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ABSTRACT: In semi-arid regions where climatic limitations hinder open-field vegetable production, greenhouse-based
lettuce (Lactuca sativa L.) cultivation plays a vital role in ensuring off-season supply. In this study, the potential
of sustainable input combinations was evaluated to enhance lettuce productivity, quality, and profitability under
unheated greenhouse conditions in Southeastern Türkiye. Treatments included farmer practice and a mycorrhizal
biofertilizer (ERS, a water-soluble arbuscular mycorrhizal fungus product) applied alone or in combination with
organic-based biostimulants (IS and NM). Evaluated parameters were plant height, leaf pigmentation (a*, h◦), SPAD
values, vitamin C, nitrogen and phosphorus content, and gross margin. The ERS2+IS&NM treatment significantly
enhanced plant height (32.5 cm), vitamin C content (28.63 mg 100 g−1 FW), and gross margin ($616.09 da−1), along
with improved nutrient uptake and leaf coloration. These findings highlight the synergistic benefits of integrating
mycorrhizal inoculants with organic-based biostimulants in greenhouse-grown lettuce systems. The results contribute
to the development of eco-friendly, climate-resilient production strategies for protected cultivation in semi-arid
environments.

KEYWORDS: Lactuca sativa; biostimulant; arbuscular mycorrhizal fungi; greenhouse production; sustainable
horticulture; gross margin

1 Introduction

Lettuce (Lactuca sativa L.) is among the most widely cultivated leafy vegetables in Türkiye, largely
due to its short growing cycle, high consumer demand, and adaptability to both open-field and protected
cultivation systems [1,2]. As a cool-season crop, it is particularly suited for early spring and autumn
production and is often grown in greenhouses to meet off-season market demands. Due to its rapid
physiological response to environmental and nutritional changes, lettuce is commonly used as a model
crop in studies evaluating fertilization strategies, irrigation regimes, and plant biostimulants [3].

In semi-arid regions such as Southeastern Anatolia, year-round open-field vegetable production is
severely limited by climatic constraints, including drought, temperature extremes, and variable precipitation
patterns. In this context, greenhouse-based lettuce cultivation represents a high-value alternative that
supports sustainable intensification in horticulture [4,5]. The province of Adıyaman, located in Southeastern
Türkiye, is characterized by hot, dry summers and cold, wet winters, necessitating the use of protected
cultivation systems to ensure early and off-season vegetable supply. Recent natural disasters, such as
the extreme snowfall event in 2022 and the devastating earthquake in 2023, have significantly damaged
greenhouse infrastructure and disrupted local agricultural practices. However, with the aid of government
recovery programs, greenhouse vegetable production has rebounded by 2024, highlighting the growing
importance of protected agriculture in the region [6–8].
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Abiotic stressors such as drought, salinity, and temperature extremes increasingly threaten vegetable
production under climate change. Arbuscular mycorrhizal (AM) fungi play a crucial role in enhancing
plant resistance to abiotic stresses such as drought. This effect occurs through a series of physiological
and biochemical mechanisms, including improved water and nutrient uptake, strengthened antioxidant
defense systems, and regulation of osmotic balance in plants. Specifically, AM fungi have been shown to
increase water use efficiency, thereby supporting plant adaptation under drought conditions [9]. (AM)
fungi also reduce dependence on chemical fertilizers and improve nutrient uptake, offering an eco-friendly
tool for sustainable vegetable production [10]. Similarly, organic fertilizers—such as vermicompost and
compost—contribute to soil health, support microbial activity, and positively influence yield and quality
attributes of leafy vegetables [11–13].

Research shows that the combined application of (AM) fungi and organic-based biostimulants can
improve lettuce morphological traits, such as plant height, leaf area, and biomass, while enhancing
nutritional parameters like vitamin C and mineral content [14–16]. These practices align with global
efforts to promote climate-resilient and low-input farming systems, particularly in resource-limited and
semi-arid regions [17,18].

Given this background, the present study was conducted under semi-arid greenhouse conditions
in Adıyaman, Türkiye. The objective was to evaluate the effects of mycorrhizal biofertilizer (ERS) and
organic-based biostimulants (IS and NM), compared with conventional farmer practices, on lettuce growth
performance, yield, nutritional quality, and economic return. Agronomic traits (plant height, SPAD values,
leaf pigmentation), yield, vitamin C, and mineral contents (N and P) were assessed to determine the
physiological and functional responses of lettuce. Special attention was given to the potential of mycorrhizal
biofertilizer as a sustainable input under environmentally constrained conditions.

This study provides novel insights into the integrated use of arbuscular mycorrhizal (AM) fungi
and organic biostimulants in lettuce cultivation under semi-arid greenhouse conditions, a setting that is
increasingly relevant due to climate change and water scarcity in Türkiye. To date, integrated applications
of AM fungi and organic biostimulants under such conditions in Türkiye have been rarely investigated,
highlighting the novelty of this study. While previous studies have examined mycorrhizal inoculation or
biostimulant application individually, this research uniquely combines these approaches and evaluates
their combined effects on both physiological traits, such as vitamin C content, and economic parameters,
including gross margin. The simultaneous assessment of plant quality and economic returns distinguishes
this work from prior national and international studies. By demonstrating how integrated biostimulant
management can enhance both nutritional value and profitability, this study offers practical insights for
sustainable vegetable production and the adoption of advanced agricultural practices among progressive
farmers in semi-arid regions.

2 Material and Methods

This study was conducted under semi-arid climatic conditions in a greenhouse covered with
non-heated polyethylene film in Adıyaman, Türkiye (37◦37′46′′ N–38◦17′46′′ E), to evaluate the effects of a
mycorrhizal-based organic fertilizer on lettuce (Lactuca sativa L., cv. ‘Cosprina’) growth, yield, vitamin C
content, and economic return, in comparison with conventional farmer practices. This cultivar is widely
cultivated in Türkiye, with a vegetation period of 50–70 days, and is suitable for both greenhouse and
open-field production due to its strong foliage and compact head structure.

Seedlings were supplied by a commercial nursery and transplanted on 05 December 2024. Harvest was
conducted on 12 March 2025, following standard greenhouse management without supplemental heating.
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The experimental design for this study was structured using a Randomized Complete Block Design
(RCBD), incorporating different fertilizer treatments and a single lettuce variety. The experimental design
included four replications for each fertilizer treatment, ensuring the reliability of the results. Each replication
consisted of 32 plants, with measurements taken for plant growth, biomass, yield, and nutritional parameters,
including vitamin C content. This design allowed for a robust evaluation of the effects of different fertilization
strategies on the performance of lettuce in a semi-arid greenhouse environment. The use of four replications
per treatment ensured that variations due to environmental factors wereminimized, providingmore accurate
assessments of fertilizer efficacy in improving both crop yield and quality. In the farmer’s practices, Isabion
and NutriMin fertilizers were applied as foliar treatments. In addition to these applications, Endo Roots
Soluble (ERS) was also applied by drip irrigation. The biostimulant products used in this experiment were
obtained from different commercial sources. ERS Bioglobal Inc. (Antalya, Türkiye) supplied the ERS-based
formulation, Nutrimin (JH Biotech, Ventura, CA, USA) provided the micronutrient complex, and Isobion
(Syngenta, Basel, Switzerland) was used as an amino acid-based biostimulant. The guaranteed content
of the product includes a total of 23.5% live organisms, consisting of Glomus intraradices (21%), Glomus
aggregatum (20%), Glomus mosseae (20%), Glomus clarum (1%), Glomus monosporus (1%), Glomus deserticola
(1%), Glomus brasilianum (1%), Glomus etunicatum (1%), and Gigaspora margarita (1%). Isabion is a liquid
organic fertilizer derived from animal origin, containing free amino acids and both long and short-chain
peptides in an optimal and well-balanced ratio, making it a highly selected product for enhancing plant
growth. NutriMin 534 is a unique foliar fertilizer formulated with high-quality trace elements and secondary
elements chelated with glycine, selected for its superior nutritional content and its ability to promote healthy
plant development.

Mycorrhizal fungi, such as those used in ERS, enhance the plant’s ability to absorb more water and
nutrients from the soil through colonization of root surfaces, tissues, and intercellular spaces, forming
dense networks of hyphae that extend beyond the root zone [15]. This mutually beneficial symbiosis
improves nutrient uptake and water acquisition, particularly in nutrient-poor or drought-prone soils. ERS
(Mycorrhizal Fungi) is a water-soluble powder formulation that is certified for organic use and suitable for
under-cover vegetable production. When applied during the transplanting of vegetable seedlings, ERS helps
to increase the establishment rate of the plants, particularly in challenging environmental conditions, such
as drought, cold, or adverse soil conditions where the efficacy of mycorrhizal fungi is significantly enhanced.
This product was selected due to its superior performance under these stress conditions, improving seedling
survival and overall plant health.

Isabion was applied once or twice per week at a dosage of 10–20 L ha−1, and NutriMin 534 was applied
six times at a rate of 0.5–1.5 kg ha−1, diluted in 100–200 L of water. In addition, ERS (Endo Roots Soluble)
was applied twice at a concentration of 2–3 g L−1. The selection of Nutrimin 534 and Isabion as biostimulant
products was based on their well-documented efficacy in enhancing plant growth, nutrient uptake, and
quality attributes in leafy vegetables. Although these products are not universally applied in local farming,
they are increasingly used by progressive and informed farmers seeking to optimize productivity and crop
quality. ERS was selected due to its superior performance under stress conditions, improving seedling
establishment and overall plant health. The inclusion of these biostimulants in this study also aimed to
evaluate their potential to directly contribute to local agricultural development and promote sustainable
production practices through university-led research initiatives.

The soil characteristics were measured at two depths, 0–30 cm and 30–60 cm, and are presented in
Table 1. Salt content was not measured in the 30–60 cm layer, focusing only on the 0–30 cm root zone.
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Table 1: Soil characteristics of experimental area.

Soil Parameter 0–30 cm Depth 30–60 cm Depth

pH 7.39 6.99
Total Salt Content 13.29 dS m−1 -
Lime Content 43.24% 13.71%

Texture Clay Heavy Clay
Organic Matter 2.00% 1.06%
Phosphorus (P) 0.60 kg da−1 2.15 kg da−1
Potassium (K) 29.0 kg da−1 11.41 kg da−1

Iron (Fe) 5.28 mg kg−1 1.35 mg kg−1
Zinc (Zn) 0.83 mg kg−1 1.01 mg kg−1

Manganese (Mn) 12.44 mg kg−1 5.26 mg kg−1
Copper (Cu) 3.02 mg kg−1 0.25 mg kg−1

2.1 Plant Growth and Quality Parameters

Morphological measurements such as plant height (cm), head diameter (cm), leaf length and width (cm),
and stem diameter (mm) were conducted using a digital caliper and ruler at harvest time. The number of
total leaves, number of usable (marketable) leaves, and number of discarded leaves per plant were manually
counted. Head weight, leaf weight, root weight, dry plant weight, and dry root weight were measured
using a precision digital scale. Fresh weights were recorded immediately after harvest, whereas dry weights
were obtained after oven-drying the samples at 65◦C until constant weight was achieved.

Yield per decare (kg/da) was calculated by multiplying the average head weight per plant. Root length
(cm) was measured from the stem base to the tip of the longest root using a ruler. Chlorophyll content was
estimated using a SPAD-502 chlorophyll meter (Konica Minolta, Japan), and values were expressed in SPAD
units. Vitamin C content was measured by the 2,6-dichlorophenolindophenol titrimetric method, and the
results were expressed as mg 100 g−1 FW. Total nitrogen (N%) content of leaves was determined by the
Kjeldahl method [19] after acid digestion. Phosphorus content (P%) was measured calorimetrically using
the molybdenum blue assay, with absorbance readings taken at 880 nm via a spectrophotometer [20]. The
results were expressed as a percentage of dry matter.

The color characteristics of the samples were quantified using a WR18/4–8 FRU colorimeter, measuring
parameters L*, a*, and b*. The L* value indicates the brightness level, ranging from 0 (complete black) to 100
(complete white). The a* and b* coordinates represent color dimensions orthogonal to the L* axis, where
the neutral point (a* = 0, b* = 0) corresponds to a neutral gray tone.

Positive values of a* correspond to red shades, while negative values indicate green. Similarly, positive
b* values correspond to yellow hues, and negative b* values indicate blue tones (Fig. 1).

To better describe color attributes, hue angle (h◦) and chroma (C*) were derived from the a* and b*
values using the formulas below [21]. Hue angle reflects the dominant wavelength or basic color tone, with
0◦ representing red-pink, 90◦ yellow, 180◦ green, and 270◦ blue. Chroma quantifies the intensity or purity of
the color.

Figure 1: Formula of colour parameters.
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2.2 Economic Analyzes

The economic efficiency of the applied treatments was evaluated through the calculation of gross
margin. Gross margin (GM) was defined as the difference between gross revenue and total variable costs
(VC) associated with each treatment. Total variable costs included all production costs that vary with the
level of output, such as costs of fertilizers, pesticides, labor, irrigation, and other inputs directly related
to production. This calculation was used to compare the economic performance of different treatments
and identify the most profitable management practices. For economic analysis, lettuce market prices were
based on actual wholesale or local sales prices recorded at each harvest, and input costs for mycorrhizal
products and farmer practices were obtained from real purchase invoices, ensuring realistic and reliable
evaluation of gross margins.

Gross revenue (GR) (expressed in currency per unit area) was calculated by multiplying the yield (kg
per unit area) by the market price of the product (currency per kg): GR = Yield (kg area−1) × Product Price
(currency/kg). The gross margin was calculated using the following formula: GM = GR − VC [22].

2.3 Statistical Analysis

Data were subjected to analysis of variance (ANOVA) using the MSS statistical software (data file:
CRNMRL25). The experimental design was a randomized complete block design (RCBD) with one factor
(treatment) and four replications. Differences among treatments were tested at the 0.05 level of significance
using the Least Significant Difference (LSD) test to separate treatment means. All measurements were
conducted in four replicates per treatment. The experimental model applied was “Model 7: One Factor
Randomized Complete Block Design”, and the analysis included 24 data points across six treatments and
four replications.

3 Results

Only one lettuce cultivar, ‘Cosprina’, was used in this study, which may limit the generalizability
of the results to other varieties. Cosprina was selected due to its widespread cultivation and consumer
preference in the region, reflecting both market demand and typical consumption habits. The soil used in
this experiment exhibited unusually high lime content (43.24%) and electrical conductivity (13.29 dS m−1),
which are higher than typical greenhouse soils. These conditions may have influenced lettuce growth
and the plant’s response to fertilizers and biostimulants, as high lime can affect nutrient availability and
high salinity can impose osmotic stress. Therefore, the observed effects of mycorrhizal fungi and organic
biostimulants should be interpreted within this specific soil and varietal context. Despite these challenging
conditions, the treatments enhanced plant growth, vitamin C content, and economic returns, highlighting
the potential of integrated biostimulant management even under stress-prone environments.

The experimental results demonstrated that mycorrhizal and organic fertilizer treatments significantly
influenced various morphological, physiological, and nutritional traits of lettuce grown under semi-arid
greenhouse conditions, although not all parameters responded significantly to the applications (Tables 2–4).
Among the morphological traits, head height showed a statistically significant increase (p ≤ 0.01) with
the ERS2+IS&NM treatment producing the tallest plants (32.50 cm), followed by ERS1+IS&NM (30.25 cm)
and ERS1 (30.00 cm), whereas the control had the lowest height (26.25 cm). This increase in plant height
may be attributed to improved nutrient and water uptake. Other morphological parameters such as
head diameter, leaf width and length, total leaf number, root length, and stem diameter did not differ
significantly, although numerical differences were observed. Notably, the number of disposed leaves was
significantly lower (p ≤ 0.05) in combined treatments (ERS+IS&NM) compared to single treatments and
control. Chlorophyll content, as indicated by SPAD values (ranging from 41.13 to 48.88), and total soluble
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solids (TSS) showed no significant differences among treatments. However, significant changes were
detected in leaf color parameters, especially the a* (red-green) and hue angle (h◦), with ERS2+IS&NM
increasing red pigmentation significantly (p ≤ 0.05). Vitamin C content varied significantly among
treatments (p ≤ 0.01), with ERS2+IS&NM yielding the highest concentration (28.63 mg 100 g−1 FW), followed
by ERS1+IS&NM (26.50 mg/100 g FW), while the control had the lowest value (16.29 mg 100 g−1 FW). Leaf
phosphorus and nitrogen concentrations were significantly affected by treatments (p ≤ 0.05 and p ≤ 0.01,
respectively), with the highest levels found in ERS2+IS&NM. Although fresh biomass and yield values
improved with all fertilization strategies compared to control, only leaf weight showed a statistically
significant increase (p≤ 0.05), with ERS1+IS&NMproducing the highest leaf weight (840 g/plant). Marketable
yield was numerically higher in mycorrhizal treatments (up to 35 tones ha−1) compared to the control
(29.2 tones ha−1), although these differences were not statistically significant. Economic analysis revealed
significant differences in gross margin among treatments (p ≤ 0.0063), with ERS2, ERS1+IS&NM, and
ERS2+IS&NM achieving the highest gross margins (~6.07–6.16 $ da−1), significantly higher than the control
and other single treatments (Fig. 2). These results highlight the positive effects of integrated mycorrhizal
and organic nutrient management on lettuce growth and economic returns under semi-arid greenhouse
conditions.
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Figure 2: (A) Effects of Treatments on Leaf Parameters of Lettuce; (B) Effects of Treatments on Leaf Weight (g) of
Lettuce; (C) Effects of Treatments Head Height (cm) of Lettuce; (D) Effects of Treatments on Gross Margin ($ da−1).
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Table 2: Morphological parameters of lettuce under different treatments.

Parameters

Head Height
(cm)

Head Diameter
(cm)

Leaf Width
(cm)

Leaf
Length
(cm)

Number of
Leaf

Number of
Disposed

Leaf

Total
Number of

Leaf
Root Length

(cm)
Stem

Diameter
(mm)

A
pp

li
ca
ti
on

s

1 26.25c 29.00 13.13 24.00 31.50 5.75ab 37.25 13.50 31.81
2 29.25b 30.25 14.63 26.00 33.50 6.00a 39.50 13.75 30.38
3 30.00ab 30.50 13.50 25.75 34.75 4.00b 38.75 13.75 31.88
4 29.75ab 32.50 13.75 27.25 31.00 6.00a 37.00 17.25 29.02
5 30.25ab 29.25 13.38 26.25 35.00 6.75a 41.75 15.75 31.03
6 32.50a 30.50 14.75 26.03 38.50 4.00b 41.42 15.75 30.48

0.0084** NS NS NS NS 0.0381* NS NS NS
1: Control—no treatment applied; 2: IS&NM—Isabion (Syngenta, Basel, Switzerland) applied once or twice per week at 1–2 L da−1 + NutriMin 534 (JH Biotech, Ventura, CA, USA)
applied six times at 0.5–1.5 kg ha−1, diluted in 100–200 L of water; 3: ERS1—Endo Roots Soluble (Bioglobal Inc., Antalya, Türkiye) applied twice at 2–3 g L−1 (one unit); 4: ERS2—Endo
Roots Soluble (Bioglobal Inc., Antalya, Türkiye) applied twice at 2–3 g L−1 (two units); 5: ERS1+IS&NM—combination of ERS1 and IS&NM; 6: ERS2+IS&NM—combination of ERS2
and IS&NM. *, ** indicate significance at (p ≤ 0.05) and (p ≤ 0.01), respectively and NS: Not-significance; Within each column, values with the same letters do not differ statistically
according to LSD test at p > 0.05.

Table 3: Colorimetric and quality parameters of lettuce leaves under different Treatments.

Parameters

L a b H◦ Choroma TSS Vitamin C
(mg 100 g−1 FW) SPAD % N % P

A
pp

li
ca
ti
on

s

1 36.97 −10.30ab 26.47a 111.36cd 28.41a 1.98 16.29f 41.13 4.08a 40.55
2 34.58 −9.44bc 25.63a 110.15d 27.32a 2.60 16.89e 43.15 4.05a 46.25
3 42.86 −7.68c 17.93b 113.32ab 19.51b 2.53 18.05d 45.58 3.95a 55.25
4 36.93 −9.26bc 22.75ab 112.24bc 24.57ab 2.98 20.85c 48.10 3.75b 63.25
5 43.80 −10.83ab 24.60a 113.78ab 26.88a 3.13 26.50b 44.55 3.45c 74.75
6 40.99 −11.99a 26.27a 114.56a 28.88a 3.10 28.63a 48.88 3.58c 88.75

NS 0.0084** 0.0361* 0.0009** 0.0329* NS 0.0000** NS 0.0000** NS
1: Control—no treatment applied; 2: IS&NM—Isabion (Syngenta, Basel, Switzerland) applied once or twice per week at 1–2 L da−1 + NutriMin 534 (JH Biotech, Ventura, CA, USA)
applied six times at 0.5–1.5 kg ha−1, diluted in 100–200 L of water; 3: ERS1—Endo Roots Soluble (Bioglobal Inc., Antalya, Türkiye) applied twice at 2–3 g L−1 (one unit); 4: ERS2—Endo
Roots Soluble (Bioglobal Inc., Antalya, Türkiye) applied twice at 2–3 g L−1 (two units); 5: ERS1+IS&NM—combination of ERS1 and IS&NM; 6: ERS2+IS&NM—combination of ERS2
and IS&NM. *, ** indicate significance at (p ≤ 0.05) and (p ≤ 0.01), respectively and NS: Not-significance; Within each column, values with the same letters do not differ statistically
according to LSD test at p > 0.05.
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Table 4: Yield and economic analysis of lettuce under different treatments.

Parameters

Leaf Weight
(g)

Dry Leaf Weight
(g)

Root Weight
(g)

Dry Root
Weight

(g)
Head Weight

(g)
Yield Tones

ha−1
Gross

Revenue ($
da−1)

Total
Variable Cost

($ da−1)
Gross Margin

($ da−1)

A
pp

li
ca
ti
on

s

1 685.00bc 44.98 64.68 35.63 730.00 29.2 9.973 5.407 4.566b
2 600.00c 53.79 78.35 40.89 800.00 32.0 10.997 5.577 5.421b
3 680.00bc 55.13 81.78 39.09 805.00 32.2 11.063 5.544 5.454b
4 675.00bc 53.05 71.76 29.88 860.00 34.4 11.749 5.680 6.068a
5 840.00a 46.50 66.32 33.38 862.50 34.5 11.783 5.656 6.127a
6 765.00ab 53.05 76.02 41.42 875.00 35.0 11.954 5.793 6.161a

0.0407* NS NS NS NS NS 0.0063
1: Control—no treatment applied; 2: IS&NM—Isabion (Syngenta, Basel, Switzerland) applied once or twice per week at 1–2 L da−1 + NutriMin 534 (JH Biotech, Ventura, CA, USA)
applied six times at 0.5–1.5 kg ha−1, diluted in 100–200 L of water; 3: ERS1—Endo Roots Soluble (Bioglobal Inc., Antalya, Türkiye) applied twice at 2–3 g L−1 (one unit); 4: ERS2—Endo
Roots Soluble (Bioglobal Inc., Antalya, Türkiye) applied twice at 2–3 g L−1 (two units); 5: ERS1+IS&NM—combination of ERS1 and IS&NM; 6: ERS2+IS&NM—combination of ERS2
and IS&NM. * indicate significance at (p ≤ 0.05), respectively and NS: Not-significance; Within each column, values with the same letters do not differ statistically according to LSD
test at p > 0.05.
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4 Discussion

The application of mycorrhizal fertilizer combined with other fertilization strategies significantly
improved selectedmorphological, physiological, and nutritional parameters of lettuce grown under semi-arid
greenhouse conditions [23]. The observed reduction in leaf senescence may be attributed to enhanced
plant vigor resulting from the applied fertilizers and organic nutrients [8]. Among all measured traits,
plant height exhibited a statistically significant increase in treatments integrating mycorrhizal fungi with
organic inputs, with the tallest plants recorded in the ERS2+IS&NM group (32.5 cm), demonstrating a
synergistic effect of these treatments. This aligns with findings by [24], who reported that biostimulants
promote shoot elongation through increased nutrient uptake and hormone-like activity. Similarly, Ref. [25]
documented significantly higher biomass and yield in lettuce grown in vertical farming systems compared to
conventional soil-based cultivation. Although vertical farming was not employed in this study, yield levels
up to 3.5 t ha−1 under organic-biological input regimes suggest that conventional systems supplemented
with mycorrhizal fertilizers and biostimulants can compete with more advanced technologies. Further
supporting this, Ref. [26] observed significant differences in vegetative growth traits among lettuce cultivars
during autumn cultivation, highlighting the positive role of mycorrhizal and organic fertilization. Despite
varietal influences on growth, biofertilizer integration remains an effective approach to enhance off-season
production.

While other morphological parameters such as leaf width, head diameter, and stem diameter did not
differ significantly, numerical increases were observed in most mycorrhizal treatments. This selective
enhancement of vertical growth over radial growth may result from improved water and nutrient uptake,
consistent with [8], who demonstrated that organic amendments promote root-shoot development in leafy
vegetables. Ref. [27] reported that humic acid applications (500–2000 ppm) significantly increased lettuce
plant height, fresh and dry weight, root collar diameter, and leaf number under greenhouse conditions.
These findings parallel our observations, where ERS2+IS&NM treatments enhanced plant height, root
length, and vitamin C content. Kibar’s study found optimal effects at 500 ppm humic acid, indicating that
moderate doses can substantially improve morpho-physiological traits. These results support integrating
humic substances with mycorrhizal and organic inputs to maximize agronomic and quality outcomes in
resource-limited greenhouse environments.

In related research, Ref. [28] showed that boron fertilizer slightly increased root length and yield
in curly lettuce but reduced leaf number, while humic acid improved leaf length and overall growth but
reduced root length. These findings partially align with our study, where the combined mycorrhizal and
organic fertilizer application (ERS2+IS&NM) enhanced plant height, root length, and vitamin C content,
though yield improvements were not statistically significant. Several studies on curly lettuce have reported
considerable variation in vitamin C content depending on cultivationmethods and environmental conditions.
For example, Ref. [29] found vitamin C levels between 19.30 and 22.39 mg 100 g−1 FW fresh weight in
soilless culture, while Ref. [25] reported values ranging narrowly between 22.82 and 22.87 mg 100 g−1 FW.
Another study [30] observed a wider range from 6.08 to 29.13 mg 100 g−1 FW, and [31] found vitamin C
levels of 11.15 to 11.57 mg 100 g−1 FW following oxalic acid treatments. These variations indicate that
vitamin C content in lettuce is highly influenced by input type, cultivation method, and environmental
stress. Therefore, integrating mycorrhizal fertilizers with organic amendments appears promising for
enhancing plant health and nutritional quality in protected cultivation, consistent with previous reports
demonstrating the positive effect of organic fertilization on vitamin C content in leafy vegetables [32,33].

Regarding leaf color, Chroma (C*) and b* values did not differ significantly, indicating stable lightness
and yellowness across treatments. However, variations in a* (red-green axis) and hue angle (H◦) were
significant; ERS2+IS&NM treatment showed increased red pigmentation, suggesting elevated anthocyanin
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and antioxidant levels, which can improve both visual appeal and market value. This aligns with [25],
who documented enhanced chlorophyll content and total antioxidant capacity in tower-grown lettuce,
supporting the notion that optimized growth conditions can boost pigment development and antioxidant
profiles in leafy vegetables.

Total soluble solids (TSS) levels were consistent among treatments, corroborating findings by [34,35],
who reported no significant differences in TSS across organic, conventional, or hydroponic cultivation
methods. Thus, under semi-arid greenhouse conditions, fertilization strategies did not significantly affect
lettuce leaf soluble solids concentration.

Leaf nitrogen and phosphorus concentrations were significantly higher in the ERS2+IS&NM treatment,
indicating improved nutrient acquisition. These results corroborate earlier studies demonstrating arbuscular
mycorrhizal (AM) fungi mediated phosphorus uptake [36] and align with [25], who observed enhanced
nutrient accumulation in advanced production systems. Such findings confirm the beneficial role of
mycorrhizal fungi in nutrient uptake enhancement.

Although total yield differences were not statistically significant, ERS1+IS&NM treatment produced
the highest leaf weight (840 g/plant), an important factor for marketable yield. This concurs with [37], who
emphasized the impact of substrate and nutrient solution interactions on yield performance, reinforcing
that biological inputs provide a viable alternative in conventional soil-based systems, especially where
vertical farming is not economically feasible.

Economic analysis revealed the highest gross margins in ERS2+IS&NM and ERS1+IS&NM treatments,
reflecting strong economic performance. While vertical farming may offer yield and quality advantages [25],
its high-cost limits accessibility for many growers. Thus, integrating mycorrhizal fertilizer into
low-technology greenhouses represents a practical strategy to improve economic returns under semi-arid
conditions. These findings underscore the potential for increased marketable biomass through integrated
fertilization [38].

Biostimulants enhance vegetable productivity by improving photosynthesis, activating antioxidant
defenses, mimicking auxin activity, and promoting nutrient uptake [39]. In this study, mycorrhizal fungi and
organic nutrients significantly improved lettuce growth and vitamin C content under stress-prone semi-arid
greenhouse conditions. These results highlight the necessity of site-specific evaluation of biostimulants,
taking into account crop type, soil conditions, and microbial populations. The observed increase in vitamin
C content in mycorrhizal treatments can be attributed to several physiological mechanisms [40]. Arbuscular
mycorrhizal (AM) fungi enhance nutrient uptake, particularly phosphorus and nitrogen, which in turn
supports photosynthesis and carbon metabolism, leading to higher vitamin C synthesis. Additionally,
mycorrhizal colonization improves plant stress tolerance and stimulates antioxidant metabolism, further
contributing to elevated vitamin C levels [41]. These effects may also be mediated by hormonal regulation
and enhanced enzymatic antioxidant activity, as reported in recent studies [42].

In summary, the combination of mycorrhizal fungi with organic nutrients and biostimulants
substantially improved morphological traits, vitamin C content, nutrient uptake, and economic outcomes.
These findings align with previous literature and provide valuable insights for sustainable vegetable
production in Southeastern Türkiye. Future research should investigate long-term soil health effects and
the molecular mechanisms underlying these improvements.

5 Conclusion

This study demonstrated that the combined application of mycorrhizal fertilizer and a locally developed
organic nutrient regimen significantly enhanced the growth performance and vitamin C content of lettuce
under semi-arid greenhouse conditions. These treatments resulted in taller plants with improved leaf
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nutrient status, particularly phosphorus and nitrogen, highlighting the efficacy of natural biofertilizers in
promoting plant health. Moreover, economic analysis confirmed the potential for increased profitability
with integrated fertilization approaches. These strategies could be scaled up for commercial semi-arid
greenhouse production in Türkiye, potentially reducing reliance on chemical fertilizers and contributing
to environmentally sustainable vegetable cultivation. Future research should aim to optimize biofertilizer
application protocols tailored to diverse soil types and climatic conditions, explore underlying molecular
mechanisms, and conduct multi-season validations to further advance sustainable vegetable production.
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