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Abstract

Objective: This study aimed to assess the interactive effects of irrigation
levels, foliar application of fulvic acid, and shading intensity on the growth,
physiological performance, and biochemical traits of rocket (Eruca sativa
Mill.), cultivated in soilless conditions under greenhouse environments.
Methods: A factorial experiment was conducted, using a completely
randomized design with three replications. The first factor consisted of three
different irrigation levels, 100%, 75%, and 50% of the plants' water
requirements, referred to as IL100, IL75, and IL50, respectively. The second
and third factors included three concentrations of foliar fulvic acid (FA): 0, 1,
and 2 g L™, along with three shading intensities of 0%, 50%, and 80%,
respectively. Rocket plants were cultivated in a controlled hydroponic system,
and growth-related traits, as well as physiological and biochemical
characteristics, were measured. The data were analyzed using analysis of
variance to determine the significance of the main effects and their interaction
for the measured traits.

Results: Most of the Main effects of the factors and their interactions were
significant for most of the measured characteristics. The highest shoot and root
biomasses were observed under full irrigation (IL100), without shading, and
with 2 g L™ of FA, while severe shading (80%) and a water deficit (IL50)
significantly diminished growth. Notably, IL50 resulted in increases of up to
27% in chlorophyll a, chlorophyll b, and carotenoid contents compared to
IL100, with the application of FA enhancing this effect. Relative water content
ranged from 86.36% to 87.78%, and the membrane stability index varied from
76.46% to 78.59%, both reaching their highest values under full irrigation,
moderate shading, and high FA conditions. Malondialdehyde concentration,
which indicates oxidative stress, was lowest under conditions of full irrigation,
high shading, and the application of FA. Also, plants grown under IL50
without shading and treated with 2 g L™ of FA showed the highest
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concentrations of soluble carbohydrates and proline. These levels were
approximately 200% and 73% higher, respectively, compared to control plants
that were grown under IL100 with 80% shading and no FA.

Conclusion: The optimized coordination of irrigation, foliar FA application,
and shading intensity significantly enhances the growth, physiological, and
biochemical tolerance of rocket plants. This strategy promotes sustainable and
efficient soilless cultivation of leafy vegetables such as rocket in greenhouse
environments.
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Introduction

The continuing global population growth and rising demand for food have intensified the urgency for
developing sustainable and resource-efficient agricultural production systems. Controlled cultivation
and hydroponic systems have emerged as prominent alternatives to traditional soil-based agriculture.
These methods are known for their ability to optimize resource use and provide precisely controlled
environments for crop growth (Resh 2022). Among the various horticultural species, rocket (Eruca
sativa Mill.) is a highly valued leafy vegetable known for its rapid growth and rich nutritional and
bioactive profile. This makes it particularly desirable for both fresh market consumption and the
functional food sector (Bell et al. 2015). Rocket, belonging to the Brassicaceae family, is known for
its distinctive pungent flavor and high levels of glucosinolates, flavonoids, vitamins C and K, and
essential minerals. These phytochemicals are well-established for their antioxidant, anti-
inflammatory, and anticancer properties, highlighting the nutritional and health benefits of this crop
(Garg and Sharma 2014). The increasing consumer demand for high-quality rocket has spurred
research focused on optimizing its cultivation methods, particularly in controlled environments such
as greenhouses and hydroponic systems.

Recently, plant biostimulants have gained increasing attention as sustainable inputs that enhance
plant growth, improve nutrient uptake, and boost tolerance to abiotic stresses, without directly
providing nutrients or acting as pesticides (Du Jardin 2015). Humic substances, which include humic
acid, fulvic acid (FA), and humin, are particularly significant for their ability to enhance soil fertility
and regulate plant physiological processes. FA, a low-molecular-weight component of humic

substances, has unique physicochemical properties, including high solubility, small molecular size,
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and rapid absorption into plant tissues (Canellas et al. 2015). FA acts as a natural chelating agent,
enhancing the uptake and movement of essential nutrients like nitrogen, phosphorus, and
micronutrients, which in turn boosts nutrient use efficiency. Additionally, FA influences hormonal
balance, enzymatic activity, and membrane permeability, which together improve photosynthetic
performance and antioxidative capacity (Song et al. 2025). Substantial evidence suggests that the
application of FA can alleviate the negative effects of environmental stresses such as drought (Song
et al. 2025) and salinity (Alsudays et al. 2024). This is achieved by promoting the development of
root systems, stimulating the activities of antioxidant enzymes, and maintaining cellular homeostasis.
In the cultivation of rocket plants, the use of FA is expected to improve growth performance and
physiological traits. It may also serve as an effective biostimulant to alleviate abiotic stress and
enhance crop quality in both hydroponic and soil-based production systems (Keskin et al. 2025).

Greenhouse environments protect crops from external climate variations, but they can expose
plants to higher light intensities and temperatures, especially during summer or in areas with intense
solar radiation (Stamps 2009). Excessive light can lead to photoinhibition, damage to photosystem I,
the accumulation of reactive oxygen species (ROS), and oxidative stress. These factors all impair
photosynthesis, growth, and yield (Khan et al. 2025). To mitigate these effects, shading techniques
are commonly used in greenhouse production. Shade nets with varying densities (typically 30=70%)
help control the intensity of incoming light, creating a more favorable microclimate by reducing heat
stress and lowering leaf temperature. Shading also affects physiological traits, including chlorophyll
content, stomatal conductance, and water status. These factors collectively influence photosynthetic
efficiency and biomass production (Touil et al. 2021). Additionally, shading modifies the spectral
composition, including the ratios of red to far-red light and ultraviolet radiation. This alteration affects
morphological traits such as leaf expansion and shoot elongation (Arthurs et al. 2013; Batista et al.
2018). However, shading effects vary by species, and excessive shading can limit light availability,
which reduces carbon assimilation and growth (Stamps 2009). Research from greenhouse studies
shows that moderate shading, around 30% to 50%, enhances vegetable growth and physiological
performance by reducing light intensity and thermal stress (Ahemd et al. 2016). Therefore, using
shading is an effective strategy to boost crop production in the greenhouse, particularly in areas with
high radiation levels.

Water scarcity is a significant global issue, especially in arid and semi-arid areas where the
demand for agricultural water often surpasses the available supply. Water-deficit stress negatively
impacts plant growth by disrupting photosynthesis, nutrient uptake, and important metabolic

processes. In response to drought, plants activate a range of physiological and biochemical
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adaptations. These include osmotic adjustment through the accumulation of compatible solutes like
proline, regulation of stomatal openings to reduce water loss through transpiration, and the
enhancement of antioxidant defense systems to limit oxidative damage (Chai et al. 2016). In the
hydroponic and greenhouse production systems, effective management of irrigation practices is
crucial for optimizing water use efficiency while maintaining crop yield and quality. Deficit irrigation
strategies, such as regulated deficit irrigation, aim to reduce water consumption by supplying water
at levels below full crop evapotranspiration without resulting in significant yield penalties (Pereira et
al. 2002). Such methods are especially relevant for crops like rocket, which exhibit a certain level of
drought tolerance through their physiological and biochemical adaptations (Sarabi 2024). From an
economic perspective, implementing deficit irrigation can reduce water costs and lessen
environmental impacts associated with excessive water use, thus promoting sustainable horticultural
practices. Additionally, integrating water-saving irrigation with biostimulant application and shading
could offer combined benefits, improving both stress tolerance and crop productivity.

While the individual effects of FA application, shading intensity, and irrigation management on
crop performance have been extensively studied (Caruso et al. 2020; Alsudays et al. 2024; Sarabi
2024), their combined influence, especially in the soilless cultivation of rocket, remains poorly
understood. Understanding these interactions is crucial for developing integrated management
strategies that promote growth, enhance physiological tolerance, and preserve biochemical quality
under stressful conditions, typical of greenhouse production. This study examines the combined
effects of irrigation regimes, FA application, and shading levels on the growth, physiological, and
biochemical attributes of hydroponically grown rocket plants in a greenhouse environment. The
results may provide insights for optimizing cultivation practices to enhance yield, physiological, and

biochemical performance while promoting sustainable resource use in controlled environments.

Materials and Methods

Experimental setup and treatments

This study was conducted in a polycarbonate-covered greenhouse at the Kurdistan University, located
in Sanandaj, Iran (35°18' N; 46°59' E; 1420 m a.s.l.) during the spring and summer of 2023. The
treatments were organized in a factorial experiment using a completely randomized design. The three
factors were as follows: irrigation levels (100%, 75%, and 50% of the plant's water requirement,
labeled as I1L100, IL75, and IL50, respectively), foliar FA application (0, 1, and 2 g L™*), and shading
intensity (0%, 50%, and 80%). Each treatment was replicated three times, using a total of 10 plants

for each replication. Rocket seeds were obtained from the Seed and Plant Improvement Institute,
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Karaj, Iran. They were planted in nursery trays filled with a mixture of perlite and coco peat (1:1,
v/v). The greenhouse maintained a temperature between 25-35 °C during the day and 15-18 °C at
night, with a relative humidity range of 55-75%. The light intensity in the greenhouse was 1380 pmol
m~2s71, considered the unshaded control condition.

After one week, healthy and uniform seedlings were transplanted into plastic containers (20 x 30
x 15 cm) filled with the same perlite and coco peat substrate at a planting density of 172 plants per
square meter. A modified half-strength Hoagland nutrient solution was utilized to provide water and
nutrients using analytical-grade chemicals. The nutrient composition (in ppm) was as follows: N
(224), K (235), Ca (160), P (62), S (32), Mg (24), B (0.27), Mn (0.11), Zn (0.13), Cu (0.03), Mo
(0.05), and Fe (2). The pH of the solution was adjusted to 6.0 + 0.2, with an electrical conductivity
(EC) of 1.21 dS m™. Nutrient solutions were applied daily by hand-watering with a graduated
cylinder to ensure consistent volume and distribution among all pots. All irrigations were conducted
by the same operator at a consistent time each day to minimize variability, and efforts were made to
prevent water loss and leaching between replications.

The water requirements for the three different irrigation levels were calculated using evaporation
data from a Class A pan evaporimeter installed inside the greenhouse (Sarabi 2024). Plants were
harvested when they reached the 3 to 4 leaf stage, which was 35 days after planting. Leaf samples
were quickly frozen in liquid nitrogen and stored at -80 °C until further biochemical analyses were
conducted.

FA was obtained from a commercial product by Emami Corp., Iran, which contained 34% FA
on a dry matter basis and 9% K,O. Foliar application of FA was conducted at concentrations of 1 and
2 g L™, once a week for four consecutive weeks, starting at the two true leaf stage.

Shading treatments were applied right after transplanting the rocket plants into the greenhouse.
The shading conditions were achieved using shade nets mounted on box frames measuring 1.5 x 2 x
2 m. The box frames were distributed randomly throughout the greenhouse. Midday photosynthetic
photon flux density (PPFD) at canopy height was measured using a light meter (LI250A; LI-COR
Biosciences, Lincoln, NE, USA). The average PPFD values recorded were 1380 umol m™2 s72 for the
unshaded control, 685 umol m~2 s for the 50% shading treatment, and 270 umol m~2 s for the 80%

shading treatment.

Growth traits
To evaluate the growth traits, thirty rocket plants were randomly selected from each treatment, with

10 plants per replication. The fresh weights of leaves and petioles were measured and summed to
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calculate the total shoot (aerial) fresh weight of the plant. To measure biomass, the samples, which
included leaves, petioles, and roots, were dried in a laboratory oven (BM120E, Fan Azma Gostar,
Iran) at 70 °C for three days (Sarabi et al. 2022).

Photosynthetic pigments

The contents of photosynthetic pigments were quantified using the method outlined by Arnon (1967).
Leaf samples weighing 0.1 g were frozen in liquid nitrogen and ground into a fine powder using a
chilled mortar and pestle. The homogenate was extracted using 5 mL of 80% acetone and centrifuged
at 3,000 rpm for 10 minutes. The absorbance of the supernatant was measured at 663, 646, and 470
nm using a spectrophotometer (Specord® 210 Plus, Analytik Jena AG, Germany). Contents of
chlorophyll a (Chl a), chlorophyll b (Chl b), and carotenoids were calculated using the following

equations:

Chla (mg g™t FW) = (12.25 x A663) — (2.79 x A646)
Chl b (mg gt FW) = (21.21 x A646) — (5.1 x A663)
Carotenoid (mg g™t FW) = ((1000 x A470) — (1.82 x Chla) — (85.02 x Chlb))/198

Relative water content (RWC)

The RWC was measured using the method outlined by Cameron et al. (1999). Leaf samples weighing
0.1 g (fresh weight, FW) were measured and then soaked in distilled water for 12 hours to determine
the turgid weight (TW). The samples were dried in an oven at 70 °C until they reached a constant
weight to determine the dry weight (DW). The RWC was calculated using the following equation:

(FW-DW)

RWC ()= (50

x 100

Cell membrane stability index (MSI)

The stability index of the cell membrane was determined using the method outlined by Sairam et al.
(2002). Leaf samples weighing 0.1 g were placed in Falcon tubes containing 10 mL of double-distilled
water. The tubes were incubated in a water bath at 40 °C for 30 minutes, then cooled to 25 °C, and
the initial electrical conductivity (EC1) was measured using a conductivity meter (WTW LF538;
WTW GmbH, Weilheim, Germany). The samples were exposed to a water bath at 100 °C for 20
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minutes, then cooled back to 25 °C, and the final electrical conductivity (EC2) was measured. The

MSI was calculated using the following equation:

_ .. EC1
MSI (%) = (1- =) X 100

Lipid peroxidation

Membrane lipid peroxidation was characterized by quantifying malondialdenyde (MDA)
concentration using the method established by Heath and Packer (1968). Leaf tissue (0.1 g) was
homogenized in 2 mL of 10% trichloroacetic acid and then centrifuged at 12,000 rpm for 20 minutes
at 4 °C. An aliquot of 1 mL of supernatant was mixed with 1 mL of 0.6% thiobarbituric acid and
incubated in a water bath at 95 °C for 30 minutes. The reaction mixture was immediately cooled in
an ice bath, and absorbance was recorded at 532 nm and 600 nm using a spectrophotometer
(Specord® 210 Plus, Analytik Jena AG, Germany). The content of MDA was calculated using the

following equation:

(A532—A600)*V+1000
exW

MDA (umol g FW) =

Where A532 and A600 denote absorbance values at 532 nm and 600 nm, respectively; V represents
the total volume of the reaction mixture; W indicates the fresh weight of the leaf sample; and ¢

signifies the extinction coefficient.

Total soluble carbohydrate content

Total soluble carbohydrate content in the leaves was measured using the method of Irigoyen et al.
(1992). Fresh leaf tissue (0.1 g) was homogenized in 10 mL of 95% (v/v) ethanol. The insoluble
residue was washed twice with 5 mL of 70% ethanol. All soluble fractions were combined and
centrifuged at 3,500 rpm for 10 minutes. The resulting supernatants were then stored at 4 °C until
analysis. For quantification, 0.1 mL of the alcoholic extract was combined with 3 mL of freshly
prepared anthrone—sulfuric acid reagent and incubated in a boiling water bath for 10 minutes. After
cooling to room temperature, the absorbance was measured at 625 nm using a spectrophotometer
(Specord® 210 Plus, Analytik Jena AG, Germany). Soluble carbohydrate content was determined

using a standard curve generated with glucose and expressed as mg gt of fresh weight.
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Proline content

The proline content was measured using the method established by Bates et al. (1973). Fresh leaf
tissue (0.5 g) was homogenized in 10 mL of 3% sulfosalicylic acid (w/v) and then centrifuged at
6,000 rpm for 5 minutes. The supernatant was collected, and 2 mL of ninhydrin reagent and 2 mL of
glacial acetic acid were added. The mixture was incubated in a boiling water bath at 100 °C for one
hour, then allowed to cool to room temperature. Next, 4 mL of toluene was added, and the solution
was vortexed for 15 to 30 seconds. The absorbance of the upper phase containing the chromophore
was measured at 520 nm using a Specord® 210 Plus spectrophotometer (Analytik Jena AG,
Germany). Proline concentration was determined using a standard curve created with L-proline and

is expressed as mg gt of fresh weight.

Data analysis

Data were analyzed using a three-way analysis of variance (ANOVA) with all factors, irrigation
levels, FA, and shading intensities, treated as fixed. Statistical significance was determined at p <
0.05. Analyses were conducted using PASW Statistics 18.0 (SPSS Inc., Chicago, IL, USA). Post hoc
comparisons of means were conducted using the least significant difference (LSD) test at a 5%

probability level.

Results

Growth traits

ANOVA showed significant main effects and two-way interactions for shoot fresh weight, shoot dry
weight, root fresh weight, and root dry weight in the rocket plants; however, three-way interactions
were not significant (Figures 1 and 2).

The interaction of FA application x shading had a significant effect on shoot fresh weight (p <
0.01; Figure 1A). Under no shading conditions, increasing FA concentration significantly enhanced
shoot fresh weight, peaking at 5.58 g plant® at 2 g L™ FA, followed by 4.46 g plant*at 1 g L, and
3.72 g plant* without FA. The positive effect of FA was reduced in shaded conditions. At 50%
shading, the fresh weight of shoots ranged from 2.86 to 3.46 g plant?, but FA levels did not differ
significantly. At 80% shading, all FA treatments showed consistently low values, ranging from 1.72
to 2.56 g plant™. FA application primarily promoted shoot growth under full light, while it had a
negligible effect under moderate and severe shading.

Interactions affecting shoot dry weight were significant as follows: irrigation level x FA (p <
0.05), irrigation level x shading (p < 0.01), and FA x shading (p <0.01) (see Figure 1B-D). For the
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Figure 1. The interaction effects of the factors on shoot fresh weight (g plant?) and shoot dry weight (g plant®) of rocket
under various experimental conditions: (A) fulvic acid and shading (FA x S); (B) irrigation level and fulvic acid (I x FA);
(C) irrigation level and shading (I x S); and (D) fulvic acid and shading (FA x S). The values represent the mean +
standard error of the three replications. Different letters indicate significant differences among treatments based on the
LSD test at p <0.05.

interaction between irrigation level and FA (Figure 1B), shoot dry weight was significantly influenced
by FA application when conditions were well-watered. At IL100, increasing FA from0to 2 g L?
significantly increased the shoot dry weight from 0.25 to 0.35 g plant®. A similar trend was observed
at IL75 irrigation, with values ranging from 0.22 g plant™ (no FA) to 0.33 g plant™ (2 g L™* FA). Under
water-limited conditions with 1L50, the application of FA had minimal impact, resulting in low shoot
dry weight (0.20-0.26 g plant?).

For the irrigation level x shading interaction (Figure 1C), the effect of irrigation on shoot dry
weight differed depending on shading intensities. Without shading, the shoot dry weight decreased
from 0.51 to 0.40 g plant™ as irrigation levels dropped from 100% to 50%. Under 50% shading, the
shoot dry weight ranged from 0.20 to 0.22 g plant®, showing a slight decline with reduced irrigation.
Values were further reduced to 0.11-0.15 g plant™* under 80% shading, with no significant differences
observed among irrigation levels.

In the FA x shading interaction (Figure 1D), the effect of FA on shot dry weight was also
dependent on light. Without any shading, increasing FA concentration from 0 to 2 g L™ increased
shoot dry weight from 0.36 to 0.57 g plant™. Values were reduced (0.19-0.24 g plant-t) under 50%
shading, with no significant differences among FA levels. Under 80% shading, the shoot's dry weight
was very low (0.11-0.14 g plant®) and was unaffected by the FA application.

The interaction of irrigation level x shading also had a significant effect on root fresh weight (p
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Figure 2. The interaction effects of the factors on root fresh weight (g plant™) and root dry weight (g plant) of rocket
under different experimental conditions: (A) irrigation level x shading (I x S) and (B) fulvic acid x shading (FA x S). The
values represent the mean * standard error of the three replications. Different letters indicate significant differences among
treatments based on the LSD test at p < 0.05.

< 0.01; Figure 2A). Without shading, the fresh root weight decreased from 0.36 to 0.26 g plant-* as
irrigation reduced from 100% to 50%. Under both 50% and 80% shading, the irrigation level had
minimal impact, and the root fresh weight remained consistently low at 0.14 to 0.17 g plant™.

The interaction of FA x shading had a significant impact on root dry weight (p < 0.01; Figure
2B). Without shading, the root dry weight increased significantly with the application of FA, ranging
from 0.028 to 0.045 g plant* as the FA concentration increased from 0 to 2 g L. Under 50% shading,

the application of FA significantly increased root dry weight in a dose-dependent manner, rising from
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0.013 to 0.021 g plant. Furthermore, under 80% shading, FA treatment significantly increased root
dry weight (0.010-0.015 g plant) compared to the untreated control.

Photosynthetic pigments

Analysis of variance indicated that the irrigation level, FA application, and shading each had a
significant effect on the concentrations of chlorophyll a, chlorophyll b, and carotenoids in rocket
leaves (p < 0.01). No interaction effects were detected. In comparison to full irrigation, the IL50
condition consistently led to greater pigment accumulation (Table 1). On average, chlorophyll a and
b levels increased by approximately 18% to 22%, and carotenoids by about 24% under IL50 compared
to 1L100, suggesting a possible stress-induced enhancement of pigment synthesis.

Supplementation with FA showed a beneficial effect, with the higher dose (2 g L™) resulting in
the most significant increase in photosynthetic pigments. In comparison to the untreated control, FA
increased the contents of chlorophyll a and b by approximately 13-19%, and carotenoids by nearly
20%. This suggests an enhancement in nutrient mobilization and photosynthetic activity. In contrast,
shading decreased the levels of pigments, with the unshaded plants exhibiting the highest contents of
chlorophyll and carotenoids. Without shading, pigment levels increased by about 14-27%, while 50%

shading resulted in intermediate values compared to heavy shading (80%).

Relative water content (RWC)

ANOVA results indicated significant main effects of irrigation level (p < 0.05), FA concentration (p
< 0.05), and shading (p < 0.01) on the RWC of rocket leaves, with no significant interactions observed
(Table 2). RWC decreased progressively as irrigation diminished, with plants under 1L50 exhibiting
approximately 3% lower RWC than those fully irrigated. This suggests a moderate effect of water
limitation on leaf hydration. Applying FA improved the water status of plant tissues. The higher
dosage (2 g L) led to an increase of approximately 3-4% compared to untreated plants, indicating
better osmotic adjustment with enhanced nutrient availability. Shading had the most significant
impact on the tested factors, as shaded plants maintained over 10% higher RWC compared to

unshaded plants.

Membrane stability index (MSI)
ANOVA showed significant effects of irrigation level (p < 0.01), FA concentration (P < 0.05), and

shading (p < 0.01) on MSI, without any significant interactions (Table 2). MSI decreased under water
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Table 1. Main effects of irrigation level, fulvic acid application, and shading intensity on chlorophyll
a (mg g™t FW), chlorophyll b (mg g™ FW), and carotenoid (mg g™* FW) content in the rocket leaves.

Treatment Level Chlorophyll a Chlorophyll b Carotenoids
Irrigation level Irrigation 100% 591+0.13b 2.30+£0.08b 154+0.04b
Irrigation 75% 6.15+0.13 ab 2.40 £ 0.07 ab 1.78 £ 0.07 ab

Irrigation 50% 7.02+0.15a 281+0.11a 1.91+0.07a

Fulvic acid F(“C'(‘)’:;rf‘)‘;;d 594+017b  230£009b  160+0.04b
Fulvicacid (1 gl'Y) 6.42+0.14ab 2.48 £ 0.08 ab 1.73£0.06 ab

Fulvic acid (2 gl?) 6.72+0.15a 273+0.10a 1.90+0.08 a

Shading No shading 6.74+0.15a 269+0.10a 1.93+0.07a
Shading 50% 6.41+0.15ab 257 +0.08 ab 1.77 £0.06 ab

Shading 80% 5.95+0.16 b 2.25+0.09b 1.52+0.04b

**

**

*%*

Values are presented as means + standard error (n = 3). In each column, values that share the same letter are not
significantly different according to the least significant difference (LSD) test at p <0.05. **: Significant at p <
0.01, according to the analysis of variance table.

deficit, with severely stressed plants showing an approximate 12% reduction compared to well-
watered plants, indicating impaired membrane integrity during drought conditions. FA improved MSI
in a dose-dependent manner, with the highest concentration increasing membrane stability by
approximately 5% compared to the control group, which suggests its role in reducing cellular injury.

Moderate shading (50%) improved membrane stability, enhancing MSI by approximately 10%
compared to heavy shading.

MDA content

Significant main effects of irrigation, FA, and shading were observed for MDA accumulation (p <
0.01), which is a key indicator of lipid peroxidation and oxidative damage; however, no significant
interaction effects were detected (Table 2). MDA levels increased under conditions of water stress,
rising by nearly 30% during severe irrigation deficit, indicating greater oxidative damage to cell
membranes. Applying FA at a concentration of 2 g L™ significantly reduced MDA content by about
25% compared to untreated plants, suggesting a strong antioxidant or protective effect. Shading

significantly mitigated oxidative stress, reducing MDA levels by over 80% under heavy shading
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Table 2. Main effects of irrigation level, fulvic acid application, and shading intensity on relative water
content (RWC, %), membrane stability index (MSI, %), malondialdehyde (MDA, umol g™t FW), and

proline content (mg g™t FW) in rocket plants.

Factor Level RwWC MSI MDA Proline

Irigation 100%  86.36t105a  7850+087a  0454£002b  0.137 +0.008b
'”Iigjglon Irrigation 75% 8499+10lab 7472+104ab 0551+004ab  0.159 +0.011 ab
Irrigation 50% 8361+097b  7023+1.11b  0590+0.04a  0.195:0.013a

. - sk -
Fulvic acid (control)  83.48 £0.97 ¢ 7278+ 1.25b 0.593+0.03a 0.119+0.005b
FUMS  Fulicacid (1g 1Y)  85054108b  7430£107ab  0528+004ab  0.167:+0.011ab
Fulvicacid (2g IY)  8644+095a  7646+120a  0.475+003b  0.206 +0.012a

N N o o
Not shading 7957+079b 7464+117ab  0720£003a  0.196+0012a
Shading Shading 50% 87.61+060a  7800+107a  0485+002b  0.153+0.012ab
Shading 80% 87.78+07la  70.90+098b  0.398+00l1b  0.143+0.010b

**

**

**

**

Values are presented as means * standard error (n = 3); In each column, values that share the same letter are not
significantly different according to the least significant difference (LSD) test at p < 0.05; *,**: Significance at
p <0.05 (*) and p <0.01 (**), respectively, according to the analysis of variance table.

compared to full light.

Soluble carbohydrates
ANOVA revealed significant effects of irrigation levels, FA, and shading on leaf carbohydrate
content. Additionally, there were significant interactions between irrigation level and shading (p <
0.01) and between FA and shading (p < 0.01), as illustrated in Figures 3A and 3B. For the interaction
between irrigation level and shading intensity (p < 0.01; Figure 3A), the impact of irrigation on
carbohydrate accumulation was heavily influenced by the level of shading. In the absence of shading,
water deficit increased carbohydrate synthesis; plants under IL50 exhibited the highest carbohydrate
content at 21.7 mg g* FW, closely followed by IL75 at 20.0 mg g* FW. Under 50% shading, the
carbohydrate content decreased compared to full light, ranging from 9.9 to 11.5 mg g* FW, with the
highest values observed under IL50. In contrast, under 80% shading, carbohydrate levels significantly
decreased compared to the unshaded condition and remained uniformly low across all irrigation
levels, ranging from 7.4 t0 8.2 mg g* FW.

In the FA x shading interaction (p < 0.01; Figure 3B), the stimulatory effect of FA on

carbohydrate content depended on light conditions. Without any shading, the carbohydrate levels



Interactive effects of irrigation levels, fulvic acid, and shading intensity on the growth... 231

25
a
) a
Z 20 T i
2
(o))
= b
L £
= c
3 cd ¢ —
% 10 e e de
°
2
2 5
[+
(@)
No shading  Shading Shading | Noshading  Shading Shading | Noshading  Shading Shading
50% 80% 50% 80% 50% 80%
A Irrigation level 100% Irrigation level 75% Irrigation level 50%
25
a
s a
x iy
= b {'
(@2}
£ o
E 15
£ 10 ¢ == d
<
S
5 5
O
0
No shading Shading 50%Shading 8099 No shading Shading 50%Shading 80% No shading Shading 50%Shading 80%
B Fulvic acid (0 g/L) Fulvic acid (1 g/L) Fulvic acid (2 g/L)

Figure 3. The interaction effects of treatments on carbohydrate content (mg g™ FW) of rocket under different
experimental conditions: (A) irrigation level x shading (I x S) and (B) fulvic acid x shading (FA x S). The values represent
the mean + standard error of the three replications. Different letters indicate significant differences among treatments

based on the LSD test at p < 0.05.

significantly increased with higher concentrations of FA. At a concentration of 2 g L FA, the level
reached 20.31 mg g* FW, while at 1 g L FA, it was 19.33 mg g* FW, showing no significant
difference between these two concentrations. In comparison, the control group with 0 g L™ FA had
carbohydrate levels of 16.9 mg g* FW. Under 80% shading, carbohydrate accumulation was

significantly inhibited; however, it still varied among different foliar application treatments of FA.

The treatment with 2 g L™ FA resulted in the highest carbohydrate content, measuring 9.47 mg g*

FW, while the 1 g L FA treatment showed an intermediate value of 7.04 mg g** FW. In comparison,
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both treatments performed better than the untreated control. At 50% shading, the carbohydrate content
exhibited intermediate values (9.57-11.35 mg g* FW) and showed a modest increase with FA,

suggesting that FA partially mitigated shading stress.

Proline content

Analysis of variance revealed that irrigation levels, FA application, and shading each had significant
effects on proline accumulation in rocket leaves (p < 0.01), while no interaction effects were observed
(Table 2). Proline content increased progressively with water deficit, and plants experiencing severe
irrigation reduction (1L50) accumulated about 40% more proline than those that were fully irrigated,
indicating an osmotic adjustment response to water stress.

Application of FA had a significant influence on proline accumulation, with the higher
concentration (2 g L) leading to an increase of over 70% compared to untreated plants, highlighting
its role in enhancing stress tolerance through biochemical regulation. Shading effects were relatively
moderate, with proline levels being highest in full light. These levels exceeded those under heavy

shading by approximately 35-40.

Discussion

Growth traits

In this study, both the fresh and dry weights of shoots and roots in rocket plants decreased
significantly under strong shading and limited irrigation. This response aligns with earlier studies
indicating that increasing drought severity significantly hampers essential growth traits. Specifically, traits
such as hypocotyl and radicle elongation, leaf expansion, and seedling biomass in mung bean (Ali et al. 2024)
are adversely affected, as is overall plant growth in safflower (Ghassemi Golezani et al. 2022). Application
of FA reduced negative effects of water-deficit stress, especially under moderate stress, showing that
growth is significantly affected by the interplay of light, water, and biostimulants. Under sufficient
irrigation, the beneficial impact of FA on shoot biomass was evident, while under conditions of low
irrigation, growth remained constrained regardless of FA supplementation. Reducing the irrigation
significantly decreased shoot biomass under full light conditions. However, the impact of irrigation
lessened progressively as shading intensity increased. Under heavy shading (80%), shoot growth was
strongly limited by insufficient radiation, regardless of the water supply. Reduced light levels directly
limit the carbon assimilation during photosynthesis, resulting in decreased carbohydrate availability
for biomass production in both shoots and roots. This agrees with earlier studies indicating that
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shading reduces biomass accumulation in various crops by limiting photosynthesis and carbon gain
(Flexas et al. 2012; Xiu and Jie 2014).

Water availability interacts with light, both of which play significant roles in influencing growth
outcomes. Adequate irrigation supports stomatal conductance, nutrient transport, and photosynthesis,
while water deficit worsens shading-induced decreases in CO, uptake and photosynthetic efficiency
(Chaves et al. 2009). FA improved biomass production in optimal and moderately stressful
conditions, supporting previous research that attributes these effects to enhanced nutrient uptake,
better root structure, and the stimulation of growth-promoting hormonal pathways. Furthermore, FA
helps protect the photosynthetic apparatus and boosts antioxidant activity, improving plant
performance during moderate stress (Bulgari et al. 2019). In line with this, Abhari and Gholinezhad
(2019) showed that humic acid significantly enhanced key growth traits, including biomass
accumulation and yield components, in chickpea under water-limited conditions. This research
reinforces the drought-mitigating potential of humic-derived biostimulants like fulvic acid. Under
conditions of severe shading, the benefits of biostimulant application diminished significantly due to
the critical limitation of reduced light availability. This observation aligns with greenhouse studies
that indicate light is the primary limiting factor during shading, and the efficacy of biostimulants is
heavily influenced by the surrounding light conditions (Vitale et al. 2021). Proper irrigation
significantly improved root growth, especially under full light conditions. In contrast, shading greatly
diminished root biomass, regardless of the irrigation level. While the FA application increased root
biomass in all light conditions, the extent of this improvement gradually diminished as shading
intensified. These findings highlight that the benefits of FA are maximized with adequate light and
water supply. Optimal environmental management is crucial for realizing the full potential of

biostimulant applications in controlled environments.

Photosynthetic pigments

The levels of chlorophyll a, chlorophyll b, and carotenoids in rocket plants were significantly affected
by irrigation level, shading intensity, and FA application. Shading intensity had the greatest effect,
with the highest pigment concentrations found in no-shade conditions. Severe shading led to a
significant decrease in all pigment concentrations, aligning with prior studies indicating that lower
light intensity restricts chloroplast development and pigment synthesis. Research on grapevines (Wu
et al. 2018) and soybeans (Raza et al. 2020) has shown that shading reduces chlorophyll accumulation
due to decreased photosynthetic activity and downregulation of light-harvesting components.
Additionally, Xiu and Jie (2014) found that low light conditions significantly reduced chlorophyll
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content and photosynthetic efficiency in rice, linking these changes to decreased carbon assimilation
and energy demands. These results demonstrate that sufficient light availability is the main factor
driving pigment biosynthesis in rocket plants.

In contrast, water deficit increased the contents of chlorophyll and carotenoids compared to full
irrigation under the same light conditions. This apparent enhancement may not actually indicate
increased pigment production. Instead, it could result from adaptive structural and physiological
changes, such as reduced leaf expansion, smaller cell sizes, and denser chloroplasts. These factors
can lead to higher concentrations of pigments per unit of leaf area or dry mass (Gonzalez-Espindola
et al. 2024). Drought-related increases in pigment content have been observed in other crops as
protective responses to enhance light capture and mitigate photoinhibition during periods of limited
water supply (Heidari and Golpayegani 2012). Furthermore, mild water-deficit stress can improve
chloroplast stability, osmotic regulation, and antioxidant protection, helping to maintain pigment
integrity despite reduced overall growth. Nonetheless, these effects occur within the broader context
that light availability remains the primary factor determining pigment synthesis, while water deficit
mainly alters pigment concentration through stress-induced acclimation.

The application of FA significantly increased levels of chlorophyll and carotenoids. This supports
previous research conducted on spinach (Han et al. 2025) and yarrow (Bayat et al. 2021), which
found that FA enhances nutrient uptake, especially magnesium, an essential component of
chlorophyll. Additionally, FA stimulates root development and supports physiological processes that
contribute to stress tolerance. Its role in enhancing photosynthetic efficiency and antioxidative
capacity likely aided in the preservation and accumulation of pigments under suboptimal conditions.
A similar increase in chlorophyll accumulation after applying humic acid complexes has also been
reported by Babarabie et al. (2020) in cut tuberose, further supporting the stimulatory role of humic-
derived biostimulants in pigment biosynthesis.

These results indicate that full light exposure (no shade) is optimal for pigment biosynthesis in
rocket plants grown without soil. Additionally, optimized irrigation and FA application support

pigment stability and enhance tolerance under stress conditions.

The status of water and the stability of membranes

The current findings demonstrated that irrigation levels, shading, and FA application significantly
affected the RWC, MSI, and MDA levels in rocket plants. In general, increased irrigation (1L100)
enhanced RWC and MSI while decreasing oxidative damage, as indicated by lower MDA levels.

These results highlight the critical importance of adequate water supply for maintaining cell
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hydration, stabilizing membranes, and reducing lipid peroxidation in controlled environments.
Similar trends have been observed in leafy vegetables, where sufficient irrigation maintained RWC
and turgor pressure, thereby enhancing photosynthetic performance and reducing oxidative damage
(Parkash and Singh 2020; Santander et al. 2024).

Applying FA, especially at a concentration of 2 g L™, significantly enhanced RWC and MSI,
while also reducing MDA levels. This indicates its effectiveness in improving water retention,
protecting membrane structures, and boosting antioxidant defenses. These findings align with reports
in maize indicating that FA enhanced water status and decreased oxidative stress markers (Anjum et
al. 2011). These effects may arise from its impact on osmotic adjustment through the regulation of
ion transport and enhanced root functionality, which together promote water uptake and minimize
membrane injury (Canellas et al. 2015).

Shading at 50% and 80% increased RWC while simultaneously reducing MDA accumulation;
however, its effect on MSI was less consistent. Maximum stability was observed at 50% shading, but
there was a decline at 80% shading. The enhancement in RWC under shading likely relates to
decreased transpirational demand due to lower evaporative stress, which allows leaves to retain more
water even with limited irrigation (Wu et al. 2018). Excessive shading can hinder photosynthesis and
reduce antioxidant activity, leading to inconsistent responses in MSI. The application of FA at a
concentration of 2 g L™ * reduced oxidative damage, with shading demonstrating the most significant
protective effect. The observed reduction in MDA under higher shading indicates a potential decrease
in photooxidative stress, as reduced light intensities can limit the damage to membranes caused by
light exposure (Xiu and Jie 2014).

These results demonstrate that the coordinated management of water supply, light availability,
and FA application is essential for maintaining membrane stability and reducing oxidative damage in
rocket plants. FA helps relieve stress, but effective water and light management are crucial for

maintaining cellular integrity in greenhouse conditions.

Soluble carbohydrates

The levels of irrigation, FA application, and shading significantly influenced the accumulation of
soluble carbohydrates in rocket plants. Reduced irrigation with no or minimal shading resulted in
higher levels of soluble sugars. This pattern aligns with findings in tomatoes, where drought stress
increases soluble sugar accumulation as part of the plant’s strategy for osmotic adjustment (Zivanovié

et al. 2020). In conditions where water is limited, starch reserves are converted into soluble sugars.
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These sugars help maintain cell turgor, protect cellular structures, and function as osmoprotectants
(Ahmad et al. 2018).

Reduced shading, which leads to higher light availability, further stimulated carbohydrate
accumulation under deficit irrigation. This likely reflects the combined effects of increased
photosynthetic activity due to higher light levels and the osmotic adjustment response to water
scarcity, leading to greater synthesis and distribution of carbohydrates into soluble forms. High
shading (80%) under full irrigation significantly decreased soluble sugar content, likely due to
reduced photosynthetic carbon fixation and limited osmotic adjustment demands (Hussain et al.
2019).

The increase of soluble carbohydrate levels by FA, especially without shading, aligns with its
known positive effects on carbon metabolism and photosynthesis. FA enhances root nutrient
absorption and activates enzymes crucial for carbohydrate metabolism, increasing the availability of

soluble sugars (Canellas et al. 2015).

Proline

Significant increases in proline levels under water deficit conditions and reduced shading underscore
its crucial role as a compatible solute in rocket plants when subjected to abiotic stress. Additionally,
the enhancement observed with FA application likely indicates its positive influence on the metabolic
processes involved in osmolyte accumulation. Proline accumulation as a response to drought stress
is a well-documented adaptive mechanism in various plant species, such as watermelon (Wang et al.
2022) and wheat (Zhang et al. 2022). This amino acid aids in osmotic adjustment, stabilizing proteins
and membranes, and scavenging ROS during stress conditions (Renzetti et al. 2024).

The higher proline content observed without shading, compared to heavy shading, suggests that
greater light availability enhances stress perception and boosts osmolyte accumulation. Under
drought conditions, increased irradiance can elevate ROS production, which subsequently stimulates
the biosynthesis of proline by upregulating key enzymes such as A!-pyrroline-5-carboxylate
synthetase (P5CS) (Hosseinifard et al. 2022).

The significant increase in proline content observed with the application of FA in this study may
be due to its ability to modulate hormonal signaling, particularly by enhancing the accumulation of
abscisic acid. Additionally, FA may strengthen antioxidant defenses, promoting the biosynthesis of
osmolytes under conditions of water deficit and light stress. These results align with previous studies
showing that humic substances, particularly FA, enhance plant stress tolerance by improving nutrient

uptake, regulating hormones, and influencing metabolic pathways (Souza et al. 2022).
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The increases in soluble carbohydrates and proline under water deficit and low shading indicate
a coordinated regulation of carbon and nitrogen metabolism in response to stress adaptation. While
sugars help with osmotic adjustment and scavenging of ROS, proline offers additional protection for
cellular structures. FA helps enhance the integrated response by improving nutrient uptake, increasing
carbon assimilation, and promoting the production of stress-related metabolites. This reinforces its

value as a biostimulant in soilless cultivation systems.

Conclusion
This study demonstrates that irrigation levels, FA application, shading intensity, and their interaction
have significant effects on the growth, physiology, and biochemical traits of rocket plants grown
under soilless conditions. Full irrigation, minimal shading, and 2 g L of FA maximized both shoot
and root biomass, while severe shading and water deficits significantly reduced growth. Water deficit
increased pigment content, soluble carbohydrates, and proline, indicating osmotic adjustment and
photoprotective responses. FA improved water retention, membrane stability, pigment preservation,
and osmolyte accumulation, showing positive effects across all irrigation levels and low-to-moderate
shading (< 50%). However, its benefits decreased under severe shading conditions.

Combining 75-100% irrigation levels, minimal to moderate shading (<50%), and foliar FA at 2
g L™t can optimize biomass, maintain physiological stability, and improve the biochemical quality of
soilless-grown rocket. These strategies provide a practical framework for achieving high yields and
enhancing stress tolerance while promoting sustainable resource use in controlled-environment

agriculture.
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