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Abstract	Comment by HP: Please state the aim of this study in the abstract
Foeniculum vulgare, commonly known as fennel, is a highly aromatic herb belonging to the Apiaceae family. Fennel's cultivation has expanded across several regions globally due to its medicinal and industrial applications, particularly for its essential oil, which contains bioactive compounds like trans-anethole and estragole. These components contribute to fennel's medicinal and culinary uses, including antioxidant, anticancer, anti-inflammatory, and antimicrobial activities. Furthermore, fennel's essential oil has shown promise in managing conditions such as diabetes, hirsutism, and dysmenorrhea, making it a valuable phytopharmaceutical ingredient. Fennel’s diverse chemical composition includes phenolic compounds, fatty acids like oleic and petroselinic acid, and volatile compounds that contribute to its health benefits. Although traditionally propagated through seeds, this method has limitations, such as low seed viability and genetic inconsistencies in plant quality. Plant tissue culture techniques provide an alternative approach, enabling faster and more reliable propagation. Tissue culture methods such as callus induction and somatic embryogenesis have been used to regenerate plants from explants, providing a model for studying in vitro morphogenesis. Additionally, nano-encapsulation techniques have enhanced the bioavailability and stability of fennel essential oil, making it more effective in pharmaceutical applications, particularly for anti-diabetic and antimicrobial purposes. By improving both bio-accessibility and stability, nano-encapsulation offers significant advancements in the use of fennel’s bioactive compounds in therapeutic treatments. Despite fennel's promising medicinal properties, the presence of furocoumarin, a potentially toxic compound, requires careful consideration regarding its consumption. Overall, fennel holds immense potential for both medicinal and industrial applications, offering a natural source of therapeutic compounds with various health benefits.	Comment by HP: You can write either funnel, Funnel, or Foeniculum vulgare. You can write the scientific name once with the common name as well. After that, you can use the common name throughout the rest of the manuscript.	Comment by HP: italic	Comment by HP: In the abstract, you write the word with a hyphen, but in the rest of the document, it is written without a hyphen. Please be consistent.
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Introduction
[bookmark: Malhotra][bookmark: WHO]Foeniculum vulgare Mill., commonly known as fennel, is an aromatic, upright herb that is perennial rather than annual. It belongs to the family Umbelliferae, now referred to as Apiaceae. The name Foeniculum vulgare was first validly published by Philip Miller in accordance withunder international guidelines established at Cambridge. Since its publication in the eighth edition of his Garden Dictionary in 1768, fennel has been recognized by this scientific name [9]. Foeniculum is a cross-pollinated plant with a somatic chromosome count of 2n = 22 [39] . In India, Foeniculum vulgare is grown in several regions, including Assam, Punjab, Maharashtra, and Gujarat. Additionally, it is cultivated in Europe, various parts of Asia, temperate areas of Africa, and South America. [66]
[bookmark: Sheikh][bookmark: Ningsih][bookmark: Diao][bookmark: Kalleli][bookmark: Ferioli][bookmark: Najdoska][bookmark: Rather][bookmark: Singh]Fennel seeds have a sweet, aromatic taste that resembles anise. The vegetable variety of fennel, Foeniculum vulgare subsp. vulgare var. azoricum, is often mistaken for true anise (Pimpinella anisum) because of their similar flavors. Different species of fennel are listed in Table.Table 01. [63]. Fennel, commonly recognized as an aromatic plant native to the Mediterranean coast, has spread across many parts of the world and has been traditionally used for both medicinal and culinary purposes. Nutrient content in fennel is listed in Table 02 [58]. Fennel contains a phytochemical component that has been shown to offer medicinal properties, making it useful as a phytopharmaceutical ingredient [47]. The oil content found in sweet fennel was 12.22%, while in bitter fennel it was 14.41% [15]. The essential oil extracted from fennel seeds through hydro-distillation was analyzed using gas chromatography-mass spectrometry (GC–MS), leading to the identification of 28 different components. The primary constituents were found to be trans-anethole (68.53%) and estragole (10.42%) [19]. All fennel seed extracts were distinguished by a high phenolic content, notably including quinic acid, 4-O-caffeoylquinic acid, p-coumaric acid, and 4-O-caffeoylquinic acid [31]. The total phenolic content increased progressively from the leaves to the florets, peaking at 58,012 mg/kg of dry matter (DM) in the early florets, before steadily declining in the fruit [23]. Petroselinic and oleic acids were identified as the predominant fatty acids in fennel, comprising 75.0% to 82.8%, while linoleic acid accounted for 10.8% to 16.2% [46]. Fennel is known to contain several key phytochemicals, with phenols, phenolic glycosides, and volatile aroma compounds like trans-anethole, estragole, and fenchone being the primary constituents [50]. Fennel seeds fixed oil physiochemical values are listed in Table 03 [60] and Table 4.  Have information of the Quantitative analysis of phenolic compounds in Raw Fennel Seeds [10]	Comment by HP: physicochemical ??
Table 1. Different species of Fennel
	Species
	        Other Names

	Foeniculum vulgare subsp. vulgare
	Rubrum (bronze fennel)

	Foeniculum vulgare subsp. piperitum
	wild pepper fennel

	Foeniculum vulgare subsp. vulgare var. dulce
	sweet fennel, Roman fennel

	Foeniculum vulgare subsp. vulgare var. azoricum
	Florence fennel, bulb fennel, finocchio, anise

	Foeniculum vulgare subsp. vulgare
	fennel, sweet fennel, wild fennel


( [63] )
Table 2. Nutrient content in fennel 
	Content
	Quantity

	Calories
	27 grams

	Fat
	0 gram

	Cholesterol
	0 gram

	Sodium
	45 milligrams

	Carbohydrates
	6 grams

	Fiber
	3 grams

	Protein
	1 gram



(Source: [58])
Table 3. Fennel seeds fixed oil physiochemical values 	Comment by HP: please check
	                   Properties
	     Value

	Saponification value
Unsaponification value
Specific gravity at 15 °C
Refractive index at 35 °C
Iodine value
Soluble point
Petroselinic acid
Fatty acids
Palmitic acids
Oleic acids
Linoleic acid

	181.2	Comment by HP: units?
3.68
0.9304
1.4795
90.0
2
60%
-
4 %
22 %
14 %



(Source: [60])
Table 4. Quantitative analysis of phenolic compounds in Raw Fennel Seeds
	Items
	No.
	Compound
	Phenolics (µg. g−1)

	Phenolic acids
	1
2
3
4
5
6
7
	Pyrogallol
Quinol
3-Hydroxytyrosol
benzoic acid
Catechol p-Hydroxy
Chlorogenic acid
Caffeic acid
	-
9.26
32.25
6.79
26.72


	
	8
	Cinnamic acid
	9.38

	
	9
	Ellagic acid
	25.35

	
	10
	Vanillic acid
	587.40

	
	11
	Ferulic acid
	20.01

	
	12
	O-coumaric acid
	112.77

	
	13
	Gallic acid
	-

	
	14
	p-coumaric acid
	18.46

	
	15
	Benzoic acid
	30.38

	
	16
	Rosmarinic acid
	64.41

	
	17
	Syringic acid
	9.72

	Flavonoids
	1
2
3
4
	Catechin
Kaempferol
Myricetin
Quercetin
	123.46
5913.55
236.93
28.71

	
	5
	Rutin
	423.28

	
	6
	Resveratrol
	472.19

	
	7
	Naringenin
	-	Comment by HP: what does it mean?


(Source: [10] )
Beneficial activities of fennel
1. Antihirsutism activity of fennel
[bookmark: Javidnia]Idiopathic hirsutism refers to excessive male-pattern  and hair growth in women who have regular ovulatory menstrual cycles and normal serum androgen levels. This condition may arise from issues related to the metabolism of androgens in peripheral tissues of fennel (Foeniculum vulgare), have which has been utilized as an estrogenic agent. An ethanolic extract of Fennel was prepared using a Soxhlet apparatus. In a double-blind study involving 38 participants, creams containing 1% and 2% Fennel extract, as well as a placebo, were applied. Measurements of hair diameter and growth rates were taken. In a double-blind, placebo-controlled clinical trial involving 38 women with idiopathic hirsutism, participants applied creams containing either 1% or 2% fennel extract, or a placebo, over a 12-week period12 weeks. The study found that the 2% fennel cream led to the most significant reduction in hair diameter, averaging an 18.3% decrease. The 1% fennel cream resulted in a 7.8% reduction, while the placebo group experienced a slight increase of 0.5% in hair diameter. These findings suggest that fennel extract, particularly at a 2% concentration, may be effective in reducing hair thickness associated with hirsutism. [29]. 	Comment by HP: Plz add the source	Comment by HP: Source	Comment by HP: By whom	Comment by HP: fennel	Comment by HP: fennel
2. Antioxidant activity 
[bookmark: Shahat][bookmark: Ghanem][bookmark: Mohamad]Research indicates that the essential oils extracted from the azoricum and dulce varieties of fennel demonstrate markedly higher antioxidant properties compared to the vulgare variety. This enhanced activity is largely attributed to the elevated levels of trans-anethole found in azoricum (61%) and dulce (46%), whereas the vulgare cultivar contains only about 5% of this compound. Conversely, estragole is predominant in the vulgare variety, comprising 58% of its essential oil, in contrast to 12% and 6% in azoricum and dulce, respectively. Given that other major constituents are present in similar concentrations across all three cultivars, the superior antioxidant capacity of azoricum and dulce is primarily linked to their higher trans-anethole content [56]. The herb fennel (F. vulgare) is a promising natural source of antioxidants. Two notable phenolic compounds identified in fennel are 3,4-dihydroxy-phenethyl alcohol-6-O-caffeoyl-β-D-glucopyranoside (compound A) and 3',8'-binaringenin (compound B) [24]. . It demonstrated complete free radical-scavenging activity (100%), in Fennel seed methanolic extract (FSME) suggesting its potential to reduce oxidative stress and protect mouse cells from damage due to reactive oxygen species. Additionally, FSME could serve as a safe, effective, and readily available source of natural antioxidants to enhance the oxidative stability of fatty foods during storage. Additionally, we examined the natural antioxidant compounds present in FSME for possible industrial applications [42].The recent research administered that F. vulgare fruit methanolic extract (FME) in rats influenced plasma antioxidant enzyme activities, lipid peroxidation, and HDL cholesterol levels.[14]	Comment by HP: Plz select only one phrase 	Comment by HP: fennel
 Anti-carcinogenic activity
[bookmark: Pradhan]Anetholes found in fennel, anise, and camphor are among various dietary components that could potentially be used for cancer prevention and treatment [4]. According to reports, the methanolic extract of F. vulgare possesses anti-tumor action against the B16F10 melanoma cell line by trypan blue exclusion assay for cell viability and in vitro cytoprotective activity against normal human blood cells by micronucleus assay. Compared to the conventional treatment doxorubicin, which exhibited 0.018% micronucleus, lymphocyte cultures treated with 70% methanolic extract of F. vulgare showed an extremely less percentage of micronucleus, or 0.006%. However, at a dose of 200 μg/ml, a 70% methanolic extract of F. vulgare demonstrated strong anti-cancerous action. According to [49], this implies that F. vulgare is regarded as a natural source of anticancer drugs and cytoprotective for healthy cells.	Comment by HP: Which ones?
[bookmark: Megeressa][bookmark: Devika]Fennel seed methanolic extract (FSME) may exhibit significant anticancer effects against the MCF7 breast cancer cell line and the HepG2 liver cancer cell line [42]. Crude and fractionated extracts from fennel seeds have shown notable cytotoxic effects on breast cancer cell lines [41]. Theapoptotic effects of crude methanol and ethanol extracts from F. vulgare leaves were tested on cervical cancer (HeLa) cell lines. The induction of apoptosis was evidenced by DNA fragmentation in HeLa cells treated with the methanol extract [18].	Comment by HP: Plz check
3. Antibacterial activity
[bookmark: Mohsenzadeh][bookmark: Kaur][bookmark: Mahady][bookmark: Kwon][bookmark: Esquive][bookmark: Zellagui]The antibacterial properties of the essential oil derived from F. vulgare fruits were demonstrated against foodborne pathogens, including Listeria monocytogenes, Escherichia coli, Bacillus megaterium, and Staphylococcus aureus [43], E. coli 0157:H7, and S. aureus [13] [16]. Certain bacterial strains have been shown to beare susceptible to the antibacterial effects of aqueous and organic extracts of F. vulgare [32]. There have also been reports of antibacterial activity in the seed essential oil of F. vulgare against certain human pathogenic bacteria. It has been demonstrated that F. vulgare extracts in ethanol and water are effective against Helicobacter pylori and Campylobacter jejuni [38]. As per a different study, the essential oil of F. vulgare may be useful in treating infections caused by Acinetobacter baumannii that are resistant to multiple drugs. Dillapional, a phenyl propanoid derivative, were was shown to be the active antibacterial principle of the F. vulgare stem, one of several chemical elements from the plant that have been identified as active antimicrobial principles. According to [36], Scopoletin, a coumarin derivative that was isolated from F. vulgare, has a slight antibacterial activity. The essential oil extracted from fennel seeds, which had a high concentration of trans-anethole, exhibited strong antibacterial properties against various food-borne pathogens. S. dysenteriae exhibited the highest sensitivity to the essential funnel oil, with minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) values of 0.125 mg/mL and 0.25 mg/mL, respectively. Furthermore, the kill-time assay demonstrated that the essential funnel oil significantly impacted the growth rate of the remaining S. dysenteriae cells [19]. The hexane extract of F. vulgare var. dulce presents a valuable source for discovering active compounds effective against multidrug-resistant M. tuberculosis. Among the compounds identified, 2,4-undecadienal showed the highest activity. Regular dietary consumption of fennel could potentially reduce the risk of M. tuberculosis infection [22]. The crude extract of F. vulgare has demonstrated significant antimicrobial effects against both clinical and standard strains of microorganisms, particularly S. saprophyticus and E. coli, which are known as primary pathogens responsible for numerous infections. This suggests that the extract, rich in monoterpenes, holds substantial antimicrobial potential [69].
4. Anti diabetic activity
[bookmark: Salami][bookmark: ElSoud]Studies have investigated the impact of aqueous extracts from Apiaceae family plants, including fennel, on blood glucose levels and their anti-diabetic properties. The findings suggest that these extracts could aid in managing blood glucose levels in diabetic patients and that consistent use may help reduce chronic complications associated with diabetes (Lavanya and Krishnadhas, 2021). The administration of Foeniculum vulgare Mill essential oil to rats with induced diabetes helped normalize high blood sugar levels and corrected pathological abnormalities. These effects are likely due, in part, to the oil's antioxidant properties and its ability to restore redox balance. Fennel extracts and their active components might offer remarkable prospects for the preventive treatment of diabetic complications [54]. It has been observed that the essential oil of F. vulgare exhibits hypoglycemic action in diabetic rats produced by streptozotocin. When diabetic rats were given F. vulgare essential oil, their hyperglycemia decreased from 162.5 + 3.19 mg/dl to 81.97 + 1.97 mg/dl, and their serum glutathione peroxide activity decreased from 59.72 + 2.78 u/g Hb to 99.60 + 6.38 u/g Hb. According to [21], this raises the prospect of its inclusion in the antidiabetic medication market.	Comment by HP: Plz add the sources	Comment by HP: Please indicate the number of this reference as the others	Comment by HP: Why don't you use its common name anymore?
Another study found that giving diabetic rats an aqueous extract of Foeniculum vulgare raised their HbA1c levels from 11.09 + 0.56 mg/dl to 6.26 + 0.2 mg/dl and reduced their hyperglycemia from 339.3+ 0.48 mg/dl to 101.4+ 0.34 mg/dl. Additionally, the extract raised HDL levels while lowering total cholesterol, triglycerides, LDL, and VLDL levels. All of the assessed parameters were regulated to levels observed in control rats by oral administration of 300 mg/kg extract improved the pathological alterations in their liver and kidney as well [5]. In a current study, treating male albino rats with streptozotocin-induced diabetes with Foeniculum vulgare showed antidiabetic action and would be worth considering for more further drug development testing.	Comment by HP: Which ones
[bookmark: Ștefănescu]The effects of giving diabetic rats fennel essential oil topically and orally were assessed and compared in a different investigation. A gas chromatography–mass spectrometry (GC-MS) investigation was used to identify the 18 chemicals present in fennel essential oil. Fenchone (24.5%) and trans-anethole (64.6%) were the main constituents. The rats' glycaemic levels were dramatically lowered (p < 0.05) following a four-week therapy with fennel essential oil, according to the in vivo investigation. Additionally, there were no distinctions between the two administration routes. [62].
5. Anti-inflammatory activity
[bookmark: Korinek]Among the pharmacological properties of the fennel plant, one of is its anti-inflammatory activity. Researches Research hasve shown that fennel methanol extract possesses significant anti-inflammatory effects. When administered orally, fennel fruit methanol extract inhibits type 4 allergic responses and acute and subacute inflammatory conditions. It also decreases the activity of catalase (CAT) and superoxide dismutase (SOD), while significantly increasing plasma HDL cholesterol levels. Additionally, it reduces malondialdehyde (MDA) levels, a marker of lipid peroxidation. These results indicate that fennel fruit methanol extract effectively alleviates inflammation. Studies further confirmed that methanol extract from fennel seeds has potent anti-inflammatory properties. F. vulgare FME may help lower the risk of diseases associated with inflammation [14]. The volatile oils of cumin and fennel inhibited neutrophil activation, suggesting their potential therapeutic use in treating neutrophilic inflammatory disorders [35]. Fennel seed extract may play a promising role in treating inflammatory bowel disease (IBD) due to its protective effects on barrier function and its influence on inflammatory proteins. [17]	Comment by HP: Plz add a source	Comment by HP: Plz check	Comment by HP: Use full name	Comment by HP: ???
6. Antifungal activities
[bookmark: Aamir][bookmark: Zeng][bookmark: Olaru] Fennel extract has some antifungal properties effectively effective against various fungi, including dermatophytes, Aspergillus species, and Candida albicans. It showed resistance to the antifungal effects of certain herbs against Aspergillus niger and Fusarium oxysporum, fungi commonly found in food waste, with minimum inhibitory concentrations (MIC) of 750 and 250 micrograms per milliliter, respectively [1]. Research indicates that a phenylpropanoid derivative from fennel stalks has antibacterial properties effective against Aspergillus niger, Bacillus subtilis, and Cladosporium cladosporioides. Scopoletin, a coumarin derivative, also exhibited antibacterial activity against these microorganisms, though it was less potent than dillapional  [70]. Studies on fennel essence’s antifungal effects on Sclerotinia sclerotiorum revealed its efficacy, with treated peritoneal macrophages producing higher levels of nitric oxide and reactive oxygen species compared to the control group. The treated macrophages exhibited stronger anti-fungal effects against Sclerotinia sclerotiorum at doses of 10 and 20 mg/ml. Anethole, a chemical component of fennel extract, was identified as having the most potent antifungal activity [48].


7. Anti -microbialAnti-microbial activities
[bookmark: Roby][bookmark: Malin]The antimicrobial activity of fennel seed has primarily been studied with relation to its essential oils, with fewer studies focusing on extracts. While some research found significant antimicrobial effects of fennel essential oil against Gram-positive bacteria, fennel extracts showed no activity [6]. In contrast, other studies demonstrated strong antimicrobial properties of both fennel essential oil and extracts, particularly against Bacillus cereus and Aspergillus flavus [53]. Additionally, methanol extracts of fennel seeds displayed excellent antibacterial activity against E. coli, S. aureus, Salmonella Typhimurium, and Bacillus subtilis, with minimum inhibitory concentration (MIC) values of 500 µg/mL or lower. Other research also highlighted strong antimicrobial effects against Helicobacter pylori, with a MIC of 50 µg/ml. [38]. Despite being rich in polyphenols and possessing strong antioxidant properties, fennel extract exhibited weak antimicrobial activity. However, it demonstrated effectiveness against P. fragi, a major spoilage microorganism in meat and fish, as well as C. jejuni, a significant food bornefood-borne pathogen. The combined antimicrobial effects and high antioxidant capacity of fennel seeds position them as a promising natural ingredient for the food and nutraceutical industries [40].

8. Miscellaneous activities
[bookmark: Khammassi][bookmark: Shahrahmani][bookmark: Zakernezhad][bookmark: Reynolds][bookmark: Joshi]Fennel essential oil (FEO) contains a rich blend of terpene compounds and phenylpropanoid derivatives that work together to produce notable antioxidant effects. This combination may provide FEO with valuable therapeutic potential for treating pulmonary fibrosis [34]. F. vulgare is effective in reducing dysmenorrhea symptoms [57]. The post Maturity Syntheticpost-maturity synthetic variety exhibited the highest concentration of oleic acid. As an omega-9 fatty acid, oleic acid offers numerous health benefits, including reducing the risk of arrhythmias and strokes, lowering blood pressure, decreasing LDL cholesterol levels, and increasing HDL cholesterol. Additionally, this variety contained the highest levels of omega-6, an essential fatty acid critical for human health. Omega-6 plays a key role in hormone production, such as prostaglandins, and helps prevent arterial blood clots while reducing arterial inflammation [2]. Fennel extract has the potential to enhance lipid profiles by modulating leptin receptor expression. This suggests that herbal remedies could serve as a natural alternative to chemical drugs, which often have undesirable side effects, for managing hyperlipidemia [68]. Fennel essential oil has been reported to possess anti-spasmodic properties, making it useful in managing pediatric colic and certain respiratory disorders [52]. Foeniculum vulgare have has also been reported to exhibit nootropic activity, with evidence supporting its potential use in managing cognitive disorders such as dementia and Alzheimer’s disease. [30]
Toxic components of fennel
[bookmark: Kerekes]Fennel contains furocoumarin, a compound with phototoxic and potentially carcinogenic properties. The amount present in fennel fruits was measured at up to 1.22 μg/d, which is below the strictest recommended limits. Therefore, based on this low furocoumarin content, fennel consumption can be regarded as safe [33]. Fennel contains a total of 2090 mg/kg of anethole. Repeated administration of 695 mg/kg has been reported to cause moderate liver damage in rats. This indicates that anethole can induce mild liver damage even at standard therapeutic doses [45]. It is essential to formulate herbal products with minimal toxicity and side effects. One of the key components found in fennel extract is estragole, a substance that has been linked to the development of malignant tumors in animal studies. While estragole has not been confirmed as carcinogenic to humans, it has been shown to induce tumor formation in rats, leading to restrictions on its use [3].	
Advanced applications in Fennel
· Nanoparticles
[bookmark: Redha][bookmark: Sreedevi][bookmark: Mabungela]Each fennel extract and its corresponding FE nanoparticles (FE NPs) underwent qualitative phytochemical screening to assess the impact of processing on secondary metabolites, such as alkaloids, flavonoids, phenols, saponins, steroids, terpenoids, coumarins, quinones, anthocyanins, and tannins [51]. Quantitative analysis was separately conducted for fennel extracts, including FESoil and FEHydro, to measure the levels of flavonoids, alkaloids, phenols, tannins, carbohydrates, proteins, and lipids, following methodologies outlined [61]. Antibacterial assays demonstrated that the materials effectively inhibited the growth of E. coli and S. aureus. The incorporation of CuO-ZnO nanoparticles onto fennel seeds enhanced their antimicrobial properties. While pure fennel seed extracts (PFS) showed no efficacy against E. coli, they were effective against S. aureus with a minimum inhibitory concentration. Additionally, the composites exhibited greater efficacy against S. aureus compared to E. coli  [37].


· Tissue culture 
[bookmark: Saremirad][bookmark: Jadid][bookmark: Mor][bookmark: Dwivedi][bookmark: Hunault][bookmark: Anzidei]Fennel is a highly significant medicinal plant, valued for its diverse therapeutic properties and the presence of numerous bioactive compounds. Given its medicinal importance and the potential for producing its metabolites in vitro, it is essential to investigate the factors influencing their production. Furthermore, developing an effective protocol for indirect regeneration and gene transfer is equally crucial [55]. Fennel cultivation remains relatively limited, despite its high demand for industrial applications, which highlights the need for increased production. Traditionally, fennel is propagated using seeds [28] [28]. However, this method has notable drawbacks, including low seed viability and genetic inconsistency in plant quality [44]. As an alternative, plant tissue culture presents an effective solution for fennel propagation, enabling faster and more efficient production [20]. Callus derived from bitter fennel explants grown on a modified MS medium with 2,4-D readily developed into cell suspensions when cultured in a shaken liquid medium. These suspensions also resulted in the formation of embryoids [27] [27]. The induction of callus and morphogenic responses in various fennel populations were was influenced by both genotype and hormonal treatments. Complete (100%) callus formation was observed exclusively when treated with 2,4-dichlorophenoxyacetic acid or α-naphthaleneacetic acid in combination with kinetin [7]. Fennel, with its capacity to regenerate plants from callus through adventitious buds and somatic embryos, serves as a valuable model system for in vitro morphogenesis studies. It is particularly useful for comparing plants regenerated through organogenesis versus somatic embryogenesis in terms of their genetic consistency or variability [8]. 
· Nanoencapsulation 
[bookmark: Granata][bookmark: Venturini] Due to their volatility, hydrophobic nature, limited stability, and minimal toxicity pose challenges for direct application in pharmaceutical fields, nanoencapsulation offers a solution by enhancing both bioavailability and bio-accessibility [25]. . PCL-based nano capsules are created using the interfacial deposition of the preformed polymer technique to encapsulate FEO. These nano capsules consist of a lipophilic core that traps the essential oil, surrounded by a polymer matrix coated with a non-ionic surfactant. The surfactant imparts hydrophilicity and enhances the stability of the nano capsules through steric hindrance [65]. Nano emulsions demonstrated an extended and improved antidiabetic effect compared to unformulated fennel essential oil [12]. 
· Endophytic bacteria associated with fennel 
[bookmark: Shurigin]Researchers studying endophytic bacteria from fennel (Foeniculum vulgare) identified Bacillus megaterium, Bacillus aryabhattai, and Brevibacterium frigoritolerans in both roots and shoots of the plant. These strains were found to synthesize siderophores and hydrogen cyanide (HCN), as well as the phytohormone indole‑3‑aceticindole-3-acetic acid (IAA). They also displayed enzymatic activity, producing chitinase, protease, glucanase, and lipase. In addition, seven of the bacterial isolates exhibited antagonistic effects against the fungal pathogens Fusarium culmorum, Fusarium solani, and Rhizoctonia solani. The results indicate that medicinal plants like fennel, with intrinsic antibacterial features, can be promising reservoirs for microorganisms with antifungal potential. Such isolates could serve as biocontrol agents to manage fungal diseases and might also be beneficial in bioproduct formulations aimed at enhancing plant growth. [59] 

· Biotechnological aspects
[bookmark: Grover][bookmark: Yadav][bookmark: Torabi]Fennel is a highly valuable medicinal plant with versatile applications, including serving as a key source for producing raw materials in the pharmaceutical industry, particularly steroidal hormones. Optimizing cultivation practices, enhancing chemical composition, and incorporating biotechnological methods can significantly improve both the quantity and quality of yields. Such advancements could greatly benefit both agricultural productivity and pharmaceutical industry revenues [26]. Biotechnology provides powerful tools such as molecular markers that enable plant breeders to craft innovative breeding strategies and develop new crop varieties. These molecular markers serve as genetic signposts, allowing breeders to pinpoint and track specific traits at the DNA level rather than waiting for physical expression. By using these markers, breeders can expedite selection processes, accurately identify genes of interest across generations, and combine desirable traits more efficiently. This approach not only shortens breeding timelines but also enhances precision in crop improvement programs [67]. The genotyping analysis of the basic collection of fennel breeding stocks, combined with genetic statistics and structure reconstruction, highlights the reliability of the microsatellite marker-based method proposed in this study. It also presents a valuable molecular approach for ensuring plant variety traceability and monitoring post-breeding processes. The results effectively differentiated and grouped plant samples according to their breeding lines and identified parental genotypes that were not suitable for the program. The genotyping method describes a practical tool for developing new fennel varieties and confirming their genetic identity, which is essential for traceability and legal protection. Moving forward, researchers plan to explore more SSR marker loci to enhance breeding efforts and ensure that new plant varieties meet the standards of distinctiveness, uniformity, and stability. AFLP markers proved to be an effective tool for assessing the genetic diversity of fennel accessions [64]. Since fennel is an outbreeding plant, the expected some degree of genetic variation is expected among its populations. To capture possible gene flow through pollen migration, focusing on the nuclear DNA internal transcribed spacer (nrDNA ITS) locus for PCR-RFLP analysis instead of plastid or mitochondrial loci, and also took a detailed approach by using densitometry to analyze the PCR-RFLP patterns, which helped determine allele frequencies for the nrDNA ITS locus. This method gave me more comprehensive data compared to simply scoring the electrophoretic bands [11]. Recently, gGenetic variability, Heritability, genetic advance, correlation coefficient and path analysis of Fennel genotypes [71] and Genetic diversity analysis of fennel (Foeniculum vulgare L.) Genotypes using molecular profiling techniques [72] has have been studied
Conclusions
In conclusion, fennel (Foeniculum vulgare) is a highly valued herb with diverse applications in both culinary and medicinal fields. Despite challenges in traditional propagation methods, tissue culture techniques offer an efficient alternative for increased production. The herb's rich phytochemical profile, including essential oils and phenolic compounds, contributes to its antioxidant, anti-inflammatory, antibacterial, and anticancer properties. Moreover, advancements in nanoencapsulation enhance the bioavailability and stability of fennel's bioactive compounds, making it a promising role candidate for various therapeutic applications. Continued research on fennel's medicinal benefits and cultivation methods holds great impact for its broader use in the health and pharmaceutical industries.
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