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Abstract
Salinity stress can significantly delay plant growth. It can disrupt water and nutrient uptake, reducing crop yields 
and poor plant health. The use of strigolactone can be an effective technique to overcome this issue. Strigolactone 
enhances plant growth by promoting root development and improvement in physiological attributes. The current 
pot study used strigolactone to amend chili under no salinity and salinity stress environments. There were four 
treatments, i.e., 0, 10µM strigolactone, 20µM strigolactone and 30µM strigolactone. All treatments were applied in 
four replications following a completely randomized design (CRD). Results showed that 20µM strigolactone caused 
a significant increase in chili plant height (21.07%), dry weight (33.60%), fruit length (19.24%), fruit girth (35.37%), 
and fruit yield (60.74%) compared to control under salinity stress. Significant enhancement in chili chlorophyll a 
(18.65%), chlorophyll b (43.52%), and total chlorophyll (25.09%) under salinity stress validated the effectiveness of 
20µM strigolactone application as treatment over control. Furthermore, improvement in nitrogen, phosphorus, and 
potassium concentration in leaves confirmed the efficient functioning of 20µM strigolactone compared to other 
concentrations under salinity stress. The study concluded that 20µM strigolactone is recommended for mitigating 
salinity stress in chili plants. Growers are advised to apply 20µM strigolactone to enhance their chili production 
under salinity stress.
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Introduction
Salinity is a prominent abiotic stress factor with far-
reaching implications for global crop productivity [1–6]. 
It adversely affects germination and overall plant vigor, 
resulting in substantial crop losses worldwide. Around 
20–33% of the world’s total land area, including irrigated 
lands, face the impact of salinity issues. Projections sug-
gest that this percentage could increase to 50% by 2050 
[1, 7]. This is particularly concerning as many economi-
cally valuable crops as possible, notably horticultural 
ones, display sensitivity to salinity.

Salinity stress also leads to the accumulation of reactive 
oxygen species (ROS) in plant cells, causing potassium 
(K+) efflux from the cells. Elevated ROS levels weaken the 
plant’s defense mechanisms, leading to oxidative stress. 
ROS, when present in high concentrations, can cause 
substantial harm to plants. Under salinity stress, ROS 
levels increase and threaten plant cells by initiating pro-
cesses like lipid peroxidation, protein oxidation, damage 
to nucleic acids, inhibition of enzyme activation, and cell 
death [8].

Strigolactone serves as a critical factor for improving 
crop resilience during stress [9, 10]. It can achieve this by 
fostering essential root development empowering plants 
to delve deeper into the soil layers in search of water and 
nutrients [11]. Strigolactone can also regulate stoma-
tal closure, a crucial mechanism that minimizes water 
loss through transpiration while maintaining the neces-
sary gas exchange for photosynthesis [12]. Additionally, 
strigolactone enhances overall stress tolerance by pro-
ducing stress-related proteins and compounds. This acti-
vation significantly enhances plant resilience, enabling 
them to endure and thrive in challenging environmental 
conditions [10].

Chili (Capsicum annuum L.) is a cash crop which is 
widely cultivated due to its nutritional value [13]. It holds 

a significant position among vegetable crops and is an 
essential spice plant within the Solanaceae family. This 
crop is primarily cultivated for its spicy fruits, which are 
used in their ripe and green forms to enhance the flavor 
of various dishes. Green chilies are valued for their rich-
ness of vitamins A, C, minerals, and protein. In contrast, 
dried chili is known for its high vitamin A and D content, 
contributing to its characteristic hotness and spiciness 
in culinary applications [14, 15]. However, salinity stress 
significantly reduces chili production by triggering altera-
tions in various physiological processes that delay plant 
growth and overall productivity. Salinity stress creates 
conditions of increased osmotic potential, resulting in a 
water deficit in the soil [16]. Additionally, it induces ionic 
toxicity by elevating the concentrations of harmful ions 
such as sodium (Na+) and chloride (Cl-) within the plant, 
causing an imbalance of essential nutrients within plant 
cells [16].

That’s why the current study aims to explore the poten-
tial of strigolactone to mitigate the effects of salinity 
stress on chili plants. Strigolactone has shown potential 
in maintaining ion homeostasis in plant roots. It can also 
improve water and nutrient acquisition in different crops, 
making them a valuable resource in salinity stress [17, 
18]. The current study covers the knowledge gap regard-
ing selecting the best application rate of strigolactone 
for chilies to mitigate salinity stress. We hypothesized 
that applying strigolactone can help alleviate the adverse 
effects of salinity stress on chilies and enhance their 
growth and productivity. The study’s core aim was to 
select the best strigolactone application rate for achiev-
ing better chilies growth when cultivated in salt-affected 
soils.

Materials and methods
Experimental site
In the year 2021, a pot experiment was carried out in the 
research site located at the Faculty of Agricultural Sci-
ences and Technology, Bahauddin Zakariya University, 
situated in Multan, Punjab, Pakistan, with geographical 
coordinates of 30°15′49″N and 71°30′35″E. The study fol-
lowed a completely randomized design (CRD) with four 
replicates. The physiochemical characteristics of soil and 
irrigation water are provided in Table 1.

Pot preparation and sowing
A plastic pot (width = 15 inches and depth = 45 inches) 
was filled with 10 kg of soil. In each container, 20 seeds 
were sown, and, following a period of 21 days from 
germination, six healthy seedlings were retained after 
thinning.

Table 1 Pre-experimental soil and irrigation characteristics
Soil Values References Irrigation Values Refer-

ences
pH 819  [19] pH 7.26  [20]
ECe 
(dS/m)

2.42  [21] EC (µS/cm) 387

SOM 
(%)

0.60  [22] Carbonates 
(meq./L)

0.00

TN (%) 0.03  [23] Bicarbonates 
(meq./L)

4.69

AP 
(µg/g)

6.27  [24] Chloride 
(meq./L)

0.05

EK 
(µg/g)

127  [25] Ca + Mg 
(meq./L)

2.69

ENa 
(µg/g)

116  [26] Sodium 
(mg/L)

106

Texture Clay Loam  [27]
TN = Total Nitrogen; AP = Available Phosphorus; EK = Extractable Potassium; 
ENa = Extractable Sodium
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Fertilizer
To address the chili nutritional requirements, 25 kg per 
acre (0.31  g/10 kg soil) of nitrogen (N) and 12  kg per 
acre (0.15  g/10 kg soil) of phosphorus (P) were applied, 
utilizing urea as the nitrogen source and single super-
phosphate for phosphorus, at the recommended rates. 
Additional potassium (K) supplementation was added at 
the rate of 12 kg per acre (0.15 g/10 kg soil) using potas-
sium sulfate.

Irrigation
Irrigation for each pot was consistently monitored and 
adjusted using a moisture gauge (ADVANCED™; 4 in 
1 Soil Meter; China). Daily observations were made to 
ensure that the moisture level was maintained at the des-
ignated threshold, with wet corresponding to 70% of the 
soil’s field capacity, as indicated by the instrument’s scale.

Collecting, sterilization and sowing of seeds
The chili seeds used in this study were of Ghotki variety 
and were procured from a licensed seed merchant autho-
rized by the Government of Punjab, Pakistan. Before 
sowing, a rigorous surface sterilization protocol was 
conducted on the selected seeds. This included rinsing 
the seeds three times with 95% ethanol after they had 
been exposed to 5% sodium hypochlorite solution. Sub-
sequently, the seeds underwent three additional rinses 
using sterilized deionized water to eliminate any traces 
of the sterilizing agents. Each pot, filled with 5 kg of soil, 
initially received 20 seeds for sowing. After germination, 
a careful thinning process was performed, resulting in the 
retention of 10 seedlings in each pot (Ahmad et al., 2014).

Strigolactone
Strigolactone GR24 was purchased from a certified 
SIGMA dealer in Multan. The details of the product 
include strigolactone GR24; CAS Number: 76974-79-3; 
MDL number: MFCD12405021.

Salinity stress
A 1:1:1 mixture of NaCl, MgSO4, and CaCl2 was added to 
the soil with EC 2.34 dS/m (no salinity stress) to examine 
the effect of salinity stress. The final EC was maintained 
at 6.13 dS/m (salinity stress) by incubating the soil for 21 
days before the start of the experiment. During the soil 
incubation, mixing was done regularly using a spatula so 
the salts may get homogenized in the soil.

Treatments
The chili seedlings were subjected to different strigolac-
tone concentrations as a foliar spray when seedlings were 
21 days old. The levels of strigolactone include 0 µM, 
10µM, 20µM, and 30µM strigolactone. All the levels were 
applied under no salinity and salinity stress conditions.

Harvesting and data collection
A total of 2 harvestings were performed. The first har-
vesting includes the collection of fresh leaves after 50 
days of transplantation (at vegetative stage) for the anal-
ysis of chlorophyll contents, proline, antioxidants and 
other biochemical analysis [28]. However, after 85 days of 
transplantation chilies picking started. For assessment of 
yield total 8 picks were taken [28]. For the assessment of 
yield data, a total of 8 picks were taken. The study encom-
passed the examination of various parameters, including 
the total plant dry weight (g/plant), plant height (cm), the 
number of primary branches per plant, fruit length (cm), 
fruit girth (cm), fruit yield (kg/plant), and the assessment 
of chlorophyll and proline content.

Estimation of Chlorophyll
In the research study, 0.5  mg of freshly harvested leaf 
samples were ground in a mortar and pestle with 20 ml 
of 80% acetone. Subsequently, mixture was subjected to 
centrifugation at 3000 rpm for 15 min, yielding a super-
natant that was collected. The pellet was successfully 
treated with 5  ml of 80% acetone until it lost color. All 
the collected supernatants were combined for the deter-
mination of chlorophyll content. The measurement of 
absorbance at 645 and 663  nm was carried out using a 
spectrophotometer [29], and the chlorophyll content was 
quantified employing the following formulae.

 
Chlorophyll a

(
mg
g

)
=

(12.7× A663)− (2.69× A645)× V
1000× W

 
Chlorophyll b

(
mg
g

)
=

(22.9× A645)− (4.68× A663)× V
1000× W

 
Total Chlorophyll

(
mg
g

)
=

20.2 (A645) + 8.02 (A663)× V
1000× W

Antioxidants
For the analysis of antioxidants, 8th to 12th leaves above 
the ground were collected after 60 days of germination. 
We assessed superoxide dismutase (SOD) activity by 
measuring the inhibition of nitro blue tetrazolium (NBT) 
reduction in the presence of riboflavin [30]. The reac-
tion mixture consisted of enzyme extract, NBT, ribofla-
vin, and phosphate buffer, which was exposed to light, 
and changes in absorbance at 560  nm were monitored. 
Additionally, we determined the decrease in absorbance 
at 240  nm resulting from hydrogen peroxide (H2O2) 
decomposition, as per the method outlined by Aebi [31]. 
For ascorbate peroxidase (APX) activity, we tracked 
ascorbate oxidation in the presence of H2O2, following 
the procedure by Nakano and Asada [32], measuring the 
absorbance change at a specific wavelength over time. To 
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assess lipid peroxidation, we quantified the malondialde-
hyde (MDA, an indicator of lipid peroxidation) by react-
ing the sample extract with thiobarbituric acid (TBA) 
to generate a colored complex. Then, we measured the 
absorbance of the complex to calculate the MDA content.

Electrolyte leakage and proline
Initially 1  cm diameter leaves discs (1  g) were taken in 
10  ml deionized water containing test tubes. After that 
test tubes were incubated at 25  °C for 24  h and electri-
cal conductivity (EC1) was taken using EC meter. The 
test tubes were then subjected to a 20-minute heating (at 
120 °C) in a water bath, and then second electrical con-
ductivity measurement (EC2) was recorded [33].

 
Electrolyte Leakage (%) =

(
EC1
EC2

)
× 100

Proline determination
The quantification of proline in leaf samples was analyzed 
following the procedure outlined by Bates et al. [34]. The 
absorbance was measured at 520  nm using a Shimadzu 
UV 1601 spectrophotometer.

Fruit harvest, dry weight, and nutrient analysis
For morphological data collection, three samples were 
randomly chosen from each treatment and subsequently 
separated into leaves, stems, and roots. These plant parts 
were then dried in an oven at 70 ± 8  °C for two days to 
establish their dry weights and elemental concentrations. 

Fig. 1 Effect of treatments on plant height (A), plant dry weight (B) and number of primary branches (C) of chili under no salinity and salinity stress. The 
bars represent the means of four replicates with standard error. The Tukey test revealed significant changes at p < 0.05, shown by the different letters on 
the bars
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All nutrient analyses were conducted on a dry-weight 
basis. The Kjeldahl method determined Total nitrogen 
content in 0.1  g samples of dry weight. Subsequently, 
ground samples were subjected to dry ashing at 500 ± 8 °C 
for 26  h, followed by mixing with 2  M hot HCl, filtra-
tion, and dilution to a final volume of 50 ml with distilled 
water.

N, P, and K leaves
In this research study, nitrogen content was deter-
mined using a modified micro-Kjeldahl method as out-
lined by [35]. Potassium content analysis was performed 
through a flame photometer (Jenway PFP 7, Essex, Eng-
land). Additionally, phosphorus content was quantified 
at 420  nm utilizing a spectrophotometer based on the 
vanadate molybdate method, following the procedure 
described by [35]. Sodium and potassium concentrations 

were assessed in these sample solutions. Phosphorus lev-
els were analyzed using the vanadate molybdate method 
with a UV/Visible spectrophotometer (Shimadzu UV, 
1601) [35].

Statistical analysis
Conventional statistical procedures were employed 
to analyze the data, including the utilization of a two-
way ANOVA to evaluate the significance of treatments. 
Paired comparisons were conducted using the Tukey test 
with a significant level set at p ≤ 0.05. Pearson correlations 
were performed by the OriginPro software [36].

Fig. 2 Effect of treatments on fruit length (A), fruit girth (B), and fruit yield (C) of chili cultivated under no salinity stress and salinity stress. The bars rep-
resent the means of four replicates with standard error. The Tukey test revealed significant changes at p < 0.05, shown by the different letters on the bars
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Results
Plant height, plant dry weight and number of primary 
branches
Treatment 10µM strigolactone, caused elevation in plant 
height (6.38%) compared to the control under non-
saline conditions. Applying 20µM strigolactone resulted 
in 18.11%, whereas 30µM strigolactone showed 13.40% 
increase in plant height than control under non-saline 
conditions. In salinity stress, 10µM strigolactone resulted 
in 6.82% increase in plant height compared to control. 
However, 20µM and 30 µM strigolactone caused 21.07 
and 15.05% improvement in plant height than control 
under salinity stress (Fig. 1A).

In case of no salinity stress, 10µM strigolactone led to 
9.03%, 20µM strigolactone exhibited 24.72% and 30µM 
strigolactone resulted in 17.54% improvement from 

control in plant dry weight. At salinity stress, 10µM 
strigolactone caused 8.09% increase in dry weight com-
pared to control. In contrast, treatment 20µM strigolac-
tone showed 33.60% while 30µM strigolactone caused 
20.74% enhancement in dry weight under salinity stress 
(Fig. 1B).

In no-salinity stress, applying 10µM, 20µM and 30µM 
strigolactone treatment increase 9.19%, 24.65, and 
16.06% in primary branches, over the control. Under 
salinity stress, 10µM strigolactone treatment increased 
6.86%, 20µM strigolactone enhanced 18.17%, and 30µM 
strigolactone improved 13.25% in primary branches com-
pared to control (Fig. 1C).

Fig. 3 Effect of treatments on chlorophyll a (A), chlorophyll b (B), and total chlorophyll (C) of chili cultivated under no salinity stress and salinity stress. 
The bars represent the means of four replicates with standard error. The Tukey test revealed significant changes at p < 0.05, shown by the different letters 
on the bars
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Fruit length, girth, and yield
Result showed that 10µM, 20µM and 30µM strigolactone 
treatment increased by ∼ 7%, ∼ 18%, and ∼ 14% in fruit 
length over control respectively under no salinity stress. 
In salinity stress, a significant increase in fruit length 
(∼ 6%, ∼ 19%, and ∼ 11%) was applied 10µM, 20µM and 
30µM strigolactone treatment than control respectively 
(Fig. 2A).

Under no salinity stress applying 10µM, 20µM, and 
30µM strigolactone treatment exhibited ∼ 5%, ∼ 16%, 
and ∼ 10% increases in fruit girth, respectively compared 
to control. Under salinity stress treatments with 10µM, 
20µM, and 30µM strigolactone showed increases ∼ 12%, 
∼ 35%, and ∼ 25% in fruit girth over control, respectively 
(Fig. 2B).

Under no salinity stress, a significant improvement in 
fruit yield by 11.20%, 31.43%, and 22.29% was applied 
10µM, 20µM and 30µM strigolactone, over control 
respectively. At salinity stress, applying 10µM, 20µM and 
30µM strigolactone increased the yield by 17.98%, 60.74% 
and 40.50% compared to the control (Fig. 2C).

Chlorophyll contents
Chlorophyll-a content improved ∼ 6%, ∼ 15% and ∼ 11% 
were applied 10µM, 20µM, and 30µM strigolactone 
treatment, respectively compared to control under no 
salinity stress. In salinity stress, chlorophyll-a content sig-
nificantly increased by 5.53%, 18.65% and 12.09%, were 
applied 10µM, 20µM and 30µM strigolactone treatments 
respectively over control (Fig. 3A).

In no salinity stress, treated with 10µM, 20µM, and 
30µM strigolactone, chlorophyll-b content showed 
a ∼ 11%, ∼ 26%, and ∼ 17% increase above the control 
respectively. In case of salinity stress, applying 10µM 
strigolactone improved by ∼ 11%, 20µM strigolactone 
increased ∼ 44% and 30µM strigolactone enhanced ∼ 22% 
respectively than control (Fig. 3B).

The total chlorophyll content exhibited significantly 
increase ∼ 7%, ∼ 19%, and ∼ 13% with 10, 20, and 30µM 
strigolactone treatment over control under no salinity 
stress. Applying 10µM, 20µM, and 30µM strigolactone 
treatment increased by ∼ 7%, ∼ 25% and ∼ 15% in total 
chlorophyll content than control, respectively under 
salinity-stress (Fig. 3C).

Electrolyte leakage (EL), Proline, and H2O2 content
The results showed that under no salinity stress ,10, 20 
and 30µM strigolactones treatment decreased ∼ 13%, 
∼ 37% and ∼ 27% by EL than control. In salinity stress, 
a significantly decreased EL by ∼ 8%, ∼ 37%, and ∼ 18%, 
were applied 10, 20 and 30µM strigolactones treatment, 
respectively over control (Fig. 4A).

Applying 10, 20 and 30µM strigolactone resulted ∼ 11%, 
∼ 51% and ∼ 30% decrease in proline content over than 

control respectively under no salinity stress. Under salin-
ity stress, the proline content significantly decreased by 
∼ 8%, ∼ 32% and ∼ 17% with applying 10, 20 and 30µM 
strigolactones, above control respectively (Fig. 4B).

Under no salinity stress, treatment with 10, 20 and 
30µM strigolactone resulted ∼ 14%, ∼ 62%, and ∼ 33% 
decrease in H2O2 levels over control respectively. In 
case of salinity stress, treatment with 10µM strigolac-
tone exhibited decreased in ∼ 18%, 20µM strigolactone 
showed a ∼ 47%, and 30µM strigolactone resulted in 
∼ 29% decrease respectively than control (Fig. 4C).

MDA, SOD, and APX activity
In no salinity stress, applying 10, 20 and 30µM strigolac-
tone, MDA levels decreased by ∼ 13%, ∼ 43%, and ∼ 28% 
above control respectively. Under salinity stress, a signifi-
cant decrease of MDA levels (∼ 12%, ∼ 35%, and ∼ 23%) 
were applied 10, 20 and 30µM strigolactone respectively 
than control (Fig. 5A).

Without salinity stress, applying 10, 20 and 30µM 
strigolactone significantly decreased SOD activity by 
∼ 18%, ∼ 77%, and ∼ 44% over the control respectively. In 
salinity stress, SOD activity decline ∼ 12% at 10µM strigo-
lactone, ∼ 46% at 20µM strigolactone and ∼ 27% at 30µM 
strigolactone respectively than control (Fig. 5B).

A significant decrease of APX level (∼ 15%, ∼ 39%, 
and ∼ 27%) was applied 10, 20 and 30µM strigolactone 
respectively than control under no salinity stress. In case 
of salinity stress, treatment with 10, 20 and 30µM strigo-
lactone resulted ∼ 5%, ∼ 27% and ∼ 11% decrease in APX 
level compared to control (Fig. 5C).

Leaves N, P, K, and na
At no salinity stress, applying 10, 20 and 30µM strigo-
lactone resulted increases in leaves N content (∼ 6%, 
∼ 22%, and ∼ 14%) compared to control respectively. 
Under salinity stress, a significantly increase leaves N 
content ∼ 18%, ∼ 60%, and ∼ 42% were applied 10, 20 and 
30µM strigolactone treatment than control respectively 
(Fig. 6A).

In the absence of salinity stress, a significant enhance-
ment of leaves P ∼ 10%, ∼ 32% and ∼ 25% with 10, 20 and 
30µM strigolactone than control respectively. In salinity 
stress, treatment with 10µM strigolactone resulted ∼ 10%, 
20µM strigolactone showed ∼ 57%, while 30µM strigolac-
tone exhibited a ∼ 37% increase leaves P respectively over 
control (Fig. 6B).

Under no salinity stress, 10µM strigolactones increase 
K levels ∼ 6%, 20µM strigolactone caused ∼ 19%, and 
30µM strigolactone enhanced ∼ 13% than control. In 
case of salinity stress, 10µM strigolactone exhibited ∼ 6% 
increase, in 20µM strigolactone improved ∼ 21%, while 
30µM strigolactone enhanced ∼ 13% in leaf K levels com-
pared to control respectively (Fig. 6C).
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Applying 10, 20 and 30µM strigolactone resulted ∼ 21%, 
∼ 137%, and ∼ 65% decrease in leaves Na, above control 
respectively no salinity stress. At salinity stress, a sig-
nificantly decrease in leaves Na ∼ 16%, ∼ 54%, and ∼ 38% 
treatment with 10µM, 20µM and 30µM strigolactone 
than control respectively (Fig. 6D).

Pearson correlation analysis
The pearson correlation analysis revealed strong relation-
ships between various variables in the dataset. Plant dry 
weight exhibited a very high positive correlation of 1 with 
plant height, indicating that as plant height increased, the 
plant dry weight also increased significantly. Similarly, 
No. of primary branches/plant, Fruit length, fruit girth, 
fruit yield, chlorophyll a, and chlorophyll b displayed 
positive correlations with values close to 1, indicating a 
strong positive relationship. On the other hand, variables 

like EL, proline, H2O2, MDA, SOD, and APX exhibited 
strong negative correlations, suggesting an inverse rela-
tionship with the other variables. Interestingly, leaves N, 
leaves P, leaves K, and leaves Na also displayed correla-
tions. Leaves N and leaves P had a positive correlation of 
approximately 0.985, while leaves K and leaves Na exhib-
ited positive and negative correlations with values around 
0.997 and − 0.986, respectively, suggesting interdepen-
dencies between these variables (Fig. 7).

Discussion
Morphological attributes
Strigolactone exhibit a range of morphological effects. 
It can mitigate salinity stress by helping maintain ion 
homeostasis in plant roots and improving water and 
nutrient acquisition, making them valuable in challenging 
growing conditions [37]. Strigolactone can also stimulate 

Fig. 4 Effect of treatments on electrolyte leakage (A), proline (B), and H2O2(C) of chili cultivated under no salinity stress and salinity stress. The bars rep-
resent the means of four replicates with standard error. The Tukey test revealed significant changes at p < 0.05, shown by the different letters on the bars
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shoot elongation by modulating auxin transport, leading 
to increased plant height with higher concentrations of 
strigolactone causing more significant height increments 
[38]. Moreover, they enhance dry weight and root devel-
opment via better nutrient uptake and increased biomass 
production [39]. Furthermore, strigolactone promotes 
branching by inhibiting the outgrowth of axillary buds, 
increasing the number of primary branches, a desirable 
trait in agriculture for potential fruit production [40].

Chlorophyll contents
The application of strigolactone results in augmented 
chlorophyll content, particularly chlorophyll a and b. 
This elevation is linked to their role in positively regu-
lating genes associated with photosystem II (PSII) 
and light-harvesting complex (LHC) proteins [41, 42]. 

Furthermore, strigolactone help mitigate stress-induced 
chlorophyll degradation and regulate stomatal conduc-
tance, thereby improving water use efficiency and main-
taining higher chlorophyll levels under stress conditions 
[43].

Electrolyte leakage
In their role of mitigating electrolyte leakage under 
salinity stress, Strigolactone likely exert their influence 
through intricate gene regulatory networks and path-
ways. Studies suggest their potential modulation of genes 
involved in membrane stability, such as lipid desaturases 
or proteins linked to membrane repair mechanisms [44, 
45]. Additionally, strigolactone might impact osmotic 
adjustment pathways, potentially regulating genes related 
to proline biosynthesis (e.g., P5CS) or sugar synthesis to 

Fig. 5 Effect of treatments on malondialdehyde (MDA) (A), superoxide dismutase (SOD) (B), and ascorbate peroxidase (APX) (C) of chili cultivated under 
no salinity stress and salinity stress. The bars represent the means of four replicates with standard error. The Tukey test revealed significant changes at 
p < 0.05, shown by the different letters on the bars
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aid in cellular osmotic regulation and prevent water loss-
induced membrane damage [9, 46].

Nutrient - potassium
Potassium plays a pivotal role in plant physiology, aiding 
in osmotic regulation by maintaining turgor pressure to 
prevent wilting, activating enzymes for crucial metabolic 
processes, facilitating nutrient uptake, regulating stoma-
tal function for improved photosynthesis and reduced 
transpiration, and mitigating the effects of abiotic stress 
like salinity, promoting healthier growth, as seen in chili 
plants treated with strigolactone [47, 48].

Antioxidants
Strigolactone plays a crucial role in enhancing a plant’s 
antioxidant defense system by inducing the expression of 

stress-responsive genes like superoxide dismutase (SOD) 
and ascorbate peroxidase (APX) [49]. This augmentation 
in antioxidant activity helps in reducing oxidative stress, 
particularly under unfavorable conditions. Additionally, 
by modulating hormonal balance, specifically abscisic 
acid (ABA) and jasmonic acid (JA) levels, strigolactone 
contributes to the plant’s stress response mechanisms 
[46, 50]. Studies suggest their influence on genes asso-
ciated with proline biosynthesis, notably those encod-
ing enzymes like pyrroline-5-carboxylate synthetase 
(P5CS), a key enzyme in proline biosynthesis. Strigolac-
tone might modulate the expression or activity of P5CS 
and other genes involved in proline metabolism, leading 
to increased proline accumulation [17]. Proline acts as a 
vital osmoprotectant, aiding cellular osmotic adjustment 
and maintaining cell turgor under saline conditions [51].

Fig. 6 Effect of treatments on leaves N (A), leaves P (B), leaves K (C), and leaves Na of chili cultivated under no salinity stress and salinity stress. The bars 
represent the means of four replicates with standard error. The Tukey test revealed significant changes at p < 0.05, shown by the different letters on the 
bars
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Conclusion
In this study, it is evident that the 20µM strigolactone 
holds the potential for enhancing chili growth. This 
treatment exhibits the capacity to improve chlorophyll 
content and nutrient uptake in leaves, particularly in 
essential elements like phosphorus (P), nitrogen (N), and 
potassium (K), which are essential for chili growth. Addi-
tionally, the 20µM strigolactone treatment demonstrates 
the potential to effectively regulate antioxidant mecha-
nisms. Further research at the field level is recommended 
to validate the efficacy of this treatment in promoting 
chili growth under salinity stress.

Acknowledgements
This project was supported by Researchers Supporting Project number 
(RSP2024R385), King Saud University, Riyadh, Saudi Arabia.

Author contributions
Conceptualization; S.D.; M.H.; Conducted experiment; M.H.; S.D.; Formal 
analysis; M.H.; K.D.; T.N.; R.D.; Methodology; K.D.; T.N.; M.M.I.; Writing—original 
draft; M.J.A.; S.D.; S.H.S.; Writing—review & editing; M.J.A.; S.D.; S.H.S. R.D.;

Funding
This project was supported by Researchers Supporting Project number 
(RSP2024R385), King Saud University, Riyadh, Saudi Arabia.

Data availability
All data generated or analysed during this study are included in this published 
article.

Declarations

Ethics approval and consent to participate
We all declare that manuscript reporting studies do not involve any human 
participants, human data, or human tissue. So, it is not applicable.

Experimental research and field studies on plants (either cultivated 
or wild), including the collection of plant material, must comply with 
relevant institutional, national, and international guidelines and 
legislation
We confirmed that all methods were performed in accordance with the 
relevant guidelines / regulations / legislation.

Consent for publication
Not Applicable.

Competing interests
The authors declare no competing interests.

Received: 5 November 2023 / Accepted: 11 March 2024

Fig. 7 Pearson correlation for studied attributes

 



Page 12 of 13Danish et al. BMC Plant Biology          (2024) 24:209 

References
1. Anwar T, Qureshi H, Fatimah H, Siddiqi EH, Anwaar S, Moussa IM, et al. 

Elucidating effect of ZnO-Nanoparticles and melatonin on physiological 
adjustments and growth of Solanum melongena under salinity stress. Sci 
Hortic (Amsterdam). 2023;322:112455.

2. Ma Y, Huang P, Huang S, Younis U, Hussain GS, Fahad S, et al. γ-Aminobutyric 
acid (GABA) and ectoine (ECT) impacts with and without AMF on antioxi-
dants, gas exchange attributes and nutrients of cotton cultivated in salt 
affected soil. BMC Plant Biol. 2023;23:476.

3. Huang S, Gill S, Ramzan M, Ahmad MZ, Danish S, Huang P, et al. Uncovering 
the impact of AM fungi on wheat nutrient uptake, ion homeostasis, oxidative 
stress, and antioxidant defense under salinity stress. Sci Rep. 2023;13:8249.

4. Zafar-ul-Hye M, Yaseen R, Abid M, Abbas M, Ahmad M, Rahi AA, et al. 
Rhizobacteria having ACC-deaminase and biogas slurry can mitigate salinity 
adverse effects in wheat. Pakistan J Bot. 2022;54:297–303.

5. Zafar S, Hasnain Z, Danish S, Battaglia ML, Fahad S, Ansari MJ, et al. Modula-
tions of wheat growth by selenium nanoparticles under salinity stress. BMC 
Plant Biol. 2024;24:35.

6. Huang S, Huang P, Hareem M, Tahzeeb-ul-Hassan M, Younis U, Dawar K, et 
al. Evaluating the hidden potential of deashed biochar in mitigating salinity 
stress for cultivation of fenugreek. Sci Rep. 2024;14:141.

7. Karthika G, Govintharaj P. Breeding climate-resilience crops for future agri-
culture. In: Shanker AK, Shanker C, Anand A, Maheswari M, editors. Climate 
change and crop stress. Academic; 2022. pp. 1–32.

8. Singh A, Rajput VD, Sharma R, Ghazaryan K, Minkina T. Salinity stress and 
nanoparticles: insights into antioxidative enzymatic resistance, signaling, and 
defense mechanisms. Environ Res. 2023;235:116585.

9. Visentin I, Pagliarani C, Deva E, Caracci A, Turečková V, Novák O, et al. At the 
crossroads of strigolactones and abscisic acid pathways: a role for miR156. 
Plant Cell Environ. 2020;43:1613–24.

10. Luqman M, Shahbaz M, Maqsood MF, Farhat F, Zulfiqar U, Siddiqui MH, et 
al. Effect of strigolactone on growth, photosynthetic efficiency, antioxidant 
activity, and osmolytes accumulation in different maize (Zea mays L.) hybrids 
grown under drought stress. Plant Signal Behav. 2023;18:2262795.

11. Sattar A, Ul-Allah S, Ijaz M, Sher A, Butt M, Abbas T, et al. Exogenous applica-
tion of strigolactone alleviates drought stress in maize seedlings by regulat-
ing the physiological and antioxidants defense mechanisms. Cereal Res 
Commun. 2022;50:263–72.

12. Sedaghat M, Emam Y, Mokhtassi-Bidgoli A, Hazrati S, Lovisolo C, Visentin I, 
et al. The potential of the Synthetic Strigolactone Analogue GR24 for the 
maintenance of photosynthesis and yield in Winter Wheat under Drought: 
investigations on the mechanisms of Action and Delivery modes. Plants. 
2021;10:1223.

13. Nagaraju Madala CWK, Nutakki MK, Kolluri, S. Morphology, cultivation, dis-
eases, importance, traditional breeding and advanced techniques in biotech-
nology in chilli (Capsicum annuum L.). Intl J Chem Stud. 2020;8(3):1132-1136.

14. Azlan A, Sultana S, Huei CS, Razman MR. Antioxidant, anti-obesity, nutritional 
and other beneficial effects of different Chili pepper: a review. Molecules. 
2022;27:898.

15. Sana S, Ramzan M, Ejaz S, Danish S, Salmen SH, Ansari MJ. Differential 
responses of Chili varieties grown under cadmium stress. BMC Plant Biol. 
2024;24:7.

16. Hasanuzzaman M, Fujita M. Plant responses and tolerance to salt stress: physi-
ological and molecular interventions. Int J Mol Sci. 2022;23:4810.

17. Mehrabi SS, Sabokdast M, Bihamta MR, Soorni J, Mirmazloum I. Strigolactone-
mediated amelioration of salinity stress in bread wheat: insights from phy-
tochemical and ion channels related genes expression analyses. Plant Stress. 
2024;11:100324.

18. Ma C, Bian C, Liu W, Sun Z, Xi X, Guo D, et al. Strigolactone alleviates the 
salinity-alkalinity stress of Malus hupehensis seedlings. Front Plant Sci. 
2022;13:901782.

19. Page AL, Miller RH, Keeny DR. Soil pH and lime requirement. In: Page AL, edi-
tor. Methods of Soil Analysis: Part 2 Chemical and Microbiological Properties, 
9.2.2/Agronomy Monographs. 2nd edition. Madison: American Society of 
Agronomy, Inc. and Soil Science Society of America, Inc.; 1983. p. 199–208.

20. Estefan G, Sommer R, Ryan J. Methods of Soil, Plant, and Water Analysis : A 
manual for the West Asia and North Africa region. 3rd edition. Beirut, Leba-
non: International Center for Agricultural Research in the Dry Areas (ICARDA); 
2013.

21. Rhoades JD. Salinity: electrical conductivity and total dissolved solids. In: 
Sparks DL, Page AL, Helmke PA, Loeppert RH, Soltanpour PN, Tabatabai MA, et 

al. editors. Methods of Soil Analysis, Part 3, Chemical methods. Madison, WI, 
USA: Soil Science Society of America; 1996. pp. 417–35.

22. Nelson DW, Sommers LE, Total, Carbon. Organic Carbon, and Organic Matter. 
In: Page AL, editor. Methods of Soil Analysis: part 2 Chemical and Microbio-
logical properties. Madison, WI, USA: American Society of Agronomy, Crop 
Science Society of America, and Soil Science Society of America; 1982. pp. 
539–79.

23. Bremner M. Nitrogen-total. In: Sumner DL, Sparks AL, Page PA, Helmke RH, 
Loeppert NP, Soltanpour AM, et al. editors. Methods of Soil Analysis Part 3. 
Chemical Methods-SSSA Book Series. Volume 5. Madison, WI, USA: John Wiley 
& Sons, Inc.; 1996. pp. 1085–121.

24. Kuo S. Phosphorus. In: Sparks DL, Page AL, Helmke PA, Loeppert RH, 
Soltanpour PN, Tabatabai MA, et al. editors. Methods of Soil Analysis Part 3: 
Chemical methods. Madison, Wisconsin: John Wiley & Sons, Ltd;: SSSA; 2018. 
pp. 869–919.

25. Pratt PF. Potassium. In: Norman AG, editor. Methods of Soil Analysis, Part 2: 
Chemical and Microbiological properties. Madison, WI, USA: John Wiley & 
Sons, Ltd; 2016. pp. 1022–30.

26. Donald AH, Hanson D. Determination of potassium and sodium by flame 
emmision spectrophotometery. In: Kalra Y, editor. Handbook of Reference 
Methods for Plant Analysis. 1st edition. Washington, D.C.: CRC Press; 1998. p. 
153–5.

27. Gee GW, Bauder JW. Particle-size Analysis. In: Klute A, editor. Methods of soil 
analysis. Part 1. Physical and mineralogical methods. 2nd edition. Madison, 
WI, USA: John Wiley & Sons, Inc.; 2018. p. 383–411.

28. GOP, Chili. Production Technology. 2019;:1–8. chrome-extension://efaidn-
bmnnnibpcajpcglclefindmkaj/ https://ext.agripunjab.gov.pk/system/files/
CHILLIES_2018-19.pdf.

29. Arnon DI. Copper enzymes in isolated chloroplasts. Polyphenoloxidase in 
Beta vulgaris. Plant Physiol. 1949;24:1–15.

30. Dhindsa RS, Plumb-Dhindsa PL, Reid DM. Leaf senescence and lipid peroxida-
tion: effects of some phytohormones, and scavengers of free radicals and 
singlet oxygen. Physiol Plant. 1982;56:453–7.

31. Aebi H.  Catalase in vitro. Methods Enzymol. 1984;105:121–126.
32. Nakano Y, Asada K. Hydrogen peroxide is scavenged by ascorbate-specific 

peroxidase in spinach chloroplasts. Plant Cell Physiol. 1981;22:867–80.
33. Lutts S, Kinet JM, Bouharmont J. NaCl-induced senescence in leaves 

of rice (Oryza sativa L.) cultivars differing in salinity resistance. Ann Bot. 
1996;78:389–98.

34. Bates LS, Waldren RP, Teare ID. Rapid determination of free proline for water-
stress studies. Plant Soil. 1973;39:205–7.

35. Mills HA, Jones JBJ. Plant Analysis Handbook II: a practical sampling, prepara-
tion, analysis, and interpretation guide. USA: Micro-Macro Publishing, Inc.; 
1991.

36. OriginLab Corporation. OriginPro. Northampton. MA, USA.: OriginLab; 2021.
37. Tariq A, Ullah I, Sardans J, Graciano C, Mussarat S, Ullah A et al. Strigolactones 

can be a potential tool to fight environmental stresses in arid lands. Environ 
Res. 2023;:115966.

38. Wani KI, Zehra A, Choudhary S, Naeem M, Khan MMA, Khan R, et al. Exog-
enous strigolactone (GR24) positively regulates growth, photosynthesis, and 
improves glandular trichome attributes for enhanced artemisinin production 
in Artemisia annua. J Plant Growth Regul. 2023;42:4606–15.

39. Khuvung K, Silva Gutierrez FAO, Reinhardt D. How strigolactone shapes shoot 
architecture. Front Plant Sci. 2022;13:889045.

40. Konwar N, Singh KN, Narzary D. Plant–microbe interactions in combating abi-
otic stresses. Plant stress: challenges and Management in the New Decade. 
Springer; 2022. pp. 217–34.

41. Gururani MA, Venkatesh J, Tran LSP. Regulation of photosynthesis during 
Abiotic stress-Induced Photoinhibition. Mol Plant. 2015;8:1304–20.

42. Müller M, Munné-Bosch S. Hormonal impact on photosynthesis and photo-
protection in plants. Plant Physiol. 2021;185:1500–22.

43. Zhou X, Tan Z, Zhou Y, Guo S, Sang T, Wang Y, et al. Physiological mechanism 
of strigolactone enhancing tolerance to low light stress in cucumber seed-
lings. BMC Plant Biol. 2022;22:1–17.

44. Soliman S, Wang Y, Han Z, Pervaiz T, El-kereamy A. Strigolactones in plants 
and their Interaction with the ecological microbiome in response to Abiotic 
Stress. Plants. 2022;11:3499.

45. Zhang X, Zhang L, Ma C, Su M, Wang J, Zheng S, et al. Exogenous 
strigolactones alleviate the photosynthetic inhibition and oxidative 
damage of cucumber seedlings under salt stress. Sci Hortic (Amsterdam). 
2022;297:110962.

https://ext.agripunjab.gov.pk/system/files/CHILLIES_2018-19.pdf
https://ext.agripunjab.gov.pk/system/files/CHILLIES_2018-19.pdf


Page 13 of 13Danish et al. BMC Plant Biology          (2024) 24:209 

46. Korek M, Marzec M. Strigolactones and abscisic acid interactions affect plant 
development and response to abiotic stresses. BMC Plant Biol. 2023;23:314.

47. Mostofa MG, Rahman MM, Ghosh TK, Kabir AH, Abdelrahman M, Khan MAR, 
et al. Potassium in plant physiological adaptation to abiotic stresses. Plant 
Physiol Biochem. 2022;186:279–89.

48. Ebrahimi ST, Yarnia M, Benam MK, Tabrizi EFM. Effect of potassium fertilizer 
on corn yield (Jeta Cv.) Under drought stress condition. Am J Agric Env Sci. 
2011;10:257–63.

49. Hashem HA, Khalil R. Insight into the Interaction of Strigolactones, Abscisic 
Acid, and reactive oxygen species signals. Reactive oxygen species: prospects 
in Plant Metabolism. Springer; 2023. pp. 179–211.

50. Chi C, Xu X, Wang M, Zhang H, Fang P, Zhou J, et al. Strigolactones positively 
regulate abscisic acid-dependent heat and cold tolerance in tomato. Hortic 
Res. 2021;8:237.

51. Funck D, Baumgarten L, Stift M, von Wirén N, Schönemann L. Differential 
Contribution of P5CS isoforms to stress tolerance in Arabidopsis. Front Plant 
Sci. 2020;11:565134.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	The role of strigolactone in alleviating salinity stress in chili pepper
	Abstract
	Introduction
	Materials and methods
	Experimental site
	Pot preparation and sowing
	Fertilizer
	Irrigation
	Collecting, sterilization and sowing of seeds
	Strigolactone
	Salinity stress
	Treatments


	Harvesting and data collection
	Estimation of Chlorophyll
	Antioxidants
	Electrolyte leakage and proline
	Proline determination
	Fruit harvest, dry weight, and nutrient analysis
	N, P, and K leaves
	Statistical analysis
	Results
	Plant height, plant dry weight and number of primary branches
	Fruit length, girth, and yield
	Chlorophyll contents
	Electrolyte leakage (EL), Proline, and H2O2 content
	MDA, SOD, and APX activity
	Leaves N, P, K, and na
	Pearson correlation analysis

	Discussion
	Morphological attributes
	Electrolyte leakage
	Nutrient - potassium

	Conclusion
	References


