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A B S T R A C T   

Heavy metal pollution seriously impairs crop production and poses serious concerns for human health. Exoge-
nous application of biomolecules has been efficiently tested for enhancing plant resistance to metal toxicity. 
Current study evaluates the possible effect of 5-aminolevulinic acid (ALA) in Brassica juncea L. seedlings sub-
jected to lead (Pb) stress. Our results showed that shoot length, root length and chlorophyll contents were 
significantly recovered in Pb stressed seedlings after ALA application, accompanied by reduction in the Pb 
accumulation. Significant reduction in the contents of reactive oxygen species (ROS) like superoxide anion, 
hydrogen peroxide and malondialdehyde were also observed in ALA treated seedlings under Pb stress. 
Furthermore, we also noticed enhancement in the activities of antioxidative enzymes like superoxide dismutase 
(SOD), catalase (CAT), guaiacol peroxidase (POD), glutathione reductase (GR), glutathione-S-transferase (GST) 
and dehydroascorbate reductase (DHAR). We further noticed that ALA upregulated the expression of SOD (7.30 
folds), POD (6.11 folds), CAT (3.52 folds), DHAR (6.42 folds), GR (6.04 folds), and GST (5.58 folds) under the Pb 
stress. However, RBOH1 (gene involved in ROS generation) and CHLASE (chlorophyllase) expressions were 
reduced in ALA treated seedlings grown under Pb stress (RBOH1 expression decreased to 3.44 from 6.50 fold and 
CHLASE expression decreased to 2.97 from 5.58 fold). Phenolic contents were increased in the presence of ALA 
and expression of genes like CHS (chalcone synthase; 7.50 fold) and PAL (phenylalanine ammonia lyase; 4.77 
fold) was also stimulated by ALA under Pb stress. Furthermore, contents of the Krebs cycle metabolites (fuma-
rate, succinate, malate and citrate) were also enhanced accompanied by upregulated expression of genes like CS 
(citrate Synthase; 8.13 fold), SUCLG1 (succinyl CoA ligase 1; 7.40 fold), SDH (succinate dehydrogenase; 5.10 
fold) and FH (fumarate hydratase; 5.65 fold). In conclusion, current investigation revealed that ALA attenuated 
Pb toxicity by modulating the transcription patterns of key enzymes involved in plant defense system.   

1. Introduction 

Heavy metal contamination in soils is attributable to the rapid 
industrialization, use of chemical fertilizers, smelting of rocks and 
combustion of gasoline as well as other anthropogenic sources represent 
a global concern for modern agriculture (Kumar et al., 2019; Shahid 
et al., 2011). Lead (Pb) is one of the most impacting metal pollutants, 
which alters the eco-biome of soil ecosystem and the plant metabolisms 
(Andra et al., 2009; Punamiya et al., 2010; Zhou et al., 2019). Since last 

few decades, extensive work has been conducted in relation to the 
biogeochemical aspects of Pb in plant-soil framework because of its 
potentially hazardous effects to the ecosystem (Schreck et al., 2012). 
Lead toxicity alters plant performance and productivity by altering 
multiple biochemical and physiological pathways in plants (Kohli et al., 
2019). For instance, Pb stress lowers nutrient (e.g. other bivalent cat-
ions) uptake due to cationic competition, alters the enzyme activities by 
binding to co-factor sites usually hosting other essential metals, and 
reduces the photosynthetic efficiency in plants (Kohli et al., 2017; 
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Pourrut et al., 2011; Sharma et al., 2020). Lead toxicity also disturbs 
regulation of gene expression involved in plant development (Lyu et al., 
2020; Maestri et al., 2010) and its accumulation in plant tissue also 
interferes with cell redox status triggering the production of reactive 
oxygen species (ROS), species such as hydroxy radical anion (–OH), 
superoxide anion (O2

− ), and hydrogen peroxide (H2O2) (Amari et al., 
2017; Ashraf et al., 2017; Pinho and Ladeiro, 2012). Lead ions trigger 
the production of ROS through multiple mechanisms including: (i) the 
activation of NADPH oxidase, (ii) the displacement of the prosthetic 
groups of various enzymes, and (iii) the inhibition the activity of en-
zymes which contains –SH groups (Pourrut et al., 2011). However, 
antioxidant enzymes such as superoxide dismutase (SOD), catalase 
(CAT), guaiacol peroxidase (POD), dehydroascorbate reductase 
(DHAR), glutathione reductase (GR) and glutathione-s-transferase (GST) 
represent a powerful first line of defence for preserving the cellular 
redox homeostasis in plants subjected to Pb stress (Gupta et al., 2009; Li 
et al., 2012; Venkatachalam et al., 2017; Wang et al., 2012). Non 
enzymatic antioxidants, such as glutathione (GSH), ascorbic acid and 
tocopherols also cooperate with enzymatic antioxidants to counteract 
excess of Pb-triggered ROS (Kohli et al., 2017). 

5-aminolevulinic acid (ALA) is a non-protein amino acid present in 
complex organisms, including plants (Beale and Castelfranco, 1974; 
Gibson et al., 1958; Schmied et al., 2018). ALA plays an important role 
in the biosynthesis of tetrapyrrole, the precursor of pivotal molecules, i. 
e. chlorophylls (Anwar et al., 2018). Additionally, ALA also ameliorates 
plant growth and strengthens plant defense mechanisms under various 
abiotic stresses including heavy metal toxicity (Akram and Ashraf, 2013; 
Ali et al., 2018; Cai et al., 2020; Tian et al., 2014; Wu et al., 2019). ALA 
reduces the harmful effects of various abiotic stresses as well as im-
proves the chlorophyll biosynthesis, photosynthetic rate and anti-
oxidative system (Naeem et al., 2010; Sheteiwy et al., 2017). Keeping in 
mind the potential of ALA in plant stress defense, the present investi-
gation was designed to study the effect of exogenous treatment of ALA 
on the level of oxidative stress generated in Brassica juncea seedlings 
under Pb stress, for which there is a general lack of knowledge. Based on 
the results obtained from the current investigation, it is hypothysed that 
ALA can be a potential biomolecule to raise new heavy metal tolerant 
varieties. However, this needs further studies by combining biotechno-
logical and molecular breeding tools. 

2. Materials and methods 

2.1. Raising of study material 

Certified B. juncea L. (RLC-1 var.) seeds provided by Punjab Agri-
cultural University, Ludhiana, (India) were sterilized with sodium hy-
pochlorite (5 % v/v) and then rinsed with distilled water. 5- 
aminolevulinic acid (ALA) was purchased by Sigma Aldrich (Mumbai, 
India). Seeds were then pre-sown in 10 mg/L, 20 mg/L of ALA solution 
for 8 h. ALA-treated seeds were then grown in Petri plates on Grade 1- 
Whatman filter paper and filled with Pb solution (IC-50 value- 
0.5 mM). Twenty-five seeds per Petri plates were seeded and three 
replicates of each treatment were investigated. Petri plates were then 
placed under controlled illumination, temperature and humidity con-
ditions in the seed germinator (photoperiod at 16 h, luminous intensity 
at 175 μmol m− 2 s-1, and temperature at 25 ± 0.5 ◦C). Ten days old 
seedling were harvested and analyzed for ROS production, antioxidative 
enzyme activities and other biochemical parameters including gene 
expression of key enzymes. 

2.2. Root, shoot length measurement and estimation of Pb accumulation 

Shoot and root length of B. juncea seedling was measured after 10 
days of seed sowing. For Pb content estimation, 1 g of fresh plant ma-
terial (seedlings) was digested in aquaregia (nitric acid and hydrochloric 
acid in 3:1) and the extract was purified through Whatman filter paper 1. 

After filtration, distilled water was added to reach a 50 mL final volume. 
Atomic absorption spectrophotometer (Schimadzu 6200) was used to 
determine the lead content. 

2.3. Chlorophyll, anthocyanin and total phenol estimation 

Chlorophyll content was determined by following method 
mentioned by Arnon (1949). The content of total anthocyanins was 
estimated by following standard method given by Mancinelli (1984). 
Method mentioned by Singleton and Rossi (1965) was used to quantify 
total phenolic content. 

2.4. Estimation of oxidative stress markers 

Superoxide anion (O2
.− ) content was determined by using method 

mentioned by Wu et al. (2010). Hydrogen peroxide (H2O2) was deter-
mined by following the method given by Patterson et al. (1984). 
Malondialdehyde (MDA) content was estimated as per protocol given in 
Heath and Packer (1968). 

2.5. Estimation of the activities of antioxidative enzymes 

The extract of the plant was prepared by homogenizing 1 g of seed-
lings in 50 mM potassium phosphate buffer (PPB) with pH-7.0, followed 
by centrifugation at 10,000 g (4 ◦C) for 20 min. The supernatant was 
used to analyze the activity of antioxidant enzymes. Standard protocols 
were followed to estimate enzyme activities as mentioned below: 

Catalase (CAT) activity was analyzed using Aebi (1974) method. 
Guaiacol Peroxidase (POD) activity was determined using the Pütter 
(1974) methodology. Glutathione Reductase (GR) activity was esti-
mated following method of Carlberg and Mannervik (1975). 
Glutathione-S-transferase (GST) activity was measured according to 
Habig and Jakoby (1981). Superoxide dismutase (SOD) activity was 
determined by the method given by Kono (1978). Dehydroascorbate 
reductase (DHAR) activity was estimated according to Dalton et al. 
(1986). 

2.6. Estimation of the Krebs cycle intermediates using gas 
chromatography-mass spectrometry (GC–MS) 

Gas chromatography-mass spectrometry (GC–MS) was used to 
quantify contents of organic acids including fumarate, succinate, malate 
and citrate. Samples were prepared and analysed using GC–MS as per 
original method given by Sharma et al. (2016). 

2.7. Gene expression analysis 

Trizol (Invitrogen) method was followed to extract total RNA content 
from fresh seedlings of B. juncea. The total RNA was used for the syn-
thesis of cDNA by the reverse transcription process using MuLv enzyme 
(RT). Genbank and EMBL Database were used to develop gene specific 
primers (Supplementary Table 1). qRT-PCR was performed following 
reaction amplification conditions mentioned by Sharma et al. (2019b). 
Actin was used as housekeeping gene. Method by Livak and Schmittgen 
(2001) was referred to find fold change in gene expression. 

2.8. Statistical analysis 

Experiments were carried out in three replicates. Data are analyzed 
using Two-way ANOVA followed by Tukey’s HSD, and multiple linear 
regression analysis (MLR) using self-coded software in MS-Excel 2010. 
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3. Results and discussion 

3.1. Impact of ALA application on seedling growth, chlorophyll content 
and Pb uptake 

The shoot and root lengths were reduced under Pb stress as 
compared to untreated seedlings. Moreover, exogenous supplementa-
tion of ALA enhanced the shoot length and root length under Pb stress 
(Fig. 1A,B). Chlorophyll degradation was also recovered significantly in 
Pb stressed seedling after ALA application (Fig. 1C). MLR analysis also 
predicted positive β-regression for shoot length, root length and chlo-
rophyll content after ALA application in Pb stressed seedlings (Fig. 1). In 
the current investigation, we also noticed that ALA application signifi-
cantly reduced the accumulation of Pb content and statistical analysis 
using MLR further proved the role of ALA in reduction of Pb residues in 
the seedlings as indicated by negative β-regression value (Fig. 1D). 

A consistent effect exerted by Pb toxicity is the restriction of plant 
growth, though Pb toxicity can act as a multi-target affecter in plant 
metabolism (Ali et al., 2014). As other metal ions, Pb competes with the 
uptake of other bivalent ions (e.g. Mg and Fe), which are essential for 
chlorophyll biosynthesis (Burzynski, 1987). In addition, Pb toxicity in-
duces a decline in photosynthetic rate due to altered chlorophyll 

ultrastructure, restrained synthesis plastoquinones and carotenoids, 
constrained electron transport, inhibited activities of Calvin cycle en-
zymes, as well as reduction of CO2 uptake as a result of stomatal closure 
(Stefanov et al., 1995). Moreover, in current investigation, we also 
noticed that ALA application reduced the expression of CHLASE 
expression (chlorophyllase enzyme which is responsible for degradation 
of pigment chlorophyll). 

The outcomes acquired in the present investigation reveal that shoot 
and root lengths were severely constrained in plants subjected to Pb 
treatment, as also observed by other researches (Sharma and Dubey, 
2005). The decrease in shoot and root lengths might be due to the re-
straint in mitotic cell separation under Pb toxicity (Bhatti et al., 2013). 
Reduction in the growth might also be in response to hindered uptake of 
essential minerals which may disturb the biochemical metabolism, 
eventually leading to reduced cell growth as well as cell separation 
(Boroumand et al., 2011). The present study further revealed that seeds 
treated with ALA improved the growth of root and shoot lengths of 
mustard seedlings under Pb stress. The increase in growth parameters 
might be due to the positive action of ALA in the regulation of multiple 
metabolic systems, thereby increasing the growth and productivity of 
various plant physiological processes under abiotic-stressed plants, 
including heavy metals (Ahmad et al., 2017; Ali et al., 2018). 

Fig. 1. Effect of ALA application on growth parameters, chlorophyll content and lead (Pb) accumulation in 10 days old B. juncea seedlings grown under Pb stress. 
Data presented here as mean ± standard deviation. HSD (honestly significant difference, p ≤ 0.05), MLR (multiple linear regression), CN (control), ALA1 and ALA2 
(10 mg/L and 20 mg/L 5-aminolevulinic acid), Pb (0.5 mM/L), X1 (Pb), X2 (ALA), βPb (β-regression coefficient for Pb), βALA (β-regression coefficient for ALA), r 
(correlation coefficient), *** indicates significant at p ≤ 0.001. 
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One of the most deleterious effects of Pb in plant metabolism is the 
imbalance of photosynthesis, which is principally dependent to the 
impairment of chlorophyll biosynthesis due to reduce uptake of Mg and 
Fe (Burzynski, 1987). In our experiments, ALA stimulated the accumu-
lation of chlorophylls in control plants and in Pb-treated plants the 
highest dose of ALA restored the level of chlorophyll content. Among 
other possible positive effect exerted by ALA, the reduction of Pb 
accumulation could be one of the main ameliorative roles offered by this 
compound. Indeed, ALA application reduced the accumulation of Pb 
ions, for which, however, our dataset does not allow finding a proper 
explanation. A lower Pb accumulation may have limited the 
Pb-triggered redox homeostasis imbalance, which is a common reaction 
of plants subjected to Pb toxicity (Kohli et al., 2019). 

3.2. Impact of ALA application of oxidative stress and antioxidative 
defense system 

In current study, Pb application to B. juncea seedlings promoted the 
accumulation of superoxide anion and hydrogen peroxide, which were 
accompanied by an enhanced lipid peroxidation (Fig. 2), which is a well- 
known indicator of membrane damage due to oxidative stress (Kohli 
et al., 2019). However, ALA application resulted in significant reduction 
in the contents of superoxide anion (Fig. 2A), hydrogen peroxide 
(Fig. 2B) and MDA (Fig. 2C). 

We also noticed that ALA application significantly enhanced the 
activities of antioxidative enzymes under Pb stress (Fig. 3). It has been 
clearly demonstrated that a powerful antioxidant system and a rapid 
activation of the antioxidant apparatus by ALA (Ali et al., 2014) is 
essential for plants to counteract the Pb-triggered oxidative stress, which 
can otherwise damage cell membrane (Verma and Dubey, 2003). For 
this reasons, besides biometric analyses, emphasis is given in the present 
investigation to validate biochemical response (antioxidative defense 
system) by studying the gene expression pattern of key enzymes. 
Moreover, genes responsible for respiratory burst oxidases also get 
upregulated under abiotic stresses, resulting in over accumulation of 
ROS (Sharma et al., 2017). In the current investigation, we also noticed 
that expression of RBOH1 gene was upregulated by Pb toxicity (Fig. 3G), 
supporting above mentioned facts. 

Antioxidant enzymes are key defenses in plants subjected to Pb 
toxicity (Ali et al., 2014; Kohli et al., 2019) and a prompt and massive 
activation of the activity and the expression of antioxidant enzymes is 
essential for plants to counteract the effect of Pb-triggered ROS. Our 
dataset revealed that Pb toxicity enhanced the activities of enzymatic 
antioxidants (SOD, CAT, POD, GR, GST and DHAR) as well as upregu-
lated gene expression (SOD, CAT, POD, GST, GR and DHAR). Notably, 
the application of ALA in our experiment induced a further significant 
stimulation in the activity of most antioxidant enzymes (Fig. 3A–F) as 
well as in their gene expression (Fig. 4A–F). This highlights the capacity 
of ALA-treated plants to respond better to Pb-triggered oxidative stress 
and to contain the damages related to ROS spread. This role of ALA is not 
simply dependent to the lower level of Pb accumulated in ALA-treated 
plants, given that ALA stimulated directly the activity and the expres-
sion of most antioxidant enzymes, even when applied in control plants. 
This is supportive for a causal effect between ALA application and 
antioxidant enzyme activity and expression activation, which contrib-
utes in making ALA application a promising strategy to increase Pb 
tolerance in plants. 

3.3. Impact on contents of anthocyanins, total phenolics and Krebs cycle 

Besides the positive effect to antioxidant enzymes in Pb-treated 
plants, ALA also stimulates the accumulation of antioxidant com-
pounds such as total polyphenols, and in particular the flavonoid group 
of anthocyanins. In the current investigation, we noticed that Pb stress 
as well as ALA application enhanced the contents of total anthocyanins 
(Fig. 5A) and total phenolics (Fig. 5B). Analysis of data using MLR also 
revealed the promontory role of ALA in the biosynthesis of these phe-
nolics (Fig. 5). 

The accumulation of polyphenols is a common response of plants 
against a plethora of abiotic stresses, including heavy metals, due to 
their high antioxidant power (Sharma et al., 2019a). Besides their 
antioxidant prerogative, anthocyanins may also assist the photosyn-
thetic apparatus by acting as sunscreen (Lo Piccolo et al., 2020), thereby 
reducing the excess of light attributable to chloroplast impairment in 
Pb-stressed plants (Hadi and Aziz, 2015). In our experiments, Pb pro-
moted the accumulation of total polyphenols and anthocyanins, but the 
stimulation of the polyphenol metabolism was greater in Pb-ALA treated 
plants. Accordingly, ALA significantly stimulated the expression of key 
genes of the phenylpropanoid metabolism, including CHS (Fig. 6B) and 
PAL (Fig. 6C) which are indeed responsible for the stronger 

Fig. 2. Effect of ALA application on oxidative stress markers in 10 days old 
B. juncea seedlings grown under Pb stress. Data presented here as 
mean ± standard deviation. HSD (honestly significant difference, p ≤ 0.05), 
MLR (multiple linear regression), CN (control), ALA1 and ALA2 (10 mg/L and 
20 mg/L 5-aminolevulinic acid), Pb (0.5 mM/L), X1 (Pb), X2 (ALA), βPb 
(β-regression coefficient for Pb), βALA (β-regression coefficient for ALA), r 
(correlation coefficient), *** indicates significant at p ≤ 0.001. 

R. Singh et al.                                                                                                                                                                                                                                   



Journal of Biotechnology 323 (2020) 283–292

287

accumulation of total phenols and anthocyanins in both ALA- and 
Pb-ALA-treated plants. 

Another positive role exerted by ALA in our experiment is the stim-
ulation of the Krebs cycle as demonstrated by increased level of some 
intermediates like fumaric acid, succinic acid, malic acid and citric acid 
(Fig. 5C-F) as well as the upregulation of genes encoding key enzymes 
involved in this pathway including CS, SUCLG1, SDH and FH 
(Fig. 6D–G). It has been clearly demonstrated that these organic acids 
can act as metal chelators (Naidu and Harter, 1998). In particular, malic 
and citric acid (the two which were much more strongly accumulated in 
our experiments in Pb-ALA-treated plants) can form stable complexes 
with divalent cations (Cieśliński et al., 1998), thereby sequestrating Pb 
ions and reducing the possibility of Pb ions to affect plant metabolism. 
Accordingly, citric acid improves lead (Pb) phytoextraction in Brassica 
napus L. by mitigating pb-induced morphological and biochemical 
damages (Cieśliński et al., 1998). 

4. Conclusion 

The present investigation offers the evidence that ALA treatment 
exerted ameliorative effects in Pb-stressed plants in different ways. ALA 
treatment increased the performances of B. juncea plants by: i) reducing 
the level of Pb accumulated; ii) promoting the activity and the expres-
sion of pivotal antioxidant enzymes; iii) stimulating the biosynthesis of 
key non-enzymatic antioxidant compounds (total polyphenols and an-
thocyanins); and iv) promoting the biosynthesis of organic acids (Krebs 
cycle) which can act as metal chelator. It is conceivable that all these 
mechanisms contribute in ameliorating B. juncea performances and ac-
commodating Pb-triggered stress, thereby suggesting the use of ALA as a 
possible strategy to increase plant tolerance against Pb toxicity, for 
example in case of phytoremediation. Moreover, exploring in-depth 
molecular mechanisms can be of special interest for crop bio-
technologists and molecular plant breeders to raise new heavy metal 
tolerant varieties. 

Fig. 3. Effect of ALA application on antioxidative enzymes in 10 days old B. juncea seedlings grown under lead (Pb) stress. SOD (superoxide dismutase), CAT 
(catalase), POD (peroxidase), GR (glutathione reductase), GST (glutathione-s-transferase), DHAR (dehydroascorbate reductase), Data presented here as 
mean ± standard deviation. HSD (honestly significant difference, p ≤ 0.05), MLR (multiple linear regression), CN (control), ALA1 and ALA2 (10 mg/L and 20 mg/L 5- 
aminolevulinic acid), Pb (0.5 mM/L), X1 (Pb), X2 (ALA), βPb (β-regression coefficient for Pb), βALA (β-regression coefficient for ALA), r (correlation coefficient), *** 
indicates significant at p ≤ 0.001. 
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Fig. 4. Effect of ALA application on gene expression of antioxidative defense system in 10 days old B. juncea seedlings grown under lead (Pb) stress. Data presented 
here as mean ± standard deviation. SOD (superoxide dismutase), CAT (catalase), POD (peroxidase), GR (glutathione reductase), GST (glutathione-s-transferase), 
DHAR (dehydroascorbate reductase), RBOH1 (respiratory burst oxidase homologue 1). HSD (honestly significant difference, p ≤ 0.05), MLR (multiple linear 
regression), CN (control), ALA1 and ALA2 (10 mg/L and 20 mg/L 5-aminolevulinic acid), Pb (0.5 mM/L), X1 (Pb), X2 (ALA), βPb (β-regression coefficient for Pb), βALA 
(β-regression coefficient for ALA), r (correlation coefficient), *, ** and *** indicates significant at p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001 respectively. 
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Fig. 5. Effect of ALA application on the contents of total anthocyanin, total phenols and organic acids in 10 days old B. juncea seedlings grown under lead (Pb) stress. 
Data presented here as mean ± standard deviation. HSD (honestly significant difference, p ≤ 0.05), MLR (multiple linear regression), CN (control), ALA1 and ALA2 
(10 mg/L and 20 mg/L 5-aminolevulinic acid), Pb (0.5 mM/L), X1 (Pb), X2 (ALA), βPb (β-regression coefficient for Pb), βALA (β-regression coefficient for ALA), r 
(correlation coefficient), *** indicates significant at p ≤ 0.001. 
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