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Abstract

As agricultural challenges related to soil salinity continue to grow,
incorporation of humic acid into cultivation practices could contribute
significantly to global food security and sustainable agriculture. This study
assessed the effects of different doses of soil applied humic acid (0, 50, 100,
and 200 mg/kg w/w soil) on the growth, photosynthetic pigments, and
antioxidant potential of chili grown under varying concentrations of salt (0,
50 and 100 mM of NaCl). The results showed that a linear decrease was
noticed in the growth, biomass, and photosynthetic pigment attributes of the
chili plants by increasing salt level. More reduction was noticed at the higher
levels of salt stress as compared to the control, primarily due to lowering of
total chlorophyll concentrations and increased sodium accumulation in
leaves. Dry biomass significantly increased with humic acid treatments,
regardless of the stress level. The reduced enzymatic activities associated
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with ROS detoxification underscored the pivotal role of humic acid in KEY.WQRDS
maintaining redox homeostasis. Optimal use of humic acid (200 mg/kg)  Antioxidant enzymes;
showed promising results in comparison with the rest of the treatments in  Biochemical;
minimizing Na* uptake in the chili plants. This study demonstrates that the B'qmaSS;

application of humic acid activates physio-biochemical defense responses Ch'l';_ )

against salt stress in chili plants and provides a significant pavement for the g':lg“c acid;

cultivation of chili in soils containing moderate levels of salt.

Introduction

Salt stress, a pervasive and escalating global issue, pertains to the detrimental impact of excessive
soil salinity on plant growth, agricultural productivity, and ecosystems (Abeed et al., 2023). It arises
primarily from human activities such as improper irrigation practices, excessive use of fertilizers, and
climate change-induced sea level rise, resulting in the accumulation of salts in soils (Aroh, 2021). High
concentrations of salts in the soil impede water absorption by plants, triggering a water deficit within
their tissues (Souri et al., 2021). This water scarcity not only hampers cell expansion and growth, but also
diminishes photosynthetic activity, ultimately stifling overall plant productivity (Jia et al., 2002). The
enrichment of ions of sodium and chloride, prevalent in saline soils, disturbs ion homeostasis within
plant cells. This disrupts vital functions such as nutrient uptake, enzyme activity, and protein synthesis
(Wang et al., 2023). Excessive uptake of sodium ions, in particular, can replace essential potassium ions in
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cell membranes, leading to impaired membrane integrity and cell death (Nicolas-Espinosa et al., 2023).

Chili (Capsicum annuum L.) is an important crop in Pakistan both for consumption and export. It is
commonly known as "red chili" in Pakistan and is a significant ingredient in the country's cuisine (Hamza
et al., 2022). Chili pepper cultivation contributes to the livelihoods of many farmers in rural areas. It is
often grown as a cash crop due to its demand in both domestic and international markets. Like many
crops, chili pepper cultivation in Pakistan faces challenges such as pests, diseases, irrigation with
wastewater, and changing climate patterns (Dawid and Grzegorz, 2021). Salt stress affects chili plants
through a multifaceted mechanism that involves various physiological, biochemical, and molecular
processes (Chakraborti et al., 2022). Excessive salts in the soil create an osmotic imbalance, reducing the
availability of water for uptake by chili plant roots. This leads to a water deficit within plant cells, causing
reduced cell expansion, growth inhibition, and wilting of leaves (Singh et al., 2022). Additionally, the
presence of excess sodium can significantly increase the oxidative stress in plants leading to the
generation of reactive oxygen species (ROS) that may cause harm to lipids, proteins, and DNA within
cells. Salt stress reduces carbon dioxide assimilation, limiting the plant's ability to produce energy-rich
compounds essential for growth and development (Meftahizadeh et al., 2023).

Addition of different types of minerals, nutrients, and organic substances has been extensively
employed to enhance the salt tolerance of various crop plants (Farooq et al., 2019; Hussain et al., 2022).
The organic amendments such as humic acid (HA) has proved to be a useful part of humic substances
and has been shown to play a vital role in enhancing plant tolerance against environmental stresses such
as drought and salinity (Ali et al., 2019). Hatami et al. (2018) reported that the application of humic acid
is useful to plants as one of the promising priming factors in terms of improving plant development and
tolerance to abiotic stresses. Humic acids are complex molecules that are derived from the chemical
breakdown of the biological remnants of plant and animal matter in soils by micro-organisms (Khaled et
al., 2011) and are soluble at high pH conditions.

There are several positive impacts of humic substances on plant-soil systems such as water
retention, high cation exchange capacity, bioavailability of nutrients, and reduction in leaching of cations
from the soil (Dingsoy et al.,, 2019). Furthermore, humic acids have the potential to activate many
essential metabolic processes in plants including respiration, photosynthesis, nutrient uptake, and
transcriptional activation (Aydin et al., 2012).

Soil salinity poses a significant threat to chili cultivation, leading to reduced crop yields and
compromised plant health. The accumulation of salts in the soil disrupts water and ion uptake, induces
osmotic stress, and triggers oxidative damage in chili plants. Conventional mitigation strategies often fall
short of providing effective solutions. Hence, there is a need to explore alternative approaches, such as
the addition of humic acid, to alleviate salt stress in chili plants and enhance their tolerance to adverse
soil conditions. So, keeping in mind the current scenario, this study aimed to 1) evaluate the physiological
and morphological changes induced by salt stress in chili plants, including alterations in growth
parameters, chlorophyll content, and antioxidative enzyme activities, and 2) analyze how various doses
of soil applied humic acid mitigate the negative impacts of salt stress. Overall, this study would help to
develop guidelines and recommendations for farmers and growers on the use of humic acid as a viable
strategy for enhancing chili plant resilience to salt stress.

Materials and Methods

Study Site, Experimental Design and Treatments

This experimental approach aimed to evaluate the effects of soil-applied humic acid for mitigation
of salt stress in chili at the Department of Environmental Sciences, the University of Lahore, Pakistan. For
the experimental work, a factorial design was employed within a completely randomized arrangement,
with each experimental condition in triplicates.

Total experimental units were: 3 x 4 x 3 = 36. The experimental treatments comprised two factors,
salt stress (0, 50, and 100 mM of NaCl) and humic acid treatments viz., 0, 50, 100, and 200 mg/kg of soil
w/w.

Crop management

The soil used in this experiment work was sampled to a depth of 15 cm from the nearby agricultural
field. For humic acid treatments, humic acid was mixed with the soil as 0, 50, 100, and 200 mg kg'1 of soil
and incubated for 3 weeks, and then filled in the plastic containers at the rate of 3 kg per pot having
dimensions (23 cm height and 25 cm top diameter). Five seeds of chili were sown in each pot. After 15
days of sowing, salt stress was applied by dissolving the measured amount of NaCl in distilled water as
per desired treatment. After the salt stress application, manual hoeing was done for three days for the
complete homogenization of the salt. To meet the nutritional requirements of the plants, Hoagland
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solution (50 percent) was applied at a rate of 1 L per week per pot. During the experiment, the necessary
agronomic practices like weeding and irrigation were carried out on regular basis in accordance with the
physical observations and characteristics of plants in pots. A plant set without humic acid and salt
treatments was considered as a mock. After harvesting, data on morphological, physiological and
biochemical attributes were recorded.

Growth and biomass variables

After three weeks of salt stress application, one plant was randomly selected from each replication
and harvested for further analysis. Once the leaf counting was complete, the plant samples were cleaned
with distilled water, and the plant's height, as well as the lengths of its shoots, roots, leaf and leaf width
were measured. The leaf area of a plant was determined by multiplying the length and width of the chili
plants. The stem diameter was also measured. After harvesting, the fresh weight was recorded and then
the dry biomass of roots, shoots, and plants was measured by keeping the plant material in an oven
(~65 °C) until achieving the constant dry weight.

Photosynthetic pigments

For the purpose of extracting pigments, a crushed leaf sample (about 5 g) was taken in a test tube
that contained 85% acetone (v/v) and then left for 24 hours. The sample then underwent a 10-minute
centrifugation at (4000 x g) and 4 °C. The chlorophyll contents and the carotenoid contents of the
supernatant were determined using a spectrophotometer (Halo DB-20/DB-20S; Dynamica Scientific,
Newport Pagnell, UK) at wavelengths of 470, 647, and 664.5 nm, in accordance with the Lichtenthaler's
protocols (1987). The total chlorophyll content was measured by adding the chlorophyll a and b.

Enzymatic antioxidants

Fresh chili leaves (1.0 g) were extracted in 50 mM phosphate buffer (pH 7.8), homogenized, and
centrifuged at 15,000 g for 10 minutes to determine the enzyme activities. Measurements of the
activities of peroxidase (POD), catalase (CAT), or superoxide dismutase (SOD) were done in accordance
with the methods published by Velikova et al. (2000), Aebi (1974), and Beauchamp and Fridovich (1971),
respectively.

lonic status in plant leaves

Chili leaf samples were air-dried first and then oven-dried (65 °C), ground, and kept in flasks by
adding 10 mL sulfuric acid in each flask. Subsequently, about 2 mL of hydrogen peroxide (H,0,) were
added, and the mixture underwent digestion within the temperature range of 300 to 350 °C. This was
followed by a dilution step using distilled water. After filtration, the concentration of sodium (Na*) ion
was measured using a flame photometer (Chapman et al. 1961; Wolf, 1982). Chloride in the leaf tissues
was determined using a standard protocol.

Data analysis

Statistical analysis of data was performed by applying Fisher’s ANOVA. Means of all treatments were
compared by the Tukey’s highest significant differences (HSD) test using Statistix 8.1 software.
Correlation and principal component analysis (PCA) were worked out using the Minitab (Version 18.1)
software (Minitab Inc., State College, US) and data was visualized using RStudio, an open-source
software.

Results

Growth variables

Induced salt stress caused a significant reduction in plant height (21.15% and 54.08%), root length
(26.67% and 56.15%), shoot length (21.32% and 55.03%), number of leaves (25.77% and 32.68%), leaf
length (17.15% and 41.52%), leaf width (23.02% and 35.47%), leaf area (34.89% and 61.98%) and stem
diameter (12.83% and 25.23%) at 50 and 100 mM NaCl, respectively, in chili plants. Whereas, soil applied
humic acid enhanced growth attributes both in control and NaCl treatments (Figure 1). Maximum growth
attributes were observed where 200 mg kg™ of humic acid was applied both to control and salt stressed
plants.
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Figure 1. Effect of varying concentrations of soil applied humic acid on the growth variables of chili plants grown
under salt stress. The lowercase letters in the bar graphs show significant variations across treatment means at P
< 0.05. T, = Control; T, = Humic acid (50 mg kg™ of soil w/w); T, = Humic acid (100 mg kg™ of soil w/w); T; = Humic
acid (200 mg kg™ of soil w/w)

Fresh and dry biomass

Data analysis showed that the application of humic acid significantly enhanced the fresh and dry
biomass of chili shoots and roots, and improvement in other plant parts (Figure 2). Escalation of humic
acid dosage progressively enhanced the fresh and dry biomass of shoots and roots particularly under T
treatment both in salt regimes and under control conditions. However, T, treatment of humic acid
slightly elevated the fresh and dry biomass as compared to that under T;. The salt-affected plants
exhibited decreased root fresh weight (16.06 and 23.45%), shoot fresh weight (14.32% and 41.42%),
plant fresh weight (14.46% and 39.97%), root dry weight (41.60% and 60.63%), shoot dry weight (16.47%
and 40.72%), and plant dry weight (18.77% and 42.54%) at 50 and 100 mM, respectively.
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Figure 2. Effect of varying doses of soil applied humic acid on biomass (fresh and dry) of chili plants grown under
salt stress. The lowercase letters in the bar graphs show significant variations across treatment means at P <
0.05. Ty = Control; T, = Humic acid (50 mg kg'1 of soil w/w); T, = Humic acid (100 mg kg'1 of soil w/w); T; = Humic
acid (200 mg kg™ of soil w/w)

Photosynthetic pigments

The NaCl-induced toxicity reduced chlorophyll a (22.56% and 36.51%), chlorophyll b (12.84% and
39.83%), total chlorophyll contents (19.44% and 38.77%), and carotenoid contents (26.89% and 54.44%),
at 50 and 100 mM, respectively as compared to the controls (no salt stress). A maximum of all the
photosynthetic attributes was observed under T; where application of humic acid was done at the rate of
200 mg kg™ of soil in control and salt stress conditions (Figure 3).

Enzymatic antioxidants

The activity of enzymatic antioxidants in chili plants was altered by the application of humic acid
under induced salt stress (Figure 4). Increased NaCl stress from 50 to 100 mM caused increased activities
of SOD (32.21% to 53.89%), POD (162.92% to 348.31%), and CAT (78.57% to 165.87%) significantly. In
terms of the activities of antioxidant enzymes, salt stress was shown to have a decreasing pattern of 100
mM > 50 mM > control conditions, whereas humic acid treatments were observed to have a decreasing
pattern of T;>T,>T, > Ts.



258 Zohaib et al

2.50 - a ETO @T1 @T2 OT3 1.40 -
bc ab
< < 1.20 - @
ab
= 2.00 - . de d = od be = [F] be
= f B ~ 1.00 - de ¢4 £
> g & g ¢
21.50 - hhz= o080 A f
£ = fg fg
[3+ o g
= = 0.60 A
>1.00 - B
o o
3] 2 0.40 -
o o
= 0.50 - =
© O 0.20 -
0.00 - — — — 0.00 - _— —
4 _0.50 - a
= b 2 2
g ¢ be = =) abF
= 4, 040 1 bc b
5 3 2 b-d &
§A hi gh & = 0.30 - dfE de
= ; 2 A l s -
20 5 o€ f-h
S~ S 0.20 A gh
S b, h
= 1 4 3
o 5 0.10 A
£ S
o <
oo : : © 0.00 A . .
Control . 50mM 100 mM Control . 50mM 100 mM
Experimental Treatments Experimental Treatments

Figure 3. Effect of varying doses of soil applied humic acid on the photosynthetic pigments of chili plants grown
under salt stress. The lowercase letters in the bar graphs show significant variations across treatment means at P
< 0.05. T, = Control; T, = Humic acid (50 mg kg™ of soil w/w); T, = Humic acid (100 mg kg™ of soil w/w); T; = Humic
acid (200 mg kg™ of soil w/w)
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lonic status in plant leaves

Induced NaCl stress and varying treatments of soil applied humic acid significantly (P < 0.01)
affected the leaf Na* and CI" accumulation in chili plants grown under salt stress as well as normal non-
saline conditions. Salt stress increased the Na' contents as compared to that in the control (normal
conditions). The maximum leaf Na* contents (0.97 and 1.66 mmol g™) were observed in plants receiving
no addition of humic acid. Similarly, for CI" contents the opposite was observed (Figure 5).
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Figure 5. Effect of different doses of soil applied humic acid on the ionic status in the leaves of chili plants grown
under salt stress. The lowercase letters in the bar graphs show significant variations across treatment means at P
<0.05.T = Control T, = Humic acid (50 mg kg ! of soil w/w); T, = Humic acid (100 mg kg’ ! of soil w/w); T3 = Humic
acid (200 mg kg™ of soil w/w)

Pearson correlation matrix

Growth, enzymatic, biomass, and ion accumulation variables of chili plants were connected with
one another in order to support the veracity of the conclusions drawn (Figure 6). All the enzymatic
attributes (i.e., SOD, CAT, and POD) were correlated negatively to chlorophyll contents, growth, and
biomass. However, a significant positive correlation was noticed for Na* and CI" contents. The POD, Na*
and CAT showed a non-significant association with SOD.
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Figure 6. Correlation matrix of various attributes of chili plants by different doses (0, 50, 100, and 200 mg/kg of
soil) of soil applied humic acid under salt stress. RL = Root length; SL = Shoot length; RDW = Root dry weight;
SDW = Shoot dry weight; PDW = Plant dry weight; TCHL = Total chlorophyll contents; LA = Leaf area; SD = Stem
diameter; SOD = Superoxide dismutase activity; POD = Peroxidase activity; CAT = Catalase activity; Na = Sodium
contents; Cl = Chloride contents
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Principal component analysis

Chili plants cultivated on NaCl-contaminated soil with soil applied humic acid treatments were
shown to have a connection between ionic balance, growth, biomass, and photosynthetic variables using
loading plots shown as straight lines in the principal component analysis (Figure 7). The first two principal
components, PC1 and PC2, add up the largest proportion of all components and account for more than
88.3% of the measured data, whereas PC2 makes up 4.6% of it. The first set of variables shows that PC1
has a positive correlation with the growth, biomass, and photosynthetic attributes of chili plants. The
placement of measured parameters in the quadrants helps identify the grouping and clusters based on
associations among variables. The factors related to SOD, CAT, and POD are slightly negative with Na*
contents. The factors related to growth parameters, leaf fresh weight, root fresh weight, and leaf dry
weight were found to have a positive relationship with PC1 variables.
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Figure 7. Principal component analysis (PCA) of different attributes of chili by varying doses (0, 50, 100, and 200
mg/kg of soil) of soil applied humic acid under salt stress. RL = Root length; SL = Shoot length; RDW = Root dry
weight; SDW = Shoot dry weight; PDW = Plant dry weight; TCHL = Total chlorophyll contents; LA = Leaf area; SD =
Stem diameter; SOD = Superoxide dismutase activity; POD = Peroxidase activity; CAT = Catalase activity; Na =
Sodium levels; Cl = Chloride levels.

Discussion

In the context of chili plants subjected to salt stress, humic acid played a multifaceted and pivotal
role in enhancing growth and overall physiological processes. When chili plants were exposed to high
salinity levels, overall growth was hampered perhaps due to osmotic stress, ion toxicity, and disrupted
nutrient uptake (Akladious and Mohamed, 2018). It has been observed that humic acid intervenes by
promoting root development through its humic and fulvic acid components, which facilitate the
formation of a more extensive root system (Kaya et al., 2018; Al-Falahi et al., 2022); this might have been
the reason for the better root growth and biomass attributes of the chili plants under control and salt
stressed conditions. This expanded root system in terms of growth and biomass not only aids in
anchoring the plant securely in the soil but also enhances the plant's capacity to explore a larger soil
volume for water and nutrients (Ali et al., 2019). Humic acid's chelation properties are particularly
significant under salt stress conditions, since it forms complexes with metal ions, including sodium and
chloride, thereby reducing their accumulation within the plant tissues (Van and Di, 2022). This chelation
action mitigates ion toxicity, which is a common consequence of salt stress. Additionally, humic acid
fosters better nutrient uptake by improving the cation exchange capacity of the soil, allowing plants to
absorb essential nutrients like potassium, calcium, and magnesium more efficiently (Bacilio et al., 2016).

Salt stress often hampers chlorophyll synthesis and damages chloroplast structures, leading to
reduced photosynthetic efficiency (El-Sarkassy et al., 2017). Similar, observations were also noticed in the
current study that salt stress reduced the chlorophyll and carotenoid contents. The possible reason for
the rise in chlorophyll levels in the chili plants is most likely the result of the enhancement of root growth
and development. Similar observations were also noted by Akladious and Mohamed (2018) who stated
that a well-developed root system facilitates better water and nutrient uptake, maintaining the necessary
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hydration and nutrient supply to the leaves. This sustained nutrient flow to the leaves, in turn, promotes
chlorophyll synthesis and the overall green pigmentation of the plant (Elkhatib et al., 2021). By reducing
the accumulation of excess sodium ions in the plant tissues, humic acid helps maintain the integrity of
chloroplast membranes and thylakoid structures (Abou-Sreea et al., 2021). This prevents the disruption
of the electron transport chain and the photosystem reactions, preserving the functionality of the
chlorophyll molecules and ensuring efficient light absorption and energy conversion (Ahmed et al., 2013).

The application of humic acid showed a significant effect on the modulation of enzymatic
antioxidants in the chili plants under salt stress (Figure 4). Humic acid can directly enhance the activity of
enzymatic antioxidants. It may do so by interacting with enzyme molecules, stabilizing their structures,
and promoting their proper folding (Jan et al., 2020). This interaction can increase the enzymes' catalytic
efficiency, enabling them to more effectively neutralize ROS. For example, humic acid can enhance the
binding affinity of SOD for superoxide radicals, accelerating their conversion into hydrogen peroxide
(Salih et al., 2022). Similarly, enzymatic antioxidants often require metal ions as cofactors to function
optimally (Akladious and Mohamed, 2018). Humic acid's chelation properties can help in delivering
essential metals like copper, zinc, and manganese to the enzymes. These metal ions are crucial for the
catalytic activity of SOD, POD, and CAT. By ensuring the availability of these cofactors, humic acid
indirectly supports the enzymatic antioxidant systems under stressed conditions (Abdelkhalik et al.,
2023).

Humic acid plays a vital role in limiting the uptake of sodium ions (Na*) by plants under salt stress
conditions. Excessive accumulation of Na* can disrupt cellular functions and hinder plant growth (Figure
5). Limiting the uptake of Na* under salt stress might have been due to the input of humic acid content in
enhancing soil structure and water-holding capacity (Mishra et al., 2021). This enhanced water retention
helps maintain a more favorable soil-water balance, which in turn affects ion movement in the soil
environment and prevailing conditions (Barzegar et al., 2016; Rouphael et al., 2018). By optimizing soil
moisture, humic acid indirectly reduces the mobility of sodium ions, making them less available for
uptake by plant roots (Ondrasek et al., 2022). It can influence the expression of genes related to ion
transport and ion channel activity (Forotaghe et al., 2021). This regulation can help maintain a balanced
ratio of essential ions (like potassium) to sodium ions, preventing excessive sodium accumulation within
plant tissues. High levels of Na* can lead to osmotic stress in plant cells (Jampilek and Kralovda, 2019;
Amoanimaa-Dede et al., 2022). Optimal use of humic acid aids in osmotic adjustment by enhancing the
synthesis and buildup of organic solutes such as proline and sugars (Akladious and Mohamed, 2018).
These solutes help maintain turgor pressure and prevent water loss from cells, reducing the impact of
osmotic stress caused by sodium ions (Rahbari et al., 2021). However, it is vital to acknowledge that the
beneficial uses of humic acid may change depending on several factors such as application methods,
concentrations, and environmental conditions. Further research is needed to fine-tune its application
protocols and better understand its mechanisms at the molecular level.

Conclusion

Humic acid treated chili plants performed better than the control plants under salt stress in terms of
enzymatic activity, photosynthetic pigment levels, and biomass (dry and fresh). In order to increase the
activity of antioxidant enzymes in leaves and provide plant nutrition, it is advised to apply humic acid to
chili plants under salt-stressed conditions. Overall, this study provides a compelling evidence that humic
acid holds a significant strategic tool for alleviating salt stress in chili plants. Humic acid showed a
significant role in promoting plant growth, limiting Na® uptake, and enhancing antioxidant defense
mechanisms collectively contributing to an integrated approach for enhancing plant tolerance to salt
stress. These findings have implications not only for sustainable agriculture, but also for the broader
goals of environmental remediation and food safety in regions affected by salt contamination.
Additionally, integration of the application of humic acid with various soil and irrigation strategies can
amplify the tolerance of chili crops to withstand salt induced stress. However, before suggesting this as a
viable commercial option, it is crucial to consider economic aspects and viability.
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