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Abstract
Cadmium (Cd) is a serious threat for environmental sustainability as it can be taken up quickly by plants and transported 
to the food chain of living organisms. It alters plants’ metabolic and physiological activities and causes yield loss, thereby, 
enhancing plant tolerance to Cd stress is of utmost essential. Therefore, an experiment was executed to investigate the poten-
tial role of Ascophyllum nodosum extract (ANE) and moringa (Moringa oleifera) leaf extract (MLE) to confer Cd tolerance 
in rice (Oryza sativa cv. BRRI dhan89). Thirty-five-day-old seedling was subjected to Cd stress (50 mg  kg−1  CdCl2) alone 
and in a combination of ANE (0.25%) or MLE (0.5%) in a semi-controlled net house. Exposure to Cd resulted in acceler-
ated production of reactive oxygen species, enhanced lipid peroxidation, and disrupted antioxidant defense and glyoxalase 
system, thus retarded plant growth, biomass production, and yield attributes of rice. On the contrary, the supplementation 
of ANE or MLE enhanced the contents of ascorbate and glutathione, and the activities of antioxidant enzymes such as 
ascorbate peroxidase, dehydroascorbate reductase, monodehydroascorbate reductase, glutathione reductase, glutathione 
peroxidase, and catalase. Moreover, supplementation of ANE and MLE enhanced the activities of glyoxalase I and glyoxalase 
II which prevented the overgeneration of methylglyoxal in Cd stressed rice plants. Thus, because of ANE and MLE addi-
tion Cd-induced rice plants showed a noticeable declination in membrane lipid peroxidation, hydrogen peroxide generation, 
and electrolyte leakage, whereas improved water balance. Furthermore, the growth and yield attributes of Cd-affected rice 
plants were improved with the supplementation of ANE and MLE. All the studied parameters indicates the potential role of 
ANE and MLE in mitigating Cd stress in rice plants through improving the physiological attributes, modulating antioxidant 
defense and glyoxalase system.
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Introduction

Heavy metal/metalloids are toxic environmental pollutants 
that seriously threaten the sustainability of agroecosystems 
(Vardhan et al. 2019). Both natural and anthropogenic activi-
ties accelerate the contamination of heavy metals in agricul-
tural lands, thereby negatively affecting the existing fauna 
and flora (Seifikalhor et al. 2020). Cadmium (Cd) is one 
of the toxic minerals, and its contamination has increased 
rapidly in the last few decades (Xue et al. 2009). Cadmium, 
even at a lower concentration, can alter the physiological 
activities of plants. Cadmium is highly mobile in plant-soil 
systems and becomes phytotoxic beyond the concentration 
of 5–10 mg  g−1 dry weight of leaf of plants (Gill et al. 2013). 
Upon accumulation of Cd, biosynthesis of photosynthetic 
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pigments is inhibited, thus hampering photosynthesis (Li 
et al. 2015). Besides, it also restricts the efficacy of pro-
teins associated with the photosystem-II and declines the 
activity of ribulose-1,5-bisphosphate carboxylase/oxygenase 
(Rubisco) enzyme, which is engaged in the trapping of car-
bon dioxide and photoassimilate production of plants (Silva 
et al. 2017). Overaccumulated Cd diminishes the essential 
mineral uptake, transport rate, stomatal conductance, and 
water balance in plants (Karalija and Selović 2018).

Cadmium, a redox inactive metal, cannot produce reactive 
oxygen species (ROS) directly through plants’ Haber–Weiss 
and Fenton reactions. However, Cd participates in other 
metabolic processes, i.e., cationic replacement of enzymes, 
activation of NADPH oxidase, reduction in GSH pool, thus 
generating ROS (Mahmud et al. 2019). Excessive genera-
tion of ROS such as singlet oxygen (1O2), hydrogen perox-
ide  (H2O2), hydroxyl radical (•OH), and superoxide anion 
 (O2

•−), have damaging effects on the proteins, nucleic acids, 
photoinhibition, and membrane structure (Alyemeni et al. 
2018). Moreover, exposure to Cd also accelerates oxidative 
stress in plants due to the altered antioxidant defense mecha-
nism (Mahmud et al. 2019).

Plants are equipped with some avoidance mechanisms 
to cope with the adversity of metal toxicity which includes 
excretion, metal chelation, and compartmentalization. Still, 
unfortunately, these mechanisms are not enough to compen-
sate the damaging of toxic metal stress (Gratao et al. 2008). 
Plants have antioxidant defense system consisting of non-
enzymatic (ascorbate, AsA; glutathione, GSH, tocopherols, 
phenolic compounds, etc.) and enzymatic (ascorbate per-
oxidase, APX; monodehydroascorbate reductase, MDHAR; 
dehydroascorbate reductase, DHAR; glutathione reductase, 
GR; glutathione peroxidase, GPX; catalase, CAT, etc.) com-
ponents which are working coordinately to detoxify ROS and 
retain the redox balance (Hasanuzzaman et al. 2019). Another 
reactive carbonyl species, methylglyoxal (MG), is generated 
through various cellular processes under adverse environmen-
tal conditions. It has the role of transducing signals to meta-
bolic pathways when produced at an optimum level, but at a 
higher level becomes cytotoxic and produces glycation end 
products (Garai et al. 2021). Therefore, to reduce the MG-
induced damage, enzymes of the glyoxalase system, i.e., gly-
oxalase I (Gly I) and glyoxalase II (Gly II), are engaged in 
the detoxification system and thus, protect the cellular and 
subcellular organelles (Hasanuzzaman et al. 2019).

To retain the growth and development of plants under 
abiotic stresses, the use of different types of natural and syn-
thetic biostimulants is now gaining attention due to their 
potential role in inducing stress tolerance. These biostimu-
lating compounds include humic and fulvic substances, 
extract from plants and algae, protein hydrolysates, phy-
tohormones, chelating agents, nonessential but beneficial 
trace elements, fungi, plant growth-promoting bacteria, etc. 

(Hasanuzzaman et al. 2021a). Seaweeds are perennial, free-
floating, and autotrophic marine algae that are comprising 
around 10,000 species of green, brown, and red categories 
(Battacharyya et al. 2015). They are eco-friendly, nontoxic, 
biodegradable, and bioindicators of the water quality status 
of coastal areas (Craigie 2011). Among the species, brown 
seaweeds extracts, such as Ascophyllum nodosum, Durvil-
lea potatorum, Ecklonia maxima, Macrocystis pyrifera, and 
Sargassum cymosum are the most widely used commer-
cial product of agriculture (Khan et al. 2009). A. nodosum 
extracts (ANE) contain a diverse range of inorganic (i.e., 
nitrogen, phosphorous, potassium, magnesium, calcium, 
iron, zinc, and sulfur), organic (i.e., betaines), polysaccha-
rides (i.e., alginates, fucoidans, laminarans), vitamins, phe-
nolic compounds, and other bioactive secondary metabolites 
(Rayorath et al. 2009; MacKinnon et al. 2010; Battacharyya 
et al. 2015). These compounds have interactive effect on the 
activation of signaling cascades and enhancing the metabolic 
processes of plants to endure stressed conditions as well as 
it also improves root microbe interactions and nutrient avail-
ability (Frioni et al. 2018; Di Stasio et al. 2018). Previous 
reports on the ANE also indicated a synergistic effect on 
improving the growth, development, yield, and quality of 
crops through alleviating abiotic stress of many plants (Fan 
et al. 2011; Di Stasio et al. 2018; Carrasco-Gil et al. 2018).

Moringa (Moringa oleifera) is a fast-growing and medici-
nal plant belonging to the family of Moringaceae, commonly 
found in the tropical climates of Africa and Asia (Sreelatha 
et al. 2011). Moringa leaf extract (MLE) contains many bio-
active substances, including proteins, vitamins, carotene, cal-
cium, potassium, and natural antioxidants (Moyo et al. 2012). 
Besides this, MLE is also considered a natural growth regula-
tor due to the presence of zeatin (a derivative of cytokinin) 
and other phenolic compounds that boost the growth of plants 
by preserving water status, membrane integrity, and antioxi-
dant activities (El-Hack et al. 2018). Thus, the use of MLE 
has gained immense attention from researchers to attenuate 
the abiotically stressed crops (Khan et al. 2022; Ramzan et al. 
2022; Al-Taisan et al. 2022). Therefore, both ANE and MLE 
can increase nutrient availability, enhance phytohormone syn-
thesis, maintain osmotic balance, and reduce overaccumula-
tion of ROS by improving the antioxidant defense system of 
plants (Trivedi et al. 2018; Habiba et al. 2019; Hafeez et al. 
2022; Auesukaree et al. 2022).

Rice (Oryza sativa L.) is the second most important cereal 
crop after wheat due to its highest calorie consumption (IRRI 
2022). Heavy metals/metalloids toxicity adversely affects the 
growth, development, and yields of crops, including Cd, and 
thereby enters into the food chain of humans upon consump-
tion (Aziz et al. 2015). However, scientists have adopted sev-
eral mitigation strategies to alleviate the Cd contamination 
from the field, but the ANE and MLE have rarely been used. 
Thus, the present experiment was set with a hypothesis that 
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the application of ANE and MLE on the Cd-affected rice will 
alleviate the Cd-induced oxidative stress through enhancing 
antioxidant defense and ROS metabolism.

Materials and methods

Plant materials, growth condition and stress 
treatments

Rice seeds (O. sativa cv. BRRI dhan89) were collected 
from the Bangladesh Rice Research Institute (BRRI), 
Bangladesh. Healthy, vigorous, uniform, and disease free 
seedlings of 35-day-old were transplanted in 14-L plastic 
pot supplemented with the recommended dose of ferti-
lizers (BRRI 2020). The texture of the soil used for the 
experiment was clay loam which consist of sand (30%), 
silt (40%), and clay (30%), organic carbon (0.78%), and 
organic matter (1.35%) (Hasanuzzaman et  al. 2021b). 
After seedling establishment, at 25 days after transplant-
ing (DAT), plants were treated with cadmium chloride 
(50 mg  kg−1 soil) through irrigation. Soil incorporation 
of 0.25% ANE (Jollive, Chiba, Japan) and 0.5% MLE 
(NatureVit, Jodhpur, India) was done once on the same 
day of stress exposure. The ANE contains carbohydrate 
(44.7 ± 2.1%), ash (18.6 ± 0.9%), protein (5.2 ± 0.2%), 
lipids (3.0 ± 0.1%), phenolics (1.4 ± 0.2%), and other com-
pounds (13.6%) like sodium polymannuronate, starch, and 
glutamate. On the other hand, MLE consists of different 
types of bioactive compounds such as vitamin A, vitamin 
C, ascorbic acid, tocopherol, carotenoids, total phenols, 
phenolic acids, flavonoids, and some essential minerals. 
The plants without Cd and ANE or MLE supplemented 
were considered as control. Different attributes of growth, 
physiology and biochemical parameters were estimated 
at 55 DAT, whereas the yield components were measured 
after the completion of the life cycle of the plants at 125 
DAT. The experiment followed a completely randomized 
design (CRD) with three replications.

Determination of plant growth parameters

The plant height was determined by measuring the height of 
four hills of each treatment from the base to the uppermost 
leaf tip. Then the values were averaged and expressed as 
cm. The number of secondary tillers was counted manually 
from four hills of each treatment, and the average value was 
expressed as the number of tillers  hill−1.

Three hills from each treatment were uprooted and thor-
oughly washed with distilled water  (dH2O) to remove the 
adhering mud. Then the fresh weight (FW) of the hills 
was measured with a digital balance. To determine the dry 
weight (DW), these hills were air-dried for a couple of days 

to reduce the excess moisture and then oven-dried for 72 h at 
80 °C in an electric oven. The weight of the hills was further 
divided by three to express as g  hill−1.

Determination of physiological attributes

Leaf relative water content

Three leaf laminas were plucked from each treatment and 
weighed for the FW. These laminas were soaked in  dH2O for 
24 h covered with filter paper, and kept in a dark place. After 
24 h, the turgid weight (TW) of the leaves was measured by 
wiping the excess  dH2O with blotter paper. The DW of the 
leaves was taken after drying in an electric oven at 80 °C 
for 48 h. The relative water content (RWC) of the leaf was 
calculated following this equation: RWC (%) = [(FW − DW)/
(TW − DW)] × 100 (Barrs and Weatherley 1962).

Proline content

For estimating the proline (Pro) content, fresh leaf (0.5 g) 
was homogenized with aqueous sulfosalicylic acid (3%) in 
an ice-cooled mortal pestle. A clear aliquot was obtained by 
centrifuging the homogenate at 12,000 × g for 15 min. For 
incubating in a water bath at 100 °C for 1 h, acid ninhydrin 
solution (dissolved in 6 M phosphoric acid), glacial acetic 
acid, and the supernatant were incorporated at a ratio of 
1:1:1. The incubated mixture was then cooled in an ice bath, 
and 4 ml of toluene was added to separate the free Pro. The 
optical density of the colored chromophore was observed 
at 520 nm in a spectrophotometer, and the calculation was 
done by plotting the value against a standard concentration 
of Pro (Bates et al. 1973).

Quantification of oxidative stress indicators

Malondialdehyde content

Half of a gram of fresh leaf sample was macerated with 5% 
trichloroacetic acid (TCA) in an ice-chilled mortar pestle to 
determine the amount of lipid peroxidation as MDA con-
tent. After centrifugation of the homogenate at 12,000 × g 
for 12 min, a clear aliquot was obtained. Then 1 ml of this 
aliquot was fused with 4 ml of thiobarbituric (TBA) acid 
reagent (0.5% TBA and 20% TCA) following the protocol 
of Heath and Packer (1968) and the mixture was heated in a 
water bath at 95 °C for 30 min. After cooling in an ice bath, 
the absorbance of the colored chromophore was spectro-
photometrically detected at 532 nm, and for a non-specific 
value, it was observed at 600 nm. The final quantification of 
the amount of MDA content was estimated by subtracting 
the value of non-specific absorbance using 155  mM−1  cm−1 
as an extinction coefficient.
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Hydrogen peroxide content

A fresh leaf of 0.5 g was ground with 5% TCA solution, and 
the homogenate was centrifuged at 12,000 × g for 12 min. 
A clear supernatant was found after the centrifugation, and 
1 ml of this extracted solution was mixed with 1 ml of potas-
sium-phosphate (K-P) buffer (10 mM, pH 7.0) and 1 ml of 
potassium iodide (KI). Then after mixing properly with a 
vortex machine, it was incubated for 1 h in a dark place. 
The optical density of the mixture was taken at 390 nm in 
a spectrophotometer, and the amount of  H2O2 content was 
calculated using 0.28 μM–1  cm–1 as an extinction coefficient 
(Yu et al. 2003).

Electrolyte leakage

For estimating the EL, two different electrical conductivities 
viz.  EC1 and  EC2 were needed for the calculation. For  EC1, 
0.5 g of a leaf was plucked and chopped into small pieces. 
The leaves were put into a Falcon tube, and after adding 
15 ml of  dH2O, it was incubated for 1 h at 40 °C in a water 
bath. Then the  EC1 was measured with an electrical con-
ductivity meter (HI-993310, Hanna, USA) after cooling at 
room temperature. The same sample was further heated in an 
autoclave at 121 °C for 40 min for the measurement of  EC2. 
Following the formula, the EL of the leaf was calculated: 
EL (%) =  EC1/EC2 × 100 (Dionisio-Sese and Tobita 1998).

Estimation of ascorbate and glutathione content

Fresh leaf (0.5 g) was homogenized in an ice-cooled mortar 
pestle using metaphosphoric acid (5%) and ethylenediami-
netetraacetic acid (EDTA; 1 mM). The homogenate was 
centrifuged (12,000 × g, 15 min) to collect the supernatant. 
The content of AsA and GSH were estimated using the col-
lected supernatant following the protocol of Huang et al. 
(2005) and Hasanuzzaman et al. (2018), respectively. The 
supernatant was neutralized with 0.5 M, pH 7.0 K-P buffer 
and  dH2O for the estimation of reduced AsA, whereas neu-
tralization was done with 0.1 M dithiothreitol (DTT) for total 
AsA. The optical density was then assayed with 100 mM, 
pH 6.5 K-P buffer, and ascorbate oxidase (AO; 0.5 U) at 
265 nm spectrophotometrically. The final calculation was 
done by plotting the value of AsA and total AsA against a 
standard curve, and the dehydroascorbate (DHA) content 
was estimated following the formula, DHA = total AsA-
reduced AsA (Huang et al. 2005).

For estimating the GSH and GSSG, the supernatant was 
neutralized with  dH2O and 2–vinylpyridine, respectively, 
along with 0.5 M pH 7.0 K-P buffer. The neutralized solution 
was further incorporated with 5,5-dithio-bis(2-nitrobenzoic 
acid) (DTNB), nicotinamide adenine dinucleotide phosphate 
(NADPH), and glutathione reductase (GR). Then the optical 

density of the mixture was spectrophotometrically observed 
at 412 nm, and the content was estimated by plotting the 
values against a standard curve. The GSH content was esti-
mated following the formula, GSH = total GSH – GSSG 
(Hasanuzzaman et al. 2018).

Enzyme extraction, soluble protein quantification, 
and antioxidant enzymes assay

The enzyme was extracted using an extraction buffer pre-
pared with K-P buffer (100 mM, pH 7.0), l-ascorbic acid 
(AsA; 1 mM), KCl (100 mM), β-mercaptoethanol (5 mM), 
and glycerol (10%). For extracting the enzyme, 0.5 g of the 
fresh leaf was homogenized with the buffer solution (1 ml) 
and centrifuged for 12 min at 12,000 × g. The aliquot was 
further preserved to determine the free protein and antioxi-
dant enzyme activity (Hasanuzzaman et al. 2018).

The free protein was quantified using a standard of bovine 
serum albumin (BSA) following the procedure of Bradford 
(1976). The optical density was measured after incorpo-
rating the extracted supernatant with the Bradford reagent 
(containing coomassie brilliant blue (CBB G-250), 100% 
ethanol, 85% ortho-phosphoric acid, and  dH2O) at 595 nm 
in a spectrophotometer. The final concentration of protein 
was determined by plotting the values against a standard 
curve of BSA.

The CAT (EC: 1.11.1.6) activity was determined using 
a reaction buffer prepared with  H2O2 (15 mM) and K-P 
buffer (50 mM, pH 7.0). The enzymatic activity was accel-
erated with the addition of  H2O2. The final CAT activity was 
quantified using an extinction coefficient of 39.4  M−1  cm−1 
(Hasanuzzaman et al. 2018).

The GPX (EC: 1.11.1.9) activity was estimated following 
the methods of Hasanuzzaman et al. (2018) and Elia et al. 
(2003). A reaction buffer consists of NADPH (0.12 mM), 
GR (1 U), GSH (2 mM), GR (1 unit), sodium azide  (NaN3; 
1 mM), K-P buffer (100 mM, pH 7.0), and EDTA (1 mM), 
which was required for observing the activity. The  H2O2 
was added lastly to initiate the enzymatic reaction, and an 
extinction coefficient of 6.62  mM−1  cm−1 was used to quan-
tify the activity.

The APX (EC: 1.11.1.11) activity was assayed with a 
reaction buffer containing Asc (0.5 mM), EDTA (0.1 mM), 
K-P buffer (15 mM, pH 7.0), and  H2O2 (0.1 mM). The 
inclusion of  H2O2 should be done for the activation of 
enzymatic reactions. The final activity was computed using 
2.8  mM−1  cm−1 as an extinction coefficient (Nakano and 
Asada 1981).

The activity of MDHAR (EC: 1.6.5.4) was determined 
using an assay buffer containing Asc (2.5 mM), NADPH 
(0.2 mM), Tris–HCl (50 mM, pH 7.5), and AO (1 U). Here, 
the inclusion of AO initiated the reaction of the enzymes, 
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and the final quantification was done with an extinction coef-
ficient of 6.2  mM−1  cm−1 (Hossain et al. 1984).

The DHAR (EC: 1.8.5.1) activity was determined accord-
ing to the procedure of Nakano and Asada (1981). An assay 
buffer containing GSH (2.5 mM), DHA (0.1 mM), EDTA 
(0.1 mM), and K-P buffer (50 mM, pH 7.0) was needed to 
observe the enzymatic activity. The DHA should be added 
last to initiate the reaction, and the calculation was done with 
an extinction coefficient of 14  mM−1  cm−1.

The activity of GR (EC: 1.6.4.2) was estimated following 
the method of Hasanuzzaman et al. (2018). For observing the 
activity, an assay buffer containing GSSG (1 mM), NADPH 
(0.2 mM), EDTA (1 mM), and K-P buffer (0.1 M, pH 7.8) 
was required where the GSSG acts as a precursor of the 
reaction. The activity was quantified using 6.2  mM−1  cm−1 
as an extinction coefficient.

The Gly I (EC: 4.4.1.5) activity was assayed with a reaction 
buffer prepared with GSH (100 mM), magnesium phosphate 
(MgSO4; 16 mM), methylglyoxal (MG; 35 mM), and sodium-
phosphate (Na-P) buffer, in which MG should be added lastly 
to commence the enzymatic reactions. The estimation of the 
final activity was calculated using an extinction coefficient of 
3.37  mM−1  cm−1 (Hasanuzzaman et al. 2018).

The Gly II (EC: 3.1.2.6) activity was quantified with an 
assay buffer consisting of DTNB (0.2 mM), S-D-lactoylglu-
tathione (SLG; 1 mM), and Tris–HCl buffer (100 mM, pH 
7.2). Here, the addition of SLG commenced the enzymatic 
activity, and the final computation of the activity was done 
with 13.6  mM−1  cm−1 as an extinction coefficient (Princi-
pato et al. 1987).

Determination of yield and yield attributes

The panicle length was measured from the base to the apex 
of each panicle from each treatment. The average value from 
10 randomly selected panicles was expressed as cm.

The fully developed kernel was considered as filled 
grain, whereas the partially developed or unfilled kernel 
was regarded as unfilled grain. The filled and unfilled grains 
were separated manually from 10 panicles, and the number 
was counted with an automatic seed counter. The average 
value of 10 panicles was expressed as the number of filled 
or unfilled grains  panicle−1.

Primary branches from 10 panicles were counted for 
the estimation of the rachis number from each treatment. 
The average value was expressed as the number of rachis 
 panicle−1.

One thousand filled and dried grains were counted with 
an automatic seed counter and weighed for the estimation 
of 1000-grain weight. At the same time, the total grain of a 
hill was considered as the grain yield  hill−1. The 1000-grain 
weight and grain yield  hill−1 were expressed as g.

Statistical analysis

A computer-based software CoStat v.6.400 (CoHort Soft-
ware, Monterey, CA, USA) was used for the statistical 
analysis. The average values were obtained from three rep-
lications, and Tukey’s HSD test was used to compare the 
treatments at p ≤ 0.05 (CoStat 2008). The correlation analy-
sis among the different parameters was done using Origin 
Pro 2022 software (OriginLab, USA).

Results

Effects of Cd and ANE or MLE supplementation 
on plant growth and biomass accumulation of rice

Upon exposure to Cd stress, the plant height was 
decreased by 15%, while the number of tillers  hill−1 was 
declined by 21% compared to the controls. However, the 
supplementation of ANE improved the plant height by 
7%, whereas a 16% increase in the height was found with 
MLE compared to the corresponding Cd stressed alone. 
Similarly, the number of tillers  hill−1 was also enhanced 
with the ANE and MLE under Cd stress by 21 and 33%, 
respectively (Fig. 1A, B).

The reduction of FW and DW in the Cd stressed plants 
was 36 and 19%, respectively, compared to the controls. 
However, the deleterious effect of Cd was reverted with 
ANE supplementation, and it improved the FW and DW by 
26 and 19%, respectively, compared to the Cd affected alone. 
Conversely, the MLE improved the FW and DW by 48 and 
22%, respectively in the Cd stressed plants (Fig. 1C, D).

Effects of ANE or MLE on relative water content 
and proline accumulation of rice under Cd stress

The leaf RWC was declined by 18% when exposed to Cd 
compared to the controls. However, the RWC of the Cd 
stressed plants were improved when supplemented with 
ANE or MLE (Fig. 2A). A notable increase of Pro was 
seen under Cd by 99% compared to the controls. Moreo-
ver, supplementation of ANE and MLE was found to be 
effective in diminishing the Pro accumulation under Cd 
stress (Fig. 2B).

Effects of ANE or MLE on reducing oxidative stress 
indicators of rice under Cd toxicity

When exposed to Cd, a remarkable increase of MDA by 
26% was observed compared to the controls. Supplementa-
tion of ANE decreased MDA by 15%, while a 34% reduc-
tion was found with MLE compared to the Cd treated only 
(Fig. 3A). Similarly, the  H2O2 was elevated by 36% under 
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Cd compared to the controls. However, the ANE reduced it 
by 26%, whereas the declination was 30% with MLE com-
pared to the Cd affected alone (Fig. 3B). Further, incre-
ment of EL was found by 8% due to Cd stress, which was 
reduced with ANE and MLE supplementation (Fig. 3C).

Effects of Cd and ANE or MLE on the AsA‑GSH pool 
of rice

A notable declination of the AsA content was found by 
35% under Cd, while the DHA content was increased by 

Fig. 1  Effect of cadmium stress and supplementation of ANE 
or MLE on the plant height (A), number of tillers  hill−1 (B), fresh 
weight (C), and dry weight (D) of rice. Mean value (± SD) was cal-

culated from three replications and the letters on the respective bars 
indicated significant differences among the treatments after Tukey’s 
HSD test

Fig. 2  Effect of cadmium stress and supplementation of ANE or 
MLE on the relative water content (A) and proline accumulation (B) 
of rice. Mean value (± SD) was calculated from three replications 

and the letters on the respective bars indicated significant differences 
among the treatments after Tukey’s HSD test
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43% compared to the controls. Thus, the ratio of AsA/
DHA also declined by 55% in the Cd stressed plants. 
However, MLE supplementation was found to be more 
beneficial rather than ANE. The MLE increased the AsA 
content by 53% and AsA/DHA ratio by 100%, while it 
reduced the DHA content by 24% compared to the Cd 
only (Fig. 4A–C).

Under Cd stress, the GSH and GSSG contents were 
increased by 26 and 88%, respectively, while the GSH/
GSSG reduced by 33% compared to the controls. Never-
theless, enhancement of GSH was further observed with 
MLE supplementation by 34%, whereas it declined the 
GSSG by 24% compared to the Cd affected only. Conse-
quently, the ratio of GSH/GSSG was also increased by 
77% with MLE under Cd (Fig. 4D–F).

Effects of ANE or MLE on the activities of antioxidant 
enzymes under Cd stress

The APX activity was increased by 44% upon exposure 
to Cd compared to the controls. Further improvement of 
APX was seen with the MLE incorporated plants by 19%. 
When exposed to Cd, the MDHAR activity was upgraded 
by 34%, whereas the DHAR activity was degraded by 
31% compared to the controls. The MLE incorporation 

enhanced the activities of both MDHAR and DHAR by 
32 and 38%, respectively, in the Cd-affected plants. Simi-
larly, the activity of GR also accelerated under Cd by 64%, 
which was further augmented with the MLE supplementa-
tion by 34% (Fig. 5A–D). Compared to the controls, the 
CAT activity was enhanced by 46%, while the GPX activ-
ity was declined by 21% under Cd. Moreover, the activity 
of CAT was accelerated by 41% with the supplementation 
of MLE compared to the Cd affected alone. Nevertheless, 
the GPX activity was also upgraded with the ANE (27%) 
and MLE (67%) supplementation compared to the Cd only 
(Fig. 5E, F).

Effects of ANE or MLE on the activities of glyoxalase 
system enzyme under Cd stress

Compared to the controls, the activities of Gly I and Gly 
II were declined by 59 and 80%, respectively under Cd 
stress. Moreover, the supplementation of the ANE uplifted 
the Gly I activity by 38% and increased the Gly II by 182% 
compared to the Cd stressed alone. Similarly, the MLE 
application also upregulated the activities of Gly I and 
Gly II by 59 and 437%, respectively compared to the Cd 
only (Fig. 6A, B).

Fig. 3  Effect of cadmium stress and supplementation of ANE or 
MLE on the MDA content (A),  H2O2 content (B), and electrolyte 
leakage (C) of rice. Mean value (± SD) was calculated from three 

replications and the letters on the respective bars indicated significant 
differences among the treatments after Tukey’s HSD test
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Effect of Cd and ANE or MLE on the yield and yield 
attributes of rice

The imposition of Cd adversely affected the yield contrib-
uting parameters of rice. The panicle length was reduced 
by 27% under Cd compared to the controls. However, the 
MLE supplemented plants increased the panicle length by 
19% compared to the Cd alone. When exposed to Cd, the 
number of filled grains  panicle−1 was declined by 45%, 
whereas the unfilled grains  panicle−1 was increased by 32%, 
compared to the controls. Moreover, the MLE incorporation 
only enhanced the number of filled grains  panicle−1 by 46% 

compared to the Cd only. Nevertheless, the supplemental 
ANE decreased the number of unfilled grains  panicle−1 by 
10%, in contrast, a 15% reduction was found with the MLE 
incorporated plants compared to the Cd affected alone. A 
notable reduction of 1000-grain weight was also observed by 
24% when exposed to Cd stress, and the weight was increased 
with the MLE supplementation in Cd treated plants by 13%. 
The grain yield  hill−1 was also declined by 25% upon expo-
sure to Cd, compared to the controls. However, the ANE and 
MLE supplementation further improved the grain yield  hill−1 
by 14 and 24%, respectively, compared to the Cd stressed 
alone (Fig. 7A–E).

Fig. 4  Effect of cadmium stress and supplementation of ANE or 
MLE on the AsA (A), DHA (B), AsA/DHA ratio (C), GSH (D), 
GSSG (E), and GSH/GSSG (F) ratio of rice. Mean value (± SD) 

was calculated from three replications and the letters on the respec-
tive bars indicated significant differences among the treatments after 
Tukey’s HSD test
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Correlation analysis among the different 
parameters as affected by Cd stress

From the correlations among the variables, it is clear that 
oxidative stress (MDA,  H2O2, and EL) have a negative cor-
relation with RWC, whereas the Pro content is positively 
correlated. The AsA, AsA/DHA, and GSH/GSSG are nega-
tively associated with the MDA,  H2O2, and EL but have 
positive relationships with the DHA and GSSG. The GSH, 
MDHAR, and CAT are negatively correlated with MDA, but 
they positively correlate with  H2O2 and EL. Furthermore, 
the APX and GR have positive relationships with the MDA, 
 H2O2, and EL; in contrast, the DHAR, GPX, Gly I, and Gly 

II are negatively related. Thus, the growth (plant height, 
tiller, FW, and DW) and yield components (panicle length, 
filled grain, 1000-grain weight, grain yield) are adversely 
affected and negatively correlated with the oxidative stress 
indicators (Fig. 8).

Discussion

Developing plant tolerance to Cd stress is becoming one of 
the most significant challenges for plant biologists due to 
its toxic effects on plants. Use of plant biostimulants is one 
of the efficient and prospective approaches for improving 

Fig. 5  Effect of cadmium stress and supplementation of ANE or 
MLE on the activities of APX (A), MDHAR (B), DHAR (C), GR 
(D), CAT (E), and GPX (F) of rice. Mean value (± SD) was calcu-

lated from three replications and the letters on the respective bars 
indicated significant differences among the treatments after Tukey’s 
HSD test
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plant defense against Cd toxicity. Seaweeds and moringa are 
both natural creatures. Seaweed is an alga of coastal areas 
enriched with different nutrients, minerals, vitamins, and 
other secondary metabolites (Battacharyya et al. 2015). The 
polysaccharide (e.g., alginate) content and osmoregulators 
(mannitol) of seaweed can take part in regulation of lipid 
peroxidation, ROS contents and osmotic balance (Li et al. 
2018; Habiba et al. 2019). Moringa has stimulating effect 
on germination, plant height, photosynthesis, reproductive 
features, crop yield, and quality. The micronutrients of MLE 
have been found to be beneficial in various plant growth 
(Auesukaree et al. 2022; Karthiga et al. 2022). Moreover, 
moringa contains zeatin and ascorbic acid which have 
the potentiality to decrease ROS-induced damages and to 
improve antioxidant defense system during stressful condi-
tion (Zhang et al. 2019; Azzam et al. 2022). It is evident that 
plant biostimulants, including seaweed and moringa extracts, 
provide protection against oxidative stress in several crops 
(Hasanuzzaman et al. 2021a).

Plant exposed to Cd exhibits cellular disintegration and 
inhibition of cell expansion and cell division which results in 
growth inhibition (Chen et al. 2019). Cadmium could inhibit 
cellular differentiation, plant cell division, and accumulation 
of photosynthates, and these phenomena are in line with our 
result that showed Cd treatment caused a reduction in plant 
height, FW, and DW as a consequence of the retardation 
of normal cellular growth. However, supplementation with 
ANE and MLE showed improvement in Cd-treated plants. 
Previous reports provided the notion that SWE and MLE can 
synthesize growth regulators, which directly contribute to 
better growth even under stress condition (Bonomelli et al. 
2018 and Al-Taisan et al. 2022). The minerals and secondary 
metabolites of seaweed extract (SWE), particularly calcium 
being an antagonistic ion of Cd has the potency to impair 
Cd entry and absorption to plant root. Thus, it helps in main-
taining cell functions and enhancing plant metabolism for 

supporting plant growth even under Cd toxicity (Ye et al. 
2020). Moreover, some of the promising effects of MLE in 
terms of growth improvement are also reported in T. aes-
tivum (Basu et al. 2022) and Mentha piperita (Al-Taisan 
et al. 2022). It is known that moringa leaf has a high con-
tent of plant growth-promoting hormones like auxin (Moyo 
et al. 2012), which has a pivotal role in maintaining plant 
growth even under stress (Santner and Estelle 2009). So, 
MLE application in our experiment accelerated rice growth 
parameters by mitigating the Cd stress. Furthermore, Hafeez 
et al. (2022) explained the improved plant morphological 
character as a consequence of increased minerals, photosyn-
thesis, and enzyme activity after MLE treatment, which is in 
congruence with our findings.

Inhibition of water uptake is one of the primary responses 
to metal toxicity. Due to Cd exposure, RWC was decreased 
in our experiment. The negative impact of Cd on the perme-
ability of plasma membrane can be considered as the reason 
behind the reduced water content (Ferńandez et al. 2013). 
Under stress condition, plants synthesize different types of 
compatible solutes (i.e., Pro) which act as osmoprotect-
ants to protect cells from damaging and induce stress toler-
ance in plants (Forlani et al. 2019). A similar pattern was 
observed in our experiment, where the highest Pro content 
was recorded in Cd-induced rice plants. Ozfidan-Konakci 
et al. (2018) stated that to mitigate Cd-induced damages, rice 
accumulated more Pro that takes part in scavenging ROS 
which conferred Cd stress tolerance and their findings are in 
congruence with our finding. However, both ANE and MLE 
evolved in mitigating the stress through increasing the RWC 
of leaves and reducing Pro content. It has been observed that 
SWE can maintain leaf water potential, water use efficiency, 
and osmo-protection as it has a fair amount of osmotically 
active molecules (Di Stasio et al. 2020). Moreover, seaweed 
contains some osmoregulators like mannitols and minerals 
like potassium which is vital for the regulation of osmotic 

Fig. 6  Effect of cadmium stress and supplementation of ANE or 
MLE on the activities of Gly I (A), and Gly II (B) of rice. Mean value 
(± SD) was calculated from three replications and the letters on the 

respective bars indicated significant differences among the treatments 
after Tukey’s HSD test
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balance in plants (Oddo et al. 2011; Habiba et al. 2019). 
Therefore, ANE-induced osmoprotection was evident in our 
crop. Besides, Basu et al. (2022) reported the positive effects 
of moringa, where it has been explained that the accumula-
tion of micronutrients (B, Zn, Si) in moringa-treated T. aesti-
vum improved osmoprotectants (total soluble solid, Pro) and 
flag leaf RWC as well conferring MLE-induced tolerance to 
the unfavorable condition that supports our results.

An increasing trend of MDA and  H2O2 contents was 
exhibited when rice was treated with Cd. It is known that 
stressful condition is responsible for oxidative burst that 
overgenerates ROS (indicated by  H2O2 content in the present 
study), exceeding the scavenging capacity and ultimately 
leading to increased lipid peroxidation (MDA content), and 
as a result, increased EL was also noticeable. Reduction of 

oxidative stress markers along with a lower abscisic acid 
(ABA) under stress condition was evident by Campobened-
etto et al. (2021). This might be happened due to the role of 
the alginate content of seaweed in regulating lipid peroxida-
tion, ROS contents, and ABA signaling genes that ultimately 
resulted in enhanced resistance capacity (Li et al. 2018). As 
MLE during stressful condition can recover tissue membrane 
maintaining the integrity and give protection against stress-
induced damages and subsequently decreases oxidative 
stress markers (El-Mageed et al. 2017), this may explain the 
better Cd detoxification capacity of MLE. Moreover, the effi-
ciency of MLE in generating zeatin content (a form of cyto-
kinin) that has better potency to reduce free radical–induced 
damages (Azzam et al. 2022) can also be illustrated as the 
reason for arresting overproduced ROS in stress condition.

Fig. 7  Effect of cadmium stress and supplementation of ANE or 
MLE on the panicle length (A), number of filled grains  panicle−1 (B), 
number of unfilled grains  panicle−1 (C), 1000-grain weight (D), and 

grain yield  hill−1 (E) of rice. Mean value (± SD) was calculated from 
three replications and the letters on the respective bars indicated sig-
nificant differences among the treatments after Tukey’s HSD test
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When plants are exposed to stressful condition, the non-
enzymatic antioxidants, particularly the AsA-GSH pool effi-
ciently act in sequestering stress-induced overgenerated ROS 
so that they can protect the cell from oxidative damage (Zhao 
et al. 2020). Moreover, the scavenging potency of APX to 
detoxify ROS-induced  H2O2 is dependent on AsA (electron 
donor substrate). The scavenging reaction also evolves DHA 
later, which is also a component of the AsA-GSH pool (Sofo 
et al. 2015). The reduction of AsA with an increment of 
DHA and, subsequently the decreasing trend of AsA/DHA 
indicates Cd imposed oxidative stress in rice. Addition-
ally, during detoxifying the ROS generated by Cd toxicity, 
GSH changes into GSSG, so an increased GSSG content 
with decreased GSH/GSSG ratio at the same time might be 
considered as an indicator of the oxidative stress under Cd 
stress. This kind of changing the behavior of the AsA-GSH 
pool as a response to Cd exposure was also observed by 
Han et al. (2018), and it is also to be noted that GSH being 
a precursor of phytochelatin can bind and transport metal 
and therefore effectively works in chelating Cd (Zagorchev 
et al. 2013). It was observed that in MLE treated plants both 
the contents of AsA and GSH were increased further with 
decreased DHA and GSSG contents, which in turn increased 
AsA/DHA and GSH/GSSG ratios. This conforms better 

tolerance to Cd-induced oxidative stress. Moringa-treated 
plant with better AsA-GSH regulation was also exhibited in 
Phaseolus vulgaris (Rady et al. 2013), highlighting the avail-
ability of minerals, amino acids, and antioxidants in MLE 
and its attribution towards antioxidant defense. Additionally, 
MLE is rich in ascorbic acid, an integral part of antioxidant 
defense. Ascorbic acid is a multifunctional metabolite that 
can strongly negate ROS-induced oxidative stress and induce 
antioxidative defense cooperating with GSH (Zhang et al. 
2019). Therefore, MLE can attenuate strong antioxidant 
defense with better osmoprotection.

Activities of APX, GR, and CAT were upregulated due to 
Cd exposure. This indicates plants self-defense mechanism to 
protect from oxidative stress-induced damage and the similar 
stimulated enzyme activities were observed in Cd-induced 
Capsicum annuum (Kaya et al. 2020). On the contrary, DHAR 
and GPX activities were reduced upon Cd treatment in the pre-
sent experiment. The tendency of Cd to combine with cysteine 
residues (thiol group) make barrier to the enzyme activities, 
which are account for ROS scavenging and redox homeostasis 
maintaining (DalCorso et al. 2013). Therefore, reductions of 
these enzymes with an increment of MDA and  H2O2 contents 
indicate Cd induced toxicity to rice. Seaweed extract increased 
antioxidant enzyme activities to some extent, which agrees 

Fig. 8  Correlation analysis 
among the parameters of Cd-
affected rice. Here, PHT- plant 
height; FW—fresh weight; 
DW—dry weight; RWC—rela-
tive water content; Pro—pro-
line; MDA—malondialdehyde; 
 H2O2—hydrogen peroxide; 
EL—electrolyte leakage; 
AsA—ascorbate; DHA—dehy-
droascorbate; GSH—reduced 
glutathione; GSSG—oxidized 
glutathione or glutathione 
disulfide; APX—ascorbate 
peroxidase; MDHAR—mono-
dehydroascorbate reductase; 
DHAR—dehydroascorbate 
reductase; GR—glutathione 
reductase; CAT—catalase; 
GPX—glutathione peroxidase; 
Gly I—glyoxalase I; Gly II—
glyoxalase II; TSW—1000-
grain weight
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with Trivedi et al. (2018) in G. max. Moreover, MLE attenu-
ated Cd-induced damages in rice, elevating the activities of 
all measured antioxidant enzymes along with reducing ROS. 
A similar trend of moringa in stress adaptation was recorded 
in P. vulgaris L. (Rady et al. 2013) and Carthamus tinctorius 
(Hafeez et al. 2022).

The Gly I and Gly II are enzymes that build up glyoxalase 
system to reduce overproduced MG toxicity upon stress expo-
sure (Shivani et al. 2022). Therefore, decreased Gly I and Gly 
II activities indicate plant stress-induced damage. Cadmium-
induced downregulation of glyoxalase system was reported in 
Brassica campestris (Raihan et al. 2022), which agrees with 
our present study. Salicylic acid is an important polyphenol 
of seaweed that can activate glyoxalase activities to detoxify 
the methylglyoxal-mediated toxicity under metal stress (Zaid 
et al. 2019), which supports our results. As a consequence of 
MLE application, the glyoxalase activities (Gly I and Gly II) 
were increased noticeably, which indicates that rice, along with 
MLE was able to detoxify MG-induced toxicity caused by Cd 
in the present experiment.

The yield of rice was significantly affected by Cd stress 
and reflected as reduced tiller number, panicle length, no. of 
filled grain, grain weight as well as grain yield. As Cd started 
the damaging effect from the very initial stage through affect-
ing growth attributes and impairing normal physiological and 
biochemical functions of rice, the yield contributing character-
istics was recorded to decrease markedly. Li et al. (2020) dem-
onstrated that Cd causes a reduction of effective tiller number, 

grain number, 1000-grain weight, and increment of Cd absorp-
tion in rice, which resulted in poor yield. The findings are in 
consistent with our experiment. As a result of seaweed addi-
tion, rice yield and quality were improved along with higher 
nutrient use efficiency as reported in previous research (Layek 
et al. 2018). This corroborates with our findings where the 
positive effect of ANE addition was noticed in grain yield even 
under Cd stress. Yield and yield attributes were increased due 
to MLE addition because of improved growth, physiology, and 
biochemical profile of MLE-treated rice even under Cd toxic-
ity. El-Mageed et al. (2017) explained the capability of MLE 
in improving leaf anatomy as well as photosynthesis under the 
stressed condition as a precursor of compensated yield, which 
is in line with our findings.

Conclusions

In a nutshell, it can be said that both ANE and MLE have 
the capacity to improve Cd tolerance to rice but in depth, 
the data of the present study proved that ANE and MLE 
improved rice growth and physiology, enhanced anti-
oxidant defense, reduced oxidative stress, and ultimately 
recovered yield which indicate improved Cd toxicity toler-
ance. ANE showed better performance in uplifting plant 
growth and biomass, RWC, AsA content, GPX activity, 
glyoxalase system, and grain yield. Besides, it also played 
a role in scavenging ROS, reducing, EL, and boosting 

Fig. 9  Possible mechanisms of ANE and MLE in enhancing Cd tolerance in rice
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osmoprotection. Furthermore, MLE was proved as an 
excellent stimulator combating Cd-induced damages in 
almost all measured parameters. Since moringa contains 
antioxidants that facilitated better defense by activating the 
AsA-GSH pool, accelerating APX, MDHAR, DHAR, GR, 
CAT, and GPX activities under Cd exposure. Additionally, 
the improved antioxidant defense showed better detoxifi-
cation with reduced oxidative stress markers, Pro content, 
DHA, and GSSG contents. The improved Gly I and Gly 
II activities further confirmed MG toxicity tolerance in 
MLE added Cd treatment (Fig. 9). Therefore, the applica-
tion of ANE/MLE can be suggested as an efficient eco-
friendly tool to mitigate oxidative stress and to improve 
rice production.
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