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Abstract
While previous studies have addressed the desirable effects of biochar (BC) or magnesium nanoparticles (Mg NPs) on salinity 
stress individually, there is a research gap regarding their simultaneous application. Additionally, the specific mechanisms 
underlying the effects of BC and Mg NPs on salinity in Physalis alkekengi L. remain unclear. This study aimed to inves-
tigate the synergistic effects of BC and Mg NPs on P. alkekengi L. under salinity stress conditions. A pot experiment was 
conducted with salinity at 100 and 200 mM sodium chloride (NaCl), as well as soil applied BC (4% v/v) and foliar applied 
Mg NPs (500 mg  L−1) on physiological and biochemical properties of P. alkekengi L. The results represented that salinity, 
particularly 200 mM NaCl, significantly reduced plant yield (58%) and total chlorophyll (Chl, 36%), but increased superoxide 
dismutase (SOD, 82%) and catalase (CAT, 159%) activity relative to non-saline conditions. However, the co-application of BC 
and Mg NPs mitigated these negative effects and improved fruit yield, Chl, anthocyanin, and ascorbic acid. It also decreased 
the activity of antioxidant enzymes. Salinity also altered the fatty acid composition, increasing saturated fatty acids (SFAs) 
and polyunsaturated fatty acids (PUFAs), while decreasing monounsaturated fatty acids (MUFAs). The heat map analysis 
showed that fruit yield, anthocyanin, Chl, and CAT were sensitive to salinity. The findings can provide insights into the pos-
sibility of these amendments as sustainable strategies to mitigate salt stress and enhance plant productivity in affected areas.

Keywords Antioxidant capacity · Environmental challenges · Fatty acid compounds · Nanomaterials · Salt stress

Introduction

Salinity can cause changes to soil composition, water qual-
ity, vegetation patterns, wetland degradation, agricultural 
productivity losses, and coastal erosion. These effects impact 
the overall health and functioning of ecosystems and can have 
economic consequences (Munir et al. 2022). Salinity stress 
has various effects on plants, including disruptions in water 
balance, ion toxicity, oxidative stress, altered metabolic pro-
cesses, and changes in hormone signaling (Etesami et al. 2021; 
Yuan et al. 2023). These effects can result in wilting, stunted 

growth, nutrient deficiencies, damage to cellular structures, and 
impaired physiological processes. Understanding these effects 
is important for developing strategies to minimize the negative 
impact of salinity stress on plant growth and productivity. Man-
aging salinity is essential for preserving biodiversity, ensuring 
water and food security, and maintaining the integrity of agri-
cultural areas (Abdi et al. 2023; Yuan et al. 2023).

Biochar (BC) is a form of charcoal that is produced 
through the process of pyrolysis, which involves heating 
biomass (such as agricultural waste, wood chips, or crop 
residues) in the absence of oxygen (Zhang et al. 2020). 
This process converts the biomass into a stable carbon-rich 
material that can be used as a soil amendment. BC can help 
alleviate the negative effects of salinity stress on plants by 
improving nutrient availability, water holding capacity, and 
salt leaching. It also enhances plant defense mechanisms and 
regulates hormone levels, resulting in improved growth and 
productivity (Khosropour et al. 2022). Overall, BC offers a 
sustainable solution to modulate salinity stress and adjust 
yield and biochemical attributes in plants (Liu et al. 2023).
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Magnesium (Mg) is an essential nutrient for plants that is 
involved in numerous physiological processes such as chlo-
rophyll (Chl) production, enzyme activation, nutrient uptake 
and transport, stomatal regulation, and protein synthesis 
(Mirrani et al. 2024). Mg NPs can help plants cope with 
salinity stress by maintaining ion balance, providing anti-
oxidant activity, facilitating osmotic adjustment, enhancing 
nutrient uptake, and promoting plant growth and develop-
ment. These effects result in improved yield and biochemical 
attributes in plants under salinity stress conditions (Owusu 
Adjei et al. 2021; Mirrani et al. 2024).

Physalis alkekengi L., commonly known as Chinese lan-
tern or strawberry groundcherry, is a perennial herbaceous 
plant that produces lantern-shaped orange or red fruits. It 
is native to both Europe and Asia and is highly valued for 
its exquisite ornamentation (Abdi et al. 2023). The plant 
belongs to the Solanaceae family and may reach a height of 
one meter. It features wide leaves and little white or pale yel-
low blooms. The fruit grows in a papery husk and has been 
employed in traditional medicine due to its possible thera-
peutic characteristics. Various parts of the plant, including 
the fruits and leaves, have been used in traditional medicine 
for their potential anti-inflammatory, antiviral, and antioxi-
dant properties. Overall, P. alkekengi is a fascinating plant 
with both esthetic and medicinal values (Liang et al. 2022; 
Abdi et al. 2023).

Salinity stress poses a significant barrier to agricultural 
production globally, resulting in lower yields and quality. 
Finding effective and long-term ways to minimize the det-
rimental impacts of salinity stress is critical for global food 
security. This work focuses on the usage of BC and Mg NPs 
as viable solutions to reduce salinity stress in P. alkekengi 
L. Previous studies demonstrated that separate BC and Mg 
may modify salinity stress. For example, the positive role 
of soil-applied BC has been addressed on soybean (Zhang 
et al. 2020), satsuma mandarin (Wu et al. 2020), tomato 
(Malik et al. 2023), Chinese lantern (Abdi et al. 2023). In 
addition, the beneficial function of Mg NPs in modulating 
salinity stress has been explored in rice (Song et al. 2023) 
and Daucus carota (Faiz et al. 2022). These studies have 
demonstrated that BC and Mg NPs can help mitigate the 
negative effects of salinity on plant growth and improve 
overall plant health. However, the co-application of BC and 
Mg NPs on salinity stress is currently unknown. Investigat-
ing the effects of these materials on biochemical attributes 
and fatty acid profile can provide valuable insights into their 
potential as innovative approaches to enhance plant growth 
under saline conditions. While BC and Mg NPs have been 
separately studied for their potential effects on plant growth 
and stress tolerance, their co-application and impact on P. 
alkekengi L. under salinity stress is relatively unexplored. 
The hypothesis is that the synergic effect of BC and Mg NPs 

is more effective than their separate application on improv-
ing plant quality under salinity stress. The study aims to 
evaluate the potential of these materials in adjusting yield, 
biochemical attributes, and fatty acid profile of the plant 
under salinity stress conditions. By conducting this research, 
the study aims to contribute to the development of sustain-
able and effective strategies for improving plant growth and 
stress tolerance in salinity-affected environments.

Materials and methods

Plant materials and growth conditions

The seeds of P. alkekengi L. were purchased from Pakan 
Bazr company, Isfahan, Iran. The experimental soil was a 
sandy loam with pH: 7.09, and EC: 0.99 dS  m−1

. N: 0.23%, 
P: 12.1 mg  kg−1; K: 255 mg  kg−1.

This work was conducted as factorial based on a com-
pletely randomized block design (CRBD) with three rep-
licates in 2022. The seeds were planted in 4-L pots with 
in a greenhouse in Tehran, Iran. The plants were normally 
irrigated up to up to the 4-leaf stage. After that, they were 
subjected to a salty solution (400 mL in each pot) at con-
centrations of 100, and 200 mM NaCl every three days for 
40 days. When using BC in the soil, it is typically recom-
mended to add it at a rate of 4% of the pot volume. In addi-
tion, plants were sprayed with Mg NPs at 500 mg  L−1 three 
times in 15-day intervals from the 4-leaf stage. Mg NPs were 
provided in the powder form of MgO (Sigma Aldrich) with 
Chemical Abstracts Service (CAS) number: 1309–48-4, 99% 
purify, molecular weight of 40.3 g  mol−1, size of ≤ 20 nm, 
and density of 3.58 g  cm−2. When the fruits had ripened, 
samples of the plants were taken to determine their physi-
ological and biochemical characteristics.

BC production

The process for creating BC involved washing grape tree 
residues, drying them outdoors, grinding, and then placing 
the samples in containers that were covered. The containers 
were then heated in a furnace for 4 h at a rate of 20 °C  min−1. 
Finally, the temperature was increased to 500 °C, at which 
point the grape tree residues were transformed into BC 
(Yuan et al. 2011).

Fruit weight

For fruit weight, the mean of all ripe fruits in each plant was 
recorded and reported as g per plant.
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Chl assay

Leaf Chl content was quantified using Arnon’s (1949) tech-
nique. Liquid nitrogen was used to grind the 0.1 g of fresh 
leaves. A centrifuge was then used for 10 min at 6000 rpm 
after 10 mL of acetone (80%) had been added. A spectropho-
tometer (Shimadzu UV-160) was used to test the absorbance 
of samples at wavelengths of 645 and 663 nm. The results were 
utilized in the following equations:

where A645 and A663 are the absorbance values read at 645 
and 663 nm, respectively; V is the final volume of acetone 
consumed in mL; W is fresh tissue weight.

Enzyme essay

At a temperature of 0–4 °C, 0.5 g of freshly homogenized 
samples in potassium phosphate buffer with EDTA–Na2 and 
ascorbate were used for enzyme extraction. The decrease in 
optical density at 240 nm as the hydrogen peroxide vanished 
was used to calculate the catalase (CAT) activity (Dhindsa 
et al. 1981). The activity of superoxide dismutase (SOD) was 
determined by measuring the absorbance at 560 nm using a 
procedure including riboflavin, methionine, potassium cyanide 
(KCN), and nitroblue tetrazolium salt (Beyer and Fridovich 
1987).

Preparation of fruit extraction

A solution of liquid nitrogen was used to freeze fruit tissue 
samples. Next, 5 g of fruit tissue was homogenized in 10 mL 
of 50 mmol  L–1 of phosphate buffer at a pH of 7.8. Accord-
ing to Yaghubi et al. (2019), the homogenate was centrifuged 
at 15000 × g for 20 min at 4 °C. The fruit extract-containing 
supernatant was collected to guide next studies.

Anthocyanin measurement

The total anthocyanin content was then calculated using the 
method described by Giusti and Wrolstad (2001). It was deter-
mined using two buffer solutions: a 25 mM KCl buffer at pH 
1.0 and a 0.4 M Na acetate buffer at pH 4.5. Firstly, the sam-
ples were diluted with the KCl buffer until the absorbance at 
510 nm fell within the linear range of the spectrophotometer. 
The sample was then further diluted using the same dilution 
factor with the Na acetate buffer. After an incubation period 
of 15 min in the two buffers, the absorbance was measured at 
wavelengths of 510 nm and 700 nm. Finally, it was determined 
as:

Total Chl (mgg−1) = (20.2 × 645 − 8.02 × A663)V∕100W

Anthocyanin = [(A ×MW× DF × 100)∕MA]

where A: (A510 – A700); MW: molecular weight; DF: dilu-
tion factor; MA: molar absorptive coefficient of cyanidin-
3-glucoside (C3G). Results were expressed as mg C3G 100 
 g–1 of juice.

Ascorbic acid measurement

The ascorbic acid content in fruit flesh was measured using 
a titration method with 2,6-dichlorophenolindophenol. The 
fruit flesh was digested with 3% metaphosphoric acid, then 
filtered and diluted with more metaphosphoric acid. A por-
tion of the filtered solution was titrated with dichlorophenol-
indophenol until a pale pink color appeared. The volume 
of pigment used in the titration was used to calculate the 
amount of ascorbic acid in mg per 100 g of fruit flesh extract 
(Yaghubi et al. in 2019).

Fatty acid profile

The content of fatty acid methyl esters (FAMEs) in fruit 
flesh was estimated using gas chromatography (GC) coupled 
with mass spectrometry. A Varian CP-3800 GC instrument 
and an Agilent 5973N mass spectrometer were used, along 
with a capillary column DB-5MS. Helium gas at a pressure 
of 25 bar was used as the carrier gas. The detector and injec-
tor temperatures were set at 255 °C and 270 °C, respectively. 
The temperature program consisted of three stages, starting 
at 125 °C for 0.5 min, followed by 150 °C for 2 min, and 
finally 200 °C for 90 min (Morrison and Smith 1964).

Data analysis

The data were subjected to SAS (version 9.3, SAS Insti-
tute, Cary, NC). The least significant difference (LSD) test 
was used to compare the mean values and the data were 
statistically evaluated at a 5% probability level (P ≤ 0.05). 
Multivariate analyses were accomplished by XLSTAT. To 
generate a heat map, the online tool CIMMiner was utilized. 
This tool, accessible at https:// disco ver. nci. nih. gov/ cimmi 
ner/ oneMa trix. do, allows for the creation of heat maps based 
on the provided data.

Results

Fruit yield and Chl content

According to the findings, fruit yield was negatively impacted 
by salinity, with a larger yield decline occurring at higher salt 
levels. Nevertheless, there was a noticeable increase in fruit 
yield with the administration of both BC and Mg NPs. Salin-
ity at 100 and 200 mM decreased fruit yield by 16 and 59%, 
respectively, compared to the control. Under severe salt stress 

https://discover.nci.nih.gov/cimminer/oneMatrix.do
https://discover.nci.nih.gov/cimminer/oneMatrix.do
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(200 mM NaCl), the administration of BC, Mg NPs, and 
BC + Mg boosted fruit output by 25, 23, and 30%, respec-
tively, when compared to non-fertilizer (Fig. 1a). Total Chl 
decreased as salinity increased; nevertheless, BC and Mg had 
a significant role in boosting Chl. Salinity stress at 100 and 
200 mM caused substantial reductions in total Chl of 20 and 
36%, respectively, compared to the control. However, the use 
of BC, Mg NPs, and BC + Mg significantly increased total 
Chl levels by 12, 14, and 21%, respectively (Fig. 1b).

SOD and CAT 

Salinity led to increased SOD and CAT in P. alkekengi L. 
leaves. Without BC and Mg, salinity at 100 and 200 mM 
increased SOD by 51 and 82%, respectively, relative to the 
control. However, when BC and Mg NPs were co-applied, 
the SOD activity decreased by 21% in plants exposed to 
severe salinity, relative to plants that did not receive any 
BC and Mg (Fig. 2a). In addition, CAT increased by salin-
ity and decreased by BC and Mg NPs in stressful plants. 
The use of BC, Mg, BC + Mg lowered CAT activity by 19, 

25, and 24%, respectively, relative to the non-BC and Mg 
treatment in plants exposed to severe salinity (Fig. 2b).

Anthocyanin and ascorbic acid 

 Salinity had a meaningful impact on anthocyanin levels, 
with an increased quantity occurring in response to mild 
salinity stress (100 mM). Furthermore, using BC and Mg 
NPs resulted in an increase in anthocyanin content. In 
plants exposed to severe salinity stress, the application 
of BC, Mg NPs, and their co-application led to increased 
anthocyanin content. Accordingly, co-applied BC, Mg, and 
BC + Mg resulted in a 21%, 16, and 33% increases, respec-
tively, in anthocyanin levels compared to plants that did 
not receive BC and Mg NPs (Fig. 3a). Ascorbic acid levels 
rose in response to moderate salinity, as did soil-applied 
BC and foliar-applied Mg NPs. The maximum ascorbic 
acid was observed in plants under the interaction of salin-
ity at 100 mM and co-application of BC and Mg with a 
15% increase relative to the control (Fig. 3b).

Fig. 1  Fruit yield (a) and 
chlorophyll (Chl) content (b) 
of Physalis alkekengi L. under 
salinity stress and biochar (BC) 
and magnesium nanoparticles 
(Mg NPs). Different letters 
between columns show signifi-
cance at 5% level. Bars are the 
standard error (SE) of data
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Fatty acid profile

The analysis of fatty acid profiles revealed that salinity, as 
well as the application of BC and Mg NPs, had an impact on 
the fatty acid profile in P. alkekengi L. fruit (Table 1). The 
primary changes in fatty acid composition were observed 
under salinity stress. Under salinity conditions, the levels of 
saturated fatty acids (SFAs) increased. Specifically, palmitic 
acid (C16:0) showed a significant increase of 16% in plants 
exposed to salinity at 200 mM compared to the control. Pal-
mitoleic acid (C18:0) was found in a range of 1.23–2.66% of 
total fatty acid content. Stearic acid (C18:0) did not show a 
significantly trend under the treatments. Oleic acid (C18:1) 
decreased under salinity, while BC and Mg increased it. The 
maximum oleic acid was obtained in plants treated with co-
applied BC and Mg NPs without salinity. In contrast, linoleic 
acid (C18:1) rose with salinity stress but reduced when BC 
and Mg NPs were applied. The lowest amounts of linoleic 
acid were observed in plants subjected to 200 mM salinity 
without BC and Mg, but the maximum levels were achieved 
in non-saline conditions with the co-application of BC and 

Mg NPs. Linolenic acid (C18:3) was obtained in a range of 
1.83–4.33%. Overall, the salinity stress led to a decrease 
in monounsaturated fatty acids (MUFAs) and an increase 
in SFAs and polyunsaturated fatty acids (PUFAs) in the P. 
alkekengi L. plants. The application of BC and Mg NPs had 
varying effects on the fatty acid profile, with BC and Mg 
reducing SFAs and influencing the levels of oleic and lin-
oleic acids (Table 1).

PCA analysis

The changes in fruit yield, Chl, CAT activity, SOD activity, 
and the fatty acids palmitic, palmitoleic, oleic, linoleic, and 
linolenic acids could all be justified by the first component 
(F1) based on the PCA of salinity. This indicates a strong 
correlation between these variables and their contribution 
to the same underlying pattern in the data. In contrast, the 
changes in stearic acid, ascorbic acid, and anthocyanin con-
centration was justified by the second component (F2) in the 
PCA of salinity stress. This shows that these variables have 
additional correlations with one another and help to explain 

Fig. 2  Leaf superoxide dis-
mutase (SOD, a) and catalase 
(CAT, b) of Physalis alkekengi 
L. under salinity stress and 
biochar (BC) and magnesium 
nanoparticles (Mg NPs). Dif-
ferent letters between columns 
show significance at 5% level. 
Bars are the standard error (SE) 
of data
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a unique pattern in the data that the first component is unable 
to explain (Fig. 4a). All of the traits, with the exception of 
stearic acid, were explained by F1, according to PCA of BC 
and Mg. This suggests that these variables are highly corre-
lated with one another and work together to form a common 
overall pattern. But F2 was only connected to stearic acid 
(Fig. 4b). Overall, the PCA results demonstrate that various 
variables, or traits, are most impacted by either the first or 
the second component, pointing to different patterns of cor-
relations between the traits.

Heat map

The heat map analysis showed that the control group and 
the salinity treatment at 100 mM were grouped together 
in a cluster, suggesting that their reactions are similar. In 
contrast to the control and 100 mM treatments, the salinity 
treatment at 200 mM was found in a different cluster, indi-
cating that it has a different reaction. It was discovered that 
fruit yield, anthocyanin, Chl content, and CAT activity were 
more susceptible to salinity. It can be inferred from this that 
these characteristics varied more under the salinity treatment 
than they did under the control. These characteristics may 

be employed as markers or indicators for saline conditions 
(Fig. 5a). Based on to the examination of Mg NPs and BC, 
the control and the Mg NPs treatment were assigned to the 
same cluster, meaning that their responses were identical. 
However, the BC treatment was placed in a separate cluster, 
indicating a different reaction than the control and Mg NPs 
treatments. Palmitoleic and linolenic acids were shown to 
have higher sensitivity to BC and Mg than the other traits. 
This suggests that the BC and Mg treatments produced more 
variances or changes in these fatty acids than the control. 
These traits might serve as markers or indicators for the 
impact of BC and Mg on the investigated system (Fig. 5b).

Discussion

Salinity stress had a major effect on fruit production of P. 
alkekengi L. via a variety of biochemical processes. Salinity 
stress can disturb the ion balance within plant cells, notably 
the  Na+ to  K+ ratio. High quantities of  Na+ can accumu-
late in plant tissues, causing toxicity and impeding normal 
physiological activities. (Zahedi et al. 2020). This ionic 
imbalance interferes with essential biochemical reactions, 

Fig. 3  Anthocyanin (a) and 
ascorbic acid (b) of Physalis 
alkekengi L. fruits under salin-
ity stress and biochar (BC) and 
magnesium nanoparticles (Mg 
NPs). Different letters between 
columns show significance at 
5% level. Bars are the standard 
error (SE) of data
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ultimately resulting in reduced fruit yield. Salinity stress 
can induce the generation of reactive oxygen species (ROS) 
within plant cells. These ROS,  O2− and  H2O2, can cause 
oxidative damage to cellular components such as lipids, pro-
teins, and DNA (Costan et al. 2020). This oxidative stress 
negatively affects various biochemical pathways essential 
for optimal fruit development, leading to decreased yield. 
Salinity stress often disrupts the photosynthetic process, 
reducing the plant’s ability to produce energy through pho-
tosynthesis. High salt concentrations can inhibit the activity 
of enzymes involved in carbon fixation, such as Rubisco, 
and can also impair electron transport chains in chloroplasts. 
As a result, the production of energy-rich compounds, such 
as carbohydrates, is compromised, ultimately impacting 
fruit yield. Salinity stress imposes an osmotic challenge on 
plants by increasing the concentration of salts in the sur-
rounding soil. Salinity stress can disrupt hormonal balance 
within the plant. For example, it can increase the levels 
of stress hormones like abscisic acid (ABA) and ethylene 
while decreasing the levels of growth-promoting hormones 
like auxins and cytokinins. These hormonal alterations can 
interfere with various biochemical pathways involved in 
cell division, elongation, and fruit development, negatively 
impacting yield (Dias et al. 2022). The combined applica-
tion of BC and Mg can positively impact fruit yield under 
salinity stress. This is achieved through improved nutrient 
availability, enhanced water holding capacity, buffering of 
excessive sodium ions, alleviation of oxidative stress, and 
restoration of hormonal balance. The addition of BC and 
Mg helps mitigate the negative effects of salinity stress on 
fruit development, ultimately leading to increased yields in 
salt-affected environments (Wu et al. 2020). Although det-
rimental impacts on salinity have been documented in many 
research (Abdi et al. 2023; Li et al. 2023), beneficial effects 
of BC (Wu et al. 2022; Harhash et al. 2022) and Mg NPs 
(Owusu Adjei et al. 2021) have also been reported.

Salinity stress increased the activity of SOD and CAT 
P. alkekengi L. This is a critical component of the plant’s 
response to ROS buildup. Superoxide dismutase converts 
superoxide radicals into less toxic molecules, whereas CAT 
degrades hydrogen peroxide. These enzymes aid in the 
plant’s defense against oxidative damage induced by salt 
stress. Salinity stress can accumulate ROS in plants, caus-
ing oxidative stress and damage to numerous cellular com-
ponents (Moniruzzaman et al. 2022). Superoxide dismutase 
and CAT are responsible for scavenging ROS and protecting 
the plant from oxidative damage (Dawood et al. 2022). The 
application of BC and Mg NPs in this study affected the 
biochemical pathways involved in this antioxidant defense 
system. BC is known to have high sorption capacity and can 
retain nutrients, reducing their availability to plants. This 
limitation of nutrient availability may have contributed to 
the decrease in SOD and CAT activity. Mg NPs, on the other Ta
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hand, have been shown to interact with ROS and inhibit 
their formation, thereby reducing the need for antioxidant 
enzymes like SOD and CAT (Song et al. 2023). This direct 
interaction with ROS may have resulted in the downregu-
lation of these enzymes. In salt-exposed plants, when BC 
and Mg NPs are applied, ROS can decrease, resulting in 
decreased activity of antioxidant enzymes. Similarly, Kul 
et al. (2021) reported the mitigation of salinity by applying 
BC through changes in ACT and SOD activity in tomato 
plants. Though the usage of Mg NPs to modulate salinity is 
unknown, Faiz et al. (2022) found that it has a good function 
in controlling other abiotic stress on Daucus carota.

Salinity stress reduced Chl content in P. alkekengi L. 
plants through biochemical pathways such as impaired chl 
synthesis, inhibition of chlorophyll degradation, increased 
chloroplast damage, disturbed nutrient uptake, and altered 
hormonal balance (Ababsa et al. 2023). These effects col-
lectively lead to a decrease in Chl content, impacting 

photosynthesis and overall plant growth. Co-application of 
BC and Mg can potentially increase Chl content in plants 
under salinity stress. BC has a high cation exchange capac-
ity, which helps retain and release essential nutrients, includ-
ing Mg, in the root zone (Hafez et al. 2021). Mg is a key 
component of the Chl molecule, and its availability is crucial 
for Chl synthesis. The addition of BC and Mg can supply 
an ample amount of Mg to plants, promoting the biosyn-
thesis of Chl and increasing its content. Salinity stress can 
disrupt photosynthetic processes, including Chl synthesis 
and function. BC has been shown to improve photosynthetic 
efficiency by enhancing the physiological and biochemical 
functions of chloroplasts. The presence of BC can protect the 
chloroplast membranes from salt-induced damage and main-
tain optimal photosynthetic activity, leading to increased Chl 
content. Salinity stress induces oxidative stress in plants, 
resulting in the accumulation of ROS. Oxidative stress can 
lead to chloroplast damage and reduction in Chl content. BC 

Fig. 4  Principal component 
analysis (PCA) for studied traits 
of Physalis alkekengi L. under 
salinity (a) and biochar and 
magnesium nanoparticles (b). 
CAT: catalase: SOD, superoxide 
dismutase, AsA: ascorbic acid, 
FY: fruit yield, Chl: chlorophyll 
content
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possesses antioxidant properties and can mitigate ROS accu-
mulation by scavenging these harmful molecules. The com-
bined application of BC and Mg can reduce oxidative stress 
levels, thus preserving chloroplast integrity and increasing 
Chl content (Mirrani et al. 2024).

The co-applied BC and Mg could potentially increase 
anthocyanin content in P. alkekengi L. plants under moder-
ate salinity stress. Salinity stress can induce oxidative stress 
in plants, leading to the production of ROS. Anthocyanins 
are known to possess strong antioxidant properties and can 
help scavenge ROS, reducing oxidative damage (Mansour 

2023). In a similar study, Abdi et al. (2023) found that salin-
ity at 50–100 mM Nacl enhanced anthocyanin while 150 
mM reduced it. BC has been shown to enhance the antioxi-
dant capacity of plants by promoting the synthesis of anti-
oxidants, including anthocyanins. The addition of BC and 
Mg can stimulate the production of anthocyanins, increasing 
their content in plant tissues. Salinity stress can affect hor-
mone levels, particularly ABA, which is known to negatively 
regulate anthocyanin synthesis. It has been addressed that 
BC can modulate hormone levels, including reducing ABA 
accumulation and promoting the activity of other growth-
promoting hormones, such as auxins and cytokinins (Abd 
El-Wahed et al. 2023). By regulating hormone balance, BC 
and Mg can enhance anthocyanin biosynthesis and increase 
their content under salinity stress. Mg is an essential micro-
nutrient involved in various physiological processes, includ-
ing anthocyanin production. Salinity stress can interfere with 
Mg uptake, leading to nutrient imbalances and potentially 
reducing anthocyanin synthesis. The application of Mg 
along with BC can provide an adequate supply of Mg to 
plants, ensuring optimal nutrient availability for anthocyanin 
biosynthesis and increasing anthocyanin content (Gautam 
et al. 2023). Salinity stress triggers stress signaling pathways 
in plants, which can activate genes involved in anthocyanin 
synthesis. BC has been shown to influence gene expression 
and signaling pathways related to stress responses (Ojagh 
and Moaveni 2022). The presence of BC and Mg can 
enhance the stress signaling pathways, promoting the expres-
sion of genes associated with anthocyanin biosynthesis and 
consequently increasing anthocyanin content. This increase 
in anthocyanin content can contribute to enhanced antioxi-
dant activity, stress tolerance, and potentially improved plant 
growth under salinity conditions (Abdi et al. 2023). Simi-
larly, Ghassemi-Golezani and Rahimzadeh (2023) observed 
that BC had a favorable effect on anthocyanin levels in dill.

The amount of ascorbic acid was significantly enhanced 
with co-application of BC and Mg in P. alkekengi L. plants 
under salinity stress. Salinity stress induces oxidative stress 
in plants, leading to the accumulation of ROS. Ascorbic acid 
acts as a potent antioxidant and plays a crucial role in scav-
enging ROS (Shahzad et al. 2023). It has been reported that 
BC can enhance antioxidant activity in plants by promot-
ing the synthesis of antioxidants, including ascorbic acid. 
The application of BC and Mg can stimulate the production 
of ascorbic acid, increasing its content in plant tissues and 
effectively mitigating oxidative damage caused by salinity 
stress. Ascorbic acid is involved in the activation of various 
enzymes that play essential roles in plant metabolism and 
stress responses (Malik et al. 2023). Mg acts as a cofactor 
for enzymes involved in ascorbic acid biosynthesis. Salinity 
stress can interfere with Mg uptake, leading to a decrease 
in enzyme activity associated with ascorbic acid synthesis 
(Younis et al. 2021). The addition of Mg along with BC 

Fig. 5  Heat map analysis for studied traits of Physalis alkekengi L. 
under salinity (a) and biochar and magnesium nanoparticles (b). 
CAT: catalase: SOD, superoxide dismutase, AsA: ascorbic acid, FY: 
fruit yield, Chl: chlorophyll content
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can provide sufficient Mg supply, ensuring optimal enzyme 
activity and promoting ascorbic acid production. Salinity 
stress triggers stress signaling pathways in plants, which 
can activate genes involved in ascorbic acid biosynthesis. 
BC can influence gene expression and signaling pathways 
related to stress responses. The presence of BC and Mg 
can enhance the stress signaling pathways, promoting the 
expression of genes associated with ascorbic acid synthesis 
and consequently increasing ascorbic acid content. Mg is an 
essential nutrient involved in various metabolic processes, 
including ascorbic acid biosynthesis (Hussien and Gad El-
Kareem 2021). Salinity stress can disrupt nutrient uptake 
and alter nutrient balance, potentially affecting ascorbic acid 
synthesis. The application of Mg along with BC can provide 
an adequate supply of Mg to plants, ensuring optimal nutri-
ent availability for ascorbic acid biosynthesis and increas-
ing its content. Through these mechanisms, the combined 
application of BC and Mg can potentially increase ascorbic 
acid levels in plants subjected to salinity stress. This increase 
in ascorbic acid content can contribute to enhanced antioxi-
dant activity, stress tolerance, and potentially improved plant 
growth under salinity conditions (Abdi et al. 2023).

In salt-exposed plants, the levels of SFAs are generally 
increased, while the levels of PUFAs are also increased. 
However, the levels of MUFAs are typically decreased. The 
increase in SFAs is thought to be a response to salt stress, 
as these fatty acids provide stability to cell membranes and 
protect them from damage caused by high salinity levels. 
The increase in PUFAs is believed to be a protective mecha-
nism against salinity stress, as these fatty acids are more fluid 
and can maintain the fluidity and functionality of cell mem-
branes under salt exposure. On the other hand, the decrease in 
MUFAs is likely due to their susceptibility to oxidative dam-
age caused by ROS accumulation in salt-stressed plants (Hoj-
jati et al. 2023). Similarly, the increased in PUFAs and SFAs 
and a decreased in MUFAs has been reported in P. alkekengi 
L. plants by Abdi et al. (2021). However, the use of BC and 
Mg NPs enhanced MUFAs but decreased SFAs. Application 
of BC and Mg NPs can help alleviate the negative effects 
of salt stress on fatty acid composition. These additives can 
improve the soil environment and nutrient availability, leading 
to enhanced plant growth and development. The increase in 
MUFAs can be beneficial as they have been associated with 
various health benefits and are considered healthier fats com-
pared to SFAs. MUFAs are known for their positive effects on 
cardiovascular health and can reduce the risk of chronic dis-
eases. Additionally, the decrease in SFAs is favorable as high 
levels of SFAs have been linked to negative health outcomes, 
such as increased cholesterol levels and cardiovascular risks 
(Prasad et al. 2021). Nasirzadeh et al. (2022), Ghasemzadeh 
et al. (2022), and Hojjati et al. (2023) previously discovered 
increased PUFAs, SFAs, and decreased MUFAs in response 
to different abiotic stressors. Interestingly, Abdi et al. (2023) 

discovered a similar fatty acid pattern in P. alkekengi L. under 
salinity and silicon treatments.

Conclusions

The use of biochar and magnesium nanoparticles has been 
shown to successfully reduce salt stress in Physalis alkekengi L. 
plants. This modification has positively altered various critical 
aspects, including yield, biochemical characteristics, and fatty 
acid profile. The usage of biochar and magnesium nanoparticles 
has shown encouraging results in increasing plant yield in salty 
environments. Moreover, the use of charcoal and magnesium 
nanoparticles increased the plants’ biochemical characteristics. 
Salinity stress can alter a number of physiological processes, 
including oxidative stress and the accumulation of reactive oxy-
gen species. However, biochar and magnesium nanoparticles 
has been demonstrated to reduce ROS levels while increasing 
antioxidant enzyme activity, hence lowering oxidative damage 
and enhancing plant health. Furthermore, biochar and mag-
nesium nanoparticles have been shown to increase the levels 
of monounsaturated fatty acids while decreasing the levels of 
saturated fatty acids, creating a more favorable and healthier 
fatty acid composition of Physalis alkekengi. fruits. Overall, 
soil-applied biochar and foliar-applied magnesium nanoparti-
cles appears to be a potential technique for reducing the delete-
rious effects of salt stress on Physalis alkekengi L. plants. These 
chemicals not only increase yield but also improve biochemical 
properties and fatty acid profiles, eventually adding to the over-
all health and quality of the plants.
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