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1. Introduction

Physalis alkekengi L. commonly known as the winter cherry or Chinese lantern plant, is
indeed a valuable medicinal plant from the Solanaceae family, recognized for its bioactive
compounds like withanolides, alkaloids, and flavonoids. These secondary metabolites are
recognized for their therapeutic properties, such as antioxidant, anti-inflammatory, and
anticancer properties, making the plant an invaluable resource in traditional and modern
medicine (Hassanpour, 2024) (Yang et al., 2022) (Ge et al., 2009).

The quality and medicinal value of Physalis alkekengi are closely tied to its nutrient
profile, particularly micronutrients such as copper (Cu), zinc (Zn), iron (Fe), and manganese
(Mn). These essential micronutrients play critical roles in enzymatic activities, photosynthesis,
and the synthesis of secondary metabolites. For instance, Zn acts as a cofactor for numerous
enzymes and is crucial for protein synthesis, while Fe is a core component of chlorophyll
synthesis and electron transport chains. Similarly, Mn participates in redox reactions, and Cu
supports lignification and oxidative stress regulation (Rai et al., 2021) (Ahmed et al., 2024)
(Bhat et al., 2020) (Roosta et al., 2018). Despite their importance, deficiencies in these
micronutrients are a common challenge in greenhouse cultivation due to limited
bioavailability in soilless media. Addressing these limitations is essential to optimizing
nutrient uptake and enhancing the quality of medicinal plants.

Optimizing nutrient uptake in greenhouse systems has both environmental and economic
importance. Efficient nutrient use reduces fertilizer waste and the risk of nutrient leaching,
which can lead to environmental pollution (Hong et al., 2014; Zhou et al., 2022).
Economically, better nutrient uptake enhances plant growth and productivity, reducing input
costs and increasing profitability for growers (Dobermann et al., 2022). These benefits
highlight the critical need for sustainable and precise nutrient management practices,
particularly for high-value medicinal plants like Physalis alkekengi.

Among potential solutions, humic acid has emerged as a potent biostimulant. Humic acid
derived from organic matter, enhances nutrient availability, improves soil fertility, and
promotes root development through its ability to increase cation exchange capacity and
facilitate active nutrient absorption (Ampong et al., 2022; Martins et al., 2024; Roosta et al.,
2017). Complementing this, zinc sulfate act as a critical source of Zn, bypassing soil-based
limitations and directly addressing Zn deficiencies. Zinc plays a pivotal role in enzymatic
activation, chlorophyll synthesis, and other physiological processes critical to plant growth
and productivity (Hamzah Saleem et al., 2022) (Shanmugavel et al., 2023).

While both humic acid and zinc sulfate are well-documented for their individual benefits,
their synergistic potential remains underexplored, particularly in medicinal plants like
Physalis alkekengi (Kazemi et al., 2023). Preliminary studies on other crops suggest that
combining humic acid and zinc sulfate can significantly enhance nutrient efficiency and plant
growth in controlled environments such as greenhouses (Morais et al., 2021). Humic acid has
been shown to chelate micronutrients, increasing their solubility and mobility (Zanin et al.,
2019), while zinc sulfate provides essential Zn to support physiological and metabolic
functions. This synergy has demonstrated improved plant growth, nutrient uptake, and
resistance to environmental stresses, offering a sustainable solution for precision agriculture
(Morais et al., 2021) (de Moura et al., 2023). Research has further highlighted that this
combination optimizes fertilizer efficiency, reduces nutrient leaching, and promotes healthier
plant development, contributing to sustainable and environmentally friendly cultivation
practices (Ampong et al., 2022) (Kazemi et al., 2023). However, despite these promising
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findings, the combined effects of humic acid and zinc sulfate on micronutrient uptake (Cu, Zn,
Fe, Mn) and key physiological parameters in Physalis alkekengi remain largely unexplored.

Moreover, most existing studies focus on food crops or model plants, leaving a critical
knowledge gap in how these treatments influence the nutritional and biochemical traits of
medicinal species grown in controlled environments. Addressing this gap is essential, as
medicinal plants like Physalis alkekengi require precise nutrient management to optimize their
therapeutic compound production and resilience under greenhouse cultivation.

This study aims to bridge this gap by evaluating the synergistic effects of humic acid and
zinc sulfate on Physalis alkekengi. By examining key physiological parameters, including
micronutrient uptake, chlorophyll content, root development, and antioxidant activity, we
provide new insights into sustainable nutrient management strategies tailored for medicinal
plants. These findings not only contribute to the broader field of precision agriculture but also
advance environmentally friendly practices in controlled cropping systems.

Specifically, this study investigated the effects of humic acid and zinc sulfate application
on micronutrient uptake, chlorophyll content, root volume, and antioxidant activity in
Physalis alkekengi under greenhouse conditions. We hypothesized that the application of
humic acid and zinc sulfate would improve the vegetative and reproductive traits and fruit
quality of Physalis alkekengi by affecting nutrient uptake. We demonstrated that humic acid
and zinc sulfate improved growth and increased fruit antioxidant activity by improving
nutrient uptake and increasing plant chlorophyll content. These findings not only enhance the
nutritional and medicinal potential of Physalis alkekengi, but also help to advance
environmentally friendly and efficient nutrient management practices in controlled cropping
systems.

2. Materials and Methods
2.1 Plant Material and Growth Conditions

This study was conducted during the 2019-2020 growing season in a research greenhouse
at the College of Agriculture, Vali-e-Asr University of Rafsanjan, Iran. The objective was to
evaluate the effects of humic acid and zinc sulfate on micro-nutrient uptake in Physalis
alkekengi. Rooted plants were obtained from Techno Cultivation Co., Shiraz, Iran. On
November 1, 2019, one-month-old seedlings at the four-leaf stage were transplanted into 4-kg
pots containing a 1:1 mixture of cocopeat and perlite. Cocopeat and perlite were chosen for
their excellent water retention, aeration, and drainage properties, creating an ideal balance for
root development and nutrient uptake in controlled greenhouse conditions. The greenhouse
was maintained at optimal conditions, with daytime temperatures of 23-25 °C, nighttime
temperatures of 18-22 °C, a photoperiod of 11/13 h (light/dark), and relative humidity of 50 +
10%.

To further minimize environmental variability, the controlled conditions ensured uniform
temperature, humidity, and light exposure across all treatments. Pots were leached with 1 L of
distilled water every 10 days to prevent salt accumulation, and irrigation was performed with
standardized volumes of Hoagland nutrient solution, adjusted according to plant growth stage
and environmental conditions. Additionally, pest control was managed using sticky traps and
netting to eliminate variability caused by pest infestation. These measures ensured that the
observed treatment effects on nutrient uptake and physiological traits were attributable solely
to the experimental variables.
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The experiment was arranged in a factorial design based on a completely randomized
design (CRD) with three replications. Each replication consisted of three pots, each containing
one plant. The treatments included three levels of humic acid (0, 1, and 2 g L™) and three
levels of zinc sulfate (0, 0.5, and 1 g L™). These concentrations were selected based on prior
studies and preliminary trials, which demonstrated their efficacy in improving nutrient uptake
and physiological traits in plants without causing phytotoxicity. The range of concentrations
allows for evaluating the individual and combined effects of these treatments under
greenhouse conditions. Humic acid, derived from leonardite and containing 55% humic acid
and 4% potassium, was sourced from Danesh Sabze Mahan Co. Zinc sulfate, containing 32%
zinc, was obtained from Konjale Sabz Tehran Co. A surfactant (Tween 20) was added to all
treatment solutions at a rate of five drops per liter. Control plants were sprayed with distilled
water. Foliar application of humic acid and zinc sulfate began 30 days after transplantation
(December 1, 2019) and continued weekly for 12 weeks until February 10, 2020. A handheld
sprayer was used to apply 200 mL of solution per plant, ensuring uniform coverage while
avoiding contamination of non-target parts. Pots were leached with 1 L of distilled water
every 10 days to prevent salt accumulation. Irrigation was performed with 200-800 mL of
Hoagland nutrient solution, adjusted according to plant growth stage and environmental
conditions (Table 1).

After 100 days (February 10, 2020), plants were harvested. Shoots, roots, and fruits were
collected and processed for micro-nutrient, growth, and physiological analyses. Plant tissues
were dried at 70 °C, ground, and digested in a mixture of nitric acid and perchloric acid for
microelement analysis. Microelements, including copper (Cu), zinc (Zn), iron (Fe), and
manganese (Mn), were measured using Atomic Absorption Spectroscopy (AAS, model
Analytikjena, Specord 200 Plus using Atomic Absorption Spectroscopy (AAS, GBC Avanta,

Italy).

Tablel. Nutrient concentrations in the solution used for this experiment.

Nutrient Type Nutrient Concentration (mg L™1)

Macronutrients N 210
P 31
K 235
Ca 200
Mg 48
S 64

Micronutrients Fe 2.5
Mn 0.5
Zn 0.05
B 0.5
Cu 0.02
Mo 0.01

2.2 Measurement of Physiological Traits
2.2.1. Chlorophyll Content

Total chlorophyll content was determined using the method of Porra (Porra et al., 1989). A
random sampling of mature leaves was conducted, and chlorophyll was extracted with
acetone. Briefly, 0.25 g of fresh leaf tissue was ground in a mortar with 5 mL of 80% acetone
until a uniform solution was formed. The extract was centrifuged at 3500 rpm for 10 minutes,
and absorbance was measured using a spectrophotometer (Specord 200 Plus, Analytikjena) at
646.6 and 663.6 nm. Total chlorophyll concentration was calculated using the following
equation.
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[(17.76 X ODgp6) + (7.34 X ODgg36)] X V
w

Total chlorophyll (ug/g FW) =

Where: ODg46.6 and ODge5 ¢ are the optical densities at respective wavelengths, V is the
volume of acetone (mL), and W is the sample fresh weight (g).

2.2.2. Chlorophyll Index (SPAD)

The chlorophyll index (SPAD) was measured using a portable handheld SPAD-502
Chlorophyll Meter (Minolta Camera Co. Ltd., Osaka, Japan). This device provides non-
destructive measurements of leaf greenness, which correlates with chlorophyll content, which
reflects photosynthetic efficiency and nutrient uptake. SPAD measurements were integral to
evaluating the impact of humic acid and zinc sulfate treatments on Physalis alkekengi,
supporting the study’s goal of optimizing nutrient management.

2.3 Measurement of Antioxidant Activity

Antioxidant activity was assessed using the method of Brand-Williams (Brand-Williams et
al., 1995), with modifications. DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging
activity was measured. Four concentrations of prepared plant extracts were used to plot the
percentage of inhibition versus concentration to calculate the IC50 value. For this analysis,
300 pL of 1 M DPPH solution was mixed with 100 pL of diluted extract and brought to a
final volume of 2 mL using methanol. After incubation in darkness for 30 minutes,
absorbance was measured at 517 nm using a spectrophotometer. The percentage inhibition of
DPPH was calculated as follows:

DPPH percentage of inhibition = [1 — (ADPPH — ASample)/ADPPH)] x 100

Where ADPPH is absorption in the absence of DPPH samples, and ASample is absorption
in the presence of DPPH.

2.4 Microelement Analysis

To evaluate the concentrations of Fe, Mn, Zn, and Cu in plant tissues, four mature leaves
were randomly collected from each treatment at harvest. Dried and ground leaf samples (0.5
g) were ashed at 550 °C for 3 hours. After cooling, 5 mL of 2N hydrochloric acid (HCI) was
added, and the solution was diluted to 50 mL with distilled water. Micro-nutrient
concentrations were measured using Atomic Absorption Spectroscopy (AAS, GBC Avanta,
Italy). Calibration standards were prepared for each element to ensure accuracy and precision.

2.5 Root Volume

Root volume was measured using the water displacement method based on Archimedes’
principle. The volume of water displaced after immersing the root in a defined volume of
water was recorded as the root volume.

2.6 Experimental Design and Data Analysis

The experiment was conducted using a factorial arrangement in a completely randomized
design (CRD) with three replications per treatment under greenhouse conditions. Each
replication consisted of three pots, with each pot containing one plant. Data were analyzed
using Python version 3.12 for analysis of variance (ANOVA) and post-hoc testing. A two-way
ANOVA was conducted to assess the independent and interactive effects of humic acid and
zinc sulfate treatments on the measured parameters. The analysis was based on the mean of
three replicates for each treatment. Post-hoc analysis was performed using Tukey's Honest
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Significant Difference (HSD) test to compare treatment means and determine statistically
significant differences among groups. All statistical analyses were conducted at a 95%
confidence level (p <0.05) to ensure robust and reliable results.

Principal component analysis (PCA) and biplots were generated using Python's scikit-learn
library for PCA computation and Matplotlib for visualizations. Standardization of variables
was performed using the StandardScaler module to ensure all variables had a mean of zero
and unit variance prior to conducting PCA.

3. Results
3.1. Chlorophyll Content

The results obtained from this experiment demonstrated that the foliar application of humic
acid, zinc sulfate, and their interaction effects had a significant effect on physiological traits
and micronutrients uptake characteristic of Physalis alkekengi at the level of 5 %.

Chlorophyll content (SPAD values) was significantly affected by the treatments. The
highest SPAD value (75) was achieved with the combined application of 2 g L™ humic acid
and 1 g L™ zinc sulfate, while the lowest SPAD value (40.45, 46.43) was observed in the 1 g
L zinc sulfate and control treatment respectively (p < 0.05) (Fig. 1A).

3.2. Total chlorophyll

The total chlorophyll content was significantly influenced by the foliar application of
humic acid, zinc sulfate, and their interaction. The highest total chlorophyll content (1820 pg
g !) was observed with the simultaneous application of 2 g L™ humic acid and 1 g L™ zinc
sulfate, which was significantly higher than all other treatments (p < 0.05). In contrast, the
lowest chlorophyll content (1128.33 pg g ™) was recorded in the control treatment. The
application of 1 g L™ humic acid combined with 0.5 g L™ or 1 g L™ zinc sulfate also resulted
in a marked increase in total chlorophyll content compared to the control. These findings
indicate that the combined application of humic acid and zinc sulfate enhances chlorophyll
biosynthesis, with higher concentrations yielding the best results (Fig. 1B).
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Figure 1. Effect of the interaction of humic acid and zinc sulfate on SPAD (A) and Total chlorophyll (B) in
Physalis alkekengi L. Values represent the mean of three replicates, and error bars indicate the standard
deviation. Significant differences between the means are denoted by different letters, as determined by
Tukey's test (p < 0.05).
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3.3. Root Volume and Growth Characteristics

Root volume was significantly influenced by the treatments. The largest root volume (210
cm3) was obtained with the simultaneous application of 2 g L™ humic acid and 1 g L™ zinc
sulfate, whereas the control treatment resulted in the smallest root volume (65 cm3).
Interestingly, no significant differences were observed between treatments combining 2 g L™
humic acid with either 0.5 or 1 g L™ zinc sulfate (Fig. 2A).

3.4. Fruit Antioxidant Activity

The antioxidant activity of Physalis alkekengi fruit was significantly influenced by the
interaction between humic acid and zinc sulfate. The highest antioxidant activity was recorded
with the combination of 2 g L™ humic acid and 1 g L™ zinc sulfate. A statistically significant
difference was observed between treatments combining 2 g L™ humic acid with 0.5 g L™ and 1
g L™ zinc sulfate, indicating that the higher zinc concentration (1 g L™) was more effective.
The control treatment exhibited the lowest antioxidant activity, underscoring the essential role
of humic acid and zinc sulfate in enhancing the fruit's antioxidant properties (Fig. 2B).
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Figure2. Effect of the interaction of humic acid and zinc sulfate on Root volume (A), Antioxidant (B) in
Physalis alkekengi L. Values represent the mean of three replicates, and error bars indicate the standard

deviation. Significant differences between the means are denoted by different letters, as determined by
Tukey's test (p < 0.05).

o

3.5. Microelement Uptake

The uptake of copper (Cu), zinc (Zn), iron (Fe), and manganese (Mn) was significantly
enhanced by humic acid and zinc sulfate treatments. The highest Cu uptake (0.11 mg kg ™)
was recorded at 2 g L™ humic acid and 1 g L™ zinc sulfate, while the lowest Cu uptake (0.02
mg kg ™) was observed in the control (Fig. 3A). For Zn, the peak concentration (0.91 mg kg ™)
occurred with 2 g L™ humic acid and 1 g L™ zinc sulfate (Fig. 3B). Similarly, Fe and Mn
uptake were maximized at intermediate and high combinations of humic acid and zinc sulfate,
with the highest Fe concentration achieved at 2 g L™ humic acid and 1 g L™ zinc sulfate (Figs.
3C and 3D).
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Figure 3. Effect of the interaction of humic acid and zinc sulfate on leaf micronutrients Cu (A), Zn (B), Fe
(C), and Mn (D),) in Physalis alkekengi L. Values represent the mean of three replicates, and error bars
indicate the standard deviation. Significant differences between the means are denoted by different letters,
as determined by Tukey's test (p < 0.05).

3.6. Principal component analysis

The PCA biplots (Fig. 4) illustrate the relative contributions of each variable to the
formation of the first two principal components (PC1 and PC2). The size and direction of the
vectors indicate the magnitude and orientation of each variable's contribution. These results
provide insights into the relationships among variables and their sensitivity to treatment
effects. Data were first standardized to a mean of zero and a unit variance to ensure
comparability among variables. PCA was then performed to reduce dimensionality and
summarize the variation in physiological and biochemical parameters across the treatments.
The analysis was conducted separately for each treatment group: Control, zinc sulfate (Zn),
humic acid (Ha), and the interaction of humic acid and zinc sulfate (Ha + Zn). In the control
group, PCA explained the total variance, with PC1 and PC2 accounting for 57.94% and
42.06% of the variance, respectively (Fig. 4A). For the zinc sulfate treatment group, PCA
explained 71.14% of the variance, with PC1 and PC2 contributing 45.76% and 25.38%,
respectively (Fig. 4B). Similarly, for the humic acid and the interaction of humic acid and zinc
sulfate Ha + Zn treatment groups, PCA captured 69.00% and 89.98% of the total variance,
respectively, across the first two components (Figs. 4C and 4D).

Regardless of direction, SPAD and Total Chlorophyll had the strongest contributions to
PC1 across all treatment groups, indicating their sensitivity to treatments and their role in
explaining the majority of the variance. In contrast, Cu and Zn exhibited lower contributions
to PC1 in the control group but showed moderate effects in the zinc sulfate treatment. For the

interaction of humic acid and zinc sulfate (Ha + Zn) treatment group, Antioxidant and Root
Greenhouse Plant Production Journal 1(3) (2024) 68-82
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Volume had the largest contributions, reflecting the impact of combined treatments on these
parameters. Interestingly, SPAD consistently influenced PC2, reflecting its variability under
all treatments. The clear clustering of samples in the biplots also suggests distinct group-
specific patterns, particularly in the interaction of humic acid and zinc sulfate (Ha + Zn)
treatment, where the variability was largely explained by the measured parameters
contributing to PC1.
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Figure 4. PCA biplots illustrating the relative contribution of each variable to the formation of the
principal components (PC1 and PC2). Principal component analysis and biplots were generated using
Python version 3.12. Data were analyzed across four treatments: (A) Control, (B) zinc sulfate (Zn), (C)
humic acid (Ha), and (D) interaction of humic acid and zinc sulfate (Ha + Zn). Variables included: V1:
Cu; V2: Zn; V3: Fe; V4: Mn; V5: Total chlorophyll; V6: SPAD; V7: Root volume; V8: Antioxidant.

4, Discussion

The findings of this study demonstrate that foliar application of humic acid and zinc sulfate
significantly improved the growth, nutrient content, and biochemical characteristics of
Physalis alkekengi. This highlights the critical role of these treatments in enhancing plant
physiological and biochemical processes, which aligns with previous research on other plant
species. The study demonstrated a substantial increase in chlorophyll content, as indicated by
SPAD values, following foliar applications of humic acid and zinc sulfate. The variability in
SPAD values across treatments can be attributed to the differential effects of humic acid and
zinc sulfate concentrations on nutrient availability and uptake. Treatments with higher humic
acid concentrations (2 g L") and zinc sulfate (1 g L") exhibited superior SPAD values due to
enhanced chlorophyll biosynthesis and photosynthetic activity, whereas lower concentrations
resulted in moderate improvements. This variability underscores the dose-dependent response
of plants to nutrient treatments, reflecting the critical balance required for optimal
photosynthetic pigment production. These observations align with previous research that
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documented the beneficial influence of humic acid on chlorophyll content and plant
metabolism (Abd Al Ameer and Bushra, 2018) (Manas et al., 2014; Samadimatin and Hani,
2017) thus reinforcing the significance of these treatments. Humic acid's promotion of
chlorophyll biosynthesis could be attributed to its role in enhancing nitrogen uptake and the
synthesis of porphyrins, the precursors to chlorophyll (Canellas and Olivares, 2014).
Likewise, zinc is integral to chlorophyll biosynthesis and maintaining chloroplast structure,
playing a role in the activation of critical enzymes involved in the production of chlorophyll
(Alloway, 2008) (Vanitha and Mohandass, 2014) (Rabeh et al., 2021) (Avinash et al., 2017)
(Lakshmipathi et al., 2018). The synergistic effects of humic acid and zinc sulfate on
chlorophyll content observed in this research corroborate findings by (Mohsenzadeh and
Moosavian, 2017) on Rosmarinus officinalis and (Yilmaz et al., 2013) on broccolis, who
noted that combined treatments enhance nitrogen availability and enzymatic activity needed
for chlorophyll synthesis. Moreover, the correlation between increased chlorophyll content
and SPAD values confirms the reliability of the SPAD meter as a non-destructive measure of
chlorophyll concentration. Moreover, zinc supports the stabilization of chloroplast membranes
and protects them from oxidative damage. This explains the significant increase in SPAD
values observed in treatments with zinc sulfate, as also reported by (Manas et al., 2014).
These studies emphasize the role of zinc in increasing photosynthetic pigment concentration
and enhancing photosynthetic efficiency. These findings suggest that foliar applications of
humic acid and zinc sulfate can be a practical strategy for improving photosynthetic pigments
in crops, particularly under nutrient-deficient or stress-prone conditions. The observed
improvements in SPAD values highlight the potential of these treatments to enhance
photosynthetic performance, leading to better biomass accumulation and yield.

The significant increase in root volume observed in this study highlights the critical role of
humic acid and zinc sulfate in promoting root development. This improvement can be
attributed to the biochemical and hormonal activities of humic acid and the nutrient
availability provided by zinc sulfate. Humic acid has been widely documented to exhibit
auxin-like activity, which stimulates root elongation and branching (Amerian et al., 2024)
(Trevisan et al., 2010). By promoting cell elongation and division, humic acid effectively
increases root surface area, enhancing nutrient and water uptake, as demonstrated in studies
by (Aman and Rab, 2013) (Olivares et al., 2017) and (EImongy et al., 2018).

Increased root volume not only improves nutrient uptake but also enhances plant resilience
to environmental stresses such as drought and salinity. A larger root system enables plants to
access water and nutrients from a greater soil volume, buffering them against fluctuations in
environmental conditions. Zinc sulfate also plays a pivotal role in supporting root growth by
enhancing protein synthesis and cellular division, critical processes for root development
(Alam et al., 2020) (Manas et al., 2014). The increase in zinc availability in the rhizosphere
likely enhances root cell metabolism and overall growth, aligning with the findings of
(Y1lmaz et al., 2013) on broccoli and similar results observed in phlox (Memon et al., 2014).
These insights underscore the synergistic benefits of incorporating both humic acid and zinc
sulfate as a strategy for improving root development and nutrient uptake efficiency, and plant
resilienceas, as highlighted by (Kutlu and Gulmezoglu, 2020) (Elshamly and Nassar, 2023).

The pronounced increase in antioxidant activity in Physalis alkekengi due to the
applications of humic acid and zinc sulfate illustrates the potential of these treatments to
elevate plant resilience against oxidative stress. The highest antioxidant activity was recorded
in plants treated with 2 g L™ humic acid and 1 g L' zinc sulfate, indicating a synergistic effect
on biochemical pathways responsible for antioxidant production. Zinc's critical function in the
antioxidant defense system as a cofactor for vital enzymes such as superoxide dismutase
(SOD) and catalase, which mitigate reactive oxygen species (ROS), supports the observed
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enhancement in antioxidant activity. The observed increase in antioxidant activity aligns with
studies by (Lopez-Morales et al., 2020) on cowpea bean and (Mohsenzadeh and Moosavian,
2017) on Rosmarinus officinalis, which demonstrated the role of zinc in enhancing enzymatic
antioxidant activities against abiotic stress.

Moreover, the involvement of humic acid in stimulating the production of phenolic
compounds offers an additional explanation for the increase in antioxidant activity. Phenolic
compounds are crucial non-enzymatic antioxidants that neutralize ROS, protecting plants
from oxidative stress. This aligns with findings by (Chamani et al., 2015) (Vafa et al., 2015)
(Allahvirdizadeh and Deljou, 2014) (Rahbari et al., 2019) (Naguib et al., 2012) (Alizade
Ahmad Abadi et al., 2017), which similarly reported increased antioxidant activity and
phenolic content following humic acid application. These findings not only emphasize the role
of humic acid and zinc sulfate in improving plant resilience and stress tolerance but also
highlight the potential health and pharmaceutical applications of Physalis alkekengi.
Antioxidants are widely recognized for their ability to reduce oxidative stress in human cells,
which is implicated in the prevention of chronic diseases such as cancer, cardiovascular
disorders, and neurodegenerative conditions (Houldsworth, 2024) (Sharifi-Rad et al., 2020).
By enhancing the antioxidant capacity of Physalis alkekengi, this study suggests that
optimized fertilization practices can improve the therapeutic value of this medicinal plant,
promoting its use in pharmaceutical and nutraceutical applications.

The application of humic acid and zinc sulfate significantly enhanced the uptake and
accumulation of micronutrients (Cu, Zn, Fe, and Mn) in the leaves of Physalis alkekengi. This
is consistent with the well-documented ability of humic acid to chelate micronutrients, making
them more bioavailable to plants (Gautam et al., 2021) (Abay and Pirlak, 2017). The observed
increase in micronutrient levels, particularly at higher concentrations of humic acid (2 g L"),
aligns with the findings of (Khaled and Fawy, 2011) (Maruf and Rasul, 2019) (Vafa et al.,
2015) (Cimrin et al., 2010), who reported similar results in wheat and maize plants.

Zinc sulfate plays a critical role in increasing Zn accumulation, which is essential for
numerous enzymatic and physiological processes. Zinc is a cofactor for enzymes involved in
protein synthesis and metabolic pathways, and its foliar application ensures direct availability
to plant tissues. This highlights its pivotal role in nutrient efficiency and root development, as
corroborated by studies such as (Tadayyon et al., 2017) (Yilmaz et al., 2013) (Memon et al.,
2014), which emphasized zinc's pivotal role in nutrient efficiency and root development.
Similarly, iron concentrations showed substantial improvements due to humic acid’s ability to
chelate iron, improving its solubility and mobility within plant tissues. Iron plays a central
role in chlorophyll synthesis and electron transport in photosynthesis, processes that demand
consistent availability of this micronutrient (Kobayashi et al., 2019). The synergistic effects of
humic acid and zinc sulfate likely facilitated the higher uptake of Zn and Fe by enhancing
nutrient solubility, root permeability, and tissue absorption. Moreover, the significant increase
in Fe and Mn levels observed in this study suggests that humic acid improves root
permeability, allowing for better nutrient absorption. These findings corroborate the
conclusions of (de Moura et al., 2023) (EImongy et al., 2018) (Olivares et al., 2017). These
results not only corroborate existing literature on various plant species, including evergreen
azalea (EImongy et al., 2018) and tomato (Kumar et al., 2017) but also highlight the potential
of integrating humic acid and zinc sulfate into fertilization strategies for improving nutrient
content in crops, particularly in nutrient-deficient soils.

This research contributes significantly to the field of precision agriculture by
demonstrating how the targeted application of humic acid and zinc sulfate enhances plant
growth, nutrient efficiency, and resilience to environmental stress. The observed
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improvements in photosynthetic pigments, root development, and antioxidant activity provide
practical strategies for optimizing resource use in crops like Physalis alkekengi. These
findings align with the principles of precision agriculture, which emphasize sustainable
nutrient management, improved productivity, and resilience under stress- prone or nutrient-
deficient conditions (Canellas and Olivares, 2014) (Opoku-Ware et al., 2024) (Alloway,
2008).

5. Conclusions

The results of this study demonstrate that the simultaneous foliar application of humic acid
and zinc sulfate significantly enhanced the growth, nutrient uptake, and biochemical
characteristics of Physalis alkekengi cultivated under soilless culture conditions. The
synergistic interaction between these treatments resulted in improved micronutrient
accumulation (Cu, Zn, Fe, Mn), higher photosynthetic pigment levels (chlorophyll and
SPAD), enhanced root architecture, and increased antioxidant activity. The enhanced root
development observed in this study underscores the role of humic acid and zinc sulfate in
improving water and nutrient uptake efficiency, which is critical for plant growth in soilless
systems. The findings further revealed that humic acid and zinc sulfate treatments
significantly increased the antioxidant content of the fruits. Accordingly, the increased
antioxidant activity and phenolic compound content highlight the potential of these treatments
to boost plant resilience to abiotic stress and enhance the production of valuable secondary
metabolites. These promising results support the adoption of humic acid and zinc sulfate foliar
treatments as a strategy to achieve sustainable crop production in soilless agricultural systems.
This approach holds significant potential for optimizing plant nutrition and enhancing the
production of secondary metabolites in other medicinal plants. Future studies are encouraged
to explore the application of this treatment across various soilless cultivation systems,
including hydroponics, and assess its long-term effects on plant productivity and quality.
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