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ARTICLE INFO ABSTRACT

Article history: In this greenhouse study, the effects of Funneliformis mosseae, Trichoderma virens, and
Received: 23 May 2026 Nigella sativa seed cake on broccoli growth and physiology were evaluated. Key
Accepted: 1 August 2026 parameters assessed included color, photosynthesis, SPAD value, morphological traits
Published online: 3 September 2026 (head length, head diameter, stem diameter, plant height, canopy width, head fresh and
Revised: 13 September 2026 dry weights), root colonization, and soil spore density. The most pronounced results were
Keywords: ) as follows: Funneliformis mosseae applied alone, together with its binary and ternary
Arbuscular mycorrhizal fungus combinations with Trichoderma virens and Nigella sativa seed cake, yielded the highest
g?gg ())li color values. Numerically, individual applications of Funneliformis mosseae and Nigella

sativa seed cake produced the highest photosynthesis rates. The triple combination
maximized head length, head diameter, head dry weight, and soil spore density.
Funneliformis mosseae alone produced the greatest plant height, stem diameter, and
canopy width. Compared with the control, the triple combination treatment significantly
increased head dry weight and head length, while Funneliformis mosseae alone
increased plant height and canopy width by approximately 32% and 125%, respectively,
and also resulted in a 26% increase in the photosynthesis rate. Overall, these findings
suggest that combining microbial inoculants and plant waste significantly improves
broccoli morphology and physiological traits, highlighting their practical value as
sustainable alternatives to chemical inputs in greenhouse broccoli cultivation.
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INTRODUCTION

Broccoli (Brassica oleracea L. var. italica), a cool-season plant belonging to the Brassicaceae family, is native to the
Mediterranean region. Broccoli is rich in vitamins C and K and contains phytochemical compounds with antioxidant
properties that provide health benefits (Ben Ammar et al., 2023). Broccoli, which has a shallow root system, grows well in
well-drained soils with a pH between 6.0 and 6.5. Due to its sensitivity to many biotic and abiotic conditions (such as drought
stress, salt stress, and heavy metals), it is susceptible to adverse environmental conditions (Sardar ef al., 2024). On the other
hand, under stress conditions, photosynthesis, cell division, cell elongation, respiration, and stomatal movement are
inhibited, which negatively impacts crop yield (Abdo et al., 2024).

Today, the use of fungi as microbial inoculants or the use of organic waste are innovative techniques applied in agriculture
to enhance plants’ resistance to abiotic and biotic stresses (El-Bially et al., 2023). Since this approach makes plants more
resilient to environmental and climatic challenges, it can play a significant role in the development of sustainable agricultural
systems (dos Santos et al., 2022). Among these microorganisms, arbuscular mycorrhizal fungi (AMF) and Trichoderma
fungal species are particularly noteworthy. AMF are beneficial fungi that form symbiotic relationships with plant roots. They
provide various benefits across many crops, including enhanced nutrient and water uptake, stress tolerance, and plant growth
(Wang et al., 2024). AMF form symbiotic relationships with approximately 72% of terrestrial plants (Genre et al., 2020).
AMF hyphae enable plant roots to access water and nutrients in the soil that would otherwise be inaccessible by increasing
their surface area and absorption zones (Madouh & Quoreshi, 2023). However, it has been suggested that Brassicaceae plants
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lost their ability to form AMF symbiotic relationships during the course of evolution; this is likely due to the loss of genes
associated with AMF symbiosis or the loss of the plants’ ability to recognize the AMF attractants necessary for this
relationship (Delaux, 2017; Poveda et al., 2019). Since the fungal genera Gigaspora and Rhizophagus can develop AM and
RAM structures on non-host plants, the effectiveness of AMF colonization in the roots of plants belonging to the
Brassicaceae family depends on the fungal genus (Hirrel ef al., 1978).

Trichoderma species are fungi that live in the rhizosphere. They can enhance a plant’s systemic resistance and contribute to
its growth and development. These fungi promote nutrient solubilization and chelation, such as P, Fe, Mg, and Mn. They
produce phytohormones like auxins and help regulate rhizosphere microbial populations. As a result, species in this genus
function as effective biological fertilizers (Gupta, 2021). In biological control with Trichoderma, several processes occur.
These include mycoparasitism, antibiosis, competition for nutrients and ecological niches, and the induction of plant defense
responses. The fungi can activate local and systemic plant defense pathways. They increase the synthesis and storage of
antimicrobial proteins and secondary metabolites, enhancing resistance to later pathogen attacks (Guzman-Guzman et al.,
2023). Nigella sativa L., known as black cumin, is an annual flowering plant native to Southwest Asia. It has a long history
in traditional medicine and is used in industrial pharmacology for its therapeutic properties (Haj Seyed Hadi et al., 2016).
As an important spice plant, it can suppress soil pathogens such as Fusarium solani through rhizobacteria that support plant
growth and promote plant development (Al-Sman et al., 2019). Despite interest in microbial inoculants and plant byproducts,
few studies explore their combined use in broccoli cultivation. This study was therefore conducted to evaluate the effects of
Funneliformis mosseae, Trichoderma virens, and Nigella sativa seed cake on the growth and physiological performance of
broccoli under greenhouse conditions.

MATERIALS AND METHODS

Plant Material and Experimental Site

The study was conducted in the greenhouses of the Adiyaman University Agricultural Application and Research Center
during the winter—spring growing season of 2024-2025 in Adiyaman, Southeastern Anatolia Region, Tiirkiye. Under natural
daylight conditions without supplemental lighting, the greenhouse air temperature ranged from 25 to 28 °C. The
experimental soil had a clay texture with the following physicochemical properties: pH 7.65, EC 0.03 dS m™ (Richards,
1954), CaCOs 2.03%, organic matter 1.50% (Walkley & Black, 1934), Ca 24,005.1 ppm, Mg 1,755.3 ppm, Fe 8.35 ppm, Cu
13.61 ppm, Zn 2.01 ppm, and Mn 77.50 ppm (Follett & Lindsay, 1971). The experiment was arranged in a randomized
complete block design (RCBD) with eight treatments and four replications. Each plot consisted of four plants spaced 50 cm
apart within rows and 80 cm apart between rows. The plant material utilized was the broccoli cultivar Brassica oleracea var.
italica ‘Marathon F1°. All cultural practices, including hoeing, irrigation, and plant protection, were applied uniformly across
all plots.

The experimental treatments were as follows: Control (C): No treatment was applied. Nigella sativa seed cake: The Nigella
sativa seed cake material used in this study consisted of the post-pressing residue from the Nigella sativa L. plants cultivated
on the fields of the Kahta Vocational School of Adiyaman University. Prior to planting, the Nigella sativa seed cake was
mixed into the soil of the plant growth area at a rate of 48 g per plant. The composition of the Nigella sativa seed cake was
as follows: (pH (1:10): 7.00, EC (dS m™): 1.25, organic matter (%): 90.8, organic carbon (%): 45.85, ash/inorganic matter
(%): 4.00, crude protein (%): 22, crude fat (%): 30.2, moisture (%): 7, Zn (mg kg™"): 60, Mn (mg kg™"): 19, Fe (mg kg™'):
130). In addition, isolates of Funneliformis mosseae (Fm) and Trichoderma virens (Tv) obtained from the culture collections
of the Mycology Laboratory at the Faculty of Agriculture, Van YYU, were used. Fm was applied to the root bed at a rate of
10 g (25-150 spores per gram) prior to transplanting the seedlings. A Trichoderma virens spore suspension with a
concentration of 1x10¢ spores/mL was prepared using a hemocytometer. In accordance with the protocol described by Giines
et al. (2022), 15 mL of this suspension was applied to the root zone of each plant every two days using the soil-drenching
method.

Growth and Yield Parameters

Plant height (cm), head diameter (cm), head length (cm), and canopy width (cm) were measured using a ruler, while stem
diameter (mm) was measured using a digital caliper. Head fresh weight (g) was recorded using a precision balance. Head
dry weight was determined by oven-drying the samples at 70 °C for 48 hours until a constant weight was reached.

Quality Analyses

Chlorophyll content was estimated using a SPAD-502 meter (Konica Minolta, Japan) and expressed in SPAD units. The
color attributes of broccoli heads were measured using a WR18/4-8 FRU colorimeter. L* (lightness), a* (green-red), and b*
(blue-yellow) values were recorded. Photosynthetic activity was measured using the MiniPPM (EARS Plant Photosynthesis
Meter, model PPM-300), a non-destructive device designed to assess the relative photosynthetic performance of leaves.
Measurements were taken in the morning, under uniform light conditions, on fully expanded mature leaves. The device
records two outputs: the photosynthesis rate (%) and the R value (relative photosynthesis value), which serves as an indirect
indicator of photosynthetic capacity and the plant’s overall health. The Grid-Line Intersect Method was used to determine
the percentage of root colonization. AMF spore concentrations in the rhizosphere soil of AMF-inoculated plants were
determined using the wet sieving method developed by Gerdemann and Nicolson (1963).
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Statistical Analysis

The statistical software package SPSS 20 was used to analyze the study data. An analysis of variance (ANOVA) was
performed on the data, and differences between the means were determined using Duncan’s multiple comparison test (p <
0.05).

RESULTS

In terms of soil AMF levels, the differences among the treatments were found to be statistically significant (p < 0.05). The
highest soil AMF level was determined in the Tv + Fm + Nigella sativa seed cake treatment (13.83), which was statistically
similar to the Fm + Nigella sativa seed cake treatment (12.17). The Tv + Fm treatment (11.33) was classified in the
intermediate group, while the lowest value was recorded in the Fm treatment (9.17) (Table 1). These findings indicate that
applications containing Nigella sativa seed cake were more effective in increasing soil AMF levels.

Table 1. Effects of Funneliformis mosseae applications on root colonization rate and soil AMF level in broccoli

Treatments Root colonization (%) Soil AMF

(Mean £ SE) (Mean + SE)
Fm 58.33+3.57a 9.17+098b
Fm + Nigella sativa seed cake 65.00+341a 12.17+0.79 a
Tv +Fm 59.17+3.52a 11.33+0.49 ab
Tv + Fm + Nigella sativa seed cake 67.50+2.14a 13.83+091 a
ptreatment p=0.158 p=0.006

Fm: Funneliformis mosseae, Tv: Trichoderma virens

The effects of different treatments on color parameters (L*, a*, b*) in broccoli are presented in Table 2. According to the
results, significant differences were observed among treatments in terms of L* (lightness) values (p < 0.05). The highest L
values were recorded in the Fm + Nigella sativa seed cake + Tv (41.55) and Tv + Nigella sativa seed cake (41.40) treatments,
while Fm alone also produced a relatively high L value.

The lowest L* value was recorded in the control treatment (35.21) (Table 2). Overall, the treatments increased the lightness
of'broccoli heads. In contrast, no statistically significant differences were observed among treatments for a* (green—red axis)
values (p > 0.05). All treatments were grouped within the same statistical category, with values ranging from -3.99 to -3.17
(Table 2), indicating that the treatments had no marked effect on green color intensity. Similarly, no significant differences
were found among treatments for b* (blue—yellow axis) values (p > 0.05). The b* values ranged from 5.04 to 6.36, and all
treatments were classified within the same group (Table 2). These results suggest that the treatments had a limited effect on
the yellow color component.

Table 2. Effects of different treatments on color parameters (L, a*, b*)™ in broccoli heads

Treatments L* a* b*

(Mean + SE) (Mean £ SE) (Mean £ SE)
Control 3521+£1.05b -3.17+£0.19a 6.36 £ 0.36a
Fm 39.87+1.60a -3.99+0.19a 5.82+0.33 a
Nigella sativa seed cake 38.70 £0.93 ab -320+0.14a 553+041a
Tv 39.33+1.93 ab -334+044a 527+0.71a
Fm + Nigella sativa seed cake 37.72£0.79 ab -3.24+023a 6.07+£0.58 a
Tv + Fm 39.03+0.99 ab -3.82+035a 552+0.56a
Tv + Nigella sativa seed cake 4140+ 1.74a -3.26+0.12a 5.04+0.37a
Fm + Nigella sativa seed cake + Tv 41.55+1.13a -3.59+0.18 a 5.68+0.33a
ptreatment p:0.041 p:0.188 p:0.603

Fm: Funneliformis mosseae, Tv: Trichoderma virens

The effects of different treatments on photosynthesis rate (%), the r value representing photosynthetic activity, and SPAD
value in broccoli are presented in Table 3. Differences among treatments in terms of photosynthesis rate (%) approached
statistical significance (p = 0.068). The highest numerical photosynthesis rate (72.70%) was recorded in the Fm treatment,
followed by Nigella sativa seed cake (71.18%), Tv + Fm (68.70%), Tv + Nigella sativa seed cake (68.61%), Fm + Nigella
sativa seed cake + Tv (69.48%), and Tv (68.00%). However, the overall treatment effect was not statistically significant (p
= 0.068). The lowest value was recorded in the control treatment (57.83%) (Table 3).

Significant differences were also found among treatments in terms of the r value representing photosynthetic activity (p <
0.05). The highest r value (76.16) was determined in the Tv + Fm treatment, followed by the control (65.33), Fm (65.83),
Tv (65.33), Tv + Nigella sativa seed cake (66.66), and Fm + Nigella sativa seed cake + Tv (62.00) treatments, all of which
were in the same statistical group. The lowest r value (31.66) was observed in the Fm + Nigella sativa seed cake. The Nigella
sativa seed cake treatment (59.50) was classified in a lower statistical group (Table 3).

In terms of SPAD readings, no statistically significant differences were observed among treatments (p > 0.05). All treatments
were grouped within the same statistical category, with values ranging from 63.70 to 74.88 (Table 3). The highest SPAD

598



Cirkin et al.

Int. J. Agric. Environ. Food Sci. 2026; 10(3): 596-603

value was recorded in the Tv + Nigella sativa seed cake treatment (74.88), while the lowest value was observed in the control

treatment (63.70).

Table 3. Effects of different treatments on photosynthesis rate (%), photosynthetic activity (r value), and SPAD readings in

broccoli cultivation

Treatments Photosynthesis rate (%) r SPAD
(Mean + SE) (Mean + SE) (Mean £ SE)

Control 57.83+2.73Db 65.33 £5.50 ab 63.70+6.03 a
Fm 72.70+2.90 a 65.83 +5.94 ab 71.83+2.38a
Nigella sativa seed cake 71.18+2.71a 59.50+3.00b 73.46+2.87a
Tv 68.00+3.50 a 65.33+6.71 ab 70.01 £5.58 a
Fm + Nigella sativa seed cake 63.53 £3.23 ab 31.66 £3.62 ¢ 74.05+4.10a
Tv +Fm 68.70+3.02 a 76.16 +4.77 a 69.38 +3.38 a
Tv + Nigella sativa seed cake 68.61 £341a 66.66 £ 5.58 ab 7488 £2.62a
Fm + Nigella sativa seed cake + Tv 69.48+3.39a 62.00 £4.73 ab 73.98+1.83a
ptreatment p=0.068 p<0A001 p=0A502

Fm: Funneliformis mosseae, Tv: Trichoderma virens

The effects of different treatments on head length, head diameter, head fresh weight, and head dry weight in broccoli are
presented in Table 4. Significant differences were observed among treatments in terms of head length. The highest value
(18.33 cm) was obtained in the Fm + Nigella sativa seed cake + Tv treatment, which was statistically similar to Fm (17.83
cm) and Tv + Nigella sativa seed cake (16.83 cm). The lowest head length (8.33 cm) was recorded in the control treatment
(Table 4).

Similarly, significant differences were detected among treatments for head diameter. The highest head diameter (20.00 cm)
was determined in the Fm + Nigella sativa seed cake + Tv treatment, which was in the same statistical group as the Fm
treatment (19.50 cm). The lowest value (13.16 cm) was recorded in the control treatment (Table 4).

In terms of head fresh weight, significant differences were found among treatments (p < 0.05). The highest fresh weight
(714.33 g) was obtained in the Fm treatment, which was statistically similar to Fm + Nigella sativa seed cake + Tv (696.16
g). The lowest value (230.50 g) was recorded in the control treatment, while the other treatments (421.66—-503.50 g) were
classified in intermediate groups (Table 4).

Significant differences were also observed among treatments for head dry weight (p < 0.05). The highest dry weight (101.96
g) was obtained in the Fm + Nigella sativa seed cake + Tv treatment, which formed a distinct statistical group. This was
followed by Fm (69.05 g) and Tv + Nigella sativa seed cake (66.49 g). The lowest value (26.39 g) was recorded in the
control treatment (Table 4).

Table 4. Effects of different treatments on head length (cm), head diameter (cm), head fresh weight (g), and head dry weight
(g) in broccoli cultivation

Treatments Head length (cm) Head diameter Head fresh weight (g) Head dry weight (g)
(Mean + SE) (cm) (Mean £ SE) (Mean + SE)
(Mean + SE)
Control 8.33+0.80d 13.16 £0.87 ¢ 230.50+41.07 c 26.39+348¢
Fm 17.83+1.72a 1950+ 1.45a 71433 £68.57 a 69.05+8.20b

Nigella sativa seed cake
Tv

Fm + Nigella sativa seed
cake

Tv +Fm

12.83 £0.60 bc
1550+ 1.31 ab
12.16 £0.65 ¢

13.50 = 0.88 bc

1533+ 1.11 bc
17.83 £ 1.94 ab
13.50+1.08 ¢

15.00 = 0.89 bc

421.66 £36.37Db
496.50 = 66.67 b
454.83+42.70b

458.33+22.00b

53.32+2.97 bed
52.24 +7.16 bed
43.51+3.70d

49.19+3.68 cd

Tv + Nigella sativa seed 16.83+0.70 a 17.66 £1.14 ab 503.50+54.03 b 66.49 + 3.88 be
cake

Fm + Nigella sativa seed 18.33 £ 0.66 a 20.00+1.04 a 696.16 £ 9333 a 101.96 +8.37 a
cake + Tv

ptreatment p<04001 p<0.001 p<0.001 p<0.001

Fm: Funneliformis mosseae, Tv: Trichoderma virens

The effects of different treatments on plant height, stem diameter, and canopy width in broccoli are presented in Table 5.
Significant differences were observed among treatments for plant height (p < 0.05). The highest plant height (47.33 cm) was
obtained in the Fm treatment, which formed a distinct statistical group. All other treatments (35.66—40.66 cm) were grouped
together, with the lowest value (35.66 cm) recorded in the Tv + Fm treatment (Table 5). Significant differences were also
found among treatments for stem diameter (p < 0.05).

The highest stem diameter (47.56 mm) was recorded in the Fm treatment, which was significantly different from all other
treatments. The remaining treatments ranged between 26.37 and 31.60 mm and were classified within the same group. The
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lowest value (26.37 mm) was observed in the control treatment (Table 5). In terms of canopy width, significant differences
were observed among treatments (p < 0.05). The highest value (158.64 cm) was obtained in the Fm treatment, followed by
Tv + Nigella sativa seed cake (137.47 cm) and Fm + Nigella sativa seed cake + Tv (119.12 cm). The lowest canopy width
(70.47 cm) was recorded in the control treatment, while the remaining treatments were classified in intermediate groups

(Table 5).

Table 5. Effects of different treatments on plant height (cm), stem diameter (mm), and canopy width (cm) in broccoli

Treatments Plant height (cm) Stem diameter (mm) Canopy width

(Mean £ SE) (Mean = SE) (cm)

(Mean £ SE)

Control 36.00+1.50b 2637+230b 70.47+£4.53d
Fm 4733+2.55a 47.56 £4.66 a 158.64+24.19 a
Nigella sativa seed cake 40.66 +1.62b 29.59+1.16b 120.19 +£3.37 be
Tv 38.66+1.60b 28.62+1.70b 116.47 £4.32 be
Fm + Nigella sativa seed cake 38.66 +1.45b 29.15+1.84b 92.38+9.41cd
Tv+ Fm 35.66+0.76 b 28.56+2.20b 112.54 + 6.91 be
Tv + Nigella sativa seed cake 3750+ 147b 31,60+ 1.72b 137.47 £ 8.49 ab
Fm + Nigella sativa seed cake+ Tv 40.16 £1.53b 3030+ 1.67b 119.12+£5.16 ab
ptreatment p<04001 p<0.001 p<0.001

Fm: Funneliformis mosseae, Tv: Trichoderma virens

DISCUSSION

In this study, the effects of microbial (AMF and Trichoderma), organic (Nigella sativa seed cake), and their combined
applications on broccoli growth, physiological performance, and yield parameters were evaluated. The obtained results are
consistent with previous studies indicating that microbial inoculations enhance plant growth and physiological activity.
Numerous studies have reported that AMF establish symbiotic relationships with plant roots, thereby improving phosphorus
uptake, which in turn enhances photosynthetic capacity and biomass production (Smith & Read, 2010; Smith & Smith,
2011). Similarly, the growth-promoting effects of Trichoderma spp. have been associated with mechanisms such as
phytohormone production, nutrient mobilization, and stimulation of root development (Harman et al., 2004; Contreras-
Cornejo et al., 2016).

One of the most notable findings of this study is the positive effect of Nigella sativa L. processing waste, both when applied
alone and especially in combination with microbial treatments. It has been reported that plant-derived organic residues
enhance soil microbial activity, accelerate nutrient cycling, and indirectly promote plant growth (Miao et al., 2025; Negi et
al., 2025). However, studies focusing specifically on the agricultural use of Nigella sativa processing waste are extremely
limited. Therefore, the present findings fill an important gap in the literature. The stronger effects observed when this
material is combined with microbial applications suggest that the combined application of organic matter and
microorganisms may promote plant growth.

From a physiological perspective, the results support a strong relationship between nutrient uptake and photosynthetic
activity. Increased chlorophyll synthesis and photosynthetic efficiency are generally associated with improved plant
nutrition. However, the observation that photosynthetic parameters tended to increase in some treatments without significant
changes in SPAD value indicates that photosynthesis depends not only on pigment concentration but also on factors such as
stomatal conductance, enzymatic activity, and carbon fixation efficiency (Lichtenthaler & Babani, 2004; Gu et al., 2017).

When yield and morphological parameters are evaluated together, it is evident that microbial and organic applications are
more effective, particularly when applied in combination. This response can be explained by the synergistic effects of
biostimulants, which have been reported to enhance soil biological activity and improve nutrient availability and uptake by
plants (Zielewicz et al., 2021; Kumari et al., 2022). The differential responses observed among treatments may be associated
with treatment-specific nutrient use efficiency and environmental adaptation mechanisms. Similar findings were reported
by Dayan and Bayram (2025), who indicated that fertilizer type and ecological conditions significantly affected broccoli
yield, physiological performance, and mineral nutrient accumulation. These processes collectively explain the increases
observed in yield components such as head weight, head diameter, and vegetative growth. It is also known that improper
determination of planting time in broccoli can negatively affect head diameter and quality, with delayed planting leading to
reduced average head weight (Mansour et al., 2023). In particular, the combined use of Nigella sativa seed cake with
microbial applications presents a novel and promising biostimulant approach for sustainable agriculture. Similarly, previous
studies have emphasized that agricultural by-products, such as plant extracts and agro-industrial wastes, can be used as
biostimulants to reduce reliance on chemical fertilizers (Xu & Geelen, 2018; Puglia et al., 2021). However, the lack of
studies specifically addressing Nigella sativa seed cake further highlights the originality and importance of the present
findings.

In conclusion, the combined application of microbial fertilizers and organic waste materials represents a sustainable and
environmentally friendly approach for improving broccoli yield and quality. The positive effects observed in this study may
be associated with enhanced nutrient availability, increased microbial activity, and improved plant physiological
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performance. In particular, the inclusion of Nigella sativa seed cake in combined treatments contributed substantially to
plant growth and yield-related parameters, indicating its potential as a valuable organic amendment in sustainable
agricultural systems. Future studies should focus on optimizing application rates and timing strategies under different
environmental conditions and cultivation systems. Furthermore, long-term field experiments are needed to clarify the effects
of these applications on soil health, microbial community dynamics, and the sustainability of crop production systems.

CONCLUSION

Overall, this study demonstrates that broccoli yield and physiological performance can be significantly improved through
the application of microbial inoculants and organic fertilizers, either alone or—more effectively—in combination. Among
the treatments tested, the three-component combination of Funneliformis mosseae, Trichoderma virens, and Nigella sativa
seed cake yielded the most favorable results for several key morphological and yield-related parameters, such as head
diameter, head length, and head dry weight, while Funneliformis mosseae applied alone was particularly effective in
enhancing plant height, stem diameter, canopy width, and photosynthesis rate, underscoring the importance of both single-
and multi-component biostimulant strategies depending on the target trait.

These results support the view that the combined application of microbial inoculants and organic amendments may be
associated with increased nutrient availability, enhanced soil microbial activity, and improved physiological efficiency of
plants, and position such combined applications as a viable and environmentally friendly alternative to traditional chemical
fertilization in broccoli cultivation. Given the limited number of studies that have examined Nigella sativa seed cake as an
agricultural additive, the findings of this study provide a new contribution to the literature on biostimulants and open up new
avenues for the use of this material in sustainable vegetable production. Future research should focus not only on optimizing
application rates and timing under various environmental and growing conditions but also on elucidating the mechanisms
underlying the observed combined effects. Furthermore, long-term field trials are necessary to clarify the impact of these
applications on soil health, microbial community dynamics, nutrient cycling, and the overall sustainability of agricultural
production systems.
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