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Potential of kaempferol and caffeic 
acid to mitigate salinity stress 
and improving potato growth
Musarrat Ramzan 1, Sakeena Tul Ain Haider 2, Muhammad Baqir Hussain 3, Abdullah Ehsan 4*, 
Rahul Datta 5*, Tahani Awad Alahmadi 6, Mohammad Javed Ansari 7 & Sulaiman Ali Alharbi 8

Salinity stress adversely affects plant growth by disrupting water uptake, inducing ion toxicity, 
initiating osmotic stress, impairing growth, leaf scorching, and reducing crop yield. To mitigate this 
issue, the application of kaempferol (KP), caffeic acid (CA), and plant growth-promoting rhizobacteria 
(PGPR) emerges as a promising technology. Kaempferol, a flavonoid, protects plants from oxidative 
stress, while caffeic acid, a plant-derived compound, promotes growth by regulating physiological 
processes. PGPR enhances plant health and productivity through growth promotion, nutrient uptake, 
and stress mitigation, providing a sustainable solution. However, combining these compounds against 
drought requires further scientific justification. That’s why the current study was conducted using 4 
treatments, i.e., 0, 20 µM KP, 30 μM CA, and 20 µM KP + 30 μM CA without and with PGPR (Bacillus 
altitudinis). There were 4 replications following a completely randomized design. Results showed that 
20 µM KP + 30 μM CA with PGPR caused significant enhancement in potato stem length (14.32%), 
shoot root, and leaf dry weight (16.52%, 11.04%, 67.23%), than the control. The enrichment in potato 
chlorophyll a, b, and total (31.86%, 46.05%, and 35.52%) was observed over the control, validating 
the potential of 20 µM KP + 30 μM CA + PGPR. Enhancement in shoot N, P, K, and Ca concentration 
validated the effective functioning of 20 µM KP + 30 μM CA with PGPR evaluated to control. In 
conclusion, 20 µM KP + 30 μM CA with PGPR is the recommended amendment to alleviate salinity 
stress in potatoes.
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Soil salinization poses a significant hazard to approximately 800 million hectares of global agricultural land1. 
This concern is intensified by climate fluctuations and the utilization of deficient irrigation water, contributing 
to its ongoing proliferation2. The increased salinity in the soil has detrimental effects on soil structure and plant 
health, leading to ionic imbalances and osmotic stress3. Consequently, plants experience physiological drought 
and nutrient deficiencies, initiating a rise in reactive oxygen species (ROS) within the plants. These ROS harm 
proteins, nucleic acids, and lipids4.

Plants contain the flavonoid kaempferol, a potent antioxidant that protects against oxidative stress and 
increases resilience5. It strengthens defensive systems, protects against infections, and regulates hormones, which 
positively affect development and growth, including the development and seed germination6. Furthermore, 
natural plant chemical called caffeic acid promotes healthy plant development by boosting stress tolerance, func-
tioning as an antioxidant, controlling physiological processes, including hormone signaling and photosynthesis, 
and strengthening defenses against pests and diseases7.
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In addition to the above, plant growth-promoting rhizobacteria, or PGPR, benefit plants by encouraging 
growth, making it easier to absorb nutrients, and reducing environmental stress8. In addition, they promote 
systemic resistance and inhibit soil-borne diseases, which improves plant health and yield. PGPR provides an 
environmentally responsible and sustainable means of enhancing crop performance in agriculture9.

After rice, wheat, and maize, potatoes (Solanum tuberosum L.) are the fourth most important staple in the 
world10. Rice is a great source of minerals, ascorbic acid, dietary fiber, riboflavin, proteins, and carbs. Potato 
shows a key role in addressing the nutritional needs of the world’s population11. With estimates projecting a 
global population between 8.8 and 10 billion by the mid-century. Potato is key to securing food and nutritional 
requirements, especially in developing nations12.

To lessen the impacts of salt stress on potato plants, the current study investigates the potential of KP and 
CA combined with PGPR. The present study addresses the knowledge gap about which treatment works best 
for potatoes when paired with PGPR to reduce salt stress. We hypothesized that applying KP and CA along with 
PGPR would play a role in improving potato growth and production while allivate the adverse effects of salt stress.

Material and methods
Experimental site
In 2022, an experiment will be conducted at the Research Solution experimental area (30° 09′ 41.6″ N 71° 36′ 
38.0″ E). Soil samples were acquired from the research area. These samples went through air drying and were 
sieved through a 2-mm mesh to assess their physicochemical properties. The physiochemical characteristics of 
soil and irrigation water are provided in Table 1.

Isolation, incubation, and purification of PGPR isolates
To isolation, Bacillus altitudinis, 1.0 g of homogenized soil from the rhizosphere, underwent serial dilutions rang-
ing from 10–1 to 10–7. To facilitate the isolation of ACC deaminase-producing Bacillus altitudinis, a DF minimal 
salt medium supplemented with ACC (nitrogen source) was prepared,22. The Petri dishes containing the isolated 
samples were then incubated at 25 °C for 48 h. In the subsequent purification step, 55 isolates were selected and 
subjected to repeated streaking on DF media to obtain pure strains.

Treatments plan
The treatments include a control, 20 µM KP (Kaempferol), 30 µM CA (Caffeic acid), and 20 µM KP + 20 µM CA. 
All the treatments were applied with or without PGPR (Bacillus altitudinis). A fully randomized design (CRD) 
was used in the trial, with four replications for each treatment.

Sowing and sterilization of seeds
The study used potato seeds from a licensed seed trader in Punjab, Pakistan. They underwent a meticulous 
surface sterilization process, including three washes with 95% ethanol, exposure to a 5% sodium hypochlorite 
solution, and three additional rinses with sterilized deionized water to ensure complete removal of residues from 
the sterilizing agents23. After sterilization, 15 seeds were placed in each pot with 5 kg of soil, and thinning was 
performed to plant 6 healthy seedlings in each pot.

Fertilizer
To meet the nutritional needs of potatoes, we implemented a nitrogen (N) application at a rate of 100 kg/acre 
(equivalent to around 0.31 g/10 kg soil), obtained from urea. Simultaneously, phosphorus (P) was introduced at 
a rate of 50 kg/acre (approximately 0.15 g/10 kg soil), obtanied from a single superphosphate, by recommended 
application protocols. Additionally, to enhance potassium (K) levels, we augmented the soil with 50 kg per acre 
of potassium sulfate (about 0.15 g/10 kg soil).

Irrigation
The irrigation control for individual pots was meticulously handled using a moisture gauge (ADVANCED™; 4 in 
1 Soil Meter; China). Regular monitoring ensured the maintenance of moisture levels within the specified range, 

Table 1.   Pre-experimental soil and irrigation characteristics.

Soil Values References Irrigation Values References

pH 815 13 pH 7.18

14

ECe (dS/m) 2.39 15 EC (µS/cm) 378

SOM (%) 0.54 16 Bicarbonate (meq./L) 4.69

Texture Clay Loam 17 Carbonates (meq./L) 0.01

Extractable Sodium (µg/g) 116 18 Chloride (meq./L) 0.02

Extractable Potassium (µg/g) 131 19 Sodium (mg/L) 107

Total Nitrogen (%) 0.04 20 Ca + Mg (meq./L) 2.75

Available Phosphorus (µg/g) 6.22 21
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by the device’s scale. The term ’wet’ on the scale corresponded approximately to 70% of the soil’s field capacity, 
and daily supervision was undertaken to uphold this standard.

Data collection
After cultivation of 65 days from the planting of seed tubers, specifically during the tuber initiation stage, four 
plants were randomly selected from each experimental plot. These chosen plants were carefully uprooted and 
promptly transferred to the laboratory to measure various parameters. The assessment included determining 
the average length of the main stem. Following the uprooting process, the plant shoots and roots were carefully 
separated. Following that, both parts were dried at 70 °C until a consistent weight was obtained. Chlorophyll 
content and the dry weight of the roots and shoots were measured and recorded. Conversely, the amount of N, 
P, as well as K in leaves that were collected and harvested 65 days after germination was measured.

Estimation of chlorophyll
This study involved preparing freshly harvested leaf specimens with 80% acetone, centrifuging them, and extract-
ing the remaining material. The supernatant was then used for color extraction, and the accumulated superna-
tants were used to assess chlorophyll content. Specific wavelengths were used for absorbance measurements, 
including 663 nm for chlorophyll a, 645 nm for chlorophyll b, and 470 nm for carotenoids. The resulting analysis 
provided valuable insights into leaf composition24.

Total soluble sugar contents
The approach proposed by25 was employed for assessing the total sugar content by utilizing anthrone and 80% 
sulfuric acid (H2SO4). The mixture in test tubes was subjected to a water bath for 10 min, heated, and cooled in 
ice water. The optical density was measured at a wavelength of 620 nm.

Total soluble proteins
Determining total soluble protein levels in this study utilized the Biuret method26. Following the addition of 
necessary chemical components and thorough shaking, the tubes were subjected to an incubation period at 
room temperature for 25 min. The optical density was observed using a UV-spectrophotometer at a wavelength 
of 545 nm. A standard curve for protein was established using bovine serum albumin, enabling the calculation 
of the total protein content.

Gas exchange attributes
Net transpiration rate, stomatal conductance, net photosynthetic rate, and Intercellular CO2 concentration were 
examined using the CI-340 Photosynthesis system. The assessments were performed within the peak sunlight 
hours, specifically from 10:30 to 11:30 AM, to guarantee an ideal and saturating light intensity conducive to 
effective photosynthesis27.

Antioxidants
The study assessed superoxide dismutase (SOD) activity by observing the inhibition of nitro blue tetrazolium 
reduction in riboflavin, using a reaction mixture under illumination and 560 nm absorbance measurements28. The 
activity of peroxidase (POD) was assessed by observing substrate oxidation, with the absorbance surge gauged at 
420 nm wavelength29. The catalase activity was determined by tracking the decomposition of hydrogen peroxide, 
with a quantified reduction in absorbance at 240 nm30. The sample extract was analyzed for malondialdehyde 
(MDA) by reacting it with thiobarbituric acid (TBA) and measuring its absorbance at 532 nm31.

Nutrient analysis
The analysis of leaf nutrient content, including nitrogen, phosphorus, potassium, and calcium, was conducted 
on dried leaves through the utilization of a digested extract. The preparation of the digested extract followed 
the sulphonic-perchloric acid method32. For the determination of leaf nitrogen content, the Kjeldahl digestion 
method33. The quantification of phosphorus in the leaf involved the application of an ascorbic colorimetric 
method34. Additionally, potassium and calcium levels in the leaf were assessed using the flame photometer 
method35 on the digested aqueous extract.

Statistical analysis
Statistical analysis was conducted to compare the data, utilizing standard methods. The treatment’s significance 
was assessed using a Two-way ANOVA, with the Tukey test performed for paired comparisons with a significance 
level of p ≤ 0.05. Additionally, OriginPro software36 was used to create cluster plot hierarchical cluster plots, 
convex hulls, and Pearson correlation analyses.

Results
Stem length, shoot root, and leaf dry weight.
In the experiment measuring the effect of different treatments (20 μM KP, 30 μM CA) on stem length (cm) with 
and without PGPR. When treated with 20 μM KP, the stem length increased to 4.93% compared to the control, 
and 30 μM CA resulted in a 2.22% increase without PGPR. The combination of 30 μM CA and 20 μM KP led 
to a more pronounced effect, resulting in an 8.60% increase over the control without PGPR. When treated with 
20 μM KP with PGPR, the stem length increased to a 9.30% rise over the control. Treatment with 30 μM CA alone 
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with PGPR resulted in a 5.00% increase, and 30 μM CA + 20 μM KP had the most substantial impact showing a 
14.32% increase from the control (Fig. 1A).

In the absence of PGPR, adding 20 μM KP treatment resulted in a 10.58% increase in shoot dry weight and 
30 μM CA led to a 3.93% increase. The combined 30 μM CA + 20 μM KP treatment resulted in a significant 
17.45% increase in shoot dry weight than the control under no PGPR. Adding PGPR with 20 μM KP resulted in 
a 12.62% increase in shoot dry weight and 30 μM CA with PGPR led to a 7.39% increase. The combined treat-
ment of 30 μM CA and 20 μM KP with PGPR showed the highest percentage increase, with a 19.74% rise in 
shoot dry weight over the control (Fig. 1B).

In the case of root dry weight, the application of 20 μM KP led to a 7.26% increase, 30 μM CA showed a 3.59% 
rise, and combining 30 μM CA with 20 μM KP resulted in an 11.17% increase over the control under no PGPR. In 
contrast, when PGPR was introduced with 20 μM KP led to a 6.32% increase more than the control, with 30 μM 
CA showed a 2.92% increase, and combining 30 μM CA with 20 μM KP resulted in an 11.04% increase (Fig. 1C).

The application of 20 μM KP, 30 μM CA, and 20 μM KP + 30 μM CA without PGPR resulted in a remarkable 
increase of 98.37%, 81.19%, and 99.37% in root dry weight parallel to the control. When PGPR was added with 
20 μM KP, 30 μM CA, and 20 μM KP + 30 μM CA treatment resulted in 42.98%, 18.30%, and 67.23% increase in 
root dry weight over the control (Fig. 1D).

Chlorophyll and carotenoid content
The chlorophyll a content in the plant samples was assessed in the absence of PGPR, the application of 20 μM KP 
led to a significant 43.73% increase in chlorophyll a, adding 30 μM CA, and 30 μM CA + 20 μM KP resulted in 
a 21.18% and 60.20% increase over the control. Applying PGPR with 20 μM KP and 30 μM CA led to a 19.84% 
and 8.84% increase in chlorophyll a content above the control. The combined treatment of 30 μM CA and 20 μM 
KP under PGPR showed a 31.86% increase in chlorophyll a content more than the control (Fig. 2A).

In the absence of PGPR, adding 20 μM KP resulted in a 51.93% increase in chlorophyll b, while 30 μM CA 
led to a 27.07% rise above the control. Without PGPR, the 30 μM CA + 20 μM KP exhibited the highest increase 
of 71.82% in chlorophyll b contents. In the presence of PGPR, the addition of 20 μM KP resulted in a 27.40% 
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Fig. 1.   Effect of treatments on stem length (A), shoot dry weight (B), root dry weight (C), and leaf dry weight 
(D) of potato cultivated with and without PGPR. The bars showed the mean of four replicates with ± SE. The 
distinct letters on the bars indicate significant variations found at p < 0.05 using the Tukey test.



5

Vol.:(0123456789)

Scientific Reports |        (2024) 14:21657  | https://doi.org/10.1038/s41598-024-72420-0

www.nature.com/scientificreports/

intensification in chlorophyll b related to the control, 30 μM CA showed an 11.02% rise, and the combination 
of 30 μM CA and 20 μM KP yielded a 46.05% increase (Fig. 2B).

With no PGPR, total chlorophyll showed a 45.88% increase with 20 μM KP treatment in contrast to the con-
trol, while 30 μM CA treatment resulted in a 22.72% increase, and combined treatment of 30 μM CA and 20 μM 
KP caused a 63.24% increase. In contrast, with PGPR, 20 μM KP treatment showed a 22.01% increase in total 
chlorophyll content, while 30 μM CA treatment exhibited a 9.47% increase above the control. The combined 
treatment of 30 μM CA and 20 μM KP with PGPR resulted in a 35.52% improvement in total chlorophyll content 
in comparison to the control (Fig. 2C).

In no PGPR, adding 20 μM KP resulted in a 44.49% increase in carotenoid content, 30 μM CA showed an 
18.78% rise, and the combination of 30 μM CA and 20 μM KP exhibited a 62.04% enhancement from the control. 
Adding 20 μM KP treatment with PGPR showed a 27.56% increase in carotenoid more than the control, 30 μM 
CA exhibited a 16.51% rise, and the combination of 30 μM CA and 20 μM KP resulted in a 34.05% increase 
(Fig. 2D).

Gass exchange attributes
The photosynthetic rate exhibited significant variations across different treatments. In the absence of PGPR, 
applying 20 μM KP caused a 41.87% rise in photosynthetic rate than the control, while 30 μM CA led to a 17.21% 
rise. A combined treatment of 30 μM CA and 20 μM KP showed a substantial 62.54% enhancement in photosyn-
thetic rate without PGPR. When PGPR was applied with 20 μM KP resulted 30.86% increase in photosynthetic 
rate, a 15.96% rise at 30 μM CA, and a remarkable 52.34% rise with the combined 30 μM CA and 20 μM KP 
treatment more than the control (Fig. 3A).

In the absence of PGPR, 20 μM KP treatment resulted in a 37.50% increase in stomatal conductance over the 
control, while 30 μM CA treatment showed a 17.19% increase. The combined treatment of 30 μM CA and 20 μM 
KP exhibited the highest increase of 57.81% in stomatal conductance without PGPR. In the presence of PGPR, 
the addition of 20 μM KP led to a 20.72% increase in stomatal conductance, 30 μM CA showed a 9.01% increase, 
and the combination of 30 μM CA and 20 μM KP resulted in a 41.44% increase from the control (Fig. 3B).
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Fig. 2.   Effect of treatments on chlorophyll a (A), chlorophyll b (B), total chlorophyll (C), and carotenoid (D) of 
potato cultivated with and without PGPR. The bars showed the mean of four replicates with ± SE. The distinct 
letters on the bars indicate significant variations found at p < 0.05 using the Tukey test.
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In the absence of PGPR, 20 μM KP exhibited a 34.12% increase in transpiration rate, while 30 μM CA showed 
a 13.30% rise over the control. The combined application of 30 μM CA and 20 μM KP led to a substantial 52.35% 
surge in stomatal conductance without PGPR. In the presence of PGPR, the 20 μM KP treatment resulted in a 
23.17% rise, 30 μM CA showed a 13.46% increase, and the combination of 30 μM CA and 20 μM KP exhibited 
a 33.24% rise in stomatal conductance assessed over the PGPR control (Fig. 3C).

Under no PGPR, applying 20 μM KP led to a 58.02% increase in intercellular CO2 level, while 30 μM CA 
resulted in a modest 5.81% rise from the control. The combined treatment of 30 μM CA and 20 μM KP exhib-
ited a substantial 99.39% increase in intercellular CO2 level compared to the control. In contrast, when PGPR 
was present, the addition of 20 μM KP caused a 54.52% elevation in intercellular CO2 level, 30 μM CA led to an 
8.35% increase, and the combination of 30 μM CA and 20 μM KP resulted in a significant 98.45% rise related 
to the PGPR control (Fig. 3D).

Total soluble sugars, soluble proteins, and free amino acids
The total soluble sugar content in plant samples varied across different treatments. Without PGPR, treatment 
20 μM KP showed a 42.11% increase, while the 30 μM CA treatment exhibited a 21.96% rise, and the combined 
application of 30 μM CA and 20 μM KP resulted in a 59.23% rise. With PGPR, adding 20 μM KP and 30 μM CA 
treatments showed a 2.04% and 28.94% increase in total soluble sugars, over the control (Fig. 4A).

Without PGPR, treatment 20 μM KP showed a 33.41% increase in soluble proteins, 30 μM CA resulted in a 
14.78% increase while combining 30 μM CA with 20 μM KP showed a significant 53.28% increase. Adding 20 μM 
KP with PGPR led to a 24.10% increase in soluble proteins, 30 μM CA resulted in an 11.66% increase, and the 
combined treatment showed a substantial 38.58% increase (Fig. 4B).

The free amino acid content in plant samples treated with 20 μM KP without PGPR showed a 47.66% increase 
over the control. Treatment with 30 μM CA without PGPR resulted in a 22.20% rise over the control and applica-
tion of 30 μM CA + 20 μM KP without PGPR exhibited a 69.78% increase in free amino acids. In contrast to the 
control, adding 20 μM KP with PGPR resulted in a 23.70% rise in free amino acids, while 30 μM CA showed a 
12.79% increase. The combined application of 30 μM CA and 20 μM KP with PGPR led to a 39.03% rise in free 
amino acids compared to the control (Fig. 4C).
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Fig. 3.   Effect of treatments on photosynthetic rate (A), stomatal conductance (B), transpiration rate (C), and 
intracellular CO2 (D) of potato cultivated with and without PGPR. The bars showed the mean of four replicates 
with ± SE. The distinct letters on the bars indicate significant variations found at p < 0.05 using the Tukey test.
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H2O2, MDA, and proline content
Adding 20 μM KP to plants without PGPR resulted in a 17.88% decrease in H2O2 levels than the control. The addi-
tion of 30 μM CA alone led to a 6.00% decrease in H2O2 level, and 30 μM CA + 20 μM KP without PGPR exhibited 
a substantial 33.34% rise to the control. The application of PGPR with 20 μM KP showed a 99.82% reduction in 
H2O2 levels, and the introduction of 30 μM CA resulted in a 26.31% decrease, while the combined treatment of 
30 μM CA and 20 μM KP with PGPR showed a remarkable 99.82% decrease from the control (Fig. 5A).

In the absence of PGPR, the addition of 20 μM KP resulted in a 22.93% reduction in MDA activity over the 
control, while 30 μM CA showed a 10.22% decrease. The combined treatment of 30 μM CA and 20 μM KP led 
to a significant 39.00% reduction in MDA levels without PGPR over the control. In contrast to the control, the 
application of 20 μM KP with PGPR led to a substantial 47.02% decrease from the control, while 30 μM CA with 
PGPR showed a 23.00% reduction. The combined treatment of 30 μM CA and 20 μM KP with PGPR exhibited 
the most significant reduction, with a 74.14% decrease in MDA activity more than the control (Fig. 5B).

The proline content measured across different treatments in the absence of PGPR, the application of 20 μM 
KP resulted in a 13.23% decrease, while 30 μM CA treatment led to a 5.65% decrease. The combined treatment 
of 30 μM CA and 20 μM KP without PGPR caused a significant 27.98% decrease in proline content. With PGPR, 
the addition of 20 μM KP with PGPR led to a substantial 61.04% decrease, while 30 μM CA treatment resulted 
in a 26.78% decrease over the control. The combined treatment of 30 μM CA and 20 μM KP with PGPR induced 
a remarkable 95.80% decrease in proline content than the control (Fig. 5C).

POD, SOD, and CAT activity
In no PGPR, the treatment with 20 μM KP exhibited a 15.09% decline in POD activity from the control, while 
30 μM CA showed a 4.92% decrease. The combined treatment of 30 μM CA and 20 μM KP caused a 39.11% 
decrease in POD activity more than the control. The application of PGPR with 20 μM KP led to a 35.83% decrease 
in POD activity, 30 μM CA showed a 15.47% decrease, and the combined treatment showed a remarkable 65.70% 
decrease in POD activity than the control (Fig. 6A).

In the absence of PGPR, the application of 20 μM KP led to an 8.28% decrease in SOD activity over the 
control, while 30 μM CA resulted in a 3.88% decrease. The combination of 30 μM CA and 20 μM KP showed 
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Fig. 4.   Effect of treatments on total soluble sugars (A), soluble proteins (B), and free amino acids (C) of potato 
cultivated with and without PGPR. The bars showed the mean of four replicates with ± SE. The distinct letters on 
the bars indicate significant variations found at p < 0.05 using the Tukey test.
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a substantial 28.05% decrease in SOD contrasted to the control. The application PGPR with 20 μM KP, 30 μM 
CA, and 30 μM CA + 20 μM KP led to a notable 32.54%, 17.94%, and 41.11% decrease in SOD activity more 
than the control (Fig. 6B).

The CAT levels without PGPR treated with 20 μM KP showed a 24.65% decrease, while treatment with 30 μM 
CA resulted in a 14.98% reduction assessed over the control. The combined treatment of 30 μM CA and 20 μM 
KP exhibited a significant 56.28% decrease in CAT levels over the control in no PGPR. Treatment of 20 μM KP 
with PGPR led to a 35.19% decrease in CAT activity, 30 μM CA and 30 μM CA + 20 μM KP showed a 30 μM CA 
and 59.10% reduction evaluated to the PGPR control (Fig. 6C).

Leaf N, P, K, and Ca
Leaf nitrogen content varied significantly across different treatments. Under no PGPR, 20 μM KP resulted in a 
3.00% increase in leaf nitrogen, while 30 μM CA led to a 1.58% decrease compared to the control. The combined 
application of 30 μM CA and 20 μM KP exhibited a 7.57% increase in leaf N without PGPR. In the presence of 
PGPR, the application of 20 μM KP resulted in an 8.15% increase more than the control, 30 μM CA showed a 
4.07% increase, and the combined treatment demonstrated the highest boost with an 11.03% increase in leaf N 
competed to the control (Table 2).

With no PGPR, applying 20 μM KP resulted in a 38.61% increase in leaf phosphorus above the control, 
while 30 μM CA led to a 16.77% rise. A combined treatment of 30 μM CA and 20 μM KP exhibited the highest 
percentage increase of 83.07% over the control without PGPR. In contrast, with PGPR the application of 20 μM 
KP led to a 25.34% increase, 30 μM CA resulted in a 14.04% rise, and the combined treatment showed a 39.45% 
increase compared to the PGPR control (Table 2).

Leaf potassium levels were measured under different treatments. The addition of 20 μM KP caused a 9.30% 
rise in lea K over the control, while 30 μM CA showed a 2.15% increase. The combined application of 30 μM CA 
and 20 μM KP led to a notable 13.84% increase from the control without PGPR. Conversely, in the presence of 
PGPR, the 20 μM KP treatment exhibited a 9.14% increase in leaf K in contrast to the control, 30 μM CA showed 
a 5.09% increase, and the combined 30 μM CA and 20 μM KP treatment resulted in a significant 13.26% rise 
related to the PGPR control (Table 2).
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Fig. 5.   Effect of treatments on total H2O2 (Hydrogen Peroxide) (A), MDA (Malondialdehyde) (B), and proline 
content (C) of potato cultivated with and without PGPR. The bars showed the mean of four replicates with ± SE. 
The distinct letters on the bars indicate significant variations found at p < 0.05 using the Tukey test.
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In comparison to the control group, applying 20 μM KP resulted in a 7.33% increase in leaf Ca, while 30 μM 
CA led to a 2.02% rise. Combining 30 μM CA with 20 μM KP exhibited a higher percentage increase of 10.21% 
without PGPR. In contrast to the control, the addition of 20 μM KP and 30 μM CA with PGPR resulted in 3.70% 
and 1.58% increases in leaf Ca, respectively from the control. The combined treatment of 30 μM CA and 20 μM 
KP with PGPR demonstrated a 7.02% rise over the PGPR control (Table 2).
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Fig. 6.   Effect of treatments on POD (Peroxidase) (A), SOD (Superoxide Dismutase) (B), and CAT (Catalase) 
(C) of potato cultivated with and without PGPR. The bars showed the mean of four replicates with ± SE. The 
distinct letters on the bars indicate significant variations found at p < 0.05 using the Tukey test.

Table 2.   Effect of treatments on N, P, K, and Ca of shoot in potato. The values are means four replicates. 
Significant variations were observed at p < 0.05 for different letters; Tukey Test. PGPR instead of PGPR.

Treatment Shoot N (%) Shoot P (%) Shoot K (%) Shoot Ca (%)

No PGPR

 Control 3.17ef 1.58f 3.25f 0.41f

 20 μM KP 3.27ef 2.19e 3.56e 0.44de

 30 μM CA 3.22f 1.85ef 3.32f 0.42ef

 30 μM CA + 20 μM KP 3.41de 2.89d 3.70de 0.45cd

PGPR

 Control 3.56cd 3.30c 3.88cd 0.46bcd

 20 μM KP 3.85ab 4.13b 4.24ab 0.48ab

 30 μM CA 3.71bc 3.76b 4.08bc 0.47bc

 30 μM CA + 20 μM KP 3.95a 4.60a 4.40a 0.49a
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Convex hull and hierarchical cluster analysis
In the control group, scores were distributed with PC1 at 97.51% and PC2 at 0.93%. Control samples exhibited 
similar patterns, with coordinates such as − 6.87405, 2.30868, and other closely related values. The addition of 
20 μM KP shifted the distribution, indicating a shift in the treatment effect. For instance, scores like − 4.07552, 
and − 0.14597, were associated with the 20 μM KP treatment. Similarly, the introduction of 30 μM CA and 
the combination of 30 μM CA with 20 μM KP displayed distinct clusters on the Convex Hull plot, reflecting 
treatment-specific variations (Fig. 7A).

In the presence of PGPR, where PC1 accounted for 97.32% and PC2 for 0.94%, the samples were primarily 
labeled as no PGPR. These samples exhibited scores ranging from − 7.33598 to − 2.70506 on PC1 and from 
− 0.58878 to 0.00853 on PC2. In contrast, the PGPR samples demonstrated a separate cluster with scores ranging 
from − 0.12298 to 9.264 on PC1 and from − 0.78609 to 0.16349 on PC2 (Fig. 7B).

Variables such as chlorophyll a, total chlorophyll, soluble protein, free amino acids, leaf dry weight, and total 
soluble sugar exhibited close similarity, forming distinct clusters. Similarly, variables including Root dry weight, 
H2O2, proline content, chlorophyll b, and photosynthetic rate were clustered together. Shoot dry weight and 
transpiration rate formed another cluster, while MDA and POD demonstrated a close relationship in a separate 
cluster. Leaf P and carotenoid showed proximity, as did stem length and stomatal conductance. SOD, Leaf K, and 
Leaf Ca shared a common cluster, while CAT, Intercellular CO2, and Leaf N were grouped. Notably, two distinct 
major clusters emerged, one comprising variables related to plant physiology and the other involving variables 
associated with enzymatic activities (Fig. 7C).
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Pearson correlation analysis
The results indicate strong positive correlations among several key physiological and biochemical parameters. 
Notably, stem length exhibited a highly positive correlation with shoot dry weight (r = 0.98983), root dry weight 
(r = 0.9871), and leaf dry weight (r = 0.98794). These findings suggest a strong positive association between stem 
length and the overall plant biomass. Chlorophyll (a, b, and total) content showed strong positive correlations 
with each other (r values ranging from 0.96792 to 0.99912), indicating a close relationship among these photo-
synthetic pigments. Similarly, carotenoid content positively correlated with chlorophyll a, b, and total chlorophyll 
(r values ranging from 0.96705 to 0.99111). Photosynthetic parameters, such as photosynthetic rate, stomatal 
conductance, and transpiration rate, exhibited strong positive correlations among themselves (r values ranging 
from 0.95415 to 0.99579), suggesting their coordinated response in plant physiology. The analysis also revealed 
strong positive correlations among various biochemical parameters, such as total soluble sugar, soluble protein, 
and free amino acids (r values ranging from 0.98093 to 0.99839), indicating a close association in their metabolic 
regulation. Conversely, oxidative stress markers like H2O2, MDA, POD, SOD, and CAT demonstrated negative 
correlations with plant growth and photosynthetic parameters, highlighting a potential antagonistic relationship 
between oxidative stress and overall plant health (Fig. 8).

Discussion
Salinity stress adversely impacts crop production by disrupting water uptake and nutrient absorption, reducing 
growth and yield37. High salt concentrations in the soil delay plant metabolism, causing physiological imbalances 
that compromise38. It reduces water uptake, causes ionic and oxidative stress, and disrupts essential plant pro-
cesses like photosynthesis and nutrient uptake39–42. Salinity negatively impacts seed germination, plant growth, 
and yield, affecting soil microbial activity and fertility43–45. The flavonoid kaempferol is well-known for its role 
in several physiological functions, such as cell division and elongation46. Kaempferol encourages the elongation 
and differentiation of plant cells, eventually resulting in longer stems. Conversely, the phenolic compound caffeic 
acid has been shown to have growth-promoting properties. It can promote the expression of genes linked to cell 
wall remodeling, leading to increased cell division and elongation47. It and other phenolic compounds increasen 
plants treated with ferulic acid and salicylic acid under salt stress, improving antioxidant activities and photo-
synthetic performance48. Salicylic acid enhances salt tolerance by restoring membrane potential and preventing 
K+ loss49, increasing nutrient content and antioxidant metabolism50, and improving chlorophyll content and 
membrane stability51. As a phenolic substance, caffeic acid scavenges reactive oxygen species and keeps chlo-
rophyll molecules from being oxidatively damaged52. Improvements in transpiration rate, photosynthetic rate, 
stomatal conductance, and intercellular CO2 have been associated with the direct and indirect effects of caffeic 
acid and kaempferol on leaf physiology53. Caffeic acid helps reduce salinity stress by increasing nutrient uptake 
efficiency, antioxidant activity, and decreasing ion toxicity54. It also improves plant water relations, K+ uptake, 
and antioxidant enzyme activities in wheat under salt stress55. The improvement in antioxidant enzyme activities 
(SOD, POD, CAT, and APX) further supports the notion that CA bolsters the plant’s defense mechanisms against 
oxidative damage. The elevated activities of these enzymes in CA-treated plants likely contribute to the observed 
reduction in ROS levels, thus mitigating the oxidative damage induced by salinity stress. The genotype-specific 
response, with FSD-08 showing higher enzyme activities, may be indicative of a more robust antioxidant system 
in this genotype when supplemented with CA55. Nutrient homeostasis is critical for plant growth and develop-
ment, particularly under stress conditions. Salinity often disrupts the uptake and balance of essential nutrients, 

Fig. 8.   Pearson correlation analysis of the studied attributes.
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such as nitrogen (N), phosphorus (P), and potassium (K), while also affecting the K+/Na+ ratio, which is vital 
for cellular ion homeostasis. Our results indicate that CA treatment improved the uptake of N, P, and K and the 
K+/Na+ ratio in the grains of both wheat genotypes. The greater improvement observed in the FSD-08 genotype 
underscores its superior capacity for maintaining nutrient balance under saline conditions when aided by CA54. 
When applied as a combine amendment, kaempferol and caffeic acid might potentially enhance photosynthetic 
efficiency, nitrogen uptake, and biomass accumulation in shoots, promoting carbon dioxide absorption and 
protein synthesis, respectively56. These substances may work in combination to improve photosynthetic activity 
and food uptake, which could ultimately increase shoot dry weight57.

Conclusion
In conclusion, using 20 µM KP + 20 µM CA with PGPR (Bacillus altitudinis) has the potential to improve potato 
growth under salinity stress. The use of 20 µM KP + 20 µM CA treatment with PGPR PGPR (Bacillus altitudinis) 
significantly enhances the uptake of vital nutrients such as nitrogen (N), phosphorus (P), and potassium (K) in 
shoot systems and chlorophyll content, which are crucial for promoting potato growth in salinity stress. Addi-
tionally, applying 20 µM KP + 20 µM CA with PGPR (Bacillus altitudinis) exhibits the ability to regulate salinity 
antioxidants, thereby mitigating salinity’s adverse effects on potatoes. Further extensive field investigations are 
warranted to validate the effectiveness of 20 µM KP + 20 µM CA with PGPR (Bacillus altitudinis) as a primary 
solution for alleviating salinity stress in potatoes, ensuring its practical application in agriculture.

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