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• Individual and combinatorial applica
tion of ABA and 6-BAP was applied to Cr 
stressed rice. 

• Cr stress decreased eco-physiology of 
plants. 

• Cr stress affected proline metabolism 
and AsA-GSH cycle. 

• Application of ABA and 6-BAP reduced 
Cr stress and increase plant 
development.  
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A B S T R A C T   

In recent years, the use of plant hormones, such as abscisic acid (ABA) and 6-benzylaminopurine (6-BAP), has 
gained significant attention for their role in mitigating abiotic stresses across various plant species. These hor
mones have been shown to play a vital role in enhancing the ascorbate-glutathione cycle and eliciting a wide 
range of plant growth and biomass, photosynthetic efficiency, oxidative stress and response of antioxidants and 
other physiological responses. While previous research has been conducted on the individual impact of ABA and 
6-BAP in metal stress resistance among various crop species, their combined effects in the context of heavy metal- 
stressed conditions remain underexplored. The current investigation is to assess the beneficial effects of single 
and combined ABA (5 and 10 μM L− 1) and 6-BAP (5 and 10 μM L− 1) applications in rice (Oryza sativa L.) 
cultivated in chromium (Cr)-contaminated soil (100 μM). Our results showed that the Cr toxicity in the soil 
showed a significant declined in the growth, gas exchange attributes, sugars, AsA-GSH cycle, cellular fraction
ation, proline metabolism in O. sativa. However, Cr toxicity significantly increased oxidative stress biomarkers, 
organic acids, enzymatic and non-enzymatic antioxidants including their gene expression in O. sativa seedlings. 
Although, the application of ABA and 6-BAP showed a significant increase in the plant growth and biomass, gas 
exchange characteristics, enzymatic and non-enzymatic compounds and their gene expression and also decreased 
the oxidative stress, 

And Cr uptake. In addition, individual or combined application of ABA and 6-BAP enhanced the cellular 
fractionation and decreases the proline metabolism and AsA-GSH cycle in rice plants. These results open new 
insights for sustainable agriculture practices and hold immense promise in addressing the pressing challenges of 
heavy metal contamination in agricultural soils.   

1. Introduction 

In recent decades, rapid increases in urbanization and industriali
zation have caused the excessive release of heavy metals in farmlands 
with damaging effects on ecosystems (Abeed et al., 2022a; Sarker et al., 
2023; Singh et al., 2023b). Heavy metals are of high ecological signifi
cance due to their persistence, toxicity, and bioaccumulation capacity, 
and also the excess amount of heavy metals in soil significantly reduces 
plant production and yield (Krivokapić, 2021; Alam et al., 2023). Cr is a 
major toxic element discharged into the environment through various 
industries, such as tanning, electroplating, manufacturing of pigments, 
production of nuclear weapons, and corrosion control (Danish et al., 
2019; Gautam et al., 2020). This extensive industrial use of Cr com
posites and their subsequent release, without prior treatment, into the 
surrounding environment contaminates the entire ecosystem and can 
lead to catastrophic health risks (Abeed and Salama, 2022; Basit et al., 
2023; Singh et al., 2023a). Higher Cr levels in plants cause ultra- 
structural alterations (Shahid et al., 2017; Jobby et al., 2018), oxida
tive stress in plants, and increased electrolyte leakage (EL) and malon
dialdehyde (MDA) concentrations, whereas induced alterations in 
antioxidant enzyme activities such as superoxide dismutase (SOD), 
peroxidase (POD), and catalase (CAT) and ascorbate peroxidase (APX) 
(Alsafran et al., 2022; Salama et al., 2022; Ali et al., 2022). Previously, 
antioxidative enzymes played a significant role in the reduction of Cr 
phytotoxicity in Lemna minor (Sallah-Ud-Din et al., 2017), Brassica napus 
(Li et al., 2018), Vigna radiata (Singh et al., 2023a), Spinacia oleracea 
(Zaheer et al., 2020), and Triticum aestivum (Basit et al., 2022) grown 
under excessive Cr concentrations. Hence, it is immensely required to 
safeguard plant from Cr toxicity to counter the phytotoxicity and 
oxidative stress triggered by the uptake of Cr in plants (Abeed et al., 
2022b). 

Rice (Oryza sativa L.) is a cereal grain, it is the most widely consumed 
staple food for a large part of the world's human population, especially 
in Asia and Africa (Panhwar et al., 2015; AbdElgawad et al., 2023). It is 
the agricultural commodity with the third-highest worldwide produc
tion (O. sativa, 741.5 million ton in 2014), after Saccharum officinarum 
(1.9 billion ton) and Zea mays (1.0 billion ton) (FAOSTAT, 2018). Metal 
stress can hinder growth and reduce yields, which can have a severe 
impact on food security across the globe (Abeed et al., 2022a). O. sativa 
cultivation is well-suited to countries and regions with low labor costs 
and high rainfall, as it is labor-intensive to cultivate and requires ample 
water. However, O. sativa can be grown practically anywhere, even on a 
steep hill or mountain area with the use of water-controlling terrace 

systems (Fahad et al., 2019; Mao et al., 2022). Cr is one of the main 
pollutants in paddy fields, and its accumulation in O. sativa and subse
quent transfer to food chain is a global environmental issue (Zeng et al., 
2011; Tripathi et al., 2012). Although, it was also reported that Cr can be 
readily taken up by O. sativa and translocated to shoot and then to grains 
(Basit et al., 2022; AbdElgawad et al., 2023). Thus, Cr can enter into the 
food chain through O. sativa consumption, even at low Cr concentrations 
in the soils, and cause toxicities to humans (Abeed and Salama, 2022; 
Sarfraz et al., 2022; Zhu et al., 2022). 

Plants have evolved various mechanisms i.e., adaptive and/or 
constitutive to tolerate the heavy metals toxicity (Mfarrej et al., 2023). 
The strategies involved in these tolerance mechanisms might consist of 
the reduction of heavy metal uptake, induced expression of specific 
transporter genes, promote accumulation in vacuoles, and increasing the 
signaling molecules (antioxidant enzymes) to reduce the ROS-induced 
toxicity (Basharat et al., 2023; Ejaz et al., 2023). The plant growth 
modulators, comprising of a group of plant growth phytohormones such 
as abscisic acid (ABA), and 6-benzyl aminopurine (6-BAP), regulate 
plant responses under heavy metals toxicity by mediating numerous 
biochemical and physiological processes (Kamran et al., 2020; Emam
verdian et al., 2022). ABA is a key stress phytohormone and has been 
recognized as chemical messenger, involved in the activation of anti
oxidative defense machinery to check overproduction of ROS and signal 
transduction in plants under adverse conditions (Chen et al., 2022) such 
as Cr toxicity (Choudhary et al., 2011). Likewise, 6-benzylaminopurine 
(6-BAP) is known as a master growth modulator, can effectively promote 
survival ability and resistance capacity by acting as a free radicle scav
enger in various crops against abiotic stresses (Aderholt et al., 2017) and 
also against Cr stress (Emamverdian et al., 2022). Furthermore, these 
hormone interactions not only improve apical dominance in shoots and 
overall growth of plants but also enhance antioxidant defenses, regulate 
stomata opening, and optimize the photosynthesis process, collectively 
enhancing the plant's ability to overcome the harmful effects of metal 
stress (Chen et al., 2020; Kamran et al., 2021; Emamverdian et al., 
2022). 

Despite the many useful advantages related to the individual appli
cations of ABA and 6-BAP, but the combined application to these phy
tohormones still remains unclear in combating the metal stress. Our 
study hypothesized the individual and combined application of ABA and 
6-BAP to O. sativa seedlings under Cr stress. The results from this study 
would add to our knowledge about (I) the morphological and photo
synthetic efficiency (II) oxidative stress and response of enzymatic and 
non-enzymatic responses along with their specific gene expression (III) 
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proline metabolism, AsA-GSH cycle, cellular fractionation, organic acids 
exudation pattern and Cr uptake in different parts of the plants under the 
Cr stress with the individual or combined application of ABA and 6-BAP. 

2. Materials and methods 

2.1. Experimental setup 

A pot experiment was conducted in the Botanical Garden of the 
department of Biology, College of Science, Princess Nourah bint 
Abdulrahman, Riyadh 11,671, Saudi Arabia, under the glass house. Pots 
were placed under glass house environment where they received natural 
sunlight, day/night humidity (60/70 %) and day/night temperature 
(24/12 ◦C), respectively. “Muthmira” or “Saudi Baladi” rice cultivar 
were used as a test plant, and O. sativa seeds were taken from the 
Princess Nourah bint Abdulrahman. Before sowing, the seeds were 
carefully washed and sterilized in 0.1 % HgCl2 solution for 1 min and 
then washed three times with distilled water. Uncontaminated soil, 
obtained from the research field of Princess Nourah bint Abdulrahman, 
was air dried and passed through a 2-mm sieve. The initial physio- 
chemical properties of natural soil are provided in Supplementary 
Table 1. After contamination of soil with Cr using potassium dichromate 
(K2Cr2O7), pots (30-cm-tall * 40-cm-wide) were filled with 10 kg of 
amended soil and undergone at four different cycles of water equili
brated for two months and then air. The similar level of Cr in the soil was 
also used in our previous study by (Ma et al., 2022). The pots used in this 
study were rotated regularly in order to avoid environmental effects on 
the plants. The total duration of experimental treatments was two 
months under controlled conditions. The chemical reagents such as 6- 
Benzylaminopurine (6-BAP), Abscisic Acid (ABA) were purchased 
from the local chemical suppliers in Riyadh 11,671, Saudi Arabia. The 6- 
BAP used in the experiment have 99 % purity level, while ABA was of 98 
%. The application of ABA and 6-BAP was applied as foliar application 
when seedlings were germinated to 14 days old. The same concentra
tions of ABA and 6-BAP were used in our previous study (Kamran et al., 
2020). Whereas, Cr stressed O. sativa plants were supplied with two 
plant growth modulators of analytical grade (ABA and 6-BAP) at two 
levels (5 and 10 μM L− 1). There were 12 treatments and the detailed 
experimental treatment details are as follow: CK: control (no Cr + ABA 
+ 6-BAP), T1: ABA (5 μM L− 1), T2: ABA (10 μM L− 1), T3: 6-BAP (5 μM 
L− 1), T4: 6-BAP (10 μM L− 1), T5: Cr (100 μM), T6: Cr (100 μM) + ABA (5 
μM L− 1), T7: Cr (100 μM) + ABA (10 μM L− 1), T8: Cr (100 μM) + 6-BAP 
(5 μM L− 1), T9: Cr (100 μM) + 6-BAP (10 μM L− 1), T10: Cr (100 μM) +
ABA (5 μM L− 1) + 6-BAP (5 μM L− 1), and T11: Cr (100 μM) + ABA (10 
μM L− 1) + 6-BAP (10 μM L− 1). 

2.2. Sampling and data collection 

The plants were picked up after two months of treatments, and 
various morphological traits were measured, including root and shoot 
length (cm), and their fresh and dry weights in grams (g). The root and 
shoot length were calculated on a scale measuring meter, and the fresh 
weight (FW) of the roots and shoots was determined separately for each 
replicate using a weighting digital balance. Later, root and shoot were 
dried in an oven at 105 ◦C for 1 h, then at 70 ◦C for 72 h to determine 
their dry weight. Roots were immersed in 20 mM Na2EDTA for 15–20 
min to remove Cr adhered to the surface of roots. Then, roots were 
washed thrice with distilled water and finally once with deionized water 
and dried for further analysis. Although this experiment was conducted 
in pots, for the collection of organic acids, two seedlings were trans
ferred to the rhizoboxes which consist of plastic sheet, nylon net, and 
wet soil (Javed et al., 2013). After 48 h, plants were taken from the 
rhizoboxes and the roots were washed with redistilled water to collect 
the exudates from root surface. The samples were filtered through a 
0.45-μm flter (MillexHA, Millipore) and collected in eppendorf tubes 
(Greger and Landberg, 2008). The collected samples were mixed with 

NaOH (0.01 M) in order to analyze the organic acids. However, the 
samples used for analysis of oxalic acid were not treated with NaOH 
(Javed et al., 2013). 

2.3. Determination of photosynthetic pigments and gas exchange 
characteristics 

Leaves were collected for the determination of chlorophyll and 
carotenoid contents. For chlorophylls, 0.1 g of fresh leaf sample was 
extracted with 8 mL of 95 % acetone for 24 h at 4 ◦C in the dark. The 
absorbance was measured by a spectrophotometer (UV-2550; Shimadzu, 
Kyoto, Japan) at 646.6, 663.6, and 450 nm. Chlorophyll content was 
calculated by the standard method of (Arnon, 1949). 

Net photosynthesis (Pn), leaf stomatal conductance (Gs), transpira
tion rate (Ts), and intercellular carbon dioxide concentration (Ci) were 
measured from four different plants in each treatment group. Mea
surements were conducted between 11:30 and 13:30 on days with a 
clear sky. Rates of leaf Pn, Gs, Ts, and Ci were measured with a LI-COR 
gas-exchange system (LI-6400; LI-COR Biosciences, Lincoln, NE, USA) 
with a red-blue LED light source on the leaf chamber. In the LI-COR 
cuvette, CO2 concentration was set as 380 mmol mol− 1 and LED light 
intensity was set at 1000 mmol m− 2 s− 1, which was the average satu
ration intensity for photosynthesis in S. oleracea (Austin, 1990). 

2.4. Determination of oxidative stress indicators 

The degree of lipid peroxidation was evaluated as malondialdehyde 
(MDA) contents. Briefly, 0.1 g of frozen leaves were ground at 4 ◦C in a 
mortar with 25 mL of 50 mM phosphate buffer solution (pH 7.8) con
taining 1 % polyethene pyrrole. The homogenate was centrifuged at 
10,000 ×g at 4 ◦C for 15 min. The mixtures were heated at 100 ◦C for 
15–30 min and then quickly cooled in an ice bath. The absorbance of the 
supernatant was recorded by using a spectrophotometer (xMark™ 
Microplate Absorbance Spectrophotometer; Bio-Rad, United States) at 
wavelengths of 532, 600, and 450 nm. Lipid peroxidation was expressed 
as l mol g− 1 by using the formula: 6.45 (A532-A600)-0.56 A450. Lipid 
peroxidation was measured by using a method previously published by 
(Heath and Packer, 1968). 

To estimate H2O2 content of plant tissues (root and leaf), 3 mL of 
sample extract was mixed with 1 mL of 0.1 % titanium sulfate in 20 % 
(v/v) H2SO4 and centrifuged at 6000 ×g for 15 min. The yellow colour 
intensity was evaluated at 410 nm. The H2O2 level was computed by the 
extinction coefficient of 0.28 mmol− 1 cm− 1. The contents of H2O2 were 
measured by the method presented by (Jana and Choudhuri, 1981). 

Stress-induced electrolyte leakage (EL) of the uppermost stretched 
leaves was determined by using the methodology of (Dionisio-Sese and 
Tobita, 1998). The leaves were cut into minor slices (5 mm length) and 
placed in test tubes having 8 mL distilled water. These tubes were 
incubated and transferred into a water bath for 2 h prior to measuring 
the initial electrical conductivity (EC1). The samples were autoclaved at 
121 ◦C for 20 min and then cooled down to 25 ◦C before measuring the 
final electrical conductivity (EC2). Electrolyte leakage was calculated by 
the following formula; 

EL = (EC1/EC2)× 100.

2.5. Determination of antioxidant enzyme activities and relative gene 
expression 

To evaluate enzyme activities, fresh leaves (0.5 g) were homogenized 
in liquid nitrogen and 5 mL of 50 mmol sodium phosphate buffer (pH 
7.0), including 0.5 mmol EDTA and 0.15 mol NaCl. The homogenate was 
centrifuged at 12,000 ×g for 10 min at 4 ◦C, and the supernatant was 
used for measurement of superoxidase dismutase (SOD) and peroxidase 
(POD) activities. SOD activity was assayed in 3 mL reaction mixture 
containing 50 mM sodium phosphate buffer (pH 7), 56 mM nitro blue 
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tetrazolium, 1.17 mM riboflavin, 10 mM methionine, and 100 μL 
enzyme extract. Finally, the sample was measured by using a spectro
photometer (xMark™ Microplate Absorbance Spectrophotometer; Bio- 
Rad). Enzyme activity was measured by using a method by (Chen and 
Pan, 1996) and expressed as U g− 1 FW. 

POD activity in the leaves was estimated by using the method of 
(Sakharov and Ardila, 1999) by using guaiacol as the substrate. A re
action mixture (3 mL) containing 0.05 mL of enzyme extract, 2.75 mL of 
50 mM phosphate buffer (pH 7.0), 0.1 mL of 1 % H2O2, and 0.1 mL of 4 
% guaiacol solution was prepared. Increases in the absorbance at 470 
nm because of guaiacol oxidation was recorded for 2 min. One unit of 
enzyme activity was defined as the amount of the enzyme. 

Catalase (CAT) activity was analyzed according to (Aebi, 1984). The 
assay mixture (3.0 mL) was comprised of 100 μL enzyme extract, 100 μL 
H2O2 (300 mM), and 2.8 mL 50 mM phosphate buffer with 2 mM ETDA 
(pH 7.0). The CAT activity was measured from the decline in absorbance 
at 240 nm as a result of H2O2 loss (ε = 39.4 mM− 1 cm− 1). 

Ascorbate peroxidase (APX) activity was measured according to 
(Nakano and Asada, 1981). The mixture containing 100 μL enzyme 
extract, 100 μL ascorbate (7.5 mM), 100 μL H2O2 (300 mM), and 2.7 mL 
25 mM potassium phosphate buffer with 2 mM EDTA (pH 7.0) was used 
for measuring APX activity. The oxidation pattern of ascorbate was 
estimated from the variations in wavelength at 290 nm (ε = 2.8 mM− 1 

cm− 1). 
Quantitative real-time PCR (RT-qPCR) assay was applied to investi

gate the expression levels of 4 stress-related genes, including Fe-SOD, 
POD, CAT and APX. Total RNA was extracted from leaf tissue samples 
using RNeasy Plant Mini kits (Qiagen, Manchester, UK). Contaminating 
DNA was then removed and first-strand cDNAs were prepared using 
Reverse Transcription kits (Qiagen, Manchester, UK). RT-qPCR analysis 
was conducted as reported in the protocol of QuantiTect SYBR Green 
PCR kit (Qiagen, Manchester, UK). Reaction volume and PCR amplifi
cation conditions were adjusted as mentioned by (El-Esawi et al., 2020). 
The gene amplifications of (Sirhindi et al., 2016) of the following genes 
are given in Table 2S. 

2.6. Determination of non-enzymatic antioxidants, and sugar 

Plant ethanol extracts were prepared for the determination of non- 
enzymatic antioxidants and some key osmolytes. For this purpose, 50 
mg of dry plant material was homogenized with 10 mL ethanol (80 %) 
and filtered through Whatman No. 41 filter paper. The residue was re- 
extracted with ethanol, and the 2 extracts were pooled together to a 
final volume of 20 mL. The determination of flavonoids (Pękal and 
Pyrzynska, 2014), phenolics (Bray and Thorpe, 1954), anthocyanin 
(Lewis et al., 1998), and total sugars (Dubois et al., 1956) was performed 
from the extracts. 

2.7. Measuring proline, P5CR, ProDH, and P5C enzyme activity 

To measure proline concentrations, 0.5 g of shoot tissues were 
ground in sulfosalicylic acid and then centrifuged, and the supernatant 
was collected from each sample. The proline concentration in each 
sample was measured (Bates et al., 1973). Specifically, the supernatant 
from each sample was reacted with acid ninhydrin, and the resulting 
colorimetric reaction was measured to determine the proline concen
tration by “UV-1700 pharmaSpec spectrophotometer”. 

The ProDH “proline dehydrogenase”, P5CR “pyrroline-5-carboxylate 
reductase”, and P5C “pyrroline-5-carboxylate” were measured using kits 
provided by Jiangsu Meibiao Biological Technology Co., Ltd. Enzyme 
activities were accurately measured using these reagent kits, which 
include all chemicals and related instructions by “UV-1700 pharmaSpec 
spectrophotometer”. 

2.8. Biochemical assay of GSH and AsA in plant tissues 

Glutathione (GSH), glutathione disulfide (GSSH), DHA (dehy
droascorbic acid), and ascorbic acid (AsA) were determined in fresh 
leaves (Singh et al., 2015) and were extracted by homogenizing 0.2 g of 
leaves in TCA and then collecting the supernatant by centrifugation. 
GSH concentration was measured in a solution including phosphate 
buffer, supernatant, and DTNB reagent (PBS, pH 7.0) (Singh et al., 
2015). The amount of GSH was determined by a spectrophotometer. To 
measure the AsA content, NaH2PO4 solution, enzyme extract, distilled 
water, and 10 % TCA were mixed to determine the concentration of AsA 
in the samples (Singh et al., 2015). After a 30-s incubation period, FeCl3 
solution, H3PO4, and 2,2′ -dipyridine were added to the reaction 
mixture. The FeCl3 and 2,2′ -dipyridine reacted with the AsA to produce 
a red-colored complex that can be measured spectrophotometrically at 
525 nm. The amount of AsA present in the sample was calculated. 

2.9. Cell wall component fractionation 

Cell wall isolation was done as reported by (Yang et al., 2011). 
Shoots (4 g) were placed in a mortar and ground with liquid nitrogen. 
The homogenized samples were transferred to centrifuge tubes and 75 % 
ethanol was added and incubated at 25 ◦C. The samples were centri
fuged. The bottom sediment was further homogenized in 10 mL of each 
of acetone, chloroform, and methanol (v:v = 1:1) for 30 min each, with 
shaking at room temperature. The homogenate was centrifuged. The 
remaining cell wall components were lyophilized until dry sediment was 
obtained. The lyophilized cell wall components were analyzed for 
biochemical assays. Subsequently, the separation of the hemicellulose 
fraction was carried out (Yang et al., 2011). Approximately 3 mg CW 
was mixed with water in an Eppendorf tube. The mixture was boiled for 
1 h using a heating block or hot plate set at 100 ◦C and centrifuged. The 
above procedure was repeated for duplicate samples. After 12 h, the 
precipitate was extracted twice with 1 mL of KOH (24 %, w/v) at room 
temperature. After each extraction, centrifugation was done. The 
hemicellulose concentration was measured at 540 nm absorbance. 

Pectin Assay Kit was used to detect pectin. Pectinesterase Assay Kit 
was used to detect PME activity. The Cellulose Assay Kit was used to 
detect cellulose concentrations using kits provided by Jiangsu Meibiao 
Biological Technology Co., Ltd. Enzyme activities were accurately 
measured using these reagent kits, which include all chemicals and 
related instructions. DM was calculated using the formula: demethyla
tion degree = 100 - DM, where DM is the degree of methylation. 

2.10. Measuring proline, P5CR, ProDH, and P5C enzyme activity in rice 
seedlings 

A solution from 0.5 g of tissue mixture crushed in C7H6O6S and spun 
up was used to quantify proline levels. Each sample's proline level was 
assessed (Bates et al., 1973). Proline concentrations were determined 
using a “UV-1700 pharmaSpec spectrophotometer” by treating residual 
solutions with acid ninhydrin. Jiangsu Meibiao Biological Technology 
Co., Ltd. specified the kits to analyze ProDH (proline dehydrogenase), 
P5CR (pyrroline-5-carboxylate reductase), and P5C (pyrroline-5- 
carboxylate). The enzyme procedures were precisely determined by the 
“UV-1700 pharmaSpec spectrophotometer” via such reagent kits, 
comprising every chemical with guidelines. 

2.11. Organic acids exudation pattern and Cr uptake 

In order to determine the concentration of organic acids, freeze-dried 
exudates were mixed with ethanol (80 %), and 20 μL of the solutions 
were injected into the C18 column (Brownlee Analytical C-183 μm; 
length 150 mm × 4.6 mm2, USA). Quantitative analysis of organic acids 
in root exudates was executed with high-performance liquid chroma
tography (HPLC), having a Flexer FX-10 UHPLC isocratic pump 
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(PerkinElmer, MA, USA). The mobile phase used in HPLC was comprised 
of an acidic solution of aceto-nitrile containing aceto-nitrile:H2SO4: 
acetic acid in ratios of 15:4:1, respectively, and pH of 4.9. The samples 
were analyzed at a flow rate of 1.0 mL min− 1 for a time period of 10 min. 
The inner temperature of the column was fixed at 45 ◦C, and quantifi
cation of organic acids was carried out at 214 nm wavelength with the 
help of a detector (UV–VIS Series 200, USA) as described by (UdDin 
et al., 2015). Freeze-dried samples were dissolved in redistilled water, 
and the pH of the exudates was recorded with LL micro-pH glass elec
trode by using a pH meter (ISTEK Model 4005–08007 Seoul, South 
Korea). 

Plant samples were vigilantly digested via di-acid (HNO3-HClO4) 
technique. 0.5 g dry sample of roots and shoots of the plants were taken 
into the flask having 10 mL of HNO3-HClO4 (3:1, v:v); this collection was 
then retained overnight. Final digestion of these plants' samples was 
completed after the addition of HNO3 (5 mL) and then placed on the hot 
plate for complete digestion as described by (Rehman et al., 2015). 

Atomic absorption spectrophotometer (AAS) was used to investigate the 
exact amount of Cr in shoots and roots of the plant. 

2.12. Statistical analysis 

The normality of data was analyzed using Statistix 8.1 through a 
multivariate post-hoc test, followed by Duncan's test to determine the 
interaction among significant values. Thus, the differences between 
treatments were determined by using one-way analysis of variance 
(ANOVA), and the least significant difference test (P < 0.05) was used 
for multiple comparisons between treatment mean values where sig
nificant. The experiment was performed in a complete randomized 
design (CRD) with three replications. We have used the Cr as an inde
pendent factor and phytohormones a dependent factor. Tukey's HSD 
post-hoc test was used to compare the multiple comparisons of mean 
values. The analysis showed that the data in this study were almost 
normally distributed. The graphical presentation was carried out using 

Fig. 1. Effect of alone and/or combinatorial application of abscisic acid (ABA) and 6-benzylaminopurine (6-BAP) on morphological attributes i.e., root length (A), 
root fresh weight (B), shoot length (C), shoot fresh weight (D), shoot dry weight (E), root dry weight (F) of rice (O. sativa L.) seedlings grown under the Cr stress. 
Values in the figures indicate just one harvest. Mean ± SD (n = 3). One-way ANOVA was performed and mean differences were tested by HSD (P < 0.05). Different 
lowercase letters on the error bars indicate significant differences between the treatments. The treatments abbreviations are as following: CK: control (no Cr + ABA +
6-BAP), T1: ABA (5 μM L− 1), T2: ABA (10 μM L− 1), T3: 6-BAP (5 μM L− 1), T4: 6-BAP (10 μM L− 1), T5: Cr (100 μM), T6: Cr (100 μM) + ABA (5 μM L− 1), T7: Cr (100 μM) 
+ ABA (10 μM L− 1), T8: Cr (100 μM) + 6-BAP (5 μM L− 1), T9: Cr (100 μM) + 6-BAP (10 μM L− 1), T10: Cr (100 μM) + ABA (5 μM L− 1) + 6-BAP (5 μM L− 1), and T11: Cr 
(100 μM) + ABA (10 μM L− 1) + 6-BAP (10 μM L− 1). 
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Origin-Pro 2017. The plots of principal component analysis on O. sativa 
parameters were carried out using the RStudio software. 

3. Results 

3.1. Effects of Cr stress on growth and photosynthesis on O. sativa under 
the application of ABA and 6-BAP 

In the present study, various growth parameters and photosynthetic 
pigments and also the gas exchange parameters in O. sativa under the Cr 
stress with the application of ABA and 6-BAP were measured. Growth 
and biomasses of O. sativa are presented in Fig. 1 and Table 1, while gas 
exchange attributes are presented in Fig. 2 and Table 1. According to the 
given results, Cr stress caused a significant toxicity in O. sativa and de
creases the root length, root fresh weight, shoot length, shoot fresh 
weight, shoot dry weight, root dry weight, chlorophyll-a, chlorophyll b, 
chlorophyll a/b, carotenoid, net photosynthesis, stomatal conductance, 

transpiration rate and intercellular CO2. However, application of ABA 
and 6-BAP caused increase in root length, root fresh weight, shoot 
length, shoot fresh weight, shoot dry weight, root dry weight, 
chlorophyll-a, chlorophyll b, chlorophyll a/b, carotenoid, net photo
synthesis, stomatal conductance, transpiration rate and intercellular 
CO2 compared to the plants which were grown in the control. The 
application of ABA and 6-BAP, when applied to the plants which were 
not treated with Cr stress, there was a significant increase in in root 
length, root fresh weight, shoot length, shoot fresh weight, shoot dry 
weight, root dry weight, chlorophyll-a, chlorophyll b, chlorophyll a/b, 
carotenoid, net photosynthesis, stomatal conductance, transpiration rate 
and intercellular CO2 was observed in the plants compared to those 
which were not treated with the application of ABA and 6-BAP. 
Although the combined application of ABA and 6-BAP induced higher 
growth and biomass and gas exchange attributes, compared to the in
dividual applications of ABA and 6-BAP. 

3.2. Effects of Cr stress on oxidative stress and response of antioxidants 
on O. sativa under the application of ABA and 6-BAP 

In the present study different oxidative stress biomarkers i.e., 
malondialdehyde (MDA) and hydrogen peroxide (H2O2) were measured 
from the leaves of O. sativa as presented in Fig. 3E-F. According to the 
results, it was observed that the Cr stress caused a significant increase in 
MDA and H2O2 content in the leaves of the plants compared to the 
control. Although the application of ABA and 6-BAP decreases the MDA 
and H2O2 content in the leaves of O. sativa. We have also noticed that the 
individual application of ABA and 6-BAP also decreases MDA and H2O2 
content, when plants were grown without the contamination of Cr in the 
soil. In addition, combined application of ABA and 6-BAP showed more 
severe results when compared to the plants which grown in the alone 
application of ABA and 6-BAP. 

Different enzymatic antioxidants i.e., superoxidase dismutase (SOD), 
ascorbate peroxidase (APX), peroxidase (POD), catalase (CAT) and non- 
enzymatic compounds i.e., phenolic, anthocyanin, flavonoids, ascorbic 
acid and flavonoid and also their relevant gene expression i.e., SOD, 
POD, CAT and APX were also measured from the leaves of O. sativa. The 
results regarding the enzymatic antioxidants are presented in Fig. 3, 
while the results regarding their relevant gene expression are presented 
in Fig. 4 and the results regarding the non-enzymatic compounds are 
presented in Fig. 5. According to the results, we have noticed that the Cr 
stress in the soil significantly increases the enzymatic antioxidants i.e., 
SOD, POD, CAT and APX and their relevant gene expression and also the 
non-enzymatic compounds i.e., phenolic, anthocyanin, flavonoids, 
ascorbic acid and flavonoid compared to the plants grown in the control 
treatment. Present findings also showed that the alone application of 
either ABA or 6-BAP also increases the activity of SOD, POD, CAT and 
APX and their relevant gene expression and also the non-enzymatic 
compounds i.e., phenolic, anthocyanin, flavonoids, ascorbic acid and 
flavonoid compared to the plants which were not treatment with the 
application of ABA or 6-BAP in Cr stressed soil and also the normal soil i. 
e., which was not spiked with Cr. In addition, the maximum activity of 
SOD, POD, CAT and APX and their relevant gene expression and also the 
non-enzymatic compounds i.e., phenolic, anthocyanin, flavonoids, 
ascorbic acid and flavonoid were observed in the plants which grown in 
the combined application of ABA and 6-BAP application. 

3.3. Effects of Cr stress on sugar, proline metabolism and glutathione- 
ascorbate cycle on O. sativa under the application of ABA and 6-BAP 

In the present study, total sugar and reducing sugar were also 
measured from the O. sativa under the Cr stress and presented in Fig. 5. 
The proline metabolism is presented in Fig. 6 and AsA-GSH cycle is 
presented in Fig. 7. According to the given results, it was noticed that the 
Cr toxicity in the soil significantly decreased the total sugar and 
reducing sugar compared to the control. However, the alone application 

Table 1 
Mean square values from ANOVA of data for application with ABA and 6-BAP 
modulate growth, photosynthetic pigments, gaseous exchange parameters, 
oxidative stress and response of antioxidant and their gene expression, AsA-GSH 
cycle, cellular fractionation and Cr uptake O. sativa grown under various con
centrations of Cr-contaminated soil. Where * is significant at P ≤ 0.05; ** sig
nificant at P ≤ 0.01; *** significant at P ≤ 0.001.  

Source of variations Treatment 
df = 11 

Error 
df = 24 

Root length  9.164***  0.04222 
Root fresh weight  0.00115***  0.00001 
Shoot length  327.020***  6.333 
Shoot fresh weight  0.04320***  0.00059 
Shoot dry weight  0.000083***  0.0000045 
Root dry weight  0.0000184***  0.000000667 
Chlorophyll a  1.61271***  0.00359 
Chlorophyll b  0.29033***  0.00264 
Total chlorophyll  3.11431***  0.00695 
Carotenoid  0.29057***  0.00431 
Net photosynthesis  33.3703***  0.1359 
Stomatal conductance  0.04527***  0.00101 
Transpiration rate  47.6467***  0.5964 
Intercellular CO2  671.020*  233.583 
SOD  10,135.8***  109.5 
APX  1404000***  31.66 
POD  1404000*  1043 
CAT  101559***  872 
Hydrogen peroxide  8751.46***  52.69 
MDA  1488.82***  11.44 
Total phenolic  20,637.5***  79.0 
Total flavonoid  21,637.4***  143.7 
Ascorbic acid  11.4244***  0.0292 
Anthocyanin  0.15053***  0.00087 
Total sugar  198.432***  4.500 
Reducing sugar  406.475***  7.944 
Gene expression of SOD  4.17733***  0.00311 
Gene expression of APX  0.33816***  0.00056 
Gene expression of POD  7.98084***  0.00534 
Gene expression of CAT  0.51599***  0.00196 
Cr in roots  2091.79***  10.72 
Cr in shoots  403.967***  5.500 
Proline  0.09663***  0.00101 
P5C  1.40707***  0.00328 
P5CR  118.659***  2.893 
PRODH  407.475***  6.944 
GSH  0.08814***  0.00181 
Ascorbate  0.12901***  0.00176 
GSSG  0.01004***  0.00004 
DHA  0.04418***  0.00121 
PME  0.02854***  0.00040 
Uronic acid  11.4175***  0.4565 
Hemicellulose I  262.331***  5.989 
Hemicellulose II  24.4966***  1.0750 
Cellulose  27.0418***  1.1421 
pectin methylesterase  238.657***  9.833  
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of either ABA or 6-BAP caused a significant increase in the total sugar 
and reducing sugar compared to those plants which were grown in the 
control in the plants which were grown in the soil which was spiked with 
Cr and also the soil which was not spiked with the Cr. The maximum 
increase was observed in the plants which were grown in the combined 
application of ABA and 6-BAP compared to the single treatment of ABA 
and 6-BAP. 

The proline metabolism such as proline, pyrroline-5-carboxylate, 
pyrroline-5-carboxylate reductase and pyrroline-5-carboxylate dehy
drogenase were also measured from the O. sativa tissue and results 
showed that the Cr toxicity induced a significant decrease in the proline, 
pyrroline-5-carboxylate, pyrroline-5-carboxylate reductase and 
pyrroline-5-carboxylate dehydrogenase compared to the control 
(Fig. 6). However, the application of ABA and 6-BAP induced a 

significant increase in the content of proline, pyrroline-5-carboxylate, 
pyrroline-5-carboxylate reductase and pyrroline-5-carboxylate dehy
drogenase compared to those plants which were grown without the 
application of ABA or 6-BAP. We have also noticed that the individual 
applications of ABA and 6-BAP in the normal soil (which was not spiked 
with the Cr), the levels of proline, pyrroline-5-carboxylate, pyrroline-5- 
carboxylate reductase and pyrroline-5-carboxylate dehydrogenase was 
decreased when compared to the plants which were grown in the con
trol. In addition, the combined application of ABA or 6-BAP induced a 
maximum increase in the content of proline, pyrroline-5-carboxylate, 
pyrroline-5-carboxylate reductase and pyrroline-5-carboxylate dehy
drogenase compared to the individual application of ABA or 6-BAP in 
the Cr stressed soil. 

AsA-GSH cycle including the contents of glutathione, ascorbate, 

Fig. 2. Effect of alone and/or combinatorial application of abscisic acid (ABA) and 6-benzylaminopurine (6-BAP) on photosynthetic pigments and gas exchange 
attributes i.e., chlorophyll-a (A), chlorophyll-b (C), chlorophyll a/b (C), carotenoid (D), net photosynthesis (E), stomatal conductance (F), transpiration rate (G) and 
intercellular CO2 (H) of rice (O. sativa L.) seedlings grown under the Cr stress. Values in the figures indicate just one harvest. Mean ± SD (n = 3). One-way ANOVA 
was performed and mean differences were tested by HSD (P < 0.05). Different lowercase letters on the error bars indicate significant differences between the 
treatments. The treatments abbreviations are as following: CK: control (no Cr + ABA + 6-BAP), T1: ABA (5 μM L− 1), T2: ABA (10 μM L− 1), T3: 6-BAP (5 μM L− 1), T4: 
6-BAP (10 μM L− 1), T5: Cr (100 μM), T6: Cr (100 μM) + ABA (5 μM L− 1), T7: Cr (100 μM) + ABA (10 μM L− 1), T8: Cr (100 μM) + 6-BAP (5 μM L− 1), T9: Cr (100 μM) +
6-BAP (10 μM L− 1), T10: Cr (100 μM) + ABA (5 μM L− 1) + 6-BAP (5 μM L− 1), and T11: Cr (100 μM) + ABA (10 μM L− 1) + 6-BAP (10 μM L− 1). 
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glutathione disulfide, dehydroascorbic acid was also measured and we 
have noticed that the Cr toxicity significantly decreases the content of 
glutathione, ascorbate and dehydroascorbic acid while increases the 
content of glutathione disulfide from the tissues of the O. sativa (Fig. 7). 
We have also noticed that the plants which were not contaminated with 
the Cr and applied with the individual application of ABA or 6-BAP 
showed a significant (P < 0.05) increases in the content of gluta
thione, ascorbate, dehydroascorbic acid and glutathione disulfide when 
compared to the plants which were not applied with the application of 
ABA or 6-BAP. However, the application of ABA or 6-BAP in alone in
creases the contents of glutathione, ascorbate and dehydroascorbic acid 
compared to the plants which were grown without the application of 
ABA or 6-BAP. Although, the application of ABA or 6-BAP decreases the 

content of glutathione disulfide when applied in alone or in combined 
treatment. 

3.4. Effects of Cr stress on cellular fractionation and Cr uptake on 
O. sativa under the application of ABA and 6-BAP 

In the present study the Cr concentration from the roots and shoots of 
O. sativa was also determined and presented in the Fig. 6 (A, B). Ac
cording to the results we have noticed that the Cr stress in the soil 
significantly increases the Cr concentration in the roots and shoots of the 
plants. We have also noticed that Cr concentration was decreases when 
the plants applied with the singular application of ABA or 6-BAP in the 
control treatments which were not spiked with the Cr. Although, the 

Fig. 3. Effect of alone and/or combinatorial application of abscisic acid (ABA) and 6-benzylaminopurine (6-BAP) on enzymatic antioxidants and oxidative stress 
biomarkers i.e., superoxidase dismutase (A), ascorbate peroxidase (B), peroxidase (C), catalase (D), hydrogen peroxide (E) and malondialdehyde (F) of rice (O. sativa 
L.) seedlings grown under the Cr stress. Values in the figures indicate just one harvest. Mean ± SD (n = 3). One-way ANOVA was performed and mean differences 
were tested by HSD (P < 0.05). Different lowercase letters on the error bars indicate significant differences between the treatments. The treatments abbreviations are 
as following: CK: control (no Cr + ABA +6-BAP), T1: ABA (5 μM L− 1), T2: ABA (10 μM L− 1), T3: 6-BAP (5 μM L− 1), T4: 6-BAP (10 μM L− 1), T5: Cr (100 μM), T6: Cr 
(100 μM) + ABA (5 μM L− 1), T7: Cr (100 μM) + ABA (10 μM L− 1), T8: Cr (100 μM) + 6-BAP (5 μM L− 1), T9: Cr (100 μM) + 6-BAP (10 μM L− 1), T10: Cr (100 μM) +
ABA (5 μM L− 1) + 6-BAP (5 μM L− 1), and T11: Cr (100 μM) + ABA (10 μM L− 1) + 6-BAP (10 μM L− 1). 
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application of ABA or 6-BAP decreases Cr concentration in roots and 
shoots of the plants, while maximum decrease was observed where 
plants were applied with the combined application of ABA or 6-BAP in 
the plants which were spiked with the Cr toxicity. 

Cellular compartments fractionation i.e., pectin methylesterase ac
tivity, uronic acid, hemicellulose I, hemicellulose II, cellulose and pectin 
methylesterase were also determined from the O. sativa and presented as 
Fig. 8. Results from the present study showed that the Cr stress causes a 
significant increase in the pectin methylesterase activity, uronic acid, 
hemicellulose I, hemicellulose II, cellulose and pectin methylesterase 
when compared to the control. In addition, the plants grown without the 
concentration of Cr in the soil decreases the pectin methylesterase ac
tivity, uronic acid, hemicellulose I, hemicellulose II, cellulose and pectin 
methylesterase compared to those which were not applied with the 
application of ABA or 6-BAP. However, application of ABA or 6-BAP to 
the plants which were spiked with the Cr concentration, further 

increases the content of pectin methylesterase activity, uronic acid, 
hemicellulose I, hemicellulose II, cellulose and pectin methylesterase in 
O. sativa. 

3.5. Principal component analysis 

The loading plots of the principal component analysis (PCA) per
formed to evaluate the effects of phytohormones treatment on some 
attributes of O. sativa seedlings are presented in Fig. 9. Among all 
components, the Dim1 and Dim2 components exhibited the maximum 
contribution in the database. Fig. 9 shows that Cr toxicity had negative 
impacts on the growth and ecophysiology of O. sativa seedlings and that 
the application of phytohormones reduced the metal toxicity. The first 
group of variables with which Dim2 was positively correlated includes 
Cr concentration in the roots and Cr concentration in the shoots. In 
contrast, significant negative correlations of Dim1 variables with the 

Fig. 4. Effect of alone and/or combinatorial application of abscisic acid (ABA) and 6-benzylaminopurine (6-BAP) on relevant gene expression i.e., superoxidase 
dismutase (A), ascorbate peroxidase (B), peroxidase (C) and catalase (D) of rice (O. sativa L.) seedlings grown under the Cr stress. Values in the figures indicate just 
one harvest. Mean ± SD (n = 3). One-way ANOVA was performed and mean differences were tested by HSD (P < 0.05). Different lowercase letters on the error bars 
indicate significant differences between the treatments. The treatments abbreviations are as following: CK: control (no Cr + ABA + 6-BAP), T1: ABA (5 μM L− 1), T2: 
ABA (10 μM L− 1), T3: 6-BAP (5 μM L− 1), T4: 6-BAP (10 μM L− 1), T5: Cr (100 μM), T6: Cr (100 μM) + ABA (5 μM L− 1), T7: Cr (100 μM) + ABA (10 μM L− 1), T8: Cr (100 
μM) + 6-BAP (5 μM L− 1), T9: Cr (100 μM) + 6-BAP (10 μM L− 1), T10: Cr (100 μM) + ABA (5 μM L− 1) + 6-BAP (5 μM L− 1), and T11: Cr (100 μM) + ABA (10 μM L− 1) +
6-BAP (10 μM L− 1). 
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variables aligned with Dim2 were observed: root length, root fresh 
weight, shoot length, shoot fresh weight, shoot dry weight, root dry 
weight, chlorophyll-a, chlorophyll b, chlorophyll a/b, carotenoid, net 
photosynthesis, stomatal conductance, transpiration rate and intercel
lular CO2. 

4. Discussion 

Cr is among the most toxic trace elements present in agricultural soils 
and is being released through a variety of anthropogenic activities such 
as electroplating and leather tanning (Hashem et al., 2020; Sarfraz et al., 
2022). However, Cr is a well-known toxic metal and is harmful to the 
growth and development of the plant and it was also reported that it 

provokes adverse effects on biochemistry and physiology of various 
important crops (Rana et al., 2020; Javed et al., 2021). Exposure to Cr 
may induce toxic effects in several biochemical processes in plants, such 
as plant germination, root growth and length, stem growth, and leaf 
development (Maqbool et al., 2018; Ashraf et al., 2022). It has been 
previously shown that Cr stress negatively affects the plant biomass and 
photosynthetic efficiency in different plant species which depends upon 
a number of factors including plant species, dose, and duration of Cr 
application (Ali et al., 2013; Danish et al., 2019; Hussain et al., 2021). Cr 
stress can disturb the dynamic equilibrium of reactive oxygen species 
(ROS) production and elimination under normal growth in plants (Naz 
et al., 2021; Tang et al., 2021), which promote ROS accumulation and 
membrane lipid peroxidation, and disrupt the structure and function of 

Fig. 5. Effect of alone and/or combinatorial application of abscisic acid (ABA) and 6-benzylaminopurine (6-BAP) on non-enzymatic compounds and sugar content i. 
e., phenolic (A), flavonoid (B), ascorbic acid (C), anthocyanin (D), total sugar (E) and reducing sugar (F) of rice (O. sativa L.) seedlings grown under the Cr stress. 
Values in the figures indicate just one harvest. Mean ± SD (n = 3). One-way ANOVA was performed and mean differences were tested by HSD (P < 0.05). Different 
lowercase letters on the error bars indicate significant differences between the treatments. The treatments abbreviations are as following: CK: control (no Cr + ABA +
6-BAP), T1: ABA (5 μM L− 1), T2: ABA (10 μM L− 1), T3: 6-BAP (5 μM L− 1), T4: 6-BAP (10 μM L− 1), T5: Cr (100 μM), T6: Cr (100 μM) + ABA (5 μM L− 1), T7: Cr (100 μM) 
+ ABA (10 μM L− 1), T8: Cr (100 μM) + 6-BAP (5 μM L− 1), T9: Cr (100 μM) + 6-BAP (10 μM L− 1), T10: Cr (100 μM) + ABA (5 μM L− 1) + 6-BAP (5 μM L− 1), and T11: Cr 
(100 μM) + ABA (10 μM L− 1) + 6-BAP (10 μM L− 1). 
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cell membrane system (Hussain et al., 2021; Vishnupradeep et al., 
2022). It is well documented that Cr toxicity directly caused oxidative 
injury in the plants through the Fetone and Haber–Weiss reactions 
which also helps in the generation of large amount of ROS which is toxic 
to the plant (Basit et al., 2023; Khan et al., 2023). This ROS accumula
tion in plants is removed by a variety of antioxidant enzymes such as 
SOD, POD, CAT, and APX (Fig. 3) and non-enzymatic antioxidant 
(Fig. 5) and their gene expression (Fig. 4). However, the expression of 
antioxidative enzymes, such as SOD, POD, CAT, and APX under Cr 
stressed environment plays a significant role in reducing Cr toxicity, 
which was reported in a number of studies under various plant species 
(Ali et al., 2013; Farid et al., 2019). 

The maintenance of cellular redox equilibrium by these antioxidant 

systems is necessary for plant growth and survival under a variety of 
stress circumstances (Ali et al., 2022). Lipid peroxidation takes place 
when ROS damages the polyunsaturated fatty acids in cellular mem
branes (Wang et al., 2015; Ashraf et al., 2022). This process has the 
potential to compromise the integrity of the cell membrane, interfere 
with cellular processes, and eventually cause cell death (Azooz et al., 
2012; Li et al., 2013). Cell wall in plants is responsible for the devel
opment of stress tolerance to metals and non-metals (Kareem et al., 
2022). Moreover, cell wall can form a hard structure that prevents toxic 
ions from entering the cytoplasm (Ulhassan et al., 2022; Li et al., 2023). 
Polysaccharides found in cell wall include cellulose, hemicellulose, and 
pectin, all of which can change in response to environmental stress (Gao 
et al., 2019). For example, pectin methyl esterase can change the level of 

Fig. 6. Effect of alone and/or combinatorial application of abscisic acid (ABA) and 6-benzylaminopurine (6-BAP) on Cr uptake and proline metabolism i.e., Cr 
concentration in the roots (A), Cr concentration in the shoots (B), proline (C), pyrroline-5-carboxylate (D), pyrroline-5-carboxylate reductase (E) and pyrroline-5- 
carboxylate dehydrogenase (F) of rice (O. sativa L.) seedlings grown under the Cr stress. Values in the figures indicate just one harvest. Mean ± SD (n = 3). One- 
way ANOVA was performed and mean differences were tested by HSD (P < 0.05). Different lowercase letters on the error bars indicate significant differences 
between the treatments. The treatments abbreviations are as following: CK: control (no Cr + ABA + 6-BAP), T1: ABA (5 μM L− 1), T2: ABA (10 μM L− 1), T3: 6-BAP (5 
μM L− 1), T4: 6-BAP (10 μM L− 1), T5: Cr (100 μM), T6: Cr (100 μM) + ABA (5 μM L− 1), T7: Cr (100 μM) + ABA (10 μM L− 1), T8: Cr (100 μM) + 6-BAP (5 μM L− 1), T9: Cr 
(100 μM) + 6-BAP (10 μM L− 1), T10: Cr (100 μM) + ABA (5 μM L− 1) + 6-BAP (5 μM L− 1), and T11: Cr (100 μM) + ABA (10 μM L− 1) + 6-BAP (10 μM L− 1). 
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pectin methylation and thus the number of metal ion bound to the cell 
wall (Yang et al., 2020). In addition, Cr stress causes the accumulation of 
lignin in cell wall, which changes its chemical composition and prop
erties (Caldelas et al., 2012; Ali et al., 2013). 

Several previous investigations showed that plant growth modula
tors application i.e., ABA and 6-BAP, prominently ameliorated the in
hibition of plant growth caused by various abiotic stresses (Aderholt 
et al., 2017; Kamran et al., 2020). The plant growth modulators-induced 
improvements in O. sativa growth and root morphology might be due to 
the reduced Cr uptake (Pérez-León et al., 2023) by deactivating the 
metals due to various modifications in phytochelatins (Najmanova et al., 
2012; Ulhassan et al., 2022). The other possible explanations of allevi
ation of heavy metal-induced phytotoxicity could be due to increased 
photosynthetic activity, transpiration rate, accumulation of amino acids 
(Matysiak et al., 2020) and decreased cell membrane damage (Gill et al., 
2015). Also, the single or combined application of ABA and 6-BAP 

further enhanced the activities of antioxidant enzymes (APX, SOD, 
POD, and CAT) in the control and also the plants grown in the Cr 
toxicity, reduced the Cr-induced oxidative damage in O. sativa leaves. 
The alone application of ABA or 6-BAP increases plant growth and 
biomass and increases gas exchange attributes by decreases oxidative 
damage and increases the activities of enzymatic and non-enzymatic 
compounds thereby preventing cellular damage and promoting growth 
as suggested by (Kamran et al., 2020). Previously, many studies reported 
that lower levels of ABA application enhanced the scavenging capacity 
by boosting antioxidants activities of tomato (Kamran et al., 2020), 
thereby alleviated B-induced ROS effects. Similarly, 6-BAP has also been 
recognized as an oxidative stress alleviator and membrane stabilizer to 
enhance the antioxidant enzyme activities of Panicum virgatum (Aderholt 
et al., 2017) exposed to various abiotic stresses. Plant growth modula
tors have been shown to enhance the activities of enzymes involved in 
photosynthesis, carbon metabolism, and carbohydrate metabolism, as 

Fig. 7. Effect of alone and/or combinatorial application of abscisic acid (ABA) and 6-benzylaminopurine (6-BAP) on AsA-GSH cycle i.e., glutathione (A), ascorbate 
(B), glutathione disulfide (C) and dehydroascorbic acid (D) of rice (O. sativa L.) seedlings grown under the Cr stress. Values in the figures indicate just one harvest. 
Mean ± SD (n = 3). One-way ANOVA was performed and mean differences were tested by HSD (P < 0.05). Different lowercase letters on the error bars indicate 
significant differences between the treatments. The treatments abbreviations are as following: CK: control (no Cr + ABA + 6-BAP), T1: ABA (5 μM L− 1), T2: ABA (10 
μM L− 1), T3: 6-BAP (5 μM L− 1), T4: 6-BAP (10 μM L− 1), T5: Cr (100 μM), T6: Cr (100 μM) + ABA (5 μM L− 1), T7: Cr (100 μM) + ABA (10 μM L− 1), T8: Cr (100 μM) + 6- 
BAP (5 μM L− 1), T9: Cr (100 μM) + 6-BAP (10 μM L− 1), T10: Cr (100 μM) + ABA (5 μM L− 1) + 6-BAP (5 μM L− 1), and T11: Cr (100 μM) + ABA (10 μM L− 1) + 6-BAP 
(10 μM L− 1). 
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well as upregulate the activity of Δ1-pyrroline-5-carboxylate synthetase, 
which is responsible for Pro synthesis (Bisht et al., 2020; Sun et al., 
2021). Correspondingly, Plant growth modulators application promoted 
PME activity, which could enhance cell wall polysaccharides and 
adsorption of more extra Cr onto the cell wall by increasing pectin 
methylation (Yang et al., 2020; Pan et al., 2021). The findings of this 
study strongly advocate for the simultaneous combination of 6-BAP and 
ABA as effective strategies to alleviate Cr-induced stress in O. sativa 
plants. These strategies operate through several well-defined mecha
nisms: (1) enhancing of both antioxidant and non-antioxidant activities 
within the plant, (2) increasing of proline and glutathione content, vital 
components in stress tolerance and, (3) significant reduction in the 
translocation and accumulation of Cr within the root and shoot systems. 

5. Conclusion 

Exogenous application of phytohormones like ABA and 6-BPA can 
mitigate the adverse effects of Cr stress in O. sativa. This study showed 

that toxic concentration of Cr toxicity in the soil showed a significant 
declined in the growth, gas exchange attributes, sugars, AsA-GSH cycle, 
cellular fractionation, proline metabolism in O. sativa. However, Cr 
toxicity significantly increased oxidative stress biomarkers, organic 
acids, enzymatic and non-enzymatic antioxidants including their gene 
expression in O. sativa seedlings. Plant growth regulators such as 6-BAP 
and ABA, either individually or in combination, decreased oxidative 
stress in the O. sativa plant under Cr stress. This might safeguard the cell 
wall compartment and reduce oxidative stress by increasing the anti
oxidant and non-antioxidant activity and also their gene expression and 
regulating glutathione levels. We have noticed that combining ABA and 
6-BAP would increase plant resistance to Cr toxicity through different 
mechanisms. These mechanisms include triggering defensive responses, 
upregulation of gene expression related to antioxidant enzymes, mod
ulation of secondary metabolism compounds, decline the uptake of Cr 
concentration from roots to the shoots, and improvement of gas ex
change attributes. Furthermore, combined application of ABA and 6- 
BAP showed more severe results and enhance plant tolerance 

Fig. 8. Effect of alone and/or combinatorial application of abscisic acid (ABA) and 6-benzylaminopurine (6-BAP) on cellular fractionation i.e., pectin methylesterase 
activity (A), uronic acid (B), hemicellulose I (C), hemicellulose II (D), cellulose (E) and pectin methylesterase (F) of rice (O. sativa L.) seedlings grown under the Cr 
stress. Values in the figures indicate just one harvest. Mean ± SD (n = 3). One-way ANOVA was performed and mean differences were tested by HSD (P < 0.05). 
Different lowercase letters on the error bars indicate significant differences between the treatments. The treatments abbreviations are as following: CK: control (no Cr 
+ ABA + 6-BAP), T1: ABA (5 μM L− 1), T2: ABA (10 μM L− 1), T3: 6-BAP (5 μM L− 1), T4: 6-BAP (10 μM L− 1), T5: Cr (100 μM), T6: Cr (100 μM) + ABA (5 μM L− 1), T7: Cr 
(100 μM) + ABA (10 μM L− 1), T8: Cr (100 μM) + 6-BAP (5 μM L− 1), T9: Cr (100 μM) + 6-BAP (10 μM L− 1), T10: Cr (100 μM) + ABA (5 μM L− 1) + 6-BAP (5 μM L− 1), 
and T11: Cr (100 μM) + ABA (10 μM L− 1) + 6-BAP (10 μM L− 1). 
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compared to the single application. This is an initial investigation, and 
more research using different species in this field will be needed to 
identify the ideal dosages of various phytohormones in single and 
combination forms. 
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Krivokapić, M., 2021. Study on the evaluation of (heavy) metals in water and sediment of 
Skadar Lake (Montenegro), with BCF assessment and translocation ability (TA) by 
Trapa natans and a review of SDGs. Water 13, 876. 

Lewis, C.E., Walker, J.R., Lancaster, J.E., Sutton, K.H., 1998. Determination of 
anthocyanins, flavonoids and phenolic acids in potatoes. I: coloured cultivars of 
Solanum tuberosum L. J. Sci. Food Agric. 77, 45–57. 

Li, F.-T., Qi, J.-M., Zhang, G.-Y., Lin, L.-H., Fang, P.-P., Tao, A.-F., Xu, J.-T., 2013. Effect 
of cadmium stress on the growth, antioxidative enzymes and lipid peroxidation in 
two kenaf (Hibiscus cannabinus L.) plant seedlings. J. Integr. Agric. 12, 610–620. 

Li, L., Zhang, K., Gill, R.A., Islam, F., Farooq, M.A., Wang, J., Zhou, W., 2018. 
Ecotoxicological and interactive effects of copper and chromium on physiochemical, 
ultrastructural, and molecular profiling in Brassica napus L. Biomed. Res. Int. 2018. 

Li, X., Kamran, M., Saleem, M.H., Al-Ghamdi, A.A., Al-Hemaid, F.M., Elshikh, M.S., 
Zhao, S., Riaz, M., 2023. Potential application of melatonin in reducing boron 
toxicity in rice seedlings through improved growth, cell wall composition, proline, 
and defense mechanisms. Chemosphere 139068. 

Ma, J., Saleem, M.H., Yasin, G., Mumtaz, S., Qureshi, F.F., Ali, B., Ercisli, S., Alhag, S.K., 
Ahmed, A.E., Vodnar, D.C., Hussain, I., Marc, R.A., Chen, F., 2022. Individual and 
combinatorial effects of SNP and NaHS on morpho-physio-biochemical attributes 
and phytoextraction of chromium through Cr-stressed spinach (Spinacia oleracea L.). 
Front. Plant Sci. 13. 

K.M. Alwutayd et al.                                                                                                                                                                                                                           

http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0015
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0015
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0025
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0025
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0025
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0030
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0030
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0030
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0035
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0040
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0040
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0040
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0045
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0045
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0045
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0050
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0050
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0050
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0050
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0055
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0055
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0055
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0060
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0060
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0065
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0065
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0065
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0065
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0070
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0070
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0075
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0075
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0075
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0080
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0080
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0080
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0085
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0085
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0085
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0085
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0090
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0090
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0090
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0090
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0095
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0095
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0100
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0100
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0100
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0100
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0105
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0105
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0110
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0110
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0110
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0115
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0115
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0120
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0120
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0120
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0125
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0125
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0130
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0130
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0130
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0130
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0135
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0135
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0135
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0135
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0140
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0140
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0145
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0145
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0145
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0150
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0150
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0150
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0150
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0155
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0155
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0155
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0155
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0160
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0160
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0160
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0160
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0160
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0165
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0165
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0165
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0165
https://www.fao.org/faostat/en/#home
https://www.fao.org/faostat/en/#home
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0170
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0170
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0170
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0170
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0170
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0175
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0175
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0175
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0175
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0180
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0180
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0180
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0185
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0185
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0185
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0190
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0190
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0195
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0195
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0195
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0195
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0200
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0200
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0205
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0205
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0205
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0205
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0210
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0210
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0215
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0215
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0215
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0220
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0220
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0220
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0220
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0225
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0225
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0225
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0230
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0230
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0230
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0230
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0230
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0235
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0235
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0235
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0235
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0235
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0240
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0240
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0240
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0240
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0245
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0245
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0245
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0245
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0250
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0250
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0250
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0255
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0255
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0255
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0260
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0260
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0260
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0265
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0265
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0265
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0270
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0270
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0270
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0270
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0275
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0275
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0275
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0275
http://refhub.elsevier.com/S0048-9697(23)06835-3/rf0275


Science of the Total Environment 908 (2024) 168208

16

Mao, Y., Tan, H., Wang, M., Jiang, T., Wei, H., Xu, W., Jiang, Q., Bao, H., Ding, Y., 
Wang, F., 2022. Research progress of soil microorganisms in response to heavy 
metals in rice. J. Agric. Food Chem. 70, 8513–8522. 

Maqbool, A., Ali, S., Rizwan, M., Ishaque, W., Rasool, N., ur Rehman, M.Z., Bashir, A., 
Abid, M., Wu, L., 2018. Management of tannery wastewater for improving growth 
attributes and reducing chromium uptake in spinach through citric acid application. 
Environ. Sci. Pollut. Res. 25, 10848–10856. 

Matysiak, K., Kierzek, R., Siatkowski, I., Kowalska, J., Krawczyk, R., Miziniak, W., 2020. 
Effect of exogenous application of amino acids l-arginine and glycine on maize under 
temperature stress. Agronomy 10, 769. 

Mfarrej, M.F.B., Wang, X., Fahid, M., Saleem, M.H., Alatawi, A., Ali, S., Shabir, G., 
Zafar, R., Afzal, M., Fahad, S., 2023. Floating treatment wetlands (FTWs) is an 
innovative approach for the remediation of petroleum hydrocarbons-contaminated 
water. J. Plant Growth Regul. 42 (3), 1402–1420. 

Najmanova, J., Neumannova, E., Leonhardt, T., Zitka, O., Kizek, R., Macek, T., 
Mackova, M., Kotrba, P., 2012. Cadmium-induced production of phytochelatins and 
speciation of intracellular cadmium in organs of Linum usitatissimum seedlings. Ind. 
Crop. Prod. 36, 536–542. 

Nakano, Y., Asada, K., 1981. Hydrogen peroxide is scavenged by ascorbate-specific 
peroxidase in spinach chloroplasts. Plant Cell Physiol. 22, 867–880. 

Naz, R., Sarfraz, A., Anwar, Z., Yasmin, H., Nosheen, A., Keyani, R., Roberts, T.H., 2021. 
Combined ability of salicylic acid and spermidine to mitigate the individual and 
interactive effects of drought and chromium stress in maize (Zea mays L.). Plant 
Physiol. Biochem. 159, 285–300. 

Pan, J., Guan, M., Xu, P., Chen, M., Cao, Z., 2021. Salicylic acid reduces cadmium (Cd) 
accumulation in rice (Oryza sativa L.) by regulating root cell wall composition via 
nitric oxide signaling. Sci. Total Environ. 797, 149202. 

Panhwar, Q., Naher, U., Radziah, O., Shamshuddin, J., Razi, I.M., Dipti, S., 
Aghamolki, M.K., 2015. Quality and antioxidant activity of rice grown on alluvial 
soil amended with Zn, Cu and Mo. S. Afr. J. Bot. 98, 77–83. 

Pękal, A., Pyrzynska, K., 2014. Evaluation of aluminium complexation reaction for 
flavonoid content assay. Food Anal. Methods 7, 1776–1782. 
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