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Abstract Cadmium (Cd) is one of the danger-
ous factors that have negative impacts on plants and 
human health. Recently, many researchers have been 
looking for biostimulants to use as bioprotectants that 
can help or ameliorate plants’ tolerance against abi-
otic stress, including Cd. To test the dangerousness 
of Cd accumulated in the soil, 200  µM of the latter 
was applied to sorghum seeds at germination and 
maturation stages. At the same time, Atriplex hali-
mus water extract (0.1%, 0.25%, 0.5%) was applied 
to test its efficacy on Cd alleviation in sorghum 
plants. The obtained results showed that the tested 
concentrations enhanced the tolerance of sorghum 
to Cd by enhancing the germination indexes param-
eters such as germination percentage (GP), seedling 
vigor index (SVI), and reducing the mean germina-
tion time (MGT) of sorghum seeds grown under cad-
mium stress. On the other hand, the morphological 
parameters (height and weight) as well as the physi-
ological parameters (chlorophyll and carotenoid) 
were stimulated in treated maturated sorghum plants 
under Cd stress. In addition, 0.5% and 0.25% of Atri-
plex halimus extract (AHE) stimulated the antioxidant 
enzymes, including superoxide dismutase, catalase, 
glutathione peroxidase, glutathione-s-transferase, and 

glutathione reductase. In the same time, an increase 
in carbon–nitrogen enzymes was recorded in the case 
of AHE treatment; phosphoenol pyruvate carboxy-
lase, glutamine synthase, glutamate dehydrogenase, 
and amino acid transferase were all upregulated. 
These results suggest that using AHE as a biostimu-
lant could be a better strategy to enhance the toler-
ance of sorghum plants to Cd stress.

Keywords Cadmium · Sorghum · Germination 
stage · Maturation stage enzymes activities · Atriplex 
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Introduction

The world’s economic activities increased, leading to 
increased pollution. In this manner, heavy metals are 
considered major elements that contaminate soil (Li 
et  al. 2012). Cadmium (Cd) is the most toxic heavy 
metal that can accumulate since it is highly mobile in 
the soil (Muratova et  al. 2015). The latter is widely 
used in industrial production (nuclear power, electro-
plating, battery manufacture, etc.) (Muratova et  al. 
2015). It’s known that Cd, and other heavy met-
als, present a high negative impact on human health 
throughout the food chain (Piechalak et al. 2002). It is 
also harmful toplant’s health since it reduces nutrition 
absorption ability and alters many physiological and 
biochemical parameters in plants, causing oxidative 
stress (Anjum et al. 2015).
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Cliquez ou appuyez ici pour entrer du texte.Sor-
ghum is considered one of the most important cere-
als (Ben Mrid et al. 2019). It is cultivated for many 
purposes including food, forage, fiber, and fuel 
(Bouargalne et al. 2022). It occupies the fifth class 
in produced cereal grain in the world (Ben Mrid 
et  al. 2019), making it an essential element in the 
economic world activity (de Morais Cardoso et  al. 
2017). Sorghum bicolor is considered one of the 
important plants in phytoremediation thanks to its 
capacity to remove heavy metals from contaminated 
soil (Shafiei Darabi et  al. 2016). Additionally, this 
crop is an excellent source of nutrients and bioac-
tive compounds essential for human health and diet, 
and it is a C4 plant capable of tolerating multiple 
environmental stressors, making it an ideal crop to 
grow in many arid regions (Roussi et  al. 2022a). 
However, the development and growth of this plant 
are still negatively affected (Sharmila et  al. 2017). 
To increase the tolerance of sorghum to cadmium 
and other heavy metals, researchers are working 
to find natural biostimulants like microorganisms, 
molecules, seaweed extracts, and plant extracts 
(Ben Mrid et al. 2021).

During this study, the tested plant-based extract 
was obtained from Atriplex halimus, a shrub that is 
up to 3 m in height and starts to branch from the base. 
Its leaves measures 10 to 30 mm long and 5 to 20 mm 
wide (Franclet and Le Houérou 1971). This plant is 
found in semi-arid and arid areas and is widely dis-
tributed in Morocco, especially in the southern area 
where we collected these species’ leaves. Atriplex 
halimus is rich in protein (Walker et  al. 2014), and 
used to feed cattle and sheep (Walker et al. 2014). The 
used extract contain many secondary metabolites that 
play a crucial role in plant tolerance against abiotic 
stress. It was mentioned in the literature that Atriplex 
halimus extract is rich in flavonoids responsible for 
antioxidant activities, and other compounds like pep-
tides, organic acids, and proline, which exist in strong 
concentrations in halophytes plants. These molecules 
are generally responsible for enhancing the tolerance 
of plants to abiotic stress (Benhammou et al. 2009).

In order to valorize Atriplex-halimus which is 
wildly spread in southern Morocco as a natural and 
cost-effective biostimulant for cadmium-stressed sor-
ghum plants, we opt to test the water extract of this 
wild shrub on the germination and maturation of sor-
ghum bicolor grown under 200 µM cadmium stress.

To achieve this objectif, we tested the effect of 
Atriplex-halimus extract using three concentrations, 
0.1%, 0.25%, and 0.5% on sorghum germination, 
then on the morphological, physiological, and bio-
chemical parameters. Based on the obtained results, 
we selected 0.25% and 0.5% for treating matured sor-
ghum plants suffering from Cd stress. The morpho-
logical and physiological parameters in addition to 
the antioxidant and carbon nitrogen enzymes activi-
ties were determined for the harvested plants.

Material and methods

Material collection and extract preparation

In this study, Atriplex halimus plan was collected 
from the south of Morocco region called Akka (29° 
23′ 27″ north, 8° 15′ 23″ west) near Tata city. The 
leaves of this plant were handpicked and transferred 
to the biochemistry and genetics molecular labora-
tory in Tangier. The plant material was dried at 37 °C 
for 7  days. The dried leaves were crushed and the 
obtained powder was used for extraction.

One hundred g of powder was homogenized with 
1L of distilled water; the mixte was boiled at 100 °C 
for 2 h. After filtration, the supernatant obtained was 
considered to be at a concentration of 100%, 0.1%, 
0.25%, and 0.5% were prepared by adding distilled 
water.

Germination assay of sorghum seeds under Cd stress

After being sterilized with 5% of sodium hypochlorite 
for 10  min, sorghum seeds that were obtained from 
the national research institute for agriculture (INRA) 
were rinsed with distillate water. For germination 
assay, 25 seeds were placed in Whatman No. 1 filter 
paper in 90 mm diameter sterilized Petri plates. Each 
condition was repeated four times:

First condition (C): soaked with water
Second condition  (C+): soaked with 200  µM of 
cadmium
Third condition (T0.1%): Soaked with a solution 
containing 200 µM Cd and 0.1% Atriplex halimus 
extract (AHE)
Fourth condition (T0.25%): Soaked with a solution 
containing 200 µM Cd and 0.25% AHE
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Fifth condition (T0.5%): Soaked with a solution 
containing 200 µM Cd and 0.5% AHE.

The Petries plates were incubated in the dark for 
3  days until the seeds started germination, and then 
placed in a 16/8 h (light/dark) photoperiod in an aver-
age temperature of 27 °C. The number of germinated 
seeds was noted every day. After 8  days, the length 
and weight of seedlings were measured.

To study the effect of cadmium on sorghum bicolor 
seeds germination, and the effect of AHE on seeds 
germination under cadmium stress, many parameters 
were calculated such as germination percentage (GP), 
rate germination index (RGI), seedlings vigor index 
(SVI), mean germination time (MGT). The formulas 
used to calculate those indexes are mentioned in the 
following table.

Parameters Formula Reference

Germination 
pourcentage 
(GP)

GP = number of 
germinated seeds/
Total number of 
seeds

Ait Elallem et al. 
(2022)

Rate germination 
index (RGI)

GI = (ixN1) + ((i − 1) 
x N2) + … + (1xNi) 
N1, N2…Ni: 
number of seeds 
germinated every 
day, and the multi-
pliers are weights 
given to the days of 
the germination

Ranal et al. (2009)

Parameters Formula Reference

Seedling vigor 
index (SVI)

SVI = G% × SL
G%: germination 

percentage
SL: seedling length 

(cm)

Ait Elallem et al. 
(2022)

Mean germina-
tion Time 
(MGT)

MGT = ΣNt.T/ΣN
Nt: number of seeds 

newly germinated 
at time t

T: number of days 
from the start of 
the germination 
test until time t

ΣN: number of seeds 
that germinated on 
the final germina-
tion day

Ait Elallem et al. 
(2022)

Growth assay of sorghum seeds under Cd stress

After selecting the best concentrations (0.25%, 0.5%) 
that have a high positive impact on sorghum germi-
nation under cadmium stress, another test was made, 
this time on maturate sorghum plants cultivated in 
vermiculite.

Eight sterilized seeds of sorghum were cultivated 
in medium plastic pots (5.5 inches in inner diam-
eter; 5 inches in height) full with vermiculite (3 pots 
were used as repetition) (Fig. 1), after the apparition 
of the third leaf (10 days), the treatments started as 4 

Fig. 1  Example of a part 
of the experimental design 
setup
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conditions were made (treatments were applied every 
4 days):

First condition (C): irrigated with culture medium
Second condition  (C+): irrigated with culture 
medium containing 200 µM Cd
Third condition (T0.25%): irrigated with culture 
medium containing 200 µM Cd and 0.25% AHE
Fourth condition (T0.5%): irrigated with culture 
medium containing 200 µM Cd and 0.5% AHE

The elements of the medium with nutrients were; 
0.5  mM KNO3, 0.375  mM KH2PO4, 0.125  mM 
K2HPO4, 0.375  mM MgSO4, 1.25  mM CaSO4, 
10  mg/L Fe-ethylene-diamine tetraacetate (EDTA) 
and micronutrients (Ben Mrid 2016).

Growth and biochemical parameters

After 50 days from starting the treatment, the plants 
were harvested, the growth parameters of each condi-
tion were noted (weight and height), and plant leaves 
of each condition were conserved at −  80  °C for 
enzyme activities’ determination.

Preparation for enzymes’ extraction

0.2  g of fresh leaves ( conserved at −  80  °C) 
was extract in medium that contained: 0.1  M 
HEPES–KOH, 0.02 mM of flavin adenine dinucleo-
tide (FAD), 0.01 M of Magnesium chloride  (MgCl2), 
0.001  M phenylmethylsulfonyl fluoride (PMSF), 
and 14  mM β-Mercaptoethanol. The homogenate 
was centrifuged (20,000  g) for 20  min at 4  °C. The 
supernatant was used to determine the activities of 
enzymes.

Antioxidant and carbon–nitrogen enzyme activities

The antioxidant enzymes’ system was presented by 
five enzymes; superoxide dismutase (SOD), catalase 
(CAT), glutathione peroxidase (GPx), glutathione-s-
transferase (GST), and glutathione reductase (GR).

The SOD activity was determined based on the 
protocol used by Ben Mrid et  al. (2022), 5  ul of 
enzyme extract was mixed with a reaction medium 
that contained 50  mM phosphate buffer (pH 7.5), 
0.01 M methionine, 0.1 uM EDTA, 0.002 Mm ribo-
flavin, 0.075  mM of nitro blue tetrazolium (NBT). 

The activity was determined at 560 nm. One unit of 
SOD activity was defined as the quantity of SOD 
required to obtain a 50% inhibition of the reduction of 
NBT. The activity was expressed as units per mg of 
protein content.

The CAT activitywas done using the protocol ofEl 
Omari et  al. (2016), the reaction mixture contained 
0.05  M phosphate buffer (pH 7), 10  mM of  H2O2 
was added to the enzyme extract, the activity was fol-
lowed at 240 nm for 5 min.

GPx activity was made according to Bouchmaa 
et al. (2018), the reaction mixture contained 0.05 M 
of potassium phosphate buffer (pH 7.4), 0.001  M 
sodium azide, 0.001  M EDTA, 4  ug/mL of glu-
tathione reductase, 0.001  M of reduced glutathione 
(GSH), 0.2  mM NADPH, and 0. 25  mM of  H2O2 
was added to the enzyme extract, the oxidation of 
NADPH was followed at 340 nm.

The protocol used for GR activity was mentioned 
by Roussi et  al. (2022b). A reaction mixture that 
contained 0.1  M potassium phosphate buffer (pH 
7.8), 0.001  M of oxidized glutathione (GSSG), and 
0.2 mM of NADPH was added to the enzyme extract, 
and the oxidation of NADPH was followed at 340 nm.

The GST activity, was determined according to the 
protocol of Latique et  al. (2021); The assay mixture 
contained the enzyme extract, 5  mM GSH, 2.5  mM 
1-chloro-2, 4-dinitrobenzene (CDNB), and 0.1  M 
phosphate buffer (pH 5.5). The reaction was moni-
tored spectrophotometrically 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 phosphoenolpyruvate carboxylase (PEPC), 
glutamate dehydrogenase (GDH), glutamine synthase 
(GS), and aspartate amino transferase (AAT) repre-
sented the carbon–nitrogen enzyme system.

The PEPC activity was determined according to 
the protocol used by Kchikich et  al. (2021a). The 
activity was assayed by coupling to NAD-malic dehy-
drogenase (MDH), and monitoring NADH oxidation 
at 340  nm spectrophotometrically in a 1  mL assay 
mixture containing 100  mM Hepes–KOH (pH 7.3), 
5 mM MgCl2, 0.2 mM NADH, 5 U of MDH, 2.5 mM 
PEP, 5  mM NaHCO3 and the enzyme extract. One 
unit of PEPC is the amount of the enzyme extract, 
which catalyzes the transformation of 1  μmol sub-
strate per minute at 30 °C.

The GDH, and GS enzyme activities were meas-
ured in the aminating direction, as described by 
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Kchikich et  al. (2021b). The first activity was made 
at 30 °C by adding a reaction mixture that contained 
0.1  M Tris–Hcl (pH 8), 0.001  M CaCl2, 0.013  M 
α-ketoglutarate, 0.05  M  (NH4)2SO4, and 0.25  mM 
NADH. The kinetic activity was determined at 
340  nm. While the second one was measured using 
the transferase method according to Kchikich et  al. 
(2021a),the assay mixture contained 90  mM imida-
zole–HCl (pH 7.0), 0.12  M L-glutamine, 0.003  M 
MnCl2, 0.4  mM ADP, 0.02  M sodium arsenate, 
0.06 M NH2OH and the enzyme extract. The L-glu-
tamine was omitted in the blank test of each condi-
tion. After incubation of the mixture at 37  °C for 
20 min, the reaction was stopped by adding a mixture 
(1:1:1) of 10% FeCl3•6H2O (in 0.2 N HCl), 24% 
TCA, and 5% HCl after 15  min. The appearance of 
γ-glutamyl hydroxamate was measured at 540 nm.

The AAT activity was measured according to 
Ben Mrid et  al. (2017), the activity was determined 
by following the oxidation of NADH at 340 nm, the 
assay mixture contained: Tris–HCl 50  mM, pH 7.8, 
L-aspartate 50  mM, 2-oxoglutarate 10  mM, NADH 
0.1 mM, 2U of MDH and 20 µl of the enzyme extract. 
The reaction was initiated by adding 2-oxoglutarate.

Chlorophyll content determination

The chlorophyll content was measured according 
to the protocol used by Naboulsi et al. (2022a) with 
some modifications. The fresh leaf samples were 
extracted in a mixture of 80% acetone, the solution 
was incubated at 4 °C for 72 h. The optic density of 
the supernatant was measured at 645 nm and 663 nm, 
and chlorophyll a, chlorophyll b, and total chlorophyll 
contents were estimated using the following formula:

Chlorophyll a
(

mg L−1)

= 12.7 × O.D.663 − 2.69 × O.D.645

Chlorophyll b
(

mg L −1)

= 22.9 × O.D.645 − 4.68 × O.D.663

Chlorophyll total
(

mg L−1
)

= Chlorophyll a + Chlorophyll b

MDA content determination

The lipid peroxidation was measured by detecting 
malondialdehyde (MDA) content in each sample. The 
MDA content was determined according to a previous 
study done by Ben Mrid et  al. (2019). In brief, cell 
homogenate, in different conditions, was mixed with 
trichloroacetic acid (20%) and TBA (0.67%). The 
mixture was heated at 95  °C for 1  h. After cooling, 
1  mL n-butanol was added to the mixture followed 
by centrifugation at 12,000 g for 10 min. The organic 
supernatant was collected to measure the absorbance 
at 532 nm and 600 nm.

H2O2 content determination

The peroxide  (H2O2) content was determined accord-
ing to (Ennoury et al. 2022), 0.25 mL of cell homoge-
nate was mixed with 1  mL of TCA 0.1%, and the 
mixture was centrifuged (12,000) for 15  min. The 
obtained supernatant was mixed with 1 ml of 10 mM 
phosphate buffer ph 7, and 2 mL of 1 M iodide potas-
sium (KI). After incubation in the dark for 1  h, the 
O.D was read at 390 nm.  H2O2 concentrations were 
calculated using a standard curve.

O2
− content determination

The superoxide content was estimated using the pro-
tocol mentioned by Kubiś (2008) with slight modifi-
cation; 0.1 g of leaves were cut into small paces and 
immersed in a mix containing 10 mM (K) phosphate 
buffer, pH 7.8, 0.05% NBT, and 10 mM  NaN3; then, 
the mixture was incubated for 1 h at room tempera-
ture. 2 ml of immersed solution was heated at 85 °C 
for 15  min. After cooling at room temperature, the 
optical density was measured colorimetrically at 
580 nm, and the  O2

− content was expressed in  A580 
 g−1 FW.

Statistical analysis

SPSS 25 for Windows software, version 10.0.1 
was used for all statistical analyses. A one-way 
ANOVA, followed by the Student Newman-Keuls 
post hoc test, was used to compare the differences in 
means (p < 0.05). Different letters indicate signifi-
cant differences.
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Results

Atriplex halimus extract composition

The Atriplex halimus extract composition was 
identified, and the tested extract presents a diverse 
chemical compound with different concentrations. 
For instant, the secondary metabolites flavonoid 
and polyphenols present 27.65  mg.g−1 DW and 
5.726  mg.g−1 DW, respectively. Additionally, an 
amount of 0.224  mg.g−1 DW, 3.104  mg.g−1 DW, 
and 0.303 mg.g−1 DW for indole acetic acid (IAA), 
soluble sugar, and the free amino acid was detected 
in the 100% of tested extract (Table 1).

Effect of Atriplex halimus extract on sorghum bicolor 
growth parameters in germination, seedlings, and 
plant stage

Exposure of sorghum bicolor seeds to cadmium stress 
(200 µM) resulted in a significant decrease in germi-
nation parameters; the germination percentage (GP) 

index showed a decrease of 48%, 45.5%, 43.75%, and 
38.7% in 24  h, 48  h, 72  h, and 288  h, respectively 
compared to untreated seeds(irrigated only with 
water). In addition, the rate germination index (RGI) 
and seeds vigor index (SVI) of sorghum bicolor seeds 
under cadmium stress were reduced by 46.06%, and 
61.22% respectively, while an increase of 8.51% in 
mean germination time (MGT) was recorded com-
pared to the untreated group. However, sorghum 
bicolor seedlings parameters; germinated seedlings 
fresh weight (GSFW), germinated seedlings shoot 
length (GSSL), and germinated seedlings root length 
(GSRL) showed a reduction of 42.9%,37.3%, and 
53.3%, respectively compared to control (untreated 
seeds) (Table2).

The Atriplex halimus extract application reversed 
the harm caused by cadmium, the treatment with 
0.5% of the tested extract showed important results; 
it increased GP by 73.1%, 63.4%, 55.9%, and 37.1% 
after 24 h, 48 h, 72 h, and 288 h. Respectively, it also 
increased the rate germination and the seedlings’ 
vigor index; both of those parameters are showing an 

Table 1  The chemical composition of 100% water extract of Atriplex halimus leaves. The numbers in the table presents the mean of 
four replicates ± standard deviation (SD). Each composition is presented on mg per gram of dry weight (DW)

Compositions Flavonoid Polyphenol IAA Soluble sugar Free amino 
acid

pH

Concentration 27.655 ± 5.39 5.726 ± 1.37 0.224 ± 0.08 3.104 ± 0.03 0.303 ± 0.02 4.63 ± 0.25
Unit mg.g−1 DW mg.g−1 DW mg.g−1 DW mg.g−1 DW mg.g−1 DW –

Table 2  Sorghum growth 
parameters in both 
germination and maturation 
stage under cadmium stress

C control (untreated 
condition), C+ positive 
control (treated with 
200 µM of cadmium), 
T0.5% treated with 0.5% of 
Atriplex halimus extract, 
T0.25% treated with 0.25% 
of Atriplex halimus extract, 
T0.1% treated with 0.1% of 
Atriplex halimus extract
The different lowercase 
present a significant 
difference between the 
conditions

C C+ T0.5% T0.25% T0.1%

GP 24 h (%) 62.5 ± 2.8a 32.5 ± 3.5b 56.25 ± 3.5a 51.25 ± 4.8a 27.5 ± 3.5b

GP 48 h (%) 68.8 ± 4.7a 37.5 ± 6.4b 61.25 ± 7.5a 60.1 ± 3.5a 35.1 ± 3.5b

GP 72 h (%) 71.3 ± 7.1a 40.1 ± 4.1b 62.5 ±  7a 60.1 ±  4a 35.1 ± 3.5b

GP 288 h (%) 77.5 ± 6.4a 47.5 ± 3.5b 65.1 ± 3.53a 63.75 ± 2.5a 41.2 ± 4.2b

RGI (%) 25.4 ± 1.6a 13.7 ± 2.1b 22.6 ± 2.7a 21.3 ± 1.4a 12.1 ± 3.6b

SVI 461.9 ± 38.5a 179.1 ± 44.9b 326.3 ± 54.2a 298.4 ± 11.7c 173.3 ± 35.9b

MGT (day) 4.7 ± 0.08a 5.1 ± 0.6b 4.6 ± 0.08a 4.7 ± 0.05a 5.1 ± 0.33c

GSFW (mg) 133,8 ± 42.8a 76,3 ± 12.7b 94,4 ± 19.3c 80,9 ± 12.2cb 80,5 ± 18.1cb

GSSL (cm) 5.9 ± 0.9a 3.7 ± 0.8b 5.1 ± 0.9a 4.7 ± 0.6c 4.6 ± 0.9c

GSRL (cm) 13.7 ± 2.3a 6.4 ± 2.9b 9.8 ± 1.9c 9.7 ± 2.3c 9.6 ± 3.9c

MPSW (mg) 528.7 ± 119.8a 166.1 ± 55.9b 406.3 ± 139.3a 333.2 ± 102.7a –
MPSL (cm) 31 ±  4a 17.5 ± 1.7b 28.7 ± 3.5a 26.2 ± 2.4a –
MPRW (mg) 964.5 ± 40.6a 108.75 ± 1.3b 1733.3 ± 368.2c 875.3 ± 229.5a –
MPRL (cm) 16 ± 0.9a 9.5 ± 0.6b 15.5 ± 0.6a 13.8 ± 0.9a –
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increase of 64.9% and 82.2% respectively. Addition-
ally, treatment with 0.5% of AHE decreased the mean 
germination time by 10% compared to stressed plants 
(irrigated with cadmium only) (Table 2).

The AHE application has also stimulated the mor-
phological parameters; results showed an increase in 
GSFW, GSSL, and GSRL in the case of treatment, 
especially the case of treatment by 0.5% of AHE that 
showed the highest values of the three parameters 
(94.74  g, 5.1  cm, 9.8  cm, respectively). However, 
Table 2 showed that the treatment with 0.1% of AHE 
showed a non-significant difference in germination 
and morphological parameters compared to those 
in the cadmium condition. Based on the obtained 
findings, 0.25% and 0.5% of the tested extract were 
selected to carry on our study on sorghum bicolor 
plants at the maturated stage using vermiculite. The 
results obtained showed that Cd reduced the mor-
phological parameters; a decrease of 44.3%, 68.6%, 
40.7%, and 88.8% were observed in maturated plants’ 
shoot lengths (MPSL), plant shoot weight (MPSW), 
plant root lengths (MPRL) and plant root weight 
(MPRW). The application of AHE with 0.25% and 
0.5% has increased those parameters in stressed 
plants; the most efficient concentration was 0.5%, 
and it increased MPSL, MPSW, MPRL, and MPRW 
by 64%, 144.5%, 63.15%, and 1493.5%, respectively, 
compared to stressed plants (Table 2).

Effect of Atriplex halimus extract on chlorophyll and 
carotenoid pigments in sorghum bicolor plants under 
cadmium stress

The effect of Cd stress on chlorophyllous pigments 
content in sorghum leaves’ cells’ results are shown 
in Fig. 2A. According to the findings, chlorophyll a, 
chlorophyll b, and total chlorophyll content decreased 
considerably in the presence of 200 µM Cd compared 
to the untreated condition. The total chlorophyll con-
tent of sorghum leaves showed a decrease of 28.82% 
under Cd exposure. However, this impairment under 
Cd stress was less pronounced with the AHE treat-
ment when applied repeatedly at very low doses, 
showing a positive effect on this pigment content. The 
chlochlorophyll content in plants exposed at 200 µM 
Cd and treated with 0.25% AHE was twice the one 
found in the control, while plants treated with 0.5% 
had an increase of 35%. In the case of chlorophyll b 

content, the stressed plants subjected to 0.25% AHE 
treatment showed an increase of 14.43%. This pig-
ment content of plants treated with 0.5% AHE was 
unaffected. The treatment with 0.25% AHE resulted 
in the greatest levels of total chlorophyll (Fig. 2A).

Figure  2B has reported the content of carotenoid 
determined in sorghum leaves treated or non-treated 
with AHE. Under no use of AHE, plants subjected to 
Cd stress decreased this chlorophyllous pigment by 
87% compared to non-stressed plants. In the current 
experiment, we observed that treatment with doses of 
AHE, 0.25%, and 0.5%, reduced the adverse effects of 
Cd exposure by displaying significant increases in the 
carotenoid content in stressed sorghum leaves with 
200  µM Cadmium. Plants treated with 0.25% AHE 
had a higher content, and this treatment was the most 
effective.

Fig. 2  Effect of AHE on A chlorophyll content and B carot-
enoid content in maturated sorghum plants under cadmium 
stress. The different lowercase present a significant difference 
between the conditions
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Effect of Atriplex halimus extract on  H2O2,  O2
−, 

MDA, and free thiol content in Sorghum bicolor 
plants under cadmium stress

The Cd stress has increased  O2
−,  H2O2, and MDA 

contents in the sorghum bicolor plants. The three 
toxic molecules showed an increase in plants exposed 
to cadmium by 18%, 190%, and 16.9%, respectively. 
In addition, the non-protein thiol (NPT) concentra-
tion also decreased by 7.8% compared to non-stressed 
plants (Fig. 3).

Treatment by 0.25% and 0.5% of AHE has a posi-
tive impact on stressed plants, both concentrations 
have suppressed the accumulation of stress markers 
 (O2

−,  H2O2, and MDA) and increased non-protein 
thiol content, it was shown that 0.5% of AHE has sig-
nificantly decreased  O2

−,  H2O2, and MDA by 19%, 
60%, and 19%, respectively. While it increased sig-
nificantly NPT content by 15.99% compared to cad-
mium-stressed plants.

Effect of Atriplex halimus extract on antioxidant 
enzymes system in Sorghum bicolor plants under 
cadmium stress

Sorghum bicolor plants’ exposure to cadmium has 
shown an alteration in antioxidant enzymes’ activi-
ties, superoxide dismutase (SOD), glutathione per-
oxidase (GPx), glutathione-s-transferase (GST), 
and glutathione reductase (GR) showed an increase 
under cadmium toxicity. In contrast, catalase activity 
showed a decrease in the case of toxicity by cadmium. 
SOD, GPx, GST, and GR activities showed an aug-
mentation of 33.6%, 19.7%, 32.2%, and 3%, respec-
tively compared to non-stressed conditions (Fig. 4A, 
C–E). However, CAT activity was shown to be 50% 
less active under stressful situations (Fig. 4B).

The plant-based extract treatment has improved 
the antioxidant enzyme activities considerably. The 
five activities have shown an increase in treated 

Fig. 3  Effect of AHE on A  O2
−: superoxide anion, B  H2O2: 

peroxide, C MDA: Malondialdéhyde, D NPT: non-protein 
thiol, in maturated sorghum plants under cadmium stress. The 
different lowercase present a significant difference between the 
conditions

▸
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plants, especially in those treated by 0.5% of AHE, an 
increase of 39.7%, 8.35%, 32.9%, 83.5%, and 75.8% 
was recorded in SOD, GPx, GST, GR, and CAT 
activities, respectively, compared to those under cad-
mium stress.

Effect of Atriplex halimus extract on carbon–nitrogen 
enzymes system in Sorghum bicolor plants under 
cadmium stress

Cadmium toxicity has altered the activity of the car-
bon–nitrogen enzymes in sorghum bicolor plants; 
phosphoenol pyruvate carboxylase (PEPC), Aspar-
tate-amino transferase (AAT), and Glutamine syn-
thase (GS) showed a decrease of 17.36%, 10.29%, 
and 80% under cadmium stress compared to untreated 
conditions (Fig. 5A, B, D). While glutamate dehydro-
genase (GDH) showed an increase of 3% compared to 
non-stress plants (Fig. 5C).

AHE application has improved the four enzymes; 
0.5% of AHE has raised PEPc, GS, and GDH activi-
ties by 20.64%, 395%, and 33.44%, respectively. 
While AAT activity increased by 8.7% when 0.25% 
of AHE was applied compared to stressed plants.

Correlation analysis

Table  3 presents the correlation of morphological 
parameters (MP); it was observed that the MP of both 
germinated and maturated stages were positively cor-
related. The GSFW, GSSL, GSRL, and the MPSL, 
MPSW, and MPRL were positively correlated.

During this study, we also made a correlation 
between the physiological and biochemical param-
eters in matured plants. The results showed that 
chlorophyll and carotenoid contents are positively 
correlated between them and correlated between the 
antioxidant enzymes, as it was also observed that 
MDA has a positive relation with both  H2O2 and 
 O2

− (Table 4).

Fig. 4  Effect of AHE on A SOD: superoxide dismutase, B 
CAT: catalase, C GPx: glutathione peroxidase, D GST: glu-
tathione-s-transferase, E GR: glutathione transferase in matu-
rated sorghum plants under cadmium stress. The different low-
ercase present a significant difference between the conditions

▸
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Discussion

Heavy metals, especially cadmium (Cd) are consid-
ered very dangerous to cereals and other crops (An 
2004). Additionally, they are harmful to humans 
health (Ben Mrid et  al. 2021). Cd appears to have 
no beneficial role in plant and human metabo-
lisms (Doganlar and Yurekli 2009). As shown in 
the obtained results, Cd negatively affects sorghum 
bicolor seeds germination. It reduces GP, GRI, and 
SVI and increases MGT. The difference observed in 
these parameters reflects the negative effect of Cd 
on the germination of seeds (Ahmad et  al. 2012). 
The reason behind this change can be related to 
the accelerated breakdown of food reserved in the 
seed’s embryo (Raziuddin et  al. 2011). It has also 
been reported that Cd toxicity leads to nutrition loss 
(Sfaxi-Bousbih et  al. 2010). In addition, stress by 
Cd imposed an inhibitory effect on initial germina-
tion enzymes such as alpha-amylase and invertases 
(Tumanyan et  al. 2020). Cd had drastically affected 
roots and shoots lengths, in addition to seedlings 
weight. The reduction in seedlings’ morphological 
parameters is considered a good indicator of metal 
toxicity (Da Rosa Corrêa et al. 2006). Previous stud-
ies showed that heavy metals favor the accumulation 
of ROS, accelerate the process of lipid peroxidation, 
and affect the membrane cells’ permeability (Tuman-
yan et al. 2020).

The Cd toxicity also affected the growth param-
eters of the Sorghum bicolor plants at the maturated 
stage. It’s known that Cd negatively affects plant 
growth, causing an imbalance in nutrients and inhibit-
ing the absorption of many elements that play a vital 
role for plants (Ben Mrid et al. 2021). However, the 
loss in biomass and morphological parameters can 
be a consequence of alteration in phytochemical pro-
cesses. It was reported that Cd uptake inhibits leaf 
photosynthesis by favoring chlorophyll degradation 
and photosynthetic activity damage (Ben Mrid et al. 
2021). In our case, chlorophyll a and b decreased 
significantly when Cd was applied. The outcomes 
of this experiment also indicate that Cd stress had a 
negative effect on carotenoid content. This could be 
attributed to cadmium’s deleterious effects on pho-
tosynthesis, which include a blockage of the photo-
synthetic electron transport pathway as well as severe 
photo-inhibition of photosystems I and II (El Rasafi 
et  al. 2022). These findings are in accordance with 

Fig. 5  Effect of AHE on A PEPC: phosphorenol pyruvate car-
boxylase, B GS: glutamine synthase, C GDH: glutamate dehy-
drogenase, D AAT: amino acid transferase, The different low-
ercase present a significant difference between the conditions
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previous studies in which they demonstrated that the 
photosynthetic apparatus is one of the most important 
sites of Cd inhibition (Rahman et al. 2021).

It has been previously revealed that Cd stress 
enhances the production of reactive oxygen spe-
cies (ROS) such as  O2

− and  H2O2. This enhance-
ment of ROS not simply shatters cell membranes by 
lipid peroxidation but also reduces the biosynthesis 
of essential metabolites needed for plant life, like 
nucleic acids, proteins, carbohydrates (Jung et  al. 
2020). Throughout this study,  O2

− and  H2O2 con-
tents increased in sorghum bicolor plants under Cd 
stress. In addition, malondialdehyde (MDA) content 
has significantly increased in plants under Cd stress, 
which could be related to the increase in ROS caused 
by Cd toxicity. This molecule is a major indicator of 
oxidative stress, thus its accumulation is related to 
lipid peroxidation of cell membranes (Ben Mrid et al. 
2021). On the other hand, the NPT content was also 
altered; the reduction of these molecules is consid-
ered one of the oxidative stress markers. It is known 
that Cd has an affinity with thiol, which reduces this 
molecule in the presence of oxidative stress (Ben 
Mrid et al. 2022).

To reduce the damage caused by oxidative stress, 
plants developed an antioxidant system through many 
enzymes such as superoxide dismutase (SOD), glu-
tathione peroxidase (GPx), glutathione-s-transferase 
(GST), and glutathione reductase (GR). SOD is the 
first enzyme that initiates the antioxidant process 
(Naboulsi et al. 2022a). It has been reported that this 
enzyme removes superoxide radicals in cells (Enn-
oury et  al. 2022). SOD have a key role in control-
ling ROS levels in stressed plants by catalyzing the 

dismutation of superoxide to molecular oxygen and 
hydrogen peroxide  (H2O2). Under normal conditions, 
catalase, peroxidase, and GST enzymes effectively 
scavenge the resulting  H2O2 (Scott et al. 2010). Glu-
tathione is a substrate for GPx when converting  H2O2 
into a non-toxic form or water. Besides, GST also 
uses GSH to convert toxic xenobiotics to non/less 
toxic molecules (Hasanuzzaman et  al. 2017). Both 
GPx and GST use glutathione as a substrat to neutral-
ize ROS (Ben Mrid et al. 2022). GR enzyme feeds the 
chain with glutathione to maintain an adequate pres-
ence of this substance in the cell. As it’s known, GR 
regulates the GSH/GSSG ratio and supplies GSH for 
several enzymes, such as dehydro ascorbate reductase 
(DHAR),  GPX, and GST (Bhuyan et al. 2020).

Cd stress also caused an alteration in sorghum 
bicolor plant’s carbon–nitrogen enzymes activity. 
phosphoenol pyruvate carboxylase (PEPC) is one 
of carbon–nitrogen enzymes affected by this heavy 
metal. The decrease in this enzyme was also reported 
in a study done by Roussi et al. (2022a). Wang et al. 
(2008) also mentioned that stress by Cd causes a 
decrease in PEPC. The latter is involved in the car-
boxylation of phosphoenolpyruvate to synthesize 
oxaloacetate (Bouargalne et  al. 2018).At the same 
time, our study showed that glutamine synthase (GS) 
activity decreased while glutamate dehydrogenase 
(GDH) increased under Cd stress; these findings were 
also reported by Kchikich et  al. (2021a). As men-
tioned in previous studies, GDH replaces GS activ-
ity to assure ammonium incorporation (Zhou et  al. 
2004). While amino acid transferase (AAT) plays an 
important role in carbon and nitrogen metabolism 
by the trapping and liberation of key oxo-acids that 

Table 3  Correlation between germination growth paramaters and maturation growth parameters of sorghum plants during this study

GSFW germinated seeds fresh weight, GSSL germinated seeds shoot lengths, GSRL germinated seeds root lengths, MPSL maturated 
plant shoot lengths, MPSW maturated plant shoot weight, MPRL maturated plant root length, MPRW maturated plant root weight
**Correlation is significant at the 0.01 level, *Correlation is significant at the 0.05 level

GSFW GSSL GSRL MPSL MPSW MPRL MPRW

GSFW 1.000 0.380 0.652** 0.661** 0.737** 0.724** 0.437
GSSL 0.380 1.000 0.647** 0.718** 0.624** 0.592* 0.348
GSRL 0.652** 0.647** 1.000 0.847** 0.864** 0.679** 0.493
MPSL 0.661** 0.718** 0.847** 1.000 0.815** 0.819** 0.553*
MPSW 0.737** 0.624** 0.864** 0.815** 1.000 0.741** 0.449
MPRL 0.724** 0.592* 0.679** 0.819** 0.741** 1.000 0.733**
MPRW 0.437 0.348 0.493 0.553* 0.449 0.733** 1.000
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help co-ordinate N metabolism and amino acid syn-
thesis with the availability of C skeletons from the 
Krebs cycle (Kchikich et al. 2021b); this enzyme was 
affected by the presence of Cd.

Atriplex halimus extract treatment has repaired 
the damage caused by cadmium and fixed the altered 
germination and maturation stages parameters. The 
improvement in growth parameters can be due to the 
presence of IAA and other metabolites in the used 
extract. IAA is one of the phytohormones that can 
stimulate the growth of plants (Ennoury et al. 2022). 
Our findings are in accordance with numerous studies 
conducted to find a way for plants to survive the neg-
ative impact caused by Cd stress. Ahmad et al. (2017) 
proved that jasmonic acid helps faba bean plants to 
tolerate Cd stress. Roussi et  al. (2022a) have found 
that Cistus Salviifolius water extract supplementation 
enhanced sorghum plants’ tolerance to Cd toxicity. 
Also, Megha et al. (2020) mentioned that the supple-
mentation of potassium alleviates oxidative stress in 
sorghum plants, while Ben Mrid et  al. (2021), dem-
onstrated that treatment with secondary metabolites 
increased the growth parameters of plants under Cd 
stress. The tested extract also helped stressed plants 
tolerate this metal’s drastic impact by suppress-
ing chlorophyll and carotenoid degradation. The 
increased total chlorophyll content detected in AHE-
treated sorghum leaves is most probably attributable 
to the effects of ROS deterioration and photosynthesis 
augmentation, which positively affects the growth of 
plants (Azizi et al. 2021).We note that treatment with 
both concentrations of AHE, 0.25% and 0.5%, have 
a beneficial impact on sorghum growth by stimulat-
ing photosynthetic metabolism. In addition, the ROS 
content was reduced in the case of treatment by AHE 
compared to non-treated stressed plants. This reduc-
tion can be explained by the presence of polyphenols 
and flavonoids in this plant-based extract, known for 
their antioxidant activity against ROS formation and 
for suppressing the enzymes involved in ROS for-
mation (Stagos 2020). Sorghum plants treated with 
AHE showed a significant reduction in MDA content, 
especially at the concentration of 0.5%. This decrease 
could be explained by the presence of soluble sug-
ars in AHE and also the presence of plant hormones 
that have the capacity to increase antioxidants levels 
and reduce ROS  (H2O2 and  O2

−) and consequently 
reducing lipid peroxidation to induce healthy growth 
of plants (Alzahrani and Rady 2019). Our results are 

in the same line with those obtained by Rayees et al. 
(2022) who reported that the use of Tagetes erecta 
L. extract reduced the MDA content in wheat plants. 
Additionally, the reduction of ROS can be linked to 
the enhancement in oxidative stress enzymes’ activi-
ties (Ennoury et  al 2022). It was found in multiple 
studies Cliquez ou appuyez ici pour entrer du texte 
that algal and plant extracts as biostimulants enhance 
the antioxidant enzymes’ activities (Latique et  al. 
2021; Naboulsi et al. 2022b; Roussi et al. 2022b).

The AHE also stimulates the antioxidant enzymes 
SOD, GPx, GR, GST, and CAT. This stimulation 
increased the tolerance against the applied stress 
by reducing the amount of ROS in cells, as well as 
maintaining homeostasis station of plants by stabi-
lizing GSSG/GSH ration in cells (Hasanuzzaman 
et  al. 2017). On the other hand, the tested extract 
helped sorghum bicolor grow by repairing the car-
bon–nitrogen incorporation system throughout car-
bon enzymes like PEPC that could be essential for the 
supply of carbon compounds required for the synthe-
sis of amino acids and, thus, proteins (Ben Mrid et al. 
2017). The latteralso necessities nitrogen that GS and 
GDH incorporate. AAT enzyme was reported to have 
a direct role in the furniture of key organic acids for 
ammonium assimilation. The upregulation of the car-
bon–nitrogen enzymes has a positive impact through 
the accumulation of carbohydrates, proteins, amino 
acids, and other metabolites (Ben Mrid 2016).

These results proved that the use of AHE extract 
had a significant positive impact on sorghum plants’ 
growth and tolerance to Cd stress in both germination 
and maturation stages. Therefore, it can be said that 
this plant-based extract could be successfully used 
as a biostimulant in order to face the negative effects 
caused by Cd stress in sorghum bicolor plants and 
enhance their defense system and tolerance to this 
heavy metal.

Conclusion

In conclusion, the outcome of this study showed that 
Cd stress could negatively affect the germination and 
growth of sorghum. Many changes were observed in 
seeds germinated under Cd stress (200 µM); a reduc-
tion in germination percentage, rate germinated index, 
and seedling vigor index as well as the increase in 
mean germination time reflected the harmful impact 
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of Cd. Moreover, this negative influence of Cd also 
affected plants at the maturation stage, which was 
apparent by the reduction of morphological parame-
ters as well as the physiological parameters, including 
chlorophyll and carotenoid. In addition, Cd promotes 
the accumulation of ROS and MDA known as major 
oxidative stress markers. As a consequence, the anti-
oxidant and carbon–nitrogen enzymes were highly 
affected. The use of Atriplex halimus extract showed 
optimistic results regarding the reduction of damage 
caused by Cd on sorghum at both the germination and 
maturation stages. The tested extract increased the 
germination percentage, rate germination index, and 
seedlings vigor index, and reduced the mean germi-
nation time. On the other hand, our results showed 
that treatment with Atriplex halimus extract reduced 
ROS accumulation and increased the antioxidant and 
carbon–nitrogen enzyme activities, especially with 
the two concentrations of 0.5% and 0.25%. It can be 
concluded that Atriplex halimus extract may represent 
an effective biostimulant to improve the germination 
and growth of plants in Cd contaminated soils, as 
well as boost their tolerance against it.
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