. The aim of the 
study was to examine cadmium (Cd) toxicity and phytoremediation aptitude of Brassica juncea. In the present study, plants 
survived when exposed to different levels of Cd (0, 25, 50 and 100 mg/kg soil) and accumulated a large amount of Cd in its 
root and shoot. Translocation factor (TF) of Cd from root to shoot was > 1 at both 45 and 60‐day stage of growth suggesting 
that B. juncea is a hyperaccumulator and strong candidate for phytoextraction of Cd. Alongside, Cd impaired photolysis 
of water, PSII activity, nutrient uptake, photosynthesis and sugar accumulation in the plant. Cd-generated oxidative stress 
restricts the growth of B. juncea. The toxic effect of Cd was more pronounced at 45‐day stage of growth signifying the drift-
ing of plant towards acquirement of exclusion strategy.
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Phytoremediation has emerged as an ecologically balanced 
and economically sound strategy to remove heavy metals 
(HM) from contaminated soils. This is pertinent in the con-
text of intense augmentation of HM accumulation in soil 
during past two decades. Mining, application of chemical 
fertilizers, and discard of industrial waste in soil and water 
bodies are examples of anthropogenic activities that cause 
HM pollutants in soil (Faraz et al. 2019). Cadmium (Cd) is 
one of such pollutant that is usually found in air and soils 
exposed to industrial wastes, phosphatic fertilizers, cement 
factories, metal‐working industries, and disposal of Cd‐
enriched wastewater treatment solids into water bodies and 
soil. In plants, Cd elicits a wide range of molecular mecha-
nisms. It perturbs the normal functioning of various physi-
ological processes such as photosynthesis, nitrogen‐metabo-
lism, oxidative reactions, water relations, and nutrient uptake 
(Hasan et al. 2009). Cd toxicity results in growth retardation, 
leaf chlorosis and inhibition of different metabolic pathways. 

In Cd sensitive plants, Cd‐induced persistent inhibition of 
photosynthesis generates oxidative stress and reactive oxy-
gen species (ROS)‐mediated destruction of photosynthetic 
apparatus (Hayat et al. 2014). Cd promotes ROS generation, 
for example superoxide anion (O2•–) and hydrogen perox-
ide (H2O2). Generation of ROS above a certain level results 
in membrane lipid peroxidation, thus impairing membrane 
fluidity and permeability (Tripathy and Oelmüller 2012). To 
counter the generation of ROS, plant defence system induces 
activation of antioxidant systems.

Brassica juncea could be used for the remediation of Cd 
from contaminated soils, because of its ability to translocate 
high Cd amounts into its stems and leaves (Goswami and 
Das 2015). Hence, this property makes B. juncea a proper 
candidate for crop rotation to control various toxic metal 
levels and curtail the load of toxic metal deposited in soils 
(Van Ginneken et al. 2007). The effects of Cd application 
on different physiological processes have been studied; how-
ever, a well-defined study having prime focus on photosyn-
thesis, utilization of photosynthates, ROS localization and 
cell viability is still missing. The present study was designed 
to address these aforementioned loop holes and to elucidate 
the role of B. juncea as a phytoextraction species.
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Materials and Methods

Seeds of Brassica juncea var. Varuna were procured from 
National Seed Corporation Ltd, New Delhi, India and an 
experiment was conducted in the Net House of Department 
of Botany, Aligarh Muslim University, India in the month of 
November-December. Seeds were sown in pots (12 inches) 
filled with soil and farmyard manure in the ratio of 6:1. Soil 
in the selected pots was mixed with different concentrations 
of Cd (0, 25, 50 or 100 mg Cd/kg of soil) and 5 replicates 
for each treatment were maintained. The sampling of plants 
was done at 45 and 60-day stages of growth to assess various 
growth and physiological parameters.

Growth characteristics, primary photochemistry, leaf 
gaseous exchange, elemental [carbon (C), nitrogen (N), 
potassium (K), magnesium (Mg), sulphur (S), manganese 
(Mn)] composition, carbohydrate content, histochemical 
studies (O2•– and H2O2 localization), malondialdehyde and 
proline content, and antioxidant enzymes were performed 
according to our previous study (Siddiqui et al. 2018a).

Methodology provided by Sadasivam and Manickam 
(1996) was followed to estimate glucose content. Phos-
phate buffer containing glucose oxidase and peroxidase was 
added to methanolic solution of o–dianisidine. The glucose 
oxidase‐peroxidase reagent (1 ml) and DDW (0.5 ml) were 
added to sugar extract and kept at 35°C for 40 min. After 
incubation, 6 N HCl was added to the mixture to terminate 
the reaction. The colour intensity was read at 540 nm.

Methodology of Roe (1934) was employed to estimate 
sucrose content however with slight modifications. To the 
test extract, 6% KOH was added and heated on boiling 
water bath for 20 min to destroy free fructose. After cool-
ing the solution, 0.1% resorcinol and 30% hydrogen chlo-
ride were added. The solution was again incubated at 80°C 
for 10 min. Absorbance was read at 490 nm.

Protocol given by Ashwell (1957) was followed to esti-
mate fructose content. Recorcinol reagent comprising thio-
urea and glacial acetic acid was added to the test extract. HCl 
was added and the test solution was heated at 80°C. After 
cooling the mixture, the absorbance was read at 520 nm.

For estimation of starch content, fresh leaves were 
homogenized in 80% ethanol to remove sugars followed 
by centrifugation. Residue was collected and washed with 
ethanol till it gives a colourless solution upon reacting with 
anthrone reagent. After dehydrating, water and 52% per-
chloric acid was added to the residue. After centrifugation, 
supernatant was stored for starch estimation using anthrone 
reagent. Intensity of green colour was observed at 630 nm.

NATIVE-PAGE was performed to visualize the activ-
ity of superoxide dismutase (SOD), catalase (CAT) and 
peroxidase (POX) proteins in gel and the bands obtained 
were quantified using ImageJ software.

Root and shoot samples were immersed in 5 mM CaCl2 
solution for 10 min to dislodge extracellular Cd and washed 
with DDW. Biological samples were oven dried (Meu-
wly and Rauser 1992). Samples were digested in nitric 
acid:perchloric acid (3:1, v/v). Cd concentration was deter-
mined by atomic absorption spectrophotometer (Perkin-
Elmer A, Analyst, 300).

TF was calculated using formula (Das et al. 2014): cad-
mium in shoot (µg g−1)/cadmium in root (µg g−1).

SPSS ver. 17 for windows (IBM Corporation, 1 New 
Orchard Road, Armonk, New York 10504‐1722, United 
States 914‐499‐1900) was used for statistical analysis. Anal-
ysis of variance (ANOVA) and standard error was performed 
using 5 replicates (n = 5) to determine the least significance 
difference (LSD) between treatment means with the level of 
significance at p ≤ 0.05.

Results and Discussion

Presence of 3–8 mg/kg of Cd in the soil is considered toxic 
to plants (Kabata‐Pendias and Pendias2001). In the present 
study, the plants survived at a concentration of 100 mg/kg 
Cd suggesting high tolerance of Brassica juncea. Though, 
there was a reduction in plant height and biomass in pres-
ence of Cd (Fig. 1, A–G). Maximum reduction was observed 
in plants growing in 100 mg/kg soil of Cd. Root length was 
decreased by 54% and 42.4%; shoot length by 53% and 
32.5%; root fresh mass by 62.9% and 45%; shoot fresh mass 
by 45% and 32.5%; shoot dry mass by 48.2% and 39% and 
root dry mass by 56.7% and 30%, respectively at 45% and 
60% DAS. Similar trend was observed for reduction in leaf 
area in Cd-grown plants (Fig. 2b, A). The Cd‐induced toxic-
ity was easily distinguished from mild to lethal crop failure. 
Reduction in growth and biomass is considered the most 
general symptom of Cd toxicity (Jinadasa et al. 2016; Hayat 
et al. 2007,2014).

Evaluation of chl is considered as an important indica-
tor of photosynthesis (Dalio 2011). As shown in Fig. 2b, 
SPAD value decreased with increasing Cd concentration. 
100 mg/kg soil Cd proved most lethal and lowered the 
SPAD value (55% and 37%). The Cd‐mediated decrease 
in SPAD value might depend on its target PSII system 
(Song et al. 2019) and Mg uptake (Fig. 4b, C) which is an 
integral part of chl pyrole ring. There is a transport of elec-
trons away from PSII to calvin cycle and stomatal opening 
upon illumination. And this consumption of electrons for 
photosynthetic activity is called photochemical quenching 
(qP) (Guidi et al. 2019) that defines the fraction of open 
PSII reaction centres. Whereas the excitation energy that is 
lost as heat and this is called non‐photochemical quench-
ing (NPQ). ɸPSII determines the amount of light absorbed 
by PSII allied chl molecule that is used in photochemistry. 
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It is directly correlated with ETR and indicative of com-
prehensive photosynthetic rate. Fv/Fo representing water 
splitting activity (Siddiqui et al. 2018a) is fundamentally 
similar to Fv/Fm however more subtle to even a slight 
vicissitudes in efficiency (Pessarakli 2016).

Cd impaired the photolysis of water (Fig. 2a, A) and 
declined the photochemical quenching (Fig. 2a, B) of elec-
trons, moreover, it promoted the NPQ (Fig. 2a, E) which col-
lectively resulted in the reduction of PSII efficiency and ETR 
(Fig. 2a, D and F). The maximum dip in Fv/Fo (57% and 

Fig. 1   Effect of different concentrations of cadmium (0, 25, 50 and 100 mg/kg soil) on growth
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32%), qP, (20.2% and 15.0%), ɸPSII (20.0% and 14.8%), 
Fv/Fm (23.9% and 7.6%) and ETR (20.0% and 14.8%) was 
observed at 45 and 60‐day stage samplings, respectively 
at a concentration of 100 mg/kg of Cd in comparison with 
their respective control plants. The findings are supported 
by the study of Sharmila et al. (2017) where PSII activ-
ity declined in a concentration dependent manner under Cd 
stress. The reduction in PSII activity and ETR affect the rate 
of generation of reducing power (NADPH) and ATP which 
are essential for carbon and nitrate assimilation (Baker 
and Oxborough 2004). There was a progressive decrease 
in leaf gaseous exchange parameters (net photosynthetic 
rate, PN stomatal conductance, gs internal CO2 concentra-
tion, Ci transpiration rate, E) with increasing Cd concen-
tration (0 < 25 < 50 < 100 mg/kg soil Cd) where 100 mg/kg 
soil Cd proved most toxic and reduced the PN (51.2% and 
45.28%), Ci (25.5% and 16.2%), gs (72.7% and 57.1%) and 
E (26.9% and 20.2%) at 45 and 60 DAS, respectively. It has 
been reported that low gs (Fig. 2b) reduces photosynthesis 
(Haworth et al. 2016). The decrease in leaf gaseous exchange 
parameters i.e. PN, E, gs, and Ci are an outcome of stoma-
tal abnormality such as stomatal closure and density (Ying 
et al. 2010).

Sucrose, glucose and fructose are few sugars that play 
signalling role in plant stress (Sami et al. 2016). These 
are important compatible solutes (Couée et al. 2006) and 
active participants during removal of free radicals under 
abiotic stress conditions (Kaur et al. 2017). Thus, sugars 
provide resistance against stress and maintain osmotic poten-
tial, redox reactions and structure of membrane and other 
macromolecules (Wang et al. 2011). In this study, sugar 
accumulation increased mildly at lowest dose of Cd, how-
ever, with subsequent rise in Cd concentration there was a 
steady decrease in sugar level (Fig. 3A–E). Similar trend 
was observed by Kapoor et al. (2016) in Brassica juncea 
growing under Cd stress, wherein the qualitative analysis 
of sugars revealed that glucose and fructose level increase 
at lower dose of Cd but decrease at higher. The increase in 
sugars despite of low photosynthetic rate might be a result 
of starch breakdown (Fig. 3F). This result finds support from 
the study conducted by Sun et al. (2017) wherein hexose and 
sucrose content of cucumber plants increased in presence of 
Cd whereas starch accumulation declined swiftly.

Cd is known to inhibit various physiological functions 
in plants. It accelerates the cellular energy deficiency and 
oxidative stress which results in ROS production such as 

Fig. 2   Effect of different concentrations of cadmium (0, 25, 50 and 100 mg/kg soil) on a primary photochemistry and b on leaf area, SPAD 
value and leaf gaseous exchange parameters. Asterisk indicates significant difference between the control and different treatments (p ≤ 0.05)
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Fig. 3   Effect of different concentrations of cadmium (0, 25, 50 and 100 mg/kg soil) on different osmolytes. Asterisk indicates significant differ-
ence between the control and different treatments (p ≤  0.05)
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O2
− and H2O2. H2O2 increased by 102.3% and 87% whereas 

O2
− by 62.5% and 51.2%, respectively at 45 and 60 DAS 

under Cd (100 mg/kg) as compared to their respective con-
trols (Fig. 5a, B and D). They damage the cell via peroxi-
dation of polyunsaturated fatty acids of membrane, protein 
oxidation and DNA damage, thus, generating oxidative 
stress (Lannig et al. 2006; Kumar et al. 2012; Gill and Tuteja 
2011). In this study, ROS outburst was observed in presence 
of Cd (Fig. 5a, A–D). The findings are similar to those of 
Faraz et al. (2019) where Cd promoted ROS production. 
ROS outburst was clearly visualized during histochemi-
cal studies where number of blue (O2

−) and brown (H2O2) 
spots on leaves (Fig. 5a, A and C). Cd‐induced damage was 
evidently visible both in root and shoot (Fig. 5a, E). The 
increase in pink spots in leaves and roots of plants, grow-
ing in presence of Cd (100 mg/kg soil) was suggestive of 
enhanced lipid peroxidation. As a result of increased lipid 
peroxidation (5a, F), there was an increase in cell death or 
decreased cell viability (Fig. 7, A and B) with Cd (100 mg/

kg soil) treatment showing large number of stained nuclei 
as compared to control.

The exposure of plant to high Cd concentration results 
in ROS generation which rapidly causes necrosis of cells 
exposed to stress (Garnier et al. 2006; De Michele et al. 
2009). To counter the ROS production, plants generate anti-
oxidant enzymes such as SOD, CAT and POX as well as 
non‐enzymatic antioxidant such as proline (Siddiqui et al. 
2018b; Kaur et al. 2017). The observed increase antioxidant 
enzymes (Fig. 5b, A, D and E) along with proline content 
(Fig. 5b; 3G) are expected to be ROS dependent response 
(Fig. 6,A–D). The increase in ROS level (Fig. 5a, A–D) trig-
gered the accumulation of antioxidants. Similar response 
upon encountering Cd stress was reported by Irfan et al. 
(2014). The in‐gel activity of SOD, CAT and POX visual-
ized at 45‐day stage of growth (Fig. 5b, B, C and F) showed 
the increase in band width and intensity in Cd (100 mg/kg 
soil) treated plants as compared to the water treated con-
trol. Moreover, protein quantification peaks confirmed the 
enhancement in the protein and its activity (Fig. 5b, B, C 
and F).

Fig. 4   a SEM–EDX mapping: Effect of cadmium (0 and 100  mg/
kg soil) on elemental composition of dried Brassica juncea leaves 
at 45  day stage of growth. Each element is mapped with a particu-
lar color. Elements are denoted with their symbols (C = carbon, 
N = nitrogen, Mg = magnesium, P = phoshphorus, S = sulphur and 

K = potassium). b Effect of different concentrations of cadmium (0, 
25, 50 and 100  mg/kg soil) on the percent weight of different ele-
ments asterisk indicates significant difference between the control and 
different treatments (p ≤ 0.05)
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Cd inhibits the growth of root and shoot moreover, it 
alters the nutrient uptake and gets incorporated in plant parts 
(Rizwan et al. 2018; Di Toppi and Gabrielli 1999). In this 
study, there was a steep decline in the nutrient status (C, N, 
Mg, S, P and K) of plant (Fig. 4). A dip of 60% and 53.7% 
for N; 39.0% and 32.6% for C; 57.6% and 48.1% for Mg; 
72.2% and 52.5% for K; 52.% and 40.8% for S; 39.5% and 
33.9% for P was observed at 45 and 60 DAS, respectively 
in presence of highest Cd concentration used (100 mg/kg) 
over their respective control (Fig. 4b). SEM–EDX mapping 
of dried leaf provided visual evidence supporting reduction 
in colour intensity of various elements (C, N, Mg, S, P and 
K) in Cd treated (100 mg/kg soil) plants as compared to the 
non‐treated control at 45 DAS (Fig. 4a). E is considered 
indispensible for transport of mineral nutrients to differ-
ent parts of plants (Campbell et al. 1999). Mg, S, P and K 
are involved in photosynthesis and activation of respiratory 
enzymes (Taiz and Zeiger 1998). Being cationic in nature Cd 

competes with mineral elements in their uptake and trans-
port across the cell membrane (Ismael et al. 2019). Hence, 
the decrease in growth (Fig. 1) could be a consequence of 
imbalance in nutrient uptake (Fig. 4) due to competition 
between toxic Cd ions and mineral elements.

Cd‐induced toxicity seemed to be more pronounced 45‐
day stage of growth when compared to 60 DAS (Figs. 1, 2, 
3, 4, 5, 6, 7, 8). This effect might be an outcome of compara-
tively higher expression of Ferrochelatase‐1 (FC1) gene in 
presence of Cd (Song et al. 2017) at 60 DAS. FC1 codes for 
an important enzyme of heme biosynthesis and for insertion 
of ferrous iron into protoporphyrin IX (Proto IX) to pro-
duce protoheme. During heme and chl biosynthesis, Proto 
IX forms the branch point of the tetrapyrrole pathway. Heme 
works as a cofactor of several important proteins required 
for different biological processes for example electron trans-
fer, oxygen and secondary metabolism (Heinemann et al. 
2008). Moreover, FC1‐produced heme is also required for 

Fig. 5   a Effect of different concentrations of cadmium (0, 25, 50 
and 100 mg/kg soil) on superoxide, H2O2 and malondialdehyde con-
tent, and b antioxidant activity in Brassica juncea at 45 and 60 DAS. 

Asterisk indicates significant difference between the control and dif-
ferent treatments (p  ≤ 0.05)
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the up–regulation of genes involved in synthesis of ROS 
scavengers to confer tolerance against abiotic stress (Singh 
et al. 2002; Nagai et al. 2007; Cao et al. 2011; Phung et al. 
2011; Shen et al. 2011).

Uptake of Cd ions uses the same transporters that are 
involved in the uptake Fe2+, Ca2+, Mg2+, Zn2+ and Cu2+ 
(Clemens 2006). BjCdR15 (bZIP transcription factor) plays 
important role in the regulation of Cd uptake by roots and 
its transport from root to shoot (Farinati et al. 2010). The 

Fig. 6   Linear correlation graphs between superoxide dismutase activity and superoxide anion content (A and B); and peroxidase activity and 
hydrogen peroxide content (C and D) at 45 and 60 DAS, respectively

Fig. 7   Cell viability test was 
performed on 45 days old roots 
of Brassica juncea 
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toxic effects of plant Cd on plant physiology were outcome 
of increased translocation of Cd from root to shoot. Cd 
reduced the growth (Fig. 1) of the plant and got accumulated 
in plant tissues. There was a rise in the uptake of Cd by roots 
(Fig. 8C) and its transport to shoot (Fig. 8D). B. juncea is 
considered a model plant for phytoremediation because of 
its ability to accumulate Cd more than 400 µg/g dry weight 
in shoot (Minglin et al. 2005). In the present study, B. juncea 
accumulated a much higher than 100 µg/g dry weight of Cd 
which is the minimum requirement for a plant to be recom-
mended as hyperaccumulator (Baker and Brooks 1989) in 
both root and shoot. Moreover, Cd hyperaccumulator pos-
sess the ability to accumulate around 104 mg Kg−1 Cd in 
shoot dry weight (Mahajan and Kaushal 2018). Highest 
dose of Cd (100 mg/kg of soil) resulted in accumulation of 
9969 and 10,011 µg/g dry weight at 45 and 60 DAS, respec-
tively in shoots whereas, in root the content was 8410 and 
9630 µg/g dry weight at 45 and 60 DAS, respectively. Cd 
accumulation in plant was manifold higher than its usual 
concentration in plant which is 0.21 µg/g (FAO/WHO 1984). 
For a plant to be considered as a hyperaccumulator, the value 
of translocation factor should be more than 1 (Garbisu and 

Alkorta 2001). Figure 8 clearly indicates that TF for B. jun-
cea in this study was more than 1 at all concentrations as 
well as growth stages. TF increased in the order of Cd con-
centration 100 < 25 < 50 mg/kg soil 45 and 60 DAS. The 
comparatively lower value of TF (Fig. 8) at highest Cd con-
centration (100 mg/kg soil) is suggestive of drifting of the 
plant towards acquirement of exclusion strategy (Goswami 
and Das 2015).

Exposure of B. juncea plants to Cd altered the physi-
ology which resulted in reduced growth of the plant. Cd 
impaired the photolysis of water and PSII activity which 
resulted in the inhibition of ETR. Furthermore, the reduc-
tion in gs restricted the entry of CO2 inside the leaf thus, 
lowering Ci values and ultimately low PN. Reduced E 
as well as competition posed by Cd resulted in limited 
absorption of nutrients such as Mg, P, S and K from soil 
which hampered with chlorophyll biosynthesis and nor-
mal functioning of various physiological processes. Sugars 
accumulated in response to lower level of stress (25 mg/
kg soil) and acted as an osmolyte, this rise in sugar level 
despite of low PN is expected to be an outcome of starch 
breakdown. However, higher dose of Cd proved highly 

Fig. 8   Effect of different concentrations of Cd (0, 25, 50 and 100 mg/kg soil) on root Cd content, shoot Cd content and translocation factor, 
respectively in Brassica juncea at 45 and 60 DAS
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toxic, and reduced the sugar as well as starch level. Cd 
perturbed the balance between ROS and antioxidants and 
induced lipid peroxidation which resulted in cell death. 
Low photosynthesis, nutrient scarcity and ROS outbreak 
affected the normal growth of the plant. Though Cd accu-
mulation was a bit higher at 60 DAS than 45 DAS but 
the toxicity symptoms were more pronounced at 45 DAS 
suggesting an adaptive response of B. juncea towards Cd 
stress. The toxicity was an outcome of enhanced translo-
cation of HM from root to shoots. The TF > 1 at all the 
stages of growth and doses suggests that B. juncea is a 
hyperaccumulator. Despite of toxicity, altered physiology 
and stunted growth the plant managed to survive and adapt 
to the stressful environment hence, B. juncea could be rec-
ommended as an ideal plant for phytoextraction purpose.
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