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Abstract
Sorghum bicolor (sorghum) is a species known for accumulating high quantities of cadmium (Cd), which can damage physi-
ological and metabolic functions, impede growth, and reduce yield. Maintaining sorghum’s production, therefore, requires 
enhancing its tolerance to the toxic effects of Cd. In this study, we investigate the effects of Cistus monspeliensis extract 
(CME) on Cd stress tolerance in sorghum. Sorghum plants exposed to Cd (200 μM) showed a decrease in their growth, bio-
mass, and chlorophyll content compared to unstressed ones. However, CME supplementation (5 mg/l, 20 mg/l, and 60 mg/l) 
to the stressed plants reversed the detrimental effect of Cd and elevated biomass and pigment content. CME also reduced 
superoxide ions (O2

−) accumulation and boosted the activities of antioxidant system-related enzymes: superoxide dismutase 
(SOD), glutathione peroxidase (GPx), glutathione reductase (GR), and glutathione-S-transferase (GST). Moreover, through 
examining several carbon–nitrogen enzyme activities (phosphoenolpyruvate carboxylase (PEPC), malate dehydrogenase 
(NAD-MDH), glutamine synthase (GS), glutamate dehydrogenase (GDH), and aspartate aminotransferase (AAT)), we dis-
covered that CME supplementation modulated the perturbations of carbon and nitrogen metabolism in sorghum plants under 
Cd stress. CME, therefore, appears to improve Cd stress tolerance by upregulating antioxidant defense enzymes, decreasing 
ROS production, and improving carbon metabolism and nitrogen assimilation, thus leading to a better growth rate. CME’s 
Cd stress alleviation effect was generally more prominent at 5 mg/L and 20 mg/L.

Keywords  Cistus monspeliensis extract · Cadmium stress · Sorghum bicolor · Antioxidant enzymes · Osmolytes · Carbon–
nitrogen metabolism

1  Introduction

Cadmium (Cd) is a major environmental contaminant 
that causes a considerable threat to nature and human 
health alike. Cd pollution is predominantly caused by 
anthropogenic activities such as mining, chemical, and 

metallurgical industries [1, 2]. It is a redox-inactive and 
poisonous heavy metal that exists at low levels in nature 
and becomes extremely toxic when accumulated in soil and 
water [3]. Cd is quickly uptaken by plants, translocated, 
and accumulated in the edible parts consumed by humans 
[4, 5]. The ingested Cd can be accumulated in the human 
body and cause various diseases like liver damage, kidney 
stones, renal tubular damage, bone diseases, and calcium 
metabolism disorder [6, 7]. Cd exposure can also disrupt 
the antioxidant defense system in plants and increase the 
generation of reactive oxygen species (ROS), which even-
tually damages physiological and metabolic functions [8]. 
Photosynthesis, nutrient acquisition, mineral uptake, nitro-
gen assimilation, gas exchange, and carbon fixation are all 
retarded during Cd stress, causing reduced yield, growth, 
and development in the affected plants [9]. Due to its high 
mobility, Cd can be found in any part of the plant and cause 
multiple anatomical abnormalities in the leaves, stems, and 
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roots [10]. Previous reports have linked Cd exposure to the 
reduction of aerenchyma proportion in the leaves, reduc-
tion in leaf thickness, stomatal closure, narrowing in the 
xylem and phloem vessels, and decrease in root tissues 
[11–14]. These alterations damage the ultrastructure of 
the affected plants, resulting in a reduction in biomass and 
yield, in which the severity depends on Cd levels, plants 
specie, and exposure period [15].

Sorghum (Sorghum bicolor (L.)) is a C4 grass that is cul-
tivated for food, feed, fiber, and fuel [16, 17]. It ranks fifth 
among the world's economically important crops and is a 
source of nutrients and bioactive substances in the human 
diet [18, 19]. This crop has the ability to accumulate high 
quantities of heavy metals, including Cd, and nonetheless 
endure the generated stress [20]. However, even though sor-
ghum species can survive and accumulate high Cd levels, 
their growth and development can be severely hampered, 
hence, the need for suitable remediation [21, 22]. Natural 
bio-stimulants, such as plant materials, are nowadays con-
sidered a promising and sustainable approach for addressing 
yield losses induced by abiotic stressors [23]. Biostimulants 
contain a wide range of mineral and organic compounds that 
plants can use as metabolites, growth regulators, and nutri-
ents in order to increase their growth and output and combat 
stress [24]. Plant-derived biostimulants can improve growth 
patterns and yield of several crops cultivated under environ-
mental stresses by improving various physiological, bio-
chemical, and molecular mechanisms. Several studies have 
previously described the effect of numerous plant extracts 
like licorice root extract (LRE), lemongrass, garlic extract, 
and moringa leaves extract (MLE) as biostimulants in differ-
ent stressful conditions [25, 26]. Foliar application of MLE 
to bean plants grown under Cd and salt stress significantly 
increased photosynthetic pigments and proline content and 
boosted the activities of antioxidant enzymes (superoxide dis-
mutase, catalase, peroxidase, and glutathione reductase) [27]. 
Treatments of maize with silymarin-enriched maize grain 
extract under Cd stress increased photosynthetic capacity 
and reduced ROSs by enhancing the antioxidant machinery 
[28]. LRE application to common bean plants grown under 
salt stress restored their mineral nutrients, maintained their 
water status, and protected their leaf anatomy [29]. LRE 
also effectively improved the plant's enzymatic and non-
enzymatic antioxidants, resulting in improved growth and a 
better yield even under stress [29]. Likewise, pear tree leaves 
treated with LRE exhibited an improvement in nutrient and 
hormonal contents in pear tree leaves [30]. In addition, aque-
ous garlic extract improved the growth of salt stressed egg-
plants through enhancing plant morphology, biomass, pho-
tosynthesis, and antioxidant enzymes (superoxide dismutase 
and peroxidase) [31].

However, to the best of our knowledge, this is the first 
work reporting the biostimulant effect of Cistus monspelien-
sis (CM). CM is a shrub that belongs to the Cistaceae family 
and grows mostly in the Mediterranean semi-arid ecosys-
tems [32]. It is known for its medicinal attributes and has 
antimicrobial, antifungal, anti-inflammatory, and antipro-
liferative properties [33–35]. Phytochemical studies of CM 
revealed the presence of many phenolic compounds, notably 
flavonoids, which have been linked to oxidative stress pre-
vention mechanisms [36, 37]. CM is also known to have 
a high terpenoid content, especially diterpenes, that plays 
essential roles in plant growth, defense, and adaptation to 
biotic and abiotic stress [38, 39]. This multitude of biologi-
cally active compounds could be helpful in mitigating Cd-
induced toxicity and ensuring better plant growth even in 
stressful conditions. Therefore, we aimed to investigate the 
effect of Cistus monspeliensis extract (CME) on sorghum 
plants grown under Cd stress contributing to its alleviation. 
For this purpose, we focused on evaluating some physi-
ological and biochemical parameters, such as plant growth 
parameters, antioxidant defensive enzymes (SOD, GPX, 
GST, GR), carbon–nitrogen activities (PEPC, GS, MDH, 
GDH, AAT), malondialdehyde (MDA) levels, chlorophyll, 
O2

− content, and some osmolytes studied following the dif-
ferent treatments of CME: 5 mg/l, 20 mg/l, and 60 mg/l com-
bined with Cd stress (200 µM).

2 � Materials and methods

2.1 � Cistus monspeliensis extract preparation

The Cistus monspeliensis (CM) plant was acquired 
from the “Jbel Lahbib” mountain in northern Morocco 
(exact geographical coordinates, latitude, and longitude: 
35.4664997, − 5.7971542). CM aerial parts (leaves and 
stems) were dried at room temperature and then crushed to 
obtain a fine powder. One hundred grams of this powder was 
mixed with 1 L of distilled water, boiled for 2 h at 100 °C, 
poured into Petri dishes, and dried at 37 °C in an incubator 
until the water had evaporated entirely. The dried extract was 
then used to prepare three concentrations: 5 mg/l, 20 mg/l, 
and 60 mg/l. The selected concentrations were based on our 
preliminary study.

2.2 � Cistus monspeliensis extract chemical 
composition analysis

The chemical composition of Cistus monspeliensis extract 
was evaluated; the polyphenol content was determined 
according to Ben Mrid et al. [19], and the flavonoid content 
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was estimated following the protocol of Bouargalne et al. 
[17]. While IAA, free amino acid, and protein contents 
protocols are mentioned in details in following sections of 
materials and methods.

2.3 � Plant materials, experimental treatments, 
and growth conditions

Sorghum bicolor (L.) plants were cultivated in the plant 
nursery at Tangier’s Faculty of Sciences and Technologies. 
Sorghum seeds were surface sterilized with 5% sodium 
hypochlorite for 3 min, washed with distilled water, and left 
to germinate for 48 h. Six pre-germinated seeds were planted 
in each plastic pot (26 cm deep and 30 cm in diameter) using 
Cd-free soil. The composition of the used soil was as follows 
(%): Ca, 1.68 ± 0.113; Mg, 0.902 ± 0.006; Cl, non-detected; 
S, 0.048 ± 0.001; Fe, 5.007 ± 0.024; I, 0.024 ± 0.001; Mn, 
0.097 ± 0.002; Zn, 0.012 ± 0.001; Na, 0.403 ± 0.006; Al, 
9.949 ± 0.097; OM, 2.592 ± 0.011; CaCO3, 17.059 ± 0.002; 
Cd, non-detected, with a pH of 8. The experiment was laid 
out in October 2021. The weather during this month was 
warm, humid, sunny, and partially cloudy, with daytime 
maximum temperatures averaging about 25 °C, nighttime 
temperatures around 18 °C, and an average of 10.4 h of sun-
light each day. Seven days after planting, the pots were sepa-
rated into five groups comprising plants irrigated with water 
only (C), plants irrigated with 200 μM of Cd (C +), plants 
irrigated with 5 mg/l of CME + 200 μM of Cd (CM5), plants 
with 20 mg/l of CME + 200 μM of Cd (CM20), and plants 
treated with 60 mg/l of CME + 200 μM of Cd (CM60). Each 
treatment was performed in 4 replicates (pots).

2.4 � Agronomic traits measurements

Sorghum plants were harvested after 35 days from planting 
to measure plants’ height and weight. Shoots were weighted 
to register their fresh weight and then placed in an incubator 
at 37 °C until completely dry to record the dry weight.

2.5 � Estimation of MDA and O2
− content

MDA content was quantified using Bouchmaa et al. method 
with a few adjustments [40]. Plant cell homogenate was 
mixed with trichloroacetic acid (20%) and tetrabutylam-
monium hydroxide (TBA) (0.67%). The mix was heated at 
95 °C for 1 h. After cooling, 1 mL n-butanol was added, 
and the mixture was centrifuged at 12,000 for 12 min. The 
supernatant was gathered to determine the absorbance at 
532 and 600 nm.

Superoxide ions (O2
−) content was determined using the 

method of Kubiś [41]. One hundred milligrams of fresh sor-
ghum leaves were cut into 1 mm fragments and immersed 
for 1  h at room temperature in a mixture containing: 

10  mM  K-phosphate buffer (pH 7.8), 0.05% nitro blue 
tetrazolium (NBT), and 10 mM sodium azide. Next, 2 ml 
of the immersed solution was heated at 85 °C for 15 min, 
then cooled rapidly. Optical density was measured colori-
metrically at 580 nm, and O2

− content was expressed as an 
increase of absorbance/1 g of fresh weight (A580 g−1 FW).

2.6 � Determination of chlorophyll content

To determine the chlorophyll content, 200 µl of the plant’s 
soluble pellets homogenized in water was added to 800 µL of 
80% acetone. After 72 h of incubation at 4 °C, the chlorophyll 
content was determined in three independent replicates. The 
method of Armon [42] was used to estimate chlorophyll a, chlo-
rophyll b, and total chlorophyll contents as follows:

where OD645nm and OD663nm are the optical densities at 
645 and 663 nm, respectively.

2.7 � Preparation of plant extracts and estimation 
of indole acetic acid and amino acid contents

Harvested sorghum leaves were placed in an incubator to dry 
(37 °C) for 48 h. 200 mg of the dried material was crushed 
using a mortar at 4 °C in the presence of ethanol (80%). The 
homogenate was centrifuged (5000 g) for 15 min at 4 °C, and 
the supernatant was used to determine the content of indole 
acetic acid and amino acid.

Indole acetic acid (IAA) content in sorghum leaves was 
estimated using Salkowski’s reagent method and commercial 
IAA as standard [43]. About 1.5 ml of the supernatant was 
mixed with 500 ml of Salkowski’s reagent (FeCl3 in 36% per-
chloric acid) and incubated at 25 °C for 30 min. The optical 
density at 530 was then measured against a blank containing 
1.5 ml of distilled water and 500 µl of Salkowski’s reagent.

To quantify the amino acid content, 200 µl of the supernatant 
was mixed with 1.8 ml of 2% ninhydrin reactive solution (solu-
bilized in 0.2 M citrate buffer, pH 5, and ethylene glycol). The 
mixture was vortexed and then heated in a water bath for 15 min. 
After cooling at room temperature, the optical density at 570 nm 
was measured, and the amino acid content was calculated using 
a calibration curve established by varied glycine concentrations.

2.8 � Extraction and assay of SOD, GPx, GST, GR, 
and GDH

A solution comprising 100 mM HEPES–KOH, 20 µM FAD, 
10 mM MgCl2, 1 mM PMSF, and 14 mM β-mercaptoethanol 
was used to ground 200 mg of fresh sorghum leaves in a 
chilled mortar. The mixture was centrifuged (20,000 g) at 

Chlorophyll a
(

mg.ml−1
)

=
(

0.0127 × OD
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)

−
(
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)
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=
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−
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4 °C for 20 min. SOD, GPx, GST, GR, and GDH enzyme 
activities were determined using the supernatant. The total 
protein content was estimated using the method of Bradford 
with Bovine Serum Albumin (BSA) as standard [44].

SOD activity was determined by measuring its capacity 
to limit the photochemical reduction of nitroblue tetrazo-
lium chloride (NBT), as established by Beauchamp et Fri-
dovich [45]. The mixture used for the reaction contained 
50 mM phosphate buffer (7.8), 2 mM methionine, 75 µM 
NBT, 1 µM EDTA, 2 µM riboflavin, and the enzyme extract. 
Absorbance at 560 nm was measured after 30 min under a 
flat light panel. Controls without the enzyme developed the 
maximum color, and 1 unit of the activity was defined as the 
amount of enzyme that caused a 50% decrease in absorbance 
compared to the control.

The activity of GPx was carried out according to the 
method described by Bouchmaa et al. with some modifica-
tions [46]. The reaction mixture contained 50 mM potas-
sium phosphate, pH 7.4, 1 mM EDTA, 1 mM sodium azide, 
1 mM GSH, GR (4 μg/mL), 0.2 mM NADPH, 0.25 mM of 
H2O2, and enzyme extract. The rate of NADPH oxidation 
was monitored at 340 nm.

GST activity was calculated using a slightly modified 
Habig, Pabst, and Jakoby technique [47]. The assay mixture 
contained the supernatant, 5 mM GSH, 2.5 mM 1-chloro-
2,4-dinitrobenzene (CDNB), and 0.1 M phosphate buffer 
(pH 5.5). The reaction was spectrophotometrically moni-
tored at 340 nm at 30 °C, and the product concentrations 
were calculated using a molar extinction coefficient of 
9.6 mM−1 cm−1.

The oxidation of NADPH at 340 nm was used to assess 
GR activity, as described by Latique et al. [48]. Some mod-
ifications were applied. The reaction mixture contained 
100 mM potassium phosphate buffer (pH 7.8), 0.2 mM 
NADPH, 1 mM GSSG, and the required amount of enzyme 
extract. The reaction was started by adding NADPH at 
30 °C.

GDH activity was measured as described by Ben 
Mrid et al. [49]. The reaction mixture contained 100 mM 
Tris–HCl (pH 8), 1 mM CaCl2, 13 mM α-ketoglutarate, 
50 mM (NH4)2SO4, 0.25 mM NADH, and the required 
amount of enzyme extract. The activity was monitored spec-
trophotometrically for 30 min at 340 nm.

2.9 � Extraction and assay of PEPC, GS, AAT, 
and NADH‑MDH

Sorghum leaves were crushed in a cooled mortar using 
Tris–HCl buffer (100 mM, pH 8) that contains 10 mM 
MgCl2, 1.4 mM glycerol, 1.4 mM β–mercaptoethanol, 1 mM 
phenylmethylsulfonyl fluoride (PMSF), 1 mM EDTA, 1 mM 
EGTA, 9.4 µM leupeptin, and 16.5 µM chymostatin. The 
homogenate was centrifuged at 12,000 g for 15 min at 4 °C. 

After that, the supernatant was saturated (60%) with solid 
ammonium sulfate for 30 min. Under the same settings, the 
saturated supernatant was centrifuged anew, and the pellet 
was resuspended in the extraction buffer and utilized for 
enzyme activities. The total protein content was determined 
following the method of Bradford (1976) with BSA as a 
protein standard [44].

PEPC activity was measured as described by El Omari 
et al. following the oxidation of NADH at 340 nm [50]. The 
assay mixture contained 100 mM Hepes–KOH (pH 7.3), 
5 mM MgCl2, 5 mM NaHCO3, 2.5 mM PEP, 0.25 mM 
NADH, 3 units of MDH, and the enzyme extract.

GS activity was estimated as described by Ben Mrid, 
Omari, and Nhiri [51]. The reaction mixture contained 
90 mM imidazole–HCl (pH 7.0), 120 mM L-glutamine, 
3 mM MnCl2, 0.4 mM ADP, 20 mM potassium arsenate, 
60 mM hydroxylamine, and the enzyme extract. L-glutamine 
and ADP were not included in the blank test. The mixture 
was incubated at 37 °C for 20 min, then stopped by adding a 
solution of (1:1:1) of 10% FeCl3·6H2O (in 0.2 N HCl), 24% 
TCA, and 5% HCl. The appearance of γ-glutamyl hydroxam-
ate was measured at 540 nm.

AAT activity was measured using the method described 
by Ben Mrid et  al. [52]. The assay mixture containing 
Tris–HCl 50 mM, pH 7.8, L-aspartate 50 mM, 2-oxoglutar-
ate 10 mM, NADH 0.1 mM, and 2 U of MDH was added to 
the extracts and the reaction was initiated by adding 2-oxog-
lutarate. The activity was monitored spectrophotometrically 
at 340 nm for 30 min.

NADH-MDH activity was assayed as described by Setién 
et al. [53]. Briefly, a reaction buffer made up of 100 mM 
Hepes–KOH (pH 7.5), 5 mM MgCl2, 2 mM oxaloacetate, 
and 0.2 mM NADH was added to the extracts, and the 
activity was monitored spectrophotometrically at 340 nm 
for 30 min. MDH activity was determined by surveying the 
oxidation of NADH and the reduction kinetics of NAD + .

2.10 � Statistical analysis

IBM SPSS Statistics for Windows, Version 25.0. Armonk, 
NY: IBM Corp was used for all statistical analyses. ANOVA 
one factor, followed by the Student–Newman–Keuls post 
hoc test, was used to compare differences in the means 
(p < 0.05). Different letters indicate significant differences. 
The used data are mean values ± S.D.

3 � Results

3.1 � Cistus monspeliensis extract composition

Cistus monspeliensis plant extract analysis (Table 1) revealed 
the presence of several metabolites in 1 mg/ml sample 
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concentration. We note the presence of 594.01 ± 4.09 mg g−1 
DW of amino acid content, 4.97 ± 0.03 mg g−1 DW of indole 
acetic acid content, 84.15 ± 0.00 mg g−1 DW of flavonoids 
content, 375.66 ± 0.00 mg  g−1 DW of polyphenols, and 
107.33 ± 8.51 mg g−1 DW of protein content.

3.2 � Effect of Cd and CME supplementation on plant 
growth and biomass of sorghum

Cd exposure posed significant stress to sorghum plants dur-
ing this study. We recorded a reduction of 14.74% in plant 
length due to Cd treatment compared to the control treated 
with water only (Table 2). Cd also reduced sorghum leaves’ 
fresh and dry weight by 38.84% and 42.85%, respectively, 
compared to the control (Table 2). However, supplemen-
tations with CME in the presence of Cd increased plants’ 
length and weight significantly. Five, 20, and 60 mg/l of 
CME were able to increase the length of sorghum plants 
by 23.34%, 26.02%, and 17.72%; fresh weight by 110.76%, 
137.27%, and 63.25; and dry weight by 228.75%, 108.75%, 
and 66.25%, respectively, compared to Cd-control (Table 2).

3.3 � Effect of CME on Cd‑induced oxidative stress 
in sorghum plants

Cd-stressed plants showed an accumulation of superox-
ide radicals (218.97%) (Fig. 1A). Sorghum plants exposed 
to 200 µM Cd and then treated with 5, 20, and 60 mg/l of 
CME displayed significant reductions in O2

− production of 
64.08%, 30.43%, and 67.93%, respectively when compared 
to Cd control (Fig. 1A).

The results of the present investigation showed that 
200 µM of Cd caused an increase of 46.65% in MDA content 
compared to the control (Fig. 1B). Moreover, MDA levels in 
Cd-contaminated plants treated with CME further increased, 

especially at 20 and 60 mg/l, by 20.72% and 31.55%, respec-
tively, compared to the Cd-control (Fig. 1B).

3.4 � Effect of Cd and CME on photosynthetic 
pigment and osmolytes of sorghum plants

Our findings revealed that Cd exposure and photosynthetic 
pigment content are inversely related. Lower contents of 
chlorophyll a, chlorophyll b, and total chlorophyll were 
detected in sorghum plants exposed to 200 µM of Cd com-
pared to non-stressed plants (Fig. 2). However, the treat-
ments with 5 and 20 mg/l of CME exhibited a significant 
increase of 38.16% and 54.64% in chlorophyll a content, 
39.66% and 58.81% in chlorophyll b content, as well as 
38.5% and 55.65% in total chlorophyll content, respectively, 
compared to Cd-control (Fig. 2).

IAA is an auxin that hugely influences plants’ develop-
ment and growth through various cellular mechanisms, such 
as altering cell orientation, organ development, fertility, 
and cell elongation. In this study, IAA content was slightly 
increased due to Cd toxicity (18.53%) (Fig. 3A). CME appli-
cation decreased this hormone’s content in sorghum plants 
by 14.34%, 26.21%, and 30.19% under 5, 20, and 60 mg/l, 
respectively, compared to Cd-control (Fig. 3A).

The amino acids and their derivatives have various 
remarkable functions in plants, such as protein synthesis, 
growth and development, nutrition, and stress responses. 
The amino acid content in sorghum leaf extract is illustrated 
in Fig. 3B. Cd stress significantly decreased amino acid con-
tent compared to the control (6.89%). In comparison, treat-
ments with CME under Cd stress significantly improved the 
content of amino acids in sorghum leaves by 12.6%, 10.5%, 
and 12.99% using 5, 20, and 60 mg/l of our extract, respec-
tively, compared to Cd-control (Fig. 3B).

Table 1   Cistus monspeliensis extract (CME) composition

CME composition Amino acid Indole acetic acid Flavonoid content Polyphenol content Protein content

Concentration (mg g−1 DW) 594.01 ± 4.09 4.97 ± 0.03 84.15 ± 0.00 375.66 ± 0.00 107.33 ± 8.51

Table 2   Effects of CME on sorghum plant traits affected by Cd stress

Control: treated only with water; Cd (200 µM): treated with 200 µM of Cd; CM5: treated with 5 mg/l of CME + 200 μM Cd; CM20: treated 
with 20 mg/l of CME + 200 μM Cd and CM60: treated with 60 mg/l of CME + 200 μM Cd. Each value represents the mean of four independent 
observations ± SD. Means with the same lowercase letter are not significantly different at the 5% probability

Control Cd (200 µM) CM5 + Cd (200 µM) CM20 + Cd (200 µM) CM60 + Cd (200 µM)

Aerial part length (cm) 46.33 ± 1.97a 39.50 ± 2.21b 48.72 ± 1.95ac 49.78 ± 3.03c 46.50 ± 1.92a

Aerial part fresh weight (g) 6.23 ± 0.31a 3.81 ± 0.28b 8.03 ± 0.87c 9.04 ± 0.75c 6.22 ± 0.60a

Aerial part dry weight (g) 1.40 ± 0a 0.80 ± 0.10a 2.63 ± 0.49b 1.67 ± 0.65ab 1.33 ± 0.06a
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3.5 � Effect of Cd and CME on antioxidative enzyme 
activities of sorghum plants

The effect of Cd and CME treatments on oxidative stress 
was also evaluated by determining the enzyme activities of 
the antioxidant system. Cd toxicity significantly increased 
the activity of the antioxidant enzyme SOD by 34.83% 
compared to the control plants (Fig. 4A). Supplementation 
with 5 mg/l of CME in the presence of Cd further increased 
SOD activity by 20.33% compared to Cd-control (Fig. 4A). 
In addition, GR activity significantly increased under Cd 
stress compared to the control (7.10%) (Fig. 4B). Moreover, 
a further increase was observed under 5, 20, and 60 mg/l of 
CME combined with Cd by 20.10%, 12.41%, and 12.77%, 
respectively, compared to Cd-control (Fig. 4B).

In the present study, there was no significant difference 
in GPx activity between Cd-stressed plants and the control 
plants treated with water only (Fig. 4C). However, under Cd 
stress, CME seems to stimulate this activity. GPx activity 
showed an increase of 36.63%, 4.86%, and 21.52% upon 
treatments with 5, 20, and 60 mg/l of CME, respectively, 
compared to the Cd control (Fig. 4C). Additionally, Cd 
toxicity increased GST activity significantly compared to 
the control (14.86%) (Fig. 4D). The addition of 5, 20, and 
60 mg/l of CME reduced this activity by 21.51%, 30.29%, 
and 23.17%, respectively, compared to Cd control (Fig. 4D).

3.6 � Effect of Cd and CME on carbon–nitrogen 
enzymes‑system of sorghum plants

We observed the effect of Cd and CME supplementation 
on enzyme activity during nitrogen assimilation and car-
bon metabolism. Cd toxicity decreased the activities of GS 
and AAT enzymes by 60.94% and 67.71%, respectively, 
compared to control plants (Fig. 5). CME supplementa-
tion in the presence of Cd significantly increased GS and 

AAT activities, especially at 5 and 20 mg/l of our extract, 
where we noted an increase of 131.96% and 102.64% for GS 
activity (Fig. 5A) and an increase of 154.96% and 249.59% 
for AAT activity (Fig. 5B), respectively, compared to their 
respective stress control.

GDH activity of sorghum plants’ leaves extract subjected 
to Cd toxicity is shown in Fig. 5C. This enzyme’s activity 
has increased by 76.62% following treatment with Cd com-
pared to the control (Fig. 5C). However, supplementation 
with 5, 20, and 60 mg/l of CME reduced GDH activity by 
8.27%, 56.24%, and 27.58%, respectively, compared to Cd-
control (Fig. 5C).

In the present work, PEPC and MDH activities were 
reduced by 30.96% and 62.64%, respectively, due to Cd 
stress compared to the control (Fig. 5). Treatments with 
CME greatly increased the two activities in sorghum plants 
subjected to Cd stress, particularly at 20 mg/l. An enhance-
ment of 88.10% was recorded for PEPC activity (Fig. 5D) 
and 116.50% for MDH activity (Fig. 5E) compared to their 
Cd control.

4 � Discussion

Plant length, dry weight, and fresh weight are indicators 
that can represent the impact of stress on growth. This 
study found that the parameters mentioned decreased in Cd-
stressed sorghum plants. It has been firmly established that 
Cd toxicity inhibits plant growth; it can cause a reduction 
in biomass and yield and induce chlorosis [10, 54]. The Cd-
based declines were significantly reversed with the addition 
of CME. Similarly, previous studies have demonstrated the 
effectiveness of various remediations in mitigating Cd tox-
icity. Desoky et al. [55] studied the effect of foliar applica-
tion of maize grain and propolis extract on faba bean plants 
exposed to drought, salinity, or cadmium. The two extracts 

Fig. 1   O2 − (A) and MDA (B) contents in sorghum plants 
treated with different concentrations of CME under Cd stress. C, 
treated only with water; C + , treated with 200  µM of Cd; CM5, 
treated with 5  mg/l of CME + 200  μM Cd; CM20, treated with 

20  mg/l of CME + 200  μM Cd and CM60: treated with 60  mg/l of 
CME + 200 μM Cd. Each value represents the mean of four independ-
ent observations ± SD. Means with the same letter are not signifi-
cantly different at the 5% probability
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displayed a notable improvement in morphological, physi-
ological, biochemical, and productivity characteristics under 

stress, mainly when the two extracts were used combined 
[55]. Another study by Howladar [27] reported that Moringa 
oleifera leaf extract (MLE) was able to mitigate the stress 
effects of salinity and cadmium in bean plants. Growth traits, 
yield, and photosynthetic pigment levels reduced upon expo-
sure to stress were detoxified after MLE application [27]. 
MLE was also effective in improving growth characteristics 
and mitigating Cd-induced phytotoxicity up to 500 μM Cd 
concentration in wheat plants [56].

The effects of abiotic stress are characterized by the 
enhanced formation of ROS, leading to various biochemi-
cal and metabolic processes, including photosynthesis [57]. 
It is generally known that heavy metals, particularly Cd, act 
primarily through the photosynthetic apparatus and the pig-
ment it produces [58]. Cd-induced oxidative disorders inter-
rupt the photosystems and photosynthetic electron transport, 
causing denaturation of chlorophyllous pigments and reduc-
ing the efficiency of photosynthetic activity [59]. In this 
work, chlorophyll content in sorghum plants decreased in 
response to Cd stress. Our findings align with previous stud-
ies indicating that Cd contamination can harm the photosyn-
thesis of many other plants [60–63]. On the other hand, the 
application of CME significantly lowered the impact of Cd 
stress and had a favorable influence on the chlorophyll con-
tent, which can lead to an increased photosynthesis rate. The 
positive influence of CME on chlorophyll content could be 
attributable to the ability of this extract to alleviate oxidative 
damage, increase the tolerance to Cd toxicity and ultimately 
improve the growth of plants.

Meanwhile, MDA content in sorghum plants exposed to 
Cd and treated with CME sharply increased. As an aldehyde 
molecule, end-product, and indicator of lipid peroxidation, 
MDA has been demonstrated to provide cell protection under 
oxidative stress and play a positive effect in plant defense 
and development by activating regulatory genes, despite 
its potential toxicity [64]. Indeed, its role as a destroyer or 
protector relies on the enzymatic activity of aldehyde dehy-
drogenases, which are activated to control MDA levels by 
oxidizing them to their respective carboxylic acids, reestab-
lishing low cellular levels so that they can operate as signals 
rather than cause cell damage [65]. In our investigation, the 
elevation in MDA levels under CME treatments may indicate 
that MDA acts as a preventative mechanism rather than a 
marker of damage, given that there were no signs of oxida-
tive damage or devastating symptoms on sorghum growth 
and development.

The high levels of ROS due to Cd stress can cause deg-
radation of proteins, amino acids, lipids, carbohydrates, 
DNA, and eventually, the death of plants [66]. In this study, 
the treatments with CME have proven to minimize these 
adverse effects of Cd as we observed a significant increase 
in amino acid content that had plummeted due to Cd expo-
sure. On the other hand, IAA content has increased under 

Fig. 2   Chlorophyll a (A), b (B), and total (C) contents in sorghum 
plants treated by different concentrations of CME under Cd stress. 
C, treated only with water; C + , treated with 200  µM of Cd; CM5, 
treated with 5  mg/l of CME + 200  μM Cd; CM20, treated with 
20 mg/l of CME + 200 μM Cd; and CM60, treated with 60 mg/l of 
CME + 200 μM Cd. Each value represents the mean of four independ-
ent observations ± SD. Means with the same letter are not signifi-
cantly different at the 5% probability
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Cd stress. Among the auxin class, IAA is the most common 
plant hormone with its regulating effect on various aspects 
of plant growth and development [67]. IAA can help mediate 
the morphological reaction of plants in response to abiotic 
stresses by promoting roots and sometimes shoots growth 
[68]. Under heavy metal stress, plants can dynamically 
adjust auxin accumulation and location depending on the 
environmental conditions for better adaptation [69]. The 
increase in auxin-responsive protein IAA content under Cd 
stress was previously registered by Sun et al. [70] in rice 
shoots. Meanwhile, CME supplementations have reduced 
IAA levels in sorghum shoots under Cd stress, while no sig-
nificant outcomes were observed on plant biomass under any 
of the used concentrations.

Superoxide anion (O2
−), a free radical and oxygen 

derivative, is the source of most intracellular ROS [71]. Cd 
exposure could disturb the balance between ROS produc-
tion and scavenging, resulting in oxidative disorder [72]. In 
the present investigation, a noticeable increase in the level 
of O2

− in sorghum plants exposed to Cd stress was noted, 
which could be related to the oxidative damage produced 
by Cd’s detrimental effects. However, the application of 
CME protected sorghum plants from Cd-induced damage 
resulting from O2

− dismutation. To mitigate the overly 
produced ROS, plants have developed different defense 
mechanisms against abiotic stress, such as the antioxidant 
system. The activities of the antioxidant enzymes (SOD, 
GR, GPx, GST) have been linked to the modulations of 
plants’ growth under stress, including Cd toxicity. In this 
work, SOD activity was upregulated by Cd stress, and the 
application of 5 mg/l of CME in the presence of Cd has 
further increased this activity. SOD is an enzyme that cata-
lyzes the dismutation of superoxide radicals (O2

−) to oxy-
gen (O2) and hydrogen peroxide (H2O2), thereby providing 
cellular protection against ROS [73]. The resulting H2O2 
is then neutralized by its conversion to water and oxygen 

in a GPx-catalyzed reaction [74]. The increase in SOD 
activity in plants treated with CME under Cd stress was 
accompanied by a decrease in O2

− content and a significant 
increase in GPx activity, suggesting that CME may help 
sorghum plants cope with the oxidative stress caused by 
Cd. Except for GPx activity under Cd stress, where we did 
not notice a significant difference compared to the control, 
our findings were similar to previous researchers; Bhuyan 
et al. [75] found that Cd toxicity elevated SOD and GPx 
activity in rice and that supplementation with vanillic acid 
was able to further increase both activities under Cd stress. 
Another study by Alzahrani and Rady [76] suggested using 
maize-grain-derived organic biostimulants to improve Cd 
tolerance in wheat plants. Likewise, they found that Cd 
toxicity significantly increased SOD and GPx activities, 
and treatments with these biostimulants upregulated both 
activities even more [76].

The current research shows that GR activity in sorghum 
leaves subjected to Cd stress has significantly increased. 
Moreover, this activity was upregulated in plants treated 
with CME, especially with 5 mg/l. GR is an enzyme that 
catalyzes the reduction of GSSG (oxidized glutathione) to 
GSH (reduced glutathione), which is a crucial molecule 
in resisting oxidative stress and sustaining the reducing 
environment in plant cells for the active functioning of 
proteins [77]. GR enzyme's high activity might indicate 
a greater demand for GSH, required in different metabo-
lisms involved in plant growth and development and for 
detoxifying plant cells from H2O2 [78]. GR is also essen-
tial for maintaining a high GSSG/GSH ratio, especially 
when plants face stressful conditions [77]. In addition, the 
increase in GST activity alongside GSH in plants exposed 
to heavy metals has been documented in previous studies 
[75, 79], which aligns with our results. GST activity has 
decreased in CME-treated Cd-stressed sorghum plants, thus 
indicating the potentiality of this extract in mitigating Cd 

Fig. 3   Indole acetic acid (IAA) (A) and amino acid (B) contents in 
sorghum plants treated by different concentrations of CME under Cd 
stress. C, treated only with water; C + , treated with 200 µM of Cd; 
CM5, treated with 5 mg/l of CME + 200 μM Cd; CM20, treated with 

20 mg/l of CME + 200 μM Cd; and CM60: treated with 60 mg/l of 
CME + 200 μM Cd. Each value represents the mean of four independ-
ent observations ± SD. Means with the same letter are not signifi-
cantly different at the 5% probability
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stress. The effectiveness of CME in decreasing the oxida-
tive damage resulting from Cd exposure is likely related to 
the combination of secondary metabolites that are naturally 
present in CM. Studies conducted using CM revealed the 
presence of flavonoids such as catechins that have potent 
antioxidant properties and are considered ROS scavengers 
and metal ion chelators [36, 80]. Other compounds were 
also identified in CM, including gallic acid, ellagitannins, 
hydrocarbons, fatty acids, and carbonylic compounds, in 
addition to an abundance of terpenoids, particularly diter-
penes [36, 38]. The latter serve various functions in plants, 
including acting as hormones and antioxidants, and they 
were reported to be essential elements of biotic and abiotic 
stress resistance in many crops like rice and maize [39, 81]. 
The richness of CM in these compounds is potentially the 
reason for the boosted antioxidant system that has led to 
reducing ROSs and restoring the oxidative balance in sor-
ghum plants, resulting in better growth.

We also investigated the role of CME in regulating 
carbon and nitrogen metabolism in Cd-stressed sorghum 
plants. For plants, nitrogen metabolism is an important 
physiological process that can affect growth and determine 
the yield and quality of plants [82]. The inhibition of plant 
growth due to Cd stress has been previously linked to the 
modulation of nitrogen assimilation enzymes’ activities 
under Cd toxicity [83]. The activities of two key enzymes 
(GS and GDH) that play a crucial role in nitrogen assimi-
lation were studied. GS catalyzes the condensation of glu-
tamate and ammonia to generate glutamine [84], whereas 
GDH catalyzes a reversible enzymatic reaction involving 
ammonium assimilation into glutamate and glutamate 
deamination into 2-oxoglutarate and ammonium [85]. 
Under Cd stress, sorghum plants showed a significant 
reduction in GS activity and a significant increase in GDH 
activity. Similar results have been previously described 
in tomato, bean, and maize plants [86–88]. The presence 
of Cd in the soil was found to decrease the activity of the 
GS/GOGAT cycle due to the oxidative damage caused by 
the increase in ROS generation [89]. The inhibition of GS 
and GOGAT enzymes causes ammonium accumulation, 
which GDH then assimilates to reduce its excess content, 
thus explaining the increase in GDH activity under Cd 
stress [90]. On the other hand, we remarked that CME 

Fig. 4   Activities of superoxide dismutase (SOD) (A), glutathione 
reductase (GR) (B), glutathione-peroxidase (GPx) (C), and glu-
tathione-s-transferase (GST) (D) in sorghum plants treated by dif-
ferent concentrations of CME under Cd stress. C, treated only with 
water; C + , treated with 200 µM of Cd; CM5, treated with 5 mg/l of 
CME + 200 μM Cd; CM20, treated with 20 mg/l of CME + 200 μM 
Cd; and CM60, treated with 60  mg/l of CME + 200  μM Cd. Each 
value represents the mean of four independent observations ± SD. 
Means with the same letter are not significantly different at the 5% 
probability
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promoted the activity of GS and decreased the activity of 
GDH, which marks the capability of this extract in restor-
ing the regular order of ammonium assimilation in plants 
under Cd stress.

In addition, Cd-induced decline detected in AAT activ-
ity, an enzyme that catalyzes the reversible transamination 
between glutamate and oxaloacetate, resulting in aspartate 
and 2-oxoglutarate [91], was reversed with CME application 

Fig. 5   Activities of glutamine synthase (GS) (A), aspartate ami-
notransferase (AAT) (B), glutamate dehydrogenase (GDH) (C), phos-
phoenol pyruvate carboxylase (PEPC) (D), and malate dehydrogenase 
(MDH) (E) in sorghum plants treated by different concentrations 
of CME under Cd stress. C, treated only with water; C + , treated 

with 200  µM of Cd; CM5, treated with 5  mg/l of CME + 200  μM 
Cd; CM20, treated with 20 mg/l of CME + 200 μM Cd; and CM60, 
treated with 60 mg/l of CME + 200 μM Cd. Each value represents the 
mean of four independent observations ± SD. Means with the same 
letter are not significantly different at the 5% probability
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(5 and 20 mg/l). The elevated AAT activity can be linked 
to its role in maintaining the relative stability of glutamate 
concentration in plants, which serve as a nitrogen donor for 
producing other amino acids [92, 93].

Cd was previously reported to cause a significant reduc-
tion in carbon metabolism [94]. In the current work, Cd 
stress has decreased the activities of PEPC and MDH; two 
enzymes were shown to fulfill an essential role in replenish-
ing the tricarboxylic acid cycle (TCA) utilized for energy 
and biosynthetic metabolism [95]. PEPC also catalyzes 
the carboxylation of phosphoenolpyruvate to oxaloacetate, 
which is then transformed to malate by MDH [96]. Similar 
to our results, a reduction in PEPC activity was described in 
Cd-stressed maize and wheat plants [97, 98], and a signifi-
cant inhibition in MDH activity was reported in Miscanthus 
treated with 200 µM of Cd [99]. In our study, CME has 
upregulated the activities of both PEPC and MDH, espe-
cially at 5 and 20 mg/l treatments. This increase could be 
valuable in supplying TCA with carbon compounds needed 
to synthesize amino acids, therefore, proteins [52]. Fur-
thermore, the malate accumulation in C4 plants due to the 
upregulation of MDH activity can boost the Calvin cycle 
and grant higher tolerance to Cd stress [99]. These findings 
imply that CME can effectively regulate the perturbations of 
carbon and nitrogen metabolism, allowing for better growth 
of sorghum plants in Cd-polluted soil.

5 � Conclusion

Cadmium toxicity strongly reduced the growth of sor-
ghum plants and damaged the photosynthetic pigment. Cd 
exposure also promoted ROS generation and altered the 
antioxidant system and carbon and nitrogen metabolism. 
CME supplementation in the presence of Cd significantly 
reduced the loss of photosynthetic pigment, suppressed 
ROS generations, and improved antioxidant defense-related 
enzymes and carbon and nitrogen metabolism enzymes 
which led to better growth and development of sorghum 
plants under Cd stress. Interestingly, CME treatments 
elevated MDA and reduced IAA contents under Cd stress 
with no signs of damage on the enzymatic and morpho-
logical levels. We note that the enhanced tolerance to Cd 
stress was more significant at 5 mg/l and 20 mg/l of CME 
treatments.

Our findings can serve as insight to guide further studies 
of CME effect in enhancing the resistance to Cd and other 
heavy metals in sorghum plants and other crops. While CME 
can be a sustainable solution for elevating Cd stress in sor-
ghum plants and improving their yield, extensive studies are 
needed to investigate the mechanisms and mode of action of 
this extract in plants.

Photograph of sorghum plants at the end of treatments 
with CME. C: treated only with water; C+: treated with 
200 µM of Cd; CM5: treated with 5 mg/l of CME + 200 μM 
Cd; CM20: treated with 20 mg/l of CME + 200 μM Cd and 
CM60: treated with 60 mg/l of CME + 200 μM Cd.
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