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Abstract
Rhizopogon mushrooms, which are ectomycorrhizal fungi linked to coniferous trees, are receiving increased attention due to their possible health advantages, biotechnological, pharmaceutical applications, and vital role in ecological balance. This article examines the chemical composition and pharmacological characteristics of various Rhizopogon species. The methodology of this review relied on reputable scientific databases such as PubMed and Google Scholar, with a focus on English-language articles investigating the metabolite profiles and therapeutic attributes of Rhizopogon. Literature from the last ten years (2013-2023) was selected for analysis after the removal of duplicates and paid content. The examination uncovered a wide array of bioactive metabolites in Rhizopogon species, comprising phenolic compounds, flavonoids, meroterpenoids, fatty acids, peptides, and sterols. Furthermore, the review delves into the potential medicinal properties of Rhizopogon extracts, emphasizing activities such as antioxidant, antifungal, antibacterial, antiproliferative, anticholinesterase, apoptotic and necrotic, anti-inflammatory, antitubercular, and antimalarial effects. Significantly, this literature accentuates the necessity for further investigation to elucidate mechanisms of action, refine extraction techniques, and carry out in-vivo studies to confirm the effectiveness and safety of Rhizopogon extracts as a novel drug for human applications. In conclusion, this review underscores Rhizopogon mushrooms as a promising reservoir of bioactive compounds that have the potential to enhance health and prevent diseases.
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1. Introduction
Edible mushrooms are widely consumed in many countries because of their low-calorie nutrients and specific aromas (Kalač, 2013; Feeney et al., 2014; Wasser, 2021). According to data from the Mushroom Global Market Report- 2024, the mushroom market size will grow from 61.33 billion dollars in 2023 to 66.53 billion dollars in 2024 at a compound annual growth rate (CAGR) of 8.5% and it is expected to see strong growth in the next few years, as 94.57 billion dollars in 2028 at a CAGR of 9.2%. Edible mushrooms are abundant in essential minerals (Phosphorus, potassium, and iron), indispensable amino acids, and vitamins (D and B12), and act as a source of dietary fiber as well (Roupas et al., 2012; Feeney et al., 2014; Manninen et al., 2018; Reisa et al., 2020). The inclusion of mushrooms in both culinary and pharmaceutical investigations is highly appealing due to their bioactive constituents, including phenolic compounds, terpenes, steroids, and polysaccharides, which exhibit diverse biological functions (Sheu et al., 2007; Mariga et al., 2014; Shang et al., 2015; Sevindik and Bal, 2022c; Sahni, 2023). The compounds found in mushrooms demonstrate various properties such as antioxidant, antifungal, anticancer, antigenotoxic, antiproliferative, anti-hypertensive, antihyperlipidemic, anti-nociceptive, hypocholesterolemic, immunostimulant, anti-atherogenic, DNA-protective effects and stress-reducing property (Wang et al., 2005; Han et al., 2011; Vaz et al., 2011; Akata et al., 2012; Roupas et al., 2012; Zhou et al., 2013; Kim et al., 2015; Osaki et al., 2019; Islek et al., 2021; Sarıdoğan et al., 2021; Sevindik, 2021a; Sevindik and Bal, 2021b; Song et al., 2021; Venturella et al., 2021). These substances can potentially enhance the efficacy of cosmetic products and various pharmacological interventions, presenting promising prospects for addressing unmet medical needs and diseases (Taofiq et al., 2016a; Ahn et al., 2017; Morales et al., 2020).
Moreover, mushrooms serve as rich sources of prebiotic compounds, particularly those containing short-chain sugars like glucose, fructose, galactose, and N-acetylglucosamine, along with highly bioactive polysaccharides and easily digestible carbohydrates that promote the growth of beneficial microorganisms (Rajagopalan and Krishnan, 2019; Elnahas et al., 2024; Singh et al., 2025; Thomas and Mago, 2024). By incorporating fungal byproducts, the food industry has significant potential to develop functional foods with enhanced nutritional and health-promoting attributes (Ho et al., 2020; Sganzerla et al., 2022). These derivatives, derived from fungi, contain bioactive elements such as polyphenols, peptides, and polysaccharides, which can improve taste and facilitate the creation of functional food items with potential health benefits (Liu et al., 2022; Samarasiri and Chen, 2024). This aligns with the prevailing trend of health-conscious consumer preferences (Patel and Goya, 2011). 
These mushrooms can function as probiotics by inhibiting pathogenic microbes in the gastrointestinal tract (Törős et al., 2023). Additionally, prebiotic compounds exhibit gastrointestinal resilience in the presence of amylase, gastric juices, or bile extracts in saliva, enabling the promotion of beneficial microorganisms for host health and overall well-being (Appanna, 2018; Jacquier et al., 2024). They also contribute positively to health maintenance, as per the report of Chowdhury et al., (2015). Recent studies have unveiled that the extracts of various macrofungi like Agaricus blazei, Cordyceps militaris, Coprinus comatus, Morchella conica, and Inonotus obliquus showed antidiabetic properties, while bioactive elements isolated from different mushrooms have displayed notable anti-cancer effects (Stojkovic et al., 2019; Jiang et al., 2014).
Another group of major ectomycorrhizal fungi that have important chemotherapeutic properties is the Sulloid fungi (Aytar and Ozmen, 2020). The Suillus and Rhizopogon genera, resembling truffles, stand out as the most extensive ectomycorrhizal groups (Pietras, 2019). Rhizopogon species form ectomycorrhizal associations with the Pinaceae family (Molina and Trape, 1994) as well as coniferous trees (Binder and Hibbett, 2006). They play a crucial role in the ecosystem of coniferous forests, particularly pine and fir. Thriving in old-growth stands, Rhizopogon species colonize tree roots during seedling establishment. Their spores can persist in the soil for prolonged periods, germinating under favorable conditions (Twieg et al., 2007). Moreover, Rhizopogon species contribute significantly to the restoration of deteriorated forests within the ecosystem (Bruns et al., 2009; Lokhande, 2025). Apart from their ecological roles, they possess nutritional and medicinal properties (Aytar et al., 2020; Bhat et al., 2020; Isik et al., 2020). While many Rhizopogon species are edible, they are not widely recognized for their gastronomical superiority. Notably, the commercial cultivation of R. roseolus has shown promising outcomes in Japan and New Zealand (Yun and Hall, 2004). This review delves into the current scientific understanding of Rhizopogon mushrooms, exploring their chemical profile and the potential therapeutic applications of their bioactive compounds (Fig. 2). We comprehensively analyze existing research on the chemical composition of Rhizopogon species, highlighting the identification and characterization of various metabolites. Furthermore, we explore the pharmacological potential of these metabolites, including their antibacterial, antifungal, anticancer, immunomodulatory activities, and various other properties. This review aims to provide a critical assessment of the current knowledge of Rhizopogon mushrooms and shed light on future directions for research in this field. 
2. Methodology 
This review aims to scrutinize the metabolite content and medicinal properties of Rhizopogon. The methodology adopted in this investigation relied on sourcing materials from reputable scientific platforms such as PubMed and Google Scholar databases. It involved literature of the last ten years (2013 to 2023) employing specific keywords to retrieve pertinent documents related to Rhizopogon, metabolite content, and medicinal properties. The gathered data encompassed original articles, reviews, and book chapters in the English language. Eliminating duplicates, articles dealing with Rhizopogn but not focusing on bioactive metabolites and medicinal properties, magazines, and paid content. Flowcharts of the methodology used to review the works of literature are represented in Fig. 1. Subsequently, the compiled information underwent analysis and tabulation representation. Tables 1 and 2 were utilized to synthesize data on the metabolite content and medicinal properties extracted from articles focusing on Rhizopogon mushrooms.
[image: ]Fig. 1 Flowchart of the methodology used for inclusion of the publications.
2.1 Bioactive metabolites
Bioactive metabolites are unique chemical compounds synthesized by organisms during metabolic processes, exerting significant influences on biological functions (de Morais et al., 2015). These intricately crafted molecules can modulate various cellular processes by eliciting a diverse array of effects. Certain bioactive metabolites act as natural antibiotics and combat pathogenic bacteria while some exhibit potential anticancer properties by inhibiting cancer cell proliferation (Basit et al., 2021; Bhatti et al., 2022). Their capabilities are wide-ranging, making these molecules a focal point in drug discovery and development. Within the realm of Rhizopogon mushrooms (Table 1), this analysis will take a deeper look at the specific bioactive metabolites synthesized by these fungi and their potential contribution to the purported health benefits associated with consuming these mushrooms.
2.1.1 Phenolic content
Phenolic compounds comprise a large family, encompassing numerous distinct members. Their exceptional antioxidant, antimicrobial, anti-inflammatory, and dietary properties stem from the presence of hydroxyl groups. Tel-Çayan et al. (2016) reported that Rhizopogon luteolus extracts contained 31.0 ± 0.01, 54.4 ± 0.01, 31.9 ± 0.001, and 26.4 ± 0.01 μg PEs/mg of total phenolic content in methanol, hexane, ethyl acetate, and water extracts, respectively. Moreover, the major compounds identified in R. luteolus were fumaric acid (102 ± 0.002 μg/g), gallic acid (1.50 ± 0.002 μg/g), and protocatechuic acid (1.15 ± 0.001 μg/g). Fumaric acid is noted for its antioxidant, antimicrobial, and acidifying properties and is also extensively utilized in the food industry (Ribeiro et al., 2008). Fumaric acid is also a primary organic acid in certain edible mushrooms (Valentão et al., 2005). Rhizopogon luteolus exhibits significant potential for enhancing phytoextraction efficiency in heavy metal-contaminated soils through the release of siderophores and organic acids (Tiwari et al., 2022). Both siderophores and organic acids can enhance plant growth by aiding in the acquisition of essential nutrients, particularly iron. Siderophores sequester iron from the soil, rendering it more accessible to plants. Organic acids like citric and malic acid can also enhance the uptake of minerals such as phosphorus and zinc by solubilizing them (Northover et al., 2022). Rhizopogon vinicolor 7534 demonstrates the ability to degrade 2,4-D at varying herbicide concentrations (Serbent et al., 2019). The total phenolic content in Rhizopogon luteolus ranges from 5.0% to 12.3% per gram of dry mass (El-Ramady et al., 2022). Additionally, Bhat et al. (2020) discovered that the n-hexane extract of Rhizopogon species contains several major bioactive compounds such as 1-tetradecane, 2,4-di-tert-butylphenol, Cetene, 1-octadecene, n-Hexadecanoic acid, 1-nonadecene, cis-vaccenic acid, behenic alcohol, and n-tetracosanol. Various studies have highlighted the variability in phenolic content among different edible mushroom species, influenced by the extractability of solvents used during the preparation process (Kaewnarin et al., 2016; Kumla et al., 2024). Ongoing research continues to explore the health benefits associated with phenolic compounds, indicating their potential to play a crucial role in promoting health and preventing diseases.
[bookmark: _Hlk180420606][image: ]Fig. 2 Flow diagram representing the medicinal properties shown by bioactive metabolites found in organic/ inorganic extracts of Rhizopogon species.
2.1.2 Flavonoid content
Flavonoids, a diverse subgroup of phenolic compounds, not only contribute to the vibrant hues of fruits and flowers but also harbor significant potential for human health benefits. The consensus is that flavonoids play a pivotal role in safeguarding human health and vitality owing to their potent antioxidant properties (Gąsecka et al., 2016; Shi et al., 2019; Sevindik, 2024d). In a research article by Tel-Çayan et al. (2016), the total flavonoid contents in methanol, hexane, ethyl acetate, and water extracts of Rhizopogon luteolus were reported as 8.9 ± 0.001, 50.9 ± 0.002, 12.6 ± 0.01, and 4.5 ± 0.001 μg QEs/mg, respectively. Ongoing scientific investigations are exploring the specific health benefits associated with various flavonoids. This knowledge is expected to inform tailored dietary recommendations and potentially pave the way for nutraceuticals that take advantage of the health-promoting properties of these natural compounds.
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[bookmark: _Hlk180420659]Table 1. A list of Rhizopogon species showing different bioactive metabolites in different organic extracts.
	[bookmark: _Hlk180420672]S.No.
	Group of compounds
	Mushroom species
	Compound obtained from different extracts
	Major compound found
	References

	1. 
	Phenolic compound
	Rhizopogon luteolus
	Methanol (31.0 ± 0.01), hexane (54.4 ± 0.01), ethyl acetate (31.9 ± 0.001), and water extracts (26.4 ± 0.01) μg PEs/mg
	Fumaric acid (102 ± 0.002 μg/g), gallic acid (1.50 ± 0.002 μg/g), and protocatechuic acid (1.15 ± 0.001 μg/g)
	Tel-Çayan et al., 2016

	2. 
	
	Rhizopogon luteolus
	Organic extract
	Siderophores and andorganic acids
	Tiwari et al., 2022

	3. 
	
	Rhizopogon luteolus
	5.0–12.3 % per gram of dry mass
	metabolites
	El-Ramady et al., 2022

	4. 
	
	Rhizopogon vinicolor 7534
	extract
	2,4-D degrading compound
	Serbent et al., 2019

	5. 
	
	Rhizopogon species
	extract
	1-Tetradecene, 2, 4-di-tert-butylphenol, Cetene, 1-octadecene, n-hexadecanoic acid, 1-nonadecene, cis-vaccenic acid, behenic alcohol and n-tetracosanol
	Bhat et al., 2020

	6. 
	Flavonoid
	Rhizopogon luteolus
	Methanol (8.9 ± 0.001), hexane (50.9 ± 0.002), ethyl acetate (12.6 ± 0.01), and water extracts (4.5 ± 0.001) μg QEs/mg
	metabolites
	Tel-Çayan et al., 2016

	7. 
	Meroterpenoid
	Rhizopogon pumilionus 
	-
	Rhizopogone 343 and 2-acetoxyrhizopogone 344
	Zhao et al., 2021

	8. 
	Fatty acid composition
	Rhizopogon luteolus
	Linoleic acid (45.8%), stearic acid (23.7%), and oleic acid (16.2%)
	metabolites
	Tel-Çayan et al., 2016

	9. 
	
	Rhizopogon luteolus
	extract
	3-hydroxy-2,4 dimethylheptacosyl acetate
	Al-Faqeeh et al., 2021

	10. 
	
	Rhizopogon species
	extract
	Pulvinic acid
	Tauber, 2018

	11. 
	Peptides
	Rhizopogon roseolus
	extract
	N-methylated omphalotins
	Vogt, 2022

	12. 
	Sterol
	Rhizopogon luteolus
	extract
	Ergosterol
	Rangsinth et al., 2013

	
	
	Rhizopogon roseolus
	Ergosterol- 5.455 µg/mg of dry weight
	metabolites
	Horning et al., 2023



2.1.3 Meroterpenoid 
Meroterpenoids exhibit a partial terpene structure, representing hybrids that combine a terpene unit with another chemical fragment from a distinct biosynthetic pathway (Plemenkov et al., 2020). The intricate structure of meroterpenoids is a result of their complex biosynthesis process. Rather than being solely derived from terpenes, meroterpenoids involve the fusion of terpene precursors with other molecular components within the mushroom (Keller et al., 2005; Dasgupta and Acharya, 2021). This fusion accounts for the remarkable diversity observed in their chemical structures and biological activities. Two pigments, i.e., Rhizopogon 343 and 2-acetoxyrhizopogon 344, were isolated from Rhizopogon pumiliense, which were indicated to have diverse bioactivities including anticancer properties, BACE1 inhibition, anti-inflammatory effects, and lipid-lowering abilities (Zhao et al., 2021).
2.1.4 Fatty acid composition
Mushrooms serve as a notable source of essential fatty acids such as linoleic and oleic acid, which cannot be synthesized by our bodies and must be acquired through dietary means (Ribeiro et al., 2009). The specific fatty acid composition may vary significantly among different mushroom species, with some exhibiting higher levels of linoleic acid while others may contain elevated concentrations of oleic acid. A study by Tel-Çayan et al. (2016) identified major fatty acids in Rhizopogon luteolus as linoleic acid (45.8%), stearic acid (23.7%), and oleic acid (16.2%). It is established that linoleic acid acts as the precursor of 1-octen-3-ol, the primary aromatic compound responsible for the characteristic flavor of mushrooms, as highlighted by Heleno et al. (2009). Additionally, Rhizopogon secretes pulvinic acid, which undergoes enzymatic oxidation and dehydration of the central ring, leading to the formation of a heterocyclic butenolide ring of cyclopentenones, as elucidated by Tauber, (2018). Notably, Al-Faqeeh et al. (2021) documented the first isolation of 3-hydroxy-2,4 dimethylheptacosyl acetate from Rhizopogon luteolus.
2.1.5 Peptides
Besides their delicious nature, mushrooms also contain a fascinating class of bioactive compounds called peptides. The short chains of amino acids of peptides exhibit potential for various health advantages (Apostolopoulos et al., 2021). Peptides, being smaller than proteins, display distinctive biological properties attributed to their specific sequences of amino acids. Research by Vogt, (2022) unveiled that Rhizopogon roseolus produces cyclic and backbone N-methylated omphalotins modified peptides. Peptides possess the ability to scavenge free radicals, safeguarding cells from harm and potentially diminishing the susceptibility to chronic ailments, as discussed by Landi et al. (2022). Furthermore, Wong et al. (2011), demonstrate the capacity to hinder the proliferation of bacteria and fungi, thus offering promising implications in food preservation or the combat against infections. Noteworthy, Ito et al. (2011) have suggested that specific peptides may regulate inflammation and essential factor in various health conditions.
2.1.6 Sterol
Sterols represent a diverse category of organic compounds distributed widely in the natural realm, playing crucial roles in both plants and animals. According to Rangsinth et al. (2013), Rhizopogon luteolus contains ergosterol, which, when exposed to ultraviolet light (280–320 nm), undergoes photolysis. This process leads to its conversion into pre-vitamin D2 (pre-ergocalciferol), subsequently transitioning into vitamin D2 (ergocalciferol), essential for human nutritional needs. Following ingestion, vitamin D2 undergoes conversion into 25-hydroxyvitamin D through hepatic metabolism as outlined by Villares et al. (2012). Subsequently, it is transported to the kidneys, where it undergoes further modification into 1,25-dihydroxyvitamin D, which is known as calcitriol, the active form vital for maintaining calcium balance and bone health, as highlighted by Kennel et al. (2010). The presence of ergosterol in fungal cell membranes of the ascomycota and basidiomycota signifies living and recently deceased fungal biomass (Grant and West, 1986; Newell et al., 1987; Weete et al., 2010). Moreover, Horning et al. (2023) calculated the total fungal biomass by utilizing ergosterol biomass conversion factors (5.455 µg ergosterol mg -1 of dry weight) specific to R. roseolus mushrooms.
2.2 Medicinal properties
Throughout history, various cultures have utilized mushrooms for their perceived medicinal properties (Bhambri et al., 2022). Modern science is now catching up, delving deeper into the potential of these fungi to promote health and combat disease. These potential health benefits are often attributed to the presence of bioactive compounds within the mushrooms. This review will specifically focus on Rhizopogon mushrooms and their potential medicinal properties (Table 2). This review will explore how the unique chemical makeup of these fungi might translate into therapeutic effects.  
[bookmark: _Hlk168241296]2.2.1 Antioxidant activity
Free radicals are highly reactive molecules that have an unpaired electron, making them unstable and prone to seizing electrons from neighbouring molecules, a process known as oxidation, which can cause cellular damage and contribute to a variety of health conditions (Fu et al., 2002; Effiong et al., 2024). Antioxidants possess the capacity to scavenge free radicals, thus preventing their detrimental impact on other molecules. Moreover, they can furnish electrons to free radicals, thereby stabilizing them and interrupting their deleterious chain reactions (Sundaram Sanjay and Shukla, 2021). The literature has delineated that the hexane extract of Rhizopogon luteolus demonstrated the most potent lipid peroxidation inhibitory efficacy with an IC50 value of 16.65 ± 1.25 μg/mL in the β-carotene-linoleic acid assay. Additionally, significant antioxidant activity was observed in tests such as DPPH (61.76 ± 0.56 %), ABTS+ (67.13 ± 1.20%), CUPRAC (0.91 ± 0.03 %), and metal chelating (50.79 ± 1.83%) activity of hexane at the concentration of 200 μg/mL (Tel-Çayan et al., 2016). Another study proposed that ethanolic extracts of Rhizopogon couchii, R. nigrescens, R. pedicellus, and R. subaustralis manifested 50% inhibition activity at IC50 = 20–50 µg/mL, IC50 = > 50 µg/mL, IC50 = 20–50 µg/mL, and 50 µg/mL, respectively, where R. subaustralis exhibited robust activity at the respective concentration (Zeb and Lee, 2021). Mwangi et al. (2022) illustrated that the ethanolic extract of Rhizopogon roseolus displayed significantly high scavenging activity against ABTS+ radicals of 83.13%.
Furthermore, an additional article unveiled that radical scavenging activity escalated with increasing concentration, as the maximum concentrations (10 mg/ml) of methanolic extracts from R. luteolus showed IC50 values below 3 mg/ml, while the IC50 value of methanol and chloroform extract of R. luteolus was 2.398 and 2.518 mg/ml, respectively (Sadi et al., 2015). The methanolic extract exhibited a superior chelating effect with IC50 = 2.397 mg/ml. n‑hexane and water extracts of R. luteolus displayed the highest reducing capacities (EC50 = 4.869 and 2.468 mg/ml, respectively (Sadi et al., 2015).
[bookmark: _Hlk168241327]2.2.2 Antifungal activity
Antifungal activity refers to the ability of a substance or compound to inhibit or kill the growth of fungi. It is an important aspect in a variety of fields, i.e., from medicine to agriculture, where fungal infections can pose considerable challenges. According to a literature survey, inhibition of spore germination increases with an increase in the concentration of n-hexane extracts from Rhizopogon species (Bhat et al., 2020). Maximum spore germination inhibition was achieved at the concentration of 200 mg/ml against Penicillium chrysogenum (87.80 %), followed by Aspergillus niger (71.08 %) and Alternaria alternata (55.10 %) at the same concentrations (Bhat et al., 2020). Bianchini et al. (2015) reviewed the biotransformation of the synthetic antifungal alkaloid benzosampangine, as Rhizopogon species ATCC R 36060™ produced a β-glucopyranose conjugate of benzosampangine. The examination of Rhizopogon extracts as antifungal agents remains limited presently. Rhizopogon mushrooms may inherently possess certain antifungal properties. Comprehensive studies focusing specifically on the antifungal efficacy of Rhizopogon extracts are lacking. The imperative development of innovative antifungal agents with varied mechanisms of action persists. Ongoing research endeavors to explore the potential of natural products in conjunction with synthetic compounds to effectively combat fungal infections.

[bookmark: _Hlk180420706]Table 2. A list of Rhizopogon species showing different medicinal properties in different organic extracts.
	[bookmark: _Hlk180420744]S. No.
	Mushroom species
	Medicinal properties 
	Organic solvents used for extract preparation
	Medicinal properties shown by different extracts of Rhizopogon sp.
	References

	1. 
	Rhizopogon luteolus
	Antioxidant activity
	Hexane
	· DPPH activity of 61.76 ± 0.56 % at 200 μg/mL.
· ABTS+ activity of 67.13 ± 1.20 % at 200 μg/mL.
· CUPRAC activity 0.91 ± 0.03 % at 200 μg/mL.
· metal chelating effect 50.79 ± 1.83 % at 200 μg/mL.
· IC50 = 16.65 ± 1.25 μg/mL in the β-carotene by linoleic acid assay.
	Tel-Çayan et al., 2016

	2. 
	
	
	
Methanol, chloroform, n-hexane, and water
	· Methanol (IC50 = 2.398) and chloroform (IC50 = 2.518) mg/mL. 
· Higher chelating effect with IC50 = 2.397 mg/mL from the methanolic extract.
· Reducing capacities by n‑Hexane (EC50 = 4.869) and water extracts (EC50 =2.468) mg/ml.

	
Sadi et al., 2015

	3. 
	
	Antibacterial activity
	Extract
	Inhibition of bacterial growth
	Ranadive et al., 2013

	4. 
	
	
	chloroform
	Inhibition zone was measured (13 mm)
	Sadi et al., 2015

	5. 
	
	Anticholinesterase activity
	hexane
	· due to the presence of fatty acid ester, 3-hydroxy-2,4-dimethylheptacosyl acetate, tetracosanoic acid, and ergosterol.
· activity against both AChE and BChE enzymes, with IC50 values of 114 ± 1.09 μg/mL and 224 ± 2.07 μg/mL, respectively.
	Tel-Çayan et al., 2016

	6. 
	
	
	Extract
	galactomannans II
	Li et al., 2023

	7. 
	Rhizopogon roseolus
	Antioxidant activity
	Ethanolic
	scavenging activity against the ABTS+ radicals with 83.13%.
	Mwangi et al., 2022

	8. 
	
	Antibacterial activity
	Extract
	Inhibition of bacterial growth
	Ranadive et al., 2013

	9. 
	
	
	Extract
	Bacillus cereus (MIC = 5 μg/mL – 100 mg/mL), Enterobacter aerogenes (MIC = 15.62–125 μg/mL) and Escherichia coli (MIC = 250 μg/mL – > 50 mg/mL).
	Lamine et al., 2019

	10. 
	
	Antiproliferative activity
	methanol
	· range of 1-40 mg/mL has a better antiproliferative activity of the HL-60 cell line from methanolic extract.
· 16 mg/mL for water extract.
	Aytar and Özmen, 2020

	11. 
	
	Apoptotic and necrotic effects
	methanol
	· A 50% apoptotic effect was observed at 5 mg/mL on HL-60 cells with 24 hours of incubation and 75% effect with 48 hours of incubation.
· 40 mg/mL concentration was found to show 100% apoptotic activity after 48 hours of incubation.
	Aytar and Özmen, 2020

	12. 
	Rhizopogon couchii
	Antioxidant activity
	Ethanolic
	IC50 = 20–50 µg/mL
	Zeb and Lee, 2021

	13. 
	
	Anti-inflammatory
	ethanolic
	IC50 = 50 µg/mL
	Zeb and Lee, 2021

	14. 
	
	Antituberculosis
	ethanolic
	IC50 = 20–50 µg/mL
	Zeb and Lee, 2021

	15. 
	R. nigrescens, 
	Antioxidant activity
	Ethanolic
	IC50 = > 50 µg/mL
	Zeb and Lee, 2021

	16. 
	
	Anti-inflammatory
	ethanolic
	IC50 = 50 µg/mL
	Zeb and Lee, 2021

	17. 
	R. pedicellus 
	Antioxidant activity
	Ethanolic
	IC50 = 20–50 µg/mL 
	Zeb and Lee, 2021

	18. 
	
	Antituberculosis
	ethanolic
	IC50 ≥ 50 µg/mL
	Zeb and Lee, 2021

	19. 
	R. subaustralis
	Antioxidant activity
	Ethanolic
	IC50 = 50 µg/mL
	Zeb and Lee, 2021

	20. 
	
	Anti-inflammatory
	ethanolic
	IC50 = 50 µg/mL
	Zeb and Lee, 2021

	21. 
	Rhizopogon subgelatinosus
	Anti-inflammatory
	ethanolic
	IC50 = 50 µg/mL
	Zeb and Lee, 2021

	22. 
	Rhizopogon subareolatus
	Antimalarial
	Ethanolic
	At the concentration of 15.9 µg/mL
	Zeb and Lee, 2021

	23. 
	Rhizopogon species ATCC R 36060™
	Antifungal activity
	Extract
	The compound benzosampangine showed the activity.
	Bianchini et al., 2015

	24. 
	Rhizopogon sp. ATCC 36060
	Antimalarial
	Extract
	9β-hydroxy anhydrodihydroartemisinin showed activity.
	Pavlov and Bley, 2018

	25. 
	Rhizopogon species
	Antifungal activity
	n-Hexane
	Penicillium chrysogenum (87.80 %), Aspergillus niger (71.08 %), and Alternaria alternata (55.10 %) at 200 mg/mL concentration of n-hexane.
	Bhat et al., 2020



[bookmark: _Hlk168241337]2.2.3 Antibacterial activity
[bookmark: _Hlk168241347]Mushrooms have a long history in cooking, yet their potential benefits extend far beyond just cooking. Many varieties of mushrooms have antibacterial properties, rendering them a captivating subject of study in the battle against bacterial infections. Mushrooms possess a variety of bioactive substances that can impede bacterial proliferation or eradicate bacteria by disrupting the cell wall, cell membrane, and interfering with protein synthesis (Alves et al., 2012; Matijašević et al., 2016; Al-Refaie et al., 2023). The research article highlighted that within the family Rhizopogonaceae, Rhizopogon luteolus and Rhizopogon roseolus exhibit antibacterial properties (Ranadive et al., 2013). Another research article revealed that Rhizopogon roseolus exhibited antimicrobial effects against Bacillus cereus (MIC = 5 μg/mL – 100 mg/mL), Enterobacter aerogenes (MIC = 15.62–125 μg/mL), and Escherichia coli (MIC = 250 μg/mL – > 50 mg/mL) (Lamine et al., 2019). According to Sadi et al. (2015), the largest inhibitory zone (13 mm) was observed with the chloroform extract of R. luteolus on Bacillus subtilis.
2.2.4 Antiproliferative activity
The ability of a substance to inhibit or slow down cell multiplication is called antiproliferative activity. This attribute is particularly beneficial in oncology research, where uncontrolled cell growth is a defining trait of cancer. Antiproliferative agents can arrest the cell cycle at specific junctures, impeding cells from advancing through the division process (Meeran and Katiyar, 2008), initiate programmed cell death (apoptosis) in cancerous cells (Ponnusamy et al., 2024), and target Angiogenesis (Ray et al., 2024a; Ray et al., 2024b). Specific mushroom species such as shiitake and maitake possess antiproliferative capabilities against cancer cells (Xu et al., 2012; Pandya et al., 2019). As per the literature review, the methanol extract within the 1-40 mg/mL range exhibits superior antiproliferative effects on the HL-60 cell line compared to the water extract of R. roseolus (Aytar and Özmen, 2020). Additionally, a concentration as low as 1 mg/mL of methanol extract on the HL-60 cell line resulted in less than 50% antiproliferative effect, whereas a 5 mg/mL concentration of methanolic extract was required for complete cell eradication, while the water extract necessitated approximately 16 mg/mL (Aytar and Özmen, 2020). The search for novel antiproliferative agents with improved efficacy and fewer side effects remains an important area of ​​research. Exploring natural products alongside synthetic compounds holds immense promise for the future of cancer treatment and other conditions associated with uncontrolled cell growth.
[bookmark: _Hlk168241306]2.2.5 Anticholinesterase activity
Agents with anticholinesterase properties are compounds that inhibit the acetylcholinesterase (AChE) enzyme. AChE plays a crucial role in the nervous system by metabolizing acetylcholine (ACh), a vital neurotransmitter. ACh is responsible for transmitting nerve signals across synapses in the nervous system. Some mushrooms exhibit anticholinesterase activity (Tel et al., 2015; Dundar et al., 2016; Çayan et al., 2021). Tel-Çayan et al. (2016) unveiled that the anticholinesterase activity of Rhizopogon luteolus stemmed from the presence of fatty acid ester 3-hydroxy-2,4-dimethylheptacosyl acetate, tetracosanoic acid, and ergosterol, with the hexane extract displaying the most potent activity against both AChE and BChE enzymes, featuring IC50 values of 114 ± 1.09 μg/mL and 224 ± 2.07 μg/mL, respectively. Furthermore, Li et al. (2023) reviewed that two novel galactomannans I, and II, were isolated from Rhizopogon luteolus and tested for their antioxidant and anticholinesterase activity, with results indicating that galactomannan II exhibited notably potent anticholinesterase effects. More research is required to confirm the effectiveness and safety of anticholinesterase agents for specific health conditions.
[bookmark: _Hlk168241390]2.2.6 Effects of apoptosis and necrosis
Cells within the human body undergo a continual process of proliferation, division, and destruction (Potten and Wilson, 2004). Apoptosis and necrosis represent the programmed cell death mechanisms essential for preserving tissue equilibrium and removing impaired cells (Proskuryakov et al., 2003; Elmore, 2007; Kim et al., 2015). Numerous studies have demonstrated the potential of certain mushroom extracts or constituents to induce apoptosis across various cell lines, including those of cancer origin (Vaz et al., 2012; Finimundy et al.,2018; Wong et al., 2020). Aytar and Özmen (2020) have revealed that a methanol extract of R. roseolus at 5 mg/mL concentration resulted in approximately 50% apoptotic effect on HL-60 cells after 24 hours of incubation, a percentage that escalated to around 75% following 48 hours of incubation. The occurrence of necrotic effects was minimal. Notably, an increase in apoptotic activity was observed with increasing concentration of the extract, with 40 mg/mL concentration inducing 100% apoptotic activity after 48 h of incubation. The specific effects of mushrooms on cell death depend on numerous variables, which necessitate further investigation to comprehensively elucidate the underlying mechanisms and potential applications of mushroom-derived bioactive compounds.
2.2.7 Anti-inflammatory properties
Several species of mushrooms display anti-inflammatory properties, making them an attractive subject of study in the field of combating chronic inflammatory disorders (Taofiq et al., 2016b). Mushrooms are rich in bioactive compounds that may be able to modulate inflammatory responses (Gargano et al., 2017; Blagodatski et al., 2018). In a recent review, Zeb and Lee (2021) underscored the anti-inflammatory activity exhibited by the ethanolic extract of Rhizopogon couchii, Rhizopogon nigrescens, Rhizopogon subaustralis, and Rhizopogon subgelatinosus at a concentration of 50 µg/mL, with R. nigrescens displaying superior efficacy at the specified concentration. Despite the limited exploration of the medicinal properties of Rhizopogon, additional clinical trials are imperative to validate the effectiveness and safety of Rhizopogon in treating specific inflammatory ailments in human subjects.
[bookmark: _Hlk169587608]2.2.8 Antituberculosis potential
Current research on the anti-tuberculosis properties of mushrooms is inadequate. Certain aqueous extracts derived from mushrooms exhibit promising anti-TB activity and hold promise as potential candidates for further pharmaceutical development (Jayantha et al., 2022). Furthermore, investigations showed that the ethanolic extract of Rhizopogon couchii exhibited moderate antituberculosis activity with an IC50 range of 20–50 µg/mL in contrast to the weak activity exhibited by Rhizopogon pedicellus with an IC50 value greater than 50 µg/mL, as reported by Zeb and Lee (2021). The scientific literature lacks comprehensive studies directly examining the antituberculosis efficacy of Rhizopogon extracts.
2.2.9 Antimalarial property
Several investigations have indicated that extracts derived from specific mushroom species demonstrate antimalarial properties (Moussa and Xu, 2023). These extracts have the potential to hinder the growth or eliminate the Plasmodium parasite, which is responsible for causing malaria (Abugri et al., 2019). The identification of the active compounds responsible for such activity is still ongoing, with possibilities including terpenoids and polysaccharides (Afieroho et al., 2018; Oluba, 2019; Mkhize et al., 2022). The ethanolic extract of Rhizopogon subareolatus has shown limited antimalarial activity at a concentration of 15.9 µg/mL (Zeb and Lee, 2021). Another study suggested that Rhizopogon sp. ATCC 36060 metabolized the semi-synthetic antimalarial anhydrodihydroartemisinin into four different compounds. Among these, 9β-hydroxy anhydrodihydroartemisinin emerged as the primary metabolite in rat plasma exhibiting in vitro antimalarial activity (Pavlov and Bley, 2018). It is crucial to note that caution is necessary, as not all mushrooms are safe for consumption, and certain extracts may lead to unintended side effects, hence necessitating extensive research to utilize Rhizopogon extracts as an antimalarial agent.
[bookmark: _GoBack]3. Result and Discussion
Rhizopogon mushrooms, traditionally known for their ecological importance in coniferous forests, are emerging as a subject of increasing interest in the fields of nutraceuticals and medicinal mycology. This review sheds light on the diverse range of bioactive metabolites present in Rhizopogon species and explores their potential health benefits. Phenolic compounds, including phenolics and flavonoids, emerged as prominent players. Their presence, particularly in R. luteolus, demonstrates strong antioxidant potential (Tel-Çayan et al., 2016). This is in line with growing research highlighting the importance of antioxidants in fighting oxidative stress and chronic diseases (Muscolo et al., 2024). Flavonoids, another class of phenolics, added another layer of potential health benefits. Their diverse bioactivities, including anti-inflammatory and anticancer properties, warrant further investigation in the context of Rhizopogon extracts (Greeshma et al., 2016; Tel-Çayan et al., 2016).
Meroterpenoids, a unique class of compounds with hybrid structures, were identified in R. pumilionus. Their diverse bioactivities, ranging from anti-cancer to anti-inflammatory effects, open exciting avenues for future research. Additionally, fatty acid profiles varied between Rhizopogon species, with linoleic acid being a significant component. As linoleic acid is an essential fatty acid, Rhizopogon consumption could contribute to a healthy dietary profile (Tel-Çayan et al., 2016; Kaşık et al., 2020). Interestingly, R. luteolus displayed the ability to produce pulvinic acid and contained ergosterol, a precursor to vitamin D2. This finding highlights the potential of Rhizopogon mushrooms as a dietary source of vitamin D, especially relevant for individuals with deficiencies. Peptides, found in R. roseolus, hold promise for their antioxidant, antimicrobial, and immunomodulatory effects (Mahmoud et al., 2014; Vogt, 2022). These properties could be beneficial for overall health and disease prevention. The review delved into the exciting realm of potential medicinal properties associated with Rhizopogon extracts. Strong antioxidant activity observed in R. luteolus extracts across various assays underlines their potential role in combating free radical damage.
4. Conclusion
Rhizopogon mushrooms contain a variety of bioactive metabolites with potential health benefits. These metabolites include phenolic compounds, flavonoids, meroterpenoids, fatty acids, peptides, and sterols. The review also highlights the potential medicinal properties of Rhizopogon mushrooms, including antioxidant, antifungal, antibacterial, anticholinesterase, antiproliferative, apoptotic, anti-inflammatory, Antituberculosis, and antimalarial activities. Although in vitro studies are encouraging, further research is important to isolate and identify specific bioactive compounds responsible for the observed activities, which are essential for understanding their mechanisms and potential for drug development. Testing these compounds in animal models will provide a more comprehensive picture of their safety and efficacy. Ultimately, well-designed clinical trials are needed to determine the effectiveness and safety of Rhizopogon mushroom extracts in humans.
Conclusively, Rhizopogon mushrooms have immense potential as a source of new chemotherapeutic agents. Their diversity of bioactive metabolites with in vitro activities calls for further investigation to unleash their full potential to promote human health and fight various diseases.
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	2,2-Azino-bis-3-ethylbenzothiazoline-6-sulphonic acid

	AChE
	Acetylcholinesterase

	BACE1
	β-Site Amyloid precursor protein Cleaving Enzyme 1

	BChE
	Butyrylcholinesterase

	CUPRAC
	Cupric Reducing Antioxidant Capacity

	DPPH
	2,2-Diphenyl-1-picrylhydrazyl

	EC50
	Effective Concentration at 50%
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	IC50
	Inhibitory Concentration at 50%

	MIC
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