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Agaric fungi are an important group of macromycetes with diverse ecological and functional properties, yet are poorly studied in many parts of the world. Here, we comprehensively analyzed 558 agaric species in Iran to reveal their resources of edible and poisonous species as well as their ecological guilds and luminescence potential. We also made a thorough survey of the antioxidant activity of the species. Phylogenetic relationships were reconstructed based on nuclear ribosomal LSU and ITS sequences. Our results reveal that agarics of Iran comprise about 189 edible, 128 poisonous, 254 soil saprotrophic, 172 ectomycorrhizal, 146 wood-inhabiting, 18 leaf/litter-inhabiting, 9 parasitic, and 19 luminescent species. Twenty percent of the Iranian agaric species possess antioxidant activity, phylogenetically distributed in four orders and 21 agaric families. About 5% of the antioxidant species can be considered strong antioxidants, many of which are also edible and could be utilized to develop functional foods. This is the first study combining phylogeny and antioxidant potential of agaric mushrooms in a large scale, and the obtained results would guide the selection of agaric taxa to be examined in the future for taxonomic revisions, biotechnological applications, and applied phylogeny studies.
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Introduction

Agarics are mushroom-forming fungi also called euagarics and their hymenium is formed on gills. They belong to the subdivision Agaricomycotina, class Agaricomycetes (Moncalvo et al., 2002; Bauer et al., 2006). They produce important natural substances used in agriculture (e.g., strobilurines), medicine (e.g., pleuromutilines), and biotechnology (e.g., polysaccharides; Pointing et al., 2001; Webster and Weber, 2007; Kück et al., 2014; Hyde et al., 2019; Sandargo et al., 2019). Agaricales is the largest fungal order of agaric mushrooms comprising ca. 13,000 known species (Kirk et al., 2008). Thorough investigations of the agarics phylogeny have recently been provided by He et al. (2019) and Varga et al. (2019). Some agarics are important model organisms for research in genetics and basidiome development such as Coprinopsis cinerea and Cyclocybe cylindrica (Herzog et al., 2019). Among agarics, there are some of the most poisonous mushrooms such as Amanita phalloides, Cortinarius Subgen. Orellani, and Inosperma erubescens, frequently mixed up with edible mushrooms during culinary collecting and thus causing severe fatalities. Nevertheless, there is a large number of edible agaric mushrooms highly prized for culinary purposes such as Agaricus campestris, Coprinus comatus, Cyclocybe cylindrica, Macrolepiota procera, and the worldwide cultivated white button mushroom Agaricus bisporus. Several edible agaric species are saprotrophs and possible to cultivate, but there are also many edible species such as Russula spp. and Lactarius spp. which belong to the ectomycorrhizal ecological guild and thus not cultivable in artificial synthetic media. A number of species such as Lentinula edodes and Flammulina velutipes have culminated as functional mushrooms for developing mushroom-based functional foods and other valued mycochemicals (Chang, 1996; Cateni et al., 2022; Rodríguez-Seoane et al., 2022).

Numerous agarics have also been recognized as sources of antioxidant compounds (e.g., Ferreira et al., 2009; Asatiani et al., 2010; Guo et al., 2012; Wang and Xu, 2014; Sánchez, 2017; Islam et al., 2019; Thu et al., 2020). Antioxidant properties, or the ability to defend against and scavenge/reduce excess free radicals in biological systems, is among the important properties of living organisms and crucial for their survival (Xiao et al., 2020). Mushrooms as one of the most diverse natural antioxidant resources, have received attention in recent decades and are advantageous compared to plants because of their high diversity, fast growth, and culture possibilities (Gargano et al., 2017; Buswell, 2018).

A preliminary checklist of Iranian mushrooms appeared by Ghobad-Nejhad et al. (2020) listing 556 agaric and 29 bolete species. However, the species remain largely unexplored in terms of various important properties. Information about the edible, poisonous, and mycorrhizal agarics in Iran is principally lacking and currently, the antioxidant properties of Iranian agarics have remained largely unexplored.

Due to the lack of knowledge about the diversity of edible, poisonous, and mycorrhizal agarics in Iran, as well as their antioxidant properties, our study aimed to: (i) investigate Iranian agarics and reveal their resources of edible and poisonous species, (ii) present their ecological guilds and bioluminescence potential, and to (iii) explore the antioxidant properties of Iranian agarics and combine it with phylogenetic reconstructions. We believe our results would benefit a wide range of researchers involved in the study of agaric mushrooms.



Materials and methods


Sampling and molecular study

Taxon sampling for the molecular study was primarily done based on the list by Ghobad-Nejhad et al. (2020), supplemented by additional data in the present study. Species current names and species authorities follow Index Fungorum1 and MycoBank.2 Microscopy and morphological studies followed Ghobad-Nejhad et al. (2020). Sequences of the 28S rRNA (nLSU) and the ITS region (covering ITS1, 5.8, and ITS2) were carefully selected from GenBank, with special attention to the quality-controlled sequences (Nilsson et al., 2012) as well as to the authentic sequences obtained from Iranian specimens. For DNA extraction, we sampled more than 20 specimens and 12 samples were successfully sequenced and used in this paper. Genomic DNA was extracted from dried basidiomata using the DNA Extraction Mini Kit (FAVORGEN, Taiwan). The primers used for the amplification cycles were ITS1F/ITS4B or ITS1F/ITS4 (White et al., 1990; Gardes and Bruns, 1993) for the ITS region and LR0R/LR7 or LR0R/LR5 (Hopple and Vilgalys, 1999) for partial nLSU region. All sequences used in the phylogenetic analyses are listed in Table 1.



TABLE 1 Resources of agarics of Iran and their edibility (☺, edible; ☺, edible based on own observation in Iran; ☹, poisonous; ☹, poisonous based on own observation in Iran; ☺*, edible if well-cooked but poisonous if raw; X, inedible; ○, uncertain or unknown), ecological guild (♠, soil saprotroph; ☼, ectomycorrhizal; ▐, wood-inhabiting; ♣, leaf/litter-inhabiting; ◙, parasitic), luminescence, and antioxidant potential (S, strong; M, moderate; W, weak; ND, not determined; full details provided in the text).
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Two concatenated datasets of nLSU + ITS were constructed, one representing the taxa belonging to the order Agaricales (dataset 1), and the other dataset for taxa of Cantharellales, Polyporales, and Russulales (dataset 2). Contumyces rosellus, the single Iranian agaric Hymenochaetales, was used as an outgroup for both datasets.

Sequences were aligned using MUSCLE (Madeira et al., 2019). To optimize the alignment, problematic columns were reduced with Noisy 1.5.12 (Dress et al., 2008) and were further identified and removed after careful visual inspection. Special attention was paid to excluding the poorly aligned columns of the ITS region and keeping the finely aligned parts. (Sequences of Amanita eliae, Mycena xantholeuca, Pluteus semibulbosus, and Tricholoma ustale were deleted from the final dataset due to poor alignment.)



Phylogenetic analyses

The sequence datasets were analyzed using Bayesian inference (BI) executed in MrBayes v. 3.2.7a (Ronquist et al., 2012). MrModeltest 2.3 was implemented to infer the best-fit model of nucleotide evolution for each alignment partition in each dataset (Nylander, 2004). Bayesian analyses were run for 40 (dataset 1) and 20 (dataset 2) million generations for four Markov chain Monte Carlo simulations, in two independent runs at the CIPRES Science Gateway (Miller et al., 2010), with the trees and parameters sampled every 5,000 generations, and the first 25% of the generations were discarded as burn-in. Posterior probabilities (PPs) were calculated from the posterior distribution of the retained trees. Maximum likelihood analyses were executed in raxmlGUI v.1.3 (Silvestro and Michalak, 2010) with the same parameters as used by Ghobad-Nejhad et al. (2021). The Bayesian phylograms were retained for tree visualizations and annotations.



Edibility, ecological guild and luminescence

The edibility rank of the species (edible, poisonous, inedible) and the ecological guilds (soil saprotrophic, ectomycorrhizal, leaf/litter-inhabiting, wood-inhabiting, parasitic) were assigned based on published literature as well as authors’ knowledge. The edibility of many species is highly subjective and evaluated differently in various countries. Here, the majority of our data are based on central and southern European literature, but even this literature was not necessarily confirmative. Therefore, for some species, more than one rank assignment was inevitably used. Besides the categories “edible” or “poisonous,” category “inedible” was also recognize (noted with symbol X in Table 1) for the species with an unpleasant taste, very small and tiny basidiomata and not usually collected for culinary purposes. Luminescence (bio/chemiluminescent) data were extracted from published literature as mentioned in Table 1 for each species.



Antioxidant properties

Antioxidant properties of the species were obtained via published references as well as own experiments performed in the present study (Tables 1, 2; Supplementary Table 1). A thorough literature survey was performed to extract and summarize the available data on the antioxidant properties of the agaric species. Published references were searched via Google Scholar, PubMed, and other standard repositories. Each literature was scrutinized carefully, avoiding poor quality and ambiguous data. Disqualified literature, unpublished data, and papers published in non-standard journals were removed from our analyses. In total, ca. 300 literature were surveyed and ca. 170 references were cited in this work and in Supplementary material. The majority of studies reported the antioxidant potential as EC50 values, i.e., half maximal effective concentration, based on DPPH (2,2-diphenyl-1-picrylhydrazyl) and ABTS (2, 2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid) assays. To have an approximate comparison of the antioxidant potential of the species, we tentatively categorized the EC50 values as strong, moderate, and weak. For this, the EC50 values less than 1 mg/ml were considered as “strong” (S), EC50 values ranging from 1 to 10 mg/ml as “moderate” (M), and EC50 values more than 10 mg/ml were tentatively considered as “weak” (W) antioxidants (Table 1). For several species, we found different EC50 values reported in different studies. We preferred to keep the data as is for any future reference so that we assigned more than one code to classify the antioxidant potential of these species (e.g., SM standing for strong to moderate). (In a number of studies the antioxidant potential had been expressed only as radical scavenging activity% (RSA %). For these, the RSAs >80% were hesitantly considered as strong, RSA 50%–80% as moderate, and RSA < 50% were tentatively considered as weak, paying careful attention also to the values from the antioxidant standards; see Supplementary Table 1). In the cases where the antioxidant potential values were contrasting in different studies, we preferred to keep the data as is for any future reference, and therefore the antioxidant potential of the corresponding species are shown here with the combined codes SM, MW, and SMW, where applicable (Table 1).



TABLE 2 The EC50 values and the percentage of radical scavenging activity (RSA) obtained by ABTS assays in this study.
[image: Table2]

Dried basidiomata from 24 species were sampled and examined for their antioxidant potential via ABTS assay following Re et al. (1999). Voucher samples were deposited at the Iranian Cryptogamic Herbarium (ICH) herbarium (acronym by Index Herbariorum) or at MG personal collection. The ABTS solution (7 mM) was prepared in 2.45 mM potassium sulfate and was kept at room temperature in the dark for 16 h. The mixture was then mixed with phosphate-buffered saline (PBS) as a control, and the absorbance reached 0.7 ± 0.02 at 734 nm. The extract samples with final concentrations of 0.01, 0.025, 0.05, 0.075, and 0.1 mg/ml were mixed with 980 μl of ABTS solution. The absorbance at 734 nm was measured after 6 min. The percentage of radical scavenging activity was calculated by the following equation, where A stands for absorbance (Öztürk et al., 2011):

[image: image]

The EC50 values were obtained through interpolation from linear regression analysis (Supplementary Figure 1). Trolox was used as a positive control at different concentrations (0.005, 0.01, 0.015, 0.02, 0.025, and 0.03 mg/ml).




Results

The results of our survey on the resources of agaric species in Iran are summarized in Table 1. Altogether, 558 agaric species from five orders were surveyed for their resources of edible and poisonous species, their ecological guilds, bioluminescence, and antioxidant potential. The two species Conocybe olivaceopileata and Inocybe ionolepis were added here to the Iranian mycota (see Table 1).


Phylogeny

The Agaricales dataset consisted of 428 taxa and 1,341 characters of which, 243 characters were constant, 144 variable, and 954 characters were informative. The best-fit evolutionary model suggested by MrModeltest was GTR + I + G for each of the LSU and ITS partitions. The Agaricales phylogram is shown in Figure 1. Nineteen families were phylogenetically retrieved with moderate to good posterior probabilities (PPs) and were shown in colored boxes, while the rest of the taxa were incertae sedis or received low to moderate branch support.

[image: Figure 1]

FIGURE 1
 Phylogram from the combined nLSU + ITS sequence dataset representing the phylogenetic relationships of Iranian Agaricales. Posterior probabilities (PPs) ≥ 0.8 are shown as light lilac dots on the nodes. Terminals in red are species with antioxidant activity and the letters inside brackets are the tentative antioxidant codes: S, strong; M, moderate; W, weak (see the text for full details).


The species with antioxidant data were distributed in all the families shown in colored boxes except for the two families Entolomataceae and Inocybaceae (Figure 1). For some families such as Bolbitiaceae, Marasmiaceae, and Tubariaceae, there was only a single species with antioxidant activity, while other families such as Agaricaceae, Psathyrellaceae, and Pleurotaceae contained several antioxidant species.

Dataset 2 (Cantharellales, Polyporales, Russulales) consisted of 71 taxa and 1,528 characters of which, 279 characters were constant, 347 variable, and 902 characters were informative. The best-fit evolutionary model as suggested by MrModeltest was GTR + G for each of the LSU and ITS partitions. The phylogram obtained from the analyses of dataset 2 is presented in Figure 2. The orders Polyporales, Russulales, and Cantharellales were retrieved as moderate to well-supported monophyletic clades (PPs 0.75, 0.94, and 1.00, respectively). (For Polyporales, the two families Panaceae and Polyporaceae were not retrieved. Moreover, Panellus stipticus found a position close to the outgroup Contumyces rosellus, and we could not solve this.) The species with antioxidant data were distributed within the three orders in the phylogram (Figure 2). Out of six Cantharellales agaric members in Iran (Ghobad-Nejhad et al., 2020), four species have antioxidant data (Figure 2; Craterellus cinereus had no good LSU/ITS, so is missing in the phylogeny here). Polyporales has nine agaric species in Iran, four of which possess antioxidant activity (Figure 2). Russulales has 60 agaric species in Iran (Ghobad-Nejhad et al., 2020) from which, 16 species have antioxidant data (Figure 2; Table 1). Contumyces rosellus is the only Hymenochaetales agaric in Iran and has no antioxidant data.

[image: Figure 2]

FIGURE 2
 Phylogram from the combined nLSU + ITS sequence dataset representing phylogenetic relationships of the Iranian Cantharellaeles, Russulales, and Polyporales. Posterior probabilities are shown below branches. Terminals in red are species with antioxidant activity and the letters inside brackets are the tentative antioxidant codes: S, strong; M, moderate; W, weak (see the text for full details).


Altogether, there were 50 agaric species lacking both ITS and LSU sequences and so did not appear in the phylogenetic analyses (Table 1); these species also lacked antioxidant data, except for Russula nigricans which was scored as a “strong” antioxidant species (Table 1).



Edibility, ecological guild, and luminescence

Results of the survey on edibility, ecological guilds, and luminescence of agaric species occurring in Iran are shown in Table 1 and Figures 3, 4. It is revealed that about 189 species of agarics in Iran can be classified as edible, 128 species as poisonous, and 271 species as inedible (Table 1; Figure 3). Moreover, 10 species can be assigned as edible only if well-cooked, whereas the edibility of 30 species is uncertain or unknown.

[image: Figure 3]

FIGURE 3
 The number of Iranian agaric species in each edibility category.


[image: Figure 4]

FIGURE 4
 The number of Iranian agaric species in each ecological guild.


Concerning ecological guilds, our results show that about 254 species of agarics in Iran are soil saprotrophic, 172 species ectomycorrhizal, 146 species wood-inhabiting, 18 species leaf/litter-inhabiting, and nine species are parasitic (Table 1; Figure 4). Parasitic species include Armillaria borealis, A. cepistipes, A. gallica, A. mellea, Collybia tuberosa, Pleurotus eryngii, P. nebrodensis which are sapro-parasitic, Gymnopus fusipes which is wood-inhabiting parasitic, and Asterophora lycoperdoides which grows on basidiomata of Lactarius and Russula species (Table 1).

Among 558 agaric species in Iran, 19 species are categorized as luminescent (Table 1). These include Armillaria (four spp.), Collybia tuberosa, Flammulina velutipes, Mycena (six spp.), Omphalotus olearius, Panellus stipticus, and Russula (five spp.). The six species with chemiluminescence include Russula anthracina, R. cyanoxantha, R. delica, R. foetens, R. ochroleuca, as well as Panellus stipticus.



Antioxidant potential

Results of our survey on the antioxidant potential of agaric species occurring in Iran are shown in Table 1 and Figure 5 (see also Supplementary Table 1 for details on the antioxidant potential of the species and the corresponding references). According to the results, antioxidant activity data is available for 113 species phylogenetically distributed in four orders (Agaricales, Cantharellales, Russulales, Polyporales) and 21 agaric families including 17 families in the Agaricales (Strophariaceae, Hymenogastraceae, Tubariaceae, Bolbitiaceae, Cortinariaceae, Lyophyllaceae, Tricholmataceae, Psathyrellaceae, Agaricaceae, Omphalotaceae, Marasmiaceae, Physalacriaceae, Amanitaceae, Pluteaceae, Mycenaceae, Pleurotaceae, Hydnangiaceae; Figure 1), as well as Hydnaceae (=Cantharellaceae), Russulaceae, Polyporaceae, and Panaceae (Figure 2, families not shown on the tree). However, 445 species still lack information on their antioxidant potential (for a handful of species, the available antioxidant values in the literature had been expressed only by other methods such as TEAC and FRAP; as far as these cases were very few, they were not taken into account here, to keep the rest of the data comparable). The antioxidant potential of 24 species was assayed in this study and their EC50 values are reported in Table 2. Species assayed for the first time in this study included: Agaricus iodosmus, A. pseudopratensis, Agrocybe dura, Cantharellus alborufescens, Cortinarius persoonianus, Hymenopellis radicata, Melanoleuca exscissa, Psathyrella bivelata, Russula emeticolor, and Xerula pudens (Table 2; Supplementary Table 1). In general, the EC50 values of the agaric species ranged between 0.0015 mg/ml (for Psathyrella candolleana) up to 31.42 mg/ml (for Tricholoma terreum).

[image: Figure 5]

FIGURE 5
 Categorization of antioxidant potential of Iranian agaric species. S, strong; M, moderate; W, weak; ND, not determined. See the text for full details.


Among the 113 species having antioxidant data, 27 species could roughly be classified as “strong,” 25 species as “strong to moderate,” 27 species as “moderate,” nine species as “moderate to weak,” and 20 species could be tentatively regarded as “weak” antioxidants (Figure 5). Some of the species in the S category are Agaricus arvensis, Agrocybe dura, Amanita rubescens, Candolleomyces candolleanus, Clitocybe nebularis, Coprinellus micaceus, Coprinopsis picacea, Craterellus tubaeformis, Gymnopilus spectabilis, Hygrophorus eburneus, Hypsizygus ulmarius, Macrocybe gigantean, Marasmiellus peronatus, Mycenastrum corium, Russula anthracina, Russula cyanoxantha, Russula emeticolor, Russula nigricans, Russula rosea, and Xerula pudens (Table 1).

The overall phylogenetic distribution of the agaric species with antioxidant data is shown in Figures 1, 2. Russula nigricans was the only species in our dataset with antioxidant data but lacked LSU/ITS DNA sequences in GenBank, so could not be used in our phylogenetic analyses.




Discussion

In this study, we comprehensively investigated the resources of agarics in Iran. Indeed, no published data have yet been available on number of recorded edible, poisonous, and other agarics in Iran, so the present work fills in these gaps. It is shown that there are currently about 189 edible, 128 poisonous, 254 soil saprotrophic, 172 ectomycorrhizal, 146 wood-inhabiting, 18 leaf/litter-inhabiting, 9 parasitic, and 19 luminescent agaric species in the country. The two species Conocybe olivaceopileata and Inocybe ionolepis were newly added to the Iranian mycota, new DNA sequences were obtained from Iranian samples, and the first phylogenetic reconstruction was provided for agarics of Iran. Evidently, this work is not final and therefore further studies of Iranian fungal diversity would add new species to the list presented here. About 500 agaric species belonging to the five orders Agaricales, Cantharellales, Polyporales, Russulales, and Hymenochaetales were phylogenetically analyzed based on nLSU + ITS sequence datasets. Thorough analyses with additional gene regions and vouchered samples must be utilized in the future to resolve the phylogenetic relationships of Iranian agarics. Yet, the preliminary phylogenetic analysis of agaric species presented here would help to inspire the investigation of many taxa in need of taxonomic revision. Phylogeny backbones can be used for visualization of the phylogenetic distribution of species possessing particular characteristics, herein, antioxidant potential, but also other features in the future. For instance, phylogenetic assessments have been used to screen the pleuromutilin-producing basidiomycete species (Hartley et al., 2009), fungal strains capable of degrading industrial compounds (Navarro et al., 2021), or other natural products (Adamek et al., 2019).

For a few species, the edibility assignment was based on own observation in Iran, but as stated earlier, most of the species were categorized based on available knowledge on central and southern European species. (It might be relevant to note that a number of previous studies have shown a high similarity of the Iranian mycota to that of Europe, e.g., Ghobad-Nejhad et al., 2012; Ghobad-Nejhad and Bernicchia, 2019.) Basically, edibility assignments should always be regarded with caution and it is generally recommended to avoid consuming raw or insufficiently identified mushrooms. There are still noticeable gaps in the knowledge of edible/poisonous mushrooms identification in Iran and the level of education, public awareness, and citizen science is far from medium standards. Concerning usage of edible fungi in Iran, published references are lacking, and our available data is fragmentary. In the reports and statistics on mushroom poisoning in Iran, there is no proper documentation of the species involved or at best, the species are only ambiguously characterized (Kiarsi et al., 2019).

The present work calculated as many as about 172 ectomycorrhizal agaric species for Iran. Ectomycorrhizal fungi are essential components of forest ecosystems to supply the symbiont trees with water and nutrients such as phosphorus and nitrogen, and therefore are highly important in forest sustainability (Varma and Hock, 2013). A large number of ectomycorrhizal agarics are also edible and may be harvested in the wild for culinary use, so they are in need of immediate conservation actions (Vaario and Matsushita, 2021); this is the case, especially with the Cantharellus species in northern Iran (Parad et al., 2018, 2020).

In this study, we listed 146 wood-inhabiting agaric species for Iran. There have been several studies on the diversity and taxonomy of wood-inhabiting aphyllophoroid fungi in Iran (e.g., Hallenberg, 1981; Ghobad-Nejhad and Hallenberg 2012; Amoopour et al., 2016; Ghobad-Nejhad and Langer, 2017; Nazari Mahroo et al., 2018; Ghobad-Nejhad and Bernicchia, 2019) but agarics growing on wood in Iran have not been studied systematically. Wood rotting fungi play a key role in terrestrial carbon cycling and have high potential in biotechnology, enzyme industry, biorefinery, and bioremediation of waste material and recalcitrant compounds (Gadd, 2001; Nguyen et al., 2018; Mäkelä et al., 2021). While Polyporales members are best known for their wood decomposition ability, genomic studies have revealed that several Agaricales taxa have evolved the enzymatic machinery comparable to the white-rot Polyporales (Floudas et al., 2020; Ruiz-Dueñas et al., 2020).

Another aspect surveyed in this study for the Iranian agaric species was bioluminescence. Bioluminescence, i.e., the ability of organisms to emit visible light, has been developed independently in the evolution of different organisms. Concerning fungi, 109 fungal taxa are known to exhibit bioluminescence all of which (except one Xylariales) are white-spored saprotrophic Basidiomycota distinguished in four phylogenetic lineages (Chew et al., 2015; Ke and Tsai, 2022) all sharing the same type of luciferin and luciferase (Oliveira et al., 2012). Interestingly, it has been shown that luminescence could be linked to the antioxidant/radical scavenging defense mechanism against some environmental stress factors (Vydryakova and Bissett, 2016; Oba et al., 2017). Moreover, the fungal bioluminescence capacity can be used in environmental biomonitoring of metals or organic compounds and to develop toxicity tests (Ke and Tsai, 2022).

In this work, a thorough survey was done to reveal the antioxidant potential of 558 agaric species and a new approach was used to combine antioxidant data with phylogeny of the species. Ten species were subjected to antioxidant analyses for the first time, belonging to the genera Agaricus, Agrocybe, Cantharellus, Cortinarius, Hymenopellis, Melanoleuca, Psathyrella, Russula, and Xerula. ABTS assay is one of the most frequently used method for quantification of antioxidant activity of mushrooms. Numerous antioxidant assays have been introduced which are usually classified into two groups based on the mechanism of action: single electron transfer and hydrogen atom transfer (Tan and Lim, 2015; Xiao et al., 2020). Compared to other methods, ABTS has the advantage of involving more or less both mechanisms (Prior et al., 2005). Yet, more examinations are required to fully investigate the antioxidant capacity of the species studied here, and to quantify and characterize the underlying bioactive compounds. Here, we could resume antioxidant data for 20% of agaric species (113 spp.), but noted that 80% of the species (445 spp.) have no antioxidant data. This is noteworthy compared to the fact that antioxidant tests are among the most popular bioactivity assays and it may show that macrofungi have remained little studied in this regard. The highest antioxidant capacities (the lowest EC50 values) were shown by the species categorized as S (27 spp.) and then as SM (25 spp.; Table 1; Figure 5). As noted earliers, in several cases, various EC50 values had been reported in different studies for some species, so that we assigned more than one code for them. We emphasize that such classification is approximate and for detailed comparisons, more precise methods are recommended to be applied. For five species, the EC50 measures ranged significantly, in a way that the code assignment could only be expressed as SMW: Pleurotus djamor, P. eryngii, P. ostreatus, P. pulmonarius, and Russula virescens. Of course, differences in the solvents, standards, modifications in the assays procedures, and even identification issues can account for the different measures under the same species name. Ideally, the identity of the voucher specimens should be fully characterized and the species should be assayed with exactly the same procedure so as to be able to have the best quality comparisons. In general, for the studies where both ABTS and DPPH assays had been conducted, ABTS values seemed to slightly outperform the DPPH values, showing lower EC50 measures. Many of the species in the S or “strong” antioxidant category are edible: Agaricus arvensis, Agrocybe dura, Amanita rubescens, Candolleomyces candolleanus, Clitocybe nebularis, Craterellus tubaeformis, Hygrophorus eburneus, Hypsizygus ulmarius, Macrocybe gigantea, Russula anthracina, R. cyanoxantha, R. emeticolor, R. nigricans, R. rosea, and Xerula pudens (Table 1). Oxidative stress is the root of a cascade of numerous acute and chronic human diseases (Kosanic et al., 2013). Diets rich in natural antioxidants enforce the native defense system and protect against oxidative damage (Ferreira et al., 2009). Mushroom species that are edible and possess high level of biological activities with perspectives on promoting human health are considered noteworthy candidates for developing functional foods and nutra-pharmaceutical products (Kozarski et al., 2015; Lu et al., 2020; Niego et al., 2021; Shaffique et al., 2021; El Sheikha, 2022). It is evident that thorough analyses are needed to fully characterize the mycochemical constitutes of such species and their various bioactivities.

Our results pave the avenue for advanced studies on edible, poisonous, saprotrophic, ectomycorrhizal, wood-inhabiting, parasitic, luminescent, and antioxidant species of agarics of Iran. Twenty percent of the Iranian agaric species possess antioxidant activity, phylogenetically distributed in four orders and 21 agaric families. About 5% of the antioxidant species can be considered strong antioxidants, many of which are also edible and could be utilized for the development of functional foods. Various edible agaric species are grown commercially in the world, while only 1–2 are commonly grown in Iran (personal comm.). Ectomycorrhizal and wood-inhabiting species are important components of forest sustainability. Forests in Iran are very scanty, comprising less than 10% of the total country area, and are on the verge of severe depletion due to numerous anthropological and environmental threats. Yet, Iranian old-growth forests, categorized as part of the northern hemisphere glacial refugia (Ghobad-Nejhad et al., 2012, 2020), harbor a rich reservoir of agaric fungi with diverse characteristics and beneficial aspects. Resources of Iranian agarics provide valuable opportunities for biotechnology and mycochemistry, and should be regarded for preservation and habitat conservation. Our preliminary phylogenetic trees would guide the selection of agaric taxa to be examined in the future for taxonomic revisions, biotechnological applications, and applied phylogeny studies. The thorough survey of antioxidant data of 558 agaric species would provide the state of the knowledge on agarics examined so far and the remaining gaps to be filled in the future.
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