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Editorial on the Research Topic
 Genetics, genomics, and breeding of edible mushrooms in Asia




Mushrooms are unique, as described by Chang and Miles (1989) in the following quote: “Without leaves, without buds, without flowers, yet, they form fruit; as a food, as a tonic, as a medicine, the entire creation is precious”. Influenced by different histories and cultures, Asians prefer to eat edible mushrooms. Consequently, in Asia, both the scale of production and the level of cultivation technology used are very high. The edible mushroom industry in Asia accounts for more than 85% of the world's total production. Research on the genetics, genomics, and breeding of edible mushrooms in Asia is growing rapidly. The theme of this Research Topic is to gather the progress of research conducted on Asian edible mushrooms. It is gratifying that the research on Asian edible mushrooms is conducted in an all-round manner.


In terms of species

Asians not only eat and study button mushrooms, there are more species, but also currently commercially cultivated nearly 100 species of mushrooms. Eight species were studied in this Research Topic: the bulk species are Pleurotus ostreatus (Liu et al.), Pleurotus cornucopiae (Qi et al.), Auricularia heimuer (Qian et al.), and Auricularia cornea (Ma et al.); the rare species are morels (Morchella spp.) (Chen et al.) and Hymenopellis radicata (Cao et al.); the medicinal species are Ganoderma sichuanense (Li et al.) and Inonotus hispidus (Wang et al.).



From the perspective of the entire industrial chain

This Research Topic consists of five parts. 1. The first part focuses on genomics. Wang et al. present works on genomic comparison between two Inonotus hispidus strains isolated from growing in different tree species. Comparative genomics showed that the coding genes and the total number of genes annotated in different databases of Fraxinus mandshurica were higher than that of Morus alba. Ma et al. present works on high-quality genome assembly and multi-omics analysis of the pigment synthesis pathway in Auricularia cornea. The results showed that there were numerous inversions and translocations between homologous regions of white/purple A. cornea. The purple strain synthesized pigment via the shikimate pathway. Cao et al. present works on the population genetic structure of Hymenopellis radicata germplasm resources based on genome re-sequencing. 2. The second part deals with development and regulation. Qi et al. present works on milR20 that negatively regulates the development of fruit bodies in Pleurotus cornucopiae. The results showed that the function of milR20, which targeted pheromone A receptor g8971, was involved in the MAPK signaling pathway. 3. The third part focuses on breeding, Qian et al. present works on interspecies hybridization between Auricularia cornea cv. Yu Muer and Auricularia heimuer cv. Bai Muer through protoplast fusion. The hybrids and their parents showed significant differences in their colony morphology. Yellowish-white primordia were obtained from two hybrids. In my personal opinion, the genetic stability of the hybrids merits further attention. 4. The fourth part deals with the prevention and control of disease and pests. Li et al. present works on the characterization and fungicide sensitivity of Trichoderma species causing green mold of Ganoderma sichuanense in China. The results showed that Prochloraz manganese showed the best performance against most Trichoderma spp. Liu et al. present works on a lectin gene that is involved in the defense of Pleurotus ostreatus against the mite predator Tyrophagus putrescentiae. The findings shed light on the molecular mechanisms of P. ostreatus' defense against the mite predator. 5. The fifth part discusses continuous cropping obstacles. In response to the hottest species of morels in China, the most complex problem of continuous cropping obstacles is proposed to solve the problem. Chen et al. present works on how dazomet changes microbial communities and improves morel mushroom yield under continuous cropping. The results showed that dazomet improves morel mushroom yield under continuous cropping.

Overall, the research on Asian edible mushrooms has entered a period of full-scale outbreak, and we suggest that more and better research will continue to emerge.

At present, this Research Topic is a microcosm of the research on Asian edible mushrooms. In the future, this Research Topic will be a testimony to it.
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The storage mite, Tyrophagus putrescentiae, found worldwide in many habitats, is an important pest of edible mushrooms. Excessive chemical spraying for pest control has been linked to environmental pollution, health risks, insecticide resistance development, and food safety. Host resistance can be sustainable and cost-effective and provide effective and economical pest control. Previous studies have reported that the oyster mushroom Pleurotus ostreatus has evolved effective defense mechanisms against T. putrescentiae attack, but the underlying mechanism remains unclear. Here we report that a lectin gene from P. ostreatus mycelia, Polec2, induced fungal resistance to mite grazing. Polec2 belongs to a galectin-like lectin classification, encoding a protein with β-sandwith-fold domain. Overexpression of Polec2 in P. ostreatus led to activation of the reactive oxygen species (ROS)/mitogen-activated protein kinases (MAPKs) signaling pathway, salicylic acid (SA), and jasmonate (JA) biosynthesis. The activation resulted in bursts of antioxidant activities of catalases (CAT), peroxidases (POD), superoxide dismutases (SOD), and increased production of SA, JA, jasmonic acid-isoleucine (JA-Ile) and jasmonic acid methyl ester (MeJA), accompanied by reduced T. putrescentiae feeding and suppressed its population. We also provide an overview of the phylogenetic distribution of lectins across 22 fungal genomes. Our findings shed light on the molecular mechanisms of P. ostreatus’ defense against the mite predator and will be useful in investigating the molecular basis of fungi-fungivory interactions and gene mining for pest-resistance genes.

KEYWORDS
 fungal lectin, edible fungi, the storage mite, fungal defense, oyster mushroom


1. Introduction

Organisms have evolved efficient defense mechanisms to protect themselves from biotic and abiotic stresses (Naranjo-Ortiz and Gabaldón, 2019). Innate immunity plays a critical role, and hence con-structs the first defensive line, in animals and pathogens. In modern agriculture, cultivating crop varieties with durable and broad-spectrum resistance is an effective strategy (Li et al., 2003; Dangl et al., 2013; Deng et al., 2017). Currently, pests of edible mushrooms are primarily controlled with pesticides, leading to pest resistance problems, pesticide residues, and food safety risks (Wang et al., 2016). Hence, innate immunity can be used to improve edible mushrooms’ recalcitrance to pest attacks (Arthur et al., 2014).

Edible mushroom hosts affect the feeding preference, reproduction, longevity, and life table parameters of pests (Kunzler, 2015). The different cultivars of the oyster mushroom Pleurotus ostreatus have a significant effect on the biological parameters of the storage mite, Tyrophagus putrescentiae, whose infestation reduces mushroom yield (Qu et al., 2015; Hou et al., 2022). Previous studies have reported that plant nutrients impact insect herbivore performance (Wetzel et al., 2016). In our recent work, P. ostreatus was shown to have developed several defense systems against T. putrescentiae feeding (Li et al., 2022). Fungus P. ostreatus coordinated inducible chemical-based defense responses through the reactive oxygen species (ROS)/mitogen-activated protein kinases (MAPKs) signaling pathway, jasmonate (JA) regulation, specific gene expression and protein synthesis, and anti-mite substance metabolism. Furthermore, upregulated genes were related to terpenoid metabolism, including the P450 family genes and those encoding toxins, such as lectins (Li et al., 2022). Fungal volatile terpenes play an important role in the communications of fungus-mite interactions (Li et al., 2018).

Lectins are a group of carbohydrate-binding proteins that can specifically bind polysaccharides, glycoproteins, and glycolipids on cell surfaces (Ji and Nicolson, 1974). Lectins can recognize exogenous carbohydrates and often exhibit anti-competitor, anti-predator, anti-parasite, and anti-pathogen activities. Mushrooms are rich in lectins. Fungi have massive hemagglutinins (early terminology for lectins). Lectins purified from Gymnopilus mushrooms were shown to inhibit Staphylococcus aureus and Aspergillus niger, suggesting a role for lectin in defense (Alborés et al., 2014; Singh et al., 2020).

In earlier research, lectin proteins AAL, MOA, and TAP1 purified through in vitro expression from Aleuria aurantia, Marasmius oreades, and Sordaria macrospora, respectively, demonstrated toxicity against Aphelenchus avenae and Bursaphelenchus okinawaensis. However, CCL2 and CGL2, which are toxic to the nematode Caenorhabditis elegans, did not exhibit the same effect on A. avenae (Butschi et al., 2010; Tayyrov et al., 2018; Singh et al., 2020). It is also proposed that lectins are involved in the biological activities of mushrooms, including participation in fungal growth, development, mycorrhiza formation, and defense against predators and parasites (Kawagishi et al., 1997). Previous studies have revealed a linkage of lectins and hemolysins to why Lepista and Cantharellus mushrooms barely attract insects (Pohleven et al., 2011; Varrot et al., 2013). Lectins are mainly enriched in mushrooms’ fruit bodies and sclerotia (Wang et al., 2002). Most of them are expressed in the cytoplasm, but cytoplasmic ligands deficiency makes it hard to correspond with endogenous function (Wohlschlager et al., 2014). Meanwhile, the absence of lectins does not affect fungal development (either by knockout or knockdown), demonstrating that its function is exogenous. Massive structural lectin families from fungal fruit bodies have been characterized, mainly galectin, β-trefoil-type, β-propeller-type, actinoporin-type, cyanovirin-N-type, and immunoglobulin-type. Some of these have been reported to have insecticidal properties (Bleuler-Martínez et al., 2011; Plaza et al., 2015; Bleuler-Martinez et al., 2017; Lebreton et al., 2021; Bleuler-Martinez et al., 2022). Lectins abundant in P. ostreatus have been widely reported for their anti-tumor activity (Vajravijayan et al., 2020). Crystals of P. ostreatus lectin was first reported with a molecular mass of 293 kDa (Chattopadhyay et al., 1999). Then, the structure and function of a P. ostreatus lectin named POL is reported that the protein active site requires two adjacent alcohol groups, one in the axial position of the sugar and the other in the equatorial position of the sugar, adjacent to which a calcium-mediated binding loop can be identified (Vajravijayan et al., 2020). Interestingly, a lectin from P. ostreatus named Plp has been found to be induced by blue light (Perduca et al., 2020). However, P. ostreatus anti-predator lectins remain understood limitedly.

In this work, we investigated the defense mechanism of an anti-predator lectin gene, named Polec2, which was significantly up-regulated in P. ostreatus mycelium after T. putrescentiae feeding (Li et al., 2022). To gain an insight into the molecular and biochemical properties of the oyster mushroom against T. putrescentiae, we examined effect of Polec2 overexpression on the mushroom’s defense system. The characteristics of this lectin were compared with those anti-predator lectins characterized previously. These findings unveil an important anti-predator activity of Polec2 and expand a basis of the mushroom’s resistance to T. putrescentiae.



2. Materials and methods


2.1. Strains and culture conditions

The dikaryotic P. osteatus strain CCMSSC00389 (China Center for Mushroom Spawn Standards and Control, CCMSSC; designated WT hereafter) was grown on potato dextrose agar (PDA) at 25°C under darkness for 7 days. For RNA isolation and RNA Sequencing, the vegetative mycelia of the strain were collected after cultivation in 100 ml PDB (potato dextrose broth) in the dark at 25°C for 7 days. For plasmid construction, preparation, and propagation, Escherichia coli DH5α (Tiangen, Beijing, China) was used and grown in LB medium, supplemented with ampicillin (100 μg/ml) or kanamycin (50 μg/ml) at 37°C for 24 h. Agrobacterium tumefaciens strain GV3101 (Tiangen, Beijing, China) was grown on minimal medium (MM) at 28°C for 2 days (Lei et al., 2017). An induction medium (IM) with 100 μg/ml of hygromycin (Hyg, Roche, USA) was used to co-cultivate A. tumefaciens and protoplasts of P. ostreatus. Transformants of P. ostreatus were grown on complete medium (CM) for cultivation at 25°C under darkness for 10 days (Lei et al., 2017). Then, for testing response to T. putrescentiae grazing, the WT strain and its transformants were cultivated on PDA within a six-well plate for 5 days or wheat grains with a 25 ml conical flask for 10 days at 25°C (Hou et al., 2022).



2.2. Mite stock

The populations of T. putrescentiae were maintained at the Institute of Vegetable Research, Jiangsu Academy of Agricultural Sciences, Nanjing, Jiangsu, China. T. putrescentiae was reared in a round plastic transparent box (a diameter of 7 cm) containing the vegetative mycelia of Lentinula edodes at 26 ± 1°C and 80 ± 5% relative humidity (RH) (Hou et al., 2022). Two months before the experiment, populations to transferred to wheat grain straws of the WT strain and its transformants at 28°C to assess host suitability.



2.3. Polec2 gene cloning and transplantation

After 7 days of growth on PDA at 25°C, P. ostreatus mycelia were harvested and frozen in liquid nitrogen, and then stored at −80°C. Total RNA was extracted from 0.1 g of each sample using an SV Total RNA isolation kit (Promega, WI, United States), then reverse transcribed to cDNA with a First-stand cDNA Synthesis Kit (Takara, Beijing, China) as described previously (Hou et al., 2022). The Polec2 sequence was amplified by an I-5TM 2X high-fidelity master mix polymerase (Tsingke, Beijing, China) using the primers PoLec2-1F (5′-ATGCATGACATTAGTACTTAT-3′) and PoLec2-1R (5′- CTATGCGAG-AGGGATGACTAC-3′) designed from the transcriptome data (accession number: PRJNA665192) of the predicted lectin 2 of P. ostreatus. The PCR conditions were as follows: 98°C for 5 min, followed by 30 cycles of denaturation at 98°C for 15 s, annealing at 55°C for 10 s, and elongation at 72°C for 40 s, and a final elongation step at 72°C for 10 min. The PCR product was purified and cloned into the pMD19-T vector and then sequenced (Tsingke, Nanjing, China).

The Polec2 cDNA was purified by agarose gel electrophoresis and ligated to the pCAMBIA1303 vector (Abcam, Shanghai, China). Protoplasts of P. ostreatus were prepared as described (Nurziya et al., 2019). The transformation method of P. ostreatus was described performed according to Shi et al. (2012). The stability of transformants was evaluated by the relative expression of Polec2 using quantitative real-time PCR (qRT-PCR) analysis after they were grown on CM agar without hygromycin for five rounds of cultivation. The qRT-PCR primer pairs of Polec2 were shown in Supplementary Table S1. The β-actin gene was used as an internal standard.



2.4. Phylogenetic analysis

One hundred thirty seven lectin sequences from 22 mushroom species were obtained from the MycoLec module of UniLectin1 and the NCBI database2 (Supplementary Table S2), and clustered using the MAFFT tool with a global matching algorithm (the maximum number of iterative refinements was 1,000) (Yamada et al., 2016). The best-fit algorithm was tested using the Modomatic method integrated into iqTree as WAG+R5 (Yamada et al., 2016), which was then used to calculate the genetic evolution tree in iqTree using the maximum likelihood (ML) method with a Bootstrap value of 5,000 times (Whelan et al., 2015; Minh et al., 2020). Tree files were generated and annotated using the iToL online tool (Letunic and Bork, 2021).



2.5. Antioxidant activity assay

Fresh mycelia of the WT strain and its transformants were collected after cultivation on 100 ml PDB at 25°C for 7 days. Using commercially available detection kits (Webiolotech, Nanjing, China), the total antioxidant catalase (CAT) activity, peroxidase (POD) activity, superoxide dismutase (SOD) activity, H2O2 content, and malondialdehyde (MDA) content were measured. These tests were performed using 1.0 g of fresh mycelia of each transformant and were repeated four times. The WT strain was used as a control.



2.6. Analysis of hormone content changes

Mycelial samples fresh weight 1.0 g per capita were crushed in liquid nitrogen and stored at −80°C in glass tubes. The production of salicylic acid (SA), methyl salicylate (MeSA), jasmonic acid (JA), 12-oxo-phytodienoic acid (OPDA), jasmonic acid-isoleucine (JA-Ile), jasmonic acid methyl ester (MeJA), indole-3-acetic acid (IAA), 3-indole butyric acid (IBA), abscisic acid (ABA), indole-propionic acid (IPA), and isopentenyladenine (IP) were analyzed using a high-performance liquid chromatography–tandem mass spectrometry (HPLC-MS/MS) method with a QTRAP 6500 triple quadrupole mass spectrometer of AB Sciex (Framingham, MA, United States). The pretreatment and detection procedure of samples were performed as described previously (Webiolotech, Nanjing, China) (Li et al., 2022).



2.7. Expression analysis of Key genes in the immune defense system by qRT-PCR

The expression of 14 key genes in the defensive signaling pathway was analyzed in the transgenic strains using an one-step qRT-PCR kit (Takara, Tokyo, Japan) with the Light-cycling 480 Real-Time System (Roche, Switzerland) (Supplementary Table S2). Total RNA of transgenic strains and subjected to Primer Quest™ Tool3 for qRT-PCR were designed from the P. ostreatus CCMSSC0389, PC15 and PC9 reference genome (PRJNA476433, PRJNA670761 and PRJNA81933) and the transcriptome data in Primer 6.0 software (Supplementary Table S2). The PCR condition used 95°C for 2 min, followed by a cycling program of 95°C for 10 s, 58°C for 30 s, and 72°C for 30 s, and then the productions were heat denatured over a 35°C temperature gradient at 2.2°C/s from 60°C to 95°C (Li et al., 2022). The β-actin gene was used as an internal standard. A standard curve was constructed for every set of primers using a cDNA sample diluted using a 10-fold gradient (Supplementary Table S1). The gene expression levels in the WT strain mycelia were the control. Three biological replicates were analyzed per sample. Relative gene expression levels were computed according to the 2-▵▵CT method described by Winer et al. (1999).



2.8. Assay for Polec2-overexpressing strains resistance against Tyrophagus putrescentiae

Polec2-overexpressing strains resistance against T. putrescentiae was assessed as development, survivor ship and host fitness parameters of T. putrescentiae reared on the fresh mycelia using at least six replicates of each strain as previously described (Hubert et al., 2013; Hou et al., 2022). Before the start of these tests, T. putrescentiae was exposed to the WT strain and transgenic strains for five generations.



2.9. Statistical analysis

The statistical analysis of experimental data was performed using IBM SPSS 26.0 (IBM Corp., NY, United States). The data were examined for homogeneity of variance before analysis. Differences in the transgenic strains’ hormone level, gene expression, antioxidant activity, and the biological parameters of T. putrescentiae were evaluated using a one-way ANOVA test, followed by a Waller-Duncan test (p = 0.05).




3. Results


3.1. Sequence analysis, gene structure, and phylogenetic analysis of Polec2

A total putative full-length cDNA of Polec2 was cloned (GenBank accession number: OP751397), encoding a putative protein of 431. Polec2 has a molecular weight of 45.77 KDa and a predicted pI of 8.39. Based on the phylogenetic relationship, 137 lectins from 22 different species of mushroom-forming fungi, including 12 Agaricales, two Boletales, one Cantharellales, one Polyporales, and six Russulales, were clustered into 8 different groups in the ML tree (Figure 1). Agaricales display the largest variety, spanning over all of 6 classes of lectins. Strong variations in lectin catalogs from P. ostreatus are observed depending on the fungal lineage, with 24 lectins were clustered into 5 different classes. Some lectin classes such as Coprinus-like (CCL-like) β-trefoil-type lectins were frequently identified within two Pleurotus species. Polec2 was classified to the galectin-like class with β-sandwich-fold.

[image: Figure 1]

FIGURE 1
 Phylogenetic tree of 137 lectin proteins from 22 species in Agaricomycetes. Unrooted phylogenetic tree of lectins protein sequences from Pleurotus ostreatus (POL1-23 and PoLec2), P. cornucopiae (PCL1 and PCL2), Agaricus bisporus (ABL1-8), Auriculariopsis ampla (AAL), Clitocybe nebularis (CNL), Coprinellus micaceus (CML1-10), C. cinerea (CCL1-6), Cubamyces menziesii (CML1-3), Cyathus striatus (CSL1-4), Flammula alnicola (FAL1-15), Schizophyllum commune (SCL1-10), Boletus edulis (BEL1-13), Xerocomellus chrysenteron (XCL), Cantharellus anzutake (CAL), Ganoderma leucocontextum (GLL1-6), Lactarius akahatsu (LAL1-4), L. deliciosus (LDL1 and LDL2), L. hatsudake (LHA1-5), L. hengduanensis (LHE1 and LHE2_1- LHE2_3), L. pseudohatsudake (LPL1-6), Macrolepiota procera (MOA1 and MOA2), and Russula brevipes (RBL1-3). The outer ring indicates the classes of lectins, including Galectins (shaded in red), Coprinus-like (shaded in blue), Ricin-like (shaded in cyan), Clitocybe-like (shaded in purple), Legume-like (shaded in orange), and Fungal fruit body (shaded in pink) lectins. The tree is displayed using the iTOL web server.


Six groups of these proteins were reported to be involved in the fungal defense of the fungal fruit body, including galectins, Coprinus-like, ricin-like, Clitocybe-like, and fungal fruit body lectins (Varrot et al., 2013; Tayyrov et al., 2018; Bleuler-Martinez et al., 2022; Figure 1). For example, lectins with entomotoxic activity, CNL from Clitocybe nebularis is Clitocybe-like lectin family, MPL from Macrolepiota procera are ricin-like lectin family, CCL2 from Coprinopsis cinerea is galectins lectin family, and XCL from Xerocomellus chrysenteron is fungal fruit body lectin family (Wohlschlager et al., 2014; Bleuler-Martinez et al., 2022). Furthermore, the ricin-like lectin family is the major group (46.7%) of 137 proteins, those mostly contain β-trefoil fold structures from Schizophyllum commune, Coprinellus micaceus, Flammula alnicola, etc., in more closely related branches, which are likely to be of value in providing potential insecticidal activity. Structurally, POL21 and POL22 from P. ostreatus had higher homologies to CCL2, having potential for entomotoxic activity that remains to be verified.



3.2. Regulation of antioxidant enzyme activities

Subsequently, we obtained five stable transformants from six overexpressing strains (named L1 to L6) of Polec2 in P. ostreatus by the Agrobacterium-mediated transformation. According to the qRT-PCR analysis, the transformants all showed significantly elevated Polec2 expression relative to the WT strain, with L1, L2 and L6 being most upregulated (Figure 2A). These three transformants were further used to evaluate their bioactivity, including hormone level, gene expression, and antioxidant activity.
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FIGURE 2
 The changes of antioxidant enzyme activities in Polec2 overexpressing strains. (A) Relative expressions of Polec2 in the six transformants (L1 to L6) after grown on complete medium without hygromycin for five rounds of cultivation. (B) Change in malondialdehyde (MDA) and hydrogen peroxide (H2O2) contents. (C) Change in superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) activities. (D) Expression analysis of genes in the reactive oxygen species (ROS) metabolism, including the NADPH oxidases catalytic subunits genes nox1 and nox2, and the catalase genes cat1 and cat2. (E) Expression analysis of genes in the mitogen-activated protein kinases (MAPK) signaling pathway, including MAPKs genes hog1 and mpk1, serine/threonine-protein kinases Pkh1, and guanine nucleotide exchange factors pho1, scf3, and cdc24. Letters indicate significant differences from the WT strain (p < 0.05, Waller-Duncan test).


ROS is important in various biological functions, including cell survival, cell growth, proliferation, differentiation, signaling, immune response, and other physiological responses (Zuo et al., 2015). Three key antioxidant enzymes involved in the biosynthesis and degradation of ROS were measured to investigate the antioxidative effects of Polec2. For L1 and L6 strains, SOD, POD, and CAT activities of fresh mycelium significantly increased than those in WT strain (F3,15 = 178.2–1116.1, p < 0.001) (Figure 2C). An increase in the content of H2O2 (F3,15 = 65.9, p < 0.001) was also observed (Figure 2B). MDA is one of the most significant byproducts of membrane lipid peroxidation, and its activity was strongly activated in the transformants (F3,15 = 18.7, p < 0.01), which subtly indicated the membrane systems’ greater stress resistance (Figure 2C). In addition, we investigated the expression levels of the key genes involved in the ROS metabolism, including the NADPH oxidases catalytic subunits coding genes, nox1 and nox2, and the catalase genes cat1 and cat2. Compared to unaffected nox1 expression, the expression of nox2 was abolished in three transformants, accompanied by differential downregulation of cat1 and cat2 (Figure 2D). Compared with L1 and L6 strains, CAT activities of L2 strain showed no difference with WT (Figure 2C).

Furthermore, Polec2 overexpression activated gene expression in the mitogen-activated protein kinases (MAPK) pathway (Figure 2E). MAPK kinases HOG1 and MPK1, and guanine nucleotide exchange factors pho1, scf3, and cdc24 were all significantly increased in the transformant L1, ranging from 2.54 to 8.0-fold, whereas mpk1, hog1, pho1, and scf3 were not significantly changed in the transformant L2 and L6 (Figure 2E). The relative expression of serine/threonine-protein kinases PKH1 was all significantly increased in the three transformants. ROS/MAPKs signaling pathway plays an important role in direct anti-fungivory defenses of the oyster mushroom.



3.3. Activation of salicylic acid- and jasmonic acid-signaling pathways in Polec2 overexpressing strains

To examine the effect of Polec2 on P. ostreatus defense against T. putrescentiae, we measured the levels of JA, JA-Ile, OPDA, MeJA, SA, MeSA, IAA, ABA, IBA, IPA, and IP in Polec2 overexpressing strains. Compared with the WT strain, the levels of SA, JA, JA-Ile, MeJA, IP and IPA were significantly higher (F3,15 = 16.705–252.359, p < 0.0001), whereas the levels of MeSA, OPDA, IAA, IBA, and ABA were significantly lower (F3,15 = 23.828–2053.547, p < 0.0001, respectively; Figure 3A). Moreover, the level of SA rose over 50-fold. The expression of the SA- and JA-signaling pathways proteins, and phenylalanine ammonia-lyase 1 (PAL1) were significantly up-regulated (4.33-fold, 12.47-fold, and 1.77-fold, respectively), whereas PAL2 not increased in the transformants. Lipoxygenase 1 and 2 (LOX1 and LOX2) were not induced (Figure 3B). In contrast, Polec2 overexpression strongly strengthens SA- and JA-dependent defense of P. ostreatus.
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FIGURE 3
 The changes of hormone levels in Polec2 overexpressing strains (L1, L2 and L6). (A) Change in different hormone levels (using a log scale), including the production of salicylic acid (SA), methyl salicylate (MeSA), jasmonic acid (JA), 12-oxo-phytodienoic acid (OPDA), jasmonic acid-isoleucine (JA-Ile), jasmonic acid methyl ester (MeJA), indole-3-acetic acid (IAA), 3-indole butyric acid (IBA), abscisic acid (ABA), in-dolepropionic acid (IPA), and isopentenyladenine (IP). (B) Expression analysis of genes in the SA- and JA-signaling pathways, including two phenylalanine ammonia-lyases pal1 and pal2 for SA biosynthesis and two Lipoxygenases lox1 and lox2 for JA biosynthesis. Letters indicate significant differences from the WT strain (p < 0.05, Waller-Duncan test).




3.4. Polec2-overexpressing strains resistance analysis

To investigate how Polec2 influences T. putrescentiae feeding, growth, development and population increase, infestation tests were performed on L1, L2 and L6 transformants. The mycelium of the WT strain was almost depleted after 48 h of T. putrescentiae feeding, but the mycelium of the transformants L1, L2 and L6 had only small holes (Figure 4A). By careful examination, we could see that the mites are buried and are feeding on the area where the mycelium nuclei have twisted into clusters. The mites could be seen feeding on the mycelium that had knotted into clusters but became entangled, then died (Figure 4B). On the contrary, the white mycelium of WT strain was significantly reduced and sparse after 48 h of mite feeding (Figure 4A). However, we found that the mites could complete the life history in the transformants, and the total developmental stages were not significantly different from the WT strain (Table 1). Instead of growth, the hatchability and survival of T. putrescentiae were significantly reduced (by 12–22%) (Table 1). The rate of population increase of T. putrescentiae was estimated and incubated in 25 ml culture flasks with 0.25 g grains of tested strains for 21 d at 25°C and 85% RH. The population rate of increase was strongly negative for the transformants, about 25% of that for the WT strain (Figure 4C).
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FIGURE 4
 Polec2 overexpressing strains resistance to T. putrescentiae. (A) Infestation tests in Polec2 overexpressing strains (framed into blue square). (B) T. putrescentiae (red arrow) was buried in the mycelium of Polec2 overexpressing strains. (C) The 21-day population numbers of T. putrescentiae feeding on Polec2 overexpressing strains (L1, L2 and L6). Letters indicate significant differences from the WT strain (p < 0.05, Waller-Duncan test).




TABLE 1 The developmental durations (days) for T. putrescentiae reared on Polec2 overexpressing strains at 25°C and 85% RH.
[image: Table1]




4. Discussion

Fungi are eukaryotic organisms that absorb nutrients and can be found in any ecological niche. Fungi have been studied in the laboratory as model systems in every aspect of the biological sciences due to their simple and rapid life cycles, yet complex genetics, metabolism, and morphology (Biedermann and Vega, 2020). Fungi frequently use predation, parasitism, and antagonism to suppress their competitors, including agricultural pests (Ambethgar, 2009). Most fungi used to control agricultural pests are Hyphomycetes, capable of infecting and killing insects and are thus referred to entomopathogenic fungi (Shamshad, 2010). Conversely, some pests can destroy edible fungal production, which is already a significant economic crop worldwide (Qu et al., 2015; Panevska et al., 2019). To avoid harmful chemicals, further research is needed on integrated pest management in mushrooms, biological control, and in-depth insight into edible fungal defense mechanisms.

As a part of their chemical defense, edible fungi have been shown to produce terpenoids, glycans, aegerolysins, lectins, and other substances (Kunzler, 2015; Lebreton et al., 2021; Li et al., 2022). Several aegerolysins have been found to have insecticidal activity in Pleurotus mushrooms, including ostreolysin A (OlyA) and pleurotolysin A (PlyA), pleurotolysin B (PlyB), and erylysin A (EryA) with the membrane-attack-complex/ perforin domain, which can bind to insect cells and artificial lipid membranes and toxicity to western corn root-worm larvae and adults and Colorado potato beetle larvae (Wohlschlager et al., 2014; Panevska et al., 2019). More than 13 types of lectins have been found in the genome of P. ostreatus, including the AAL-like lectin, oyster lectin, fungal fruit body lectin, and Ricin B lectin (Perduca et al., 2020). Here, our study showed strong variations in lectin catalogs from P. ostreatus, and found new classes including CCL-like β-trefoil-type and galectin-like class with β-sandwich-fold lectins. Significantly, CCL-like β-trefoil-type lectins in other fungi species have previously been reported to have resistance against predators and parasites (Bleuler-Martinez et al., 2017; Vajravijayan et al., 2020; Lebreton et al., 2021).

In the present study, Polec2 was proven to activate ROS/MAPK signaling and reinforce SA- and JA-dependent defense of P. ostreatus against T. putrescentiae. After overexpression of Polec2 (more than 5-fold), two of the signaling events were the activations of ROS and MAPKs. As a result of an increase in generation of ROS, ROS-scavenging proteins such as protein SOD, CAT and POD were induced upon cell damage. Furthermore, MDA content are essential biological parameters for evaluating the degree of oxidative cell damage (Mittler et al., 2011; Hernández-Oñate et al., 2012). These results indicate that overexpression of Polec2 could significantly induce the accumulation of MDA content and decrease electrolyte permeability. NADPH oxidases (Noxs) have a variety of functions in plants and animals, including response to wounding, predators, and programed cell death (PCD), where ROS produced by Noxs forms a gradient of H2O2, indicating that it serves as propagation signal (Mittler et al., 2011). The advantage of ROS includes the capacity of the cell to rapidly produce and scavenge different forms of ROS in a simultaneous manner, enabling rapid and dynamic changes in ROS levels. Different organisms generate ROS at different levels and could leak or actively transport ROS such as H2O2 into their environment, it is possible that another advantage of ROS as signaling molecules in early stages of evolution was the sensing and/or communication between different organisms (Mittler et al., 2011). In fungi, wounding causes two of three Noxs (nox1, nox2, and noxR) dependent ROS production in the fungus Trichoderma atroviride, and noxR protein regulates Nox1 according to gene-replacement experiments (Hernández-Oñate et al., 2012; Medina-Castellanos et al., 2014). Fungi contain from one to three Nox genes, depending on the species (Aguirre et al., 2005). We discovered that one of two Nox genes, Nox1, had the potential ability to regulate ROS production in P. ostreatus, but this conclusion need further investigation. These findings suggested that, as in plants and animals, changes in intracellular redox status may act as signal molecules in a conserved defense-response mechanism in fungi (Aguirre and Lambeth, 2010). Activation of MAPKs signaling confirms its important role in the oyster mushroom defense, which could involve signaling multiple defense responses, including the biosynthesis/signaling of defense hormones, ROS generation, defense gene activation, and antibiotic substance production (Li et al., 2022). And then SA and JA biosynthesis and metabolism were found to both strongly increase in Polec2 transgenic strains when compared to the WT strain. SA and JA have been discovered to be crucial components of P. ostreatus’ defense systems against T. putrescentiae attack in earlier investigations (Li et al., 2022). In particular, endogenous and exogenous JA can influence the expression of genes involved in the biosynthesis of terpenoids and steroids to produce the metabolism of anti-mite substances (Li et al., 2022). Overall, our results show that Polec2 actives the ROS, MAPK, SA, and JA signaling pathways to defend against T. putrescentiae infestation. In this study, we discovered that rearing T. putrescentiae on Polec2 transgenic strains significantly reduced hatchability, survival, and population increase, indicating stronger resistance to T. putrescentiae.

According to these observations, Polec2 expression could be beneficial in efforts to control T. putrescentiae without using other inputs or causing environmental damage. This study also presents a method for elucidating resistance mechanisms in edible fungi, providing a resistance-conferring gene for breeding mite-resistant mushroom varieties in pest control. Interestingly, P. ostreatus appeared to produce some sticky particles that limited the action of T. putrescentiae and caused its death, though the underlying mechanism is unknown and should be investigated in future work.
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The mechanism underlying the development of fruit bodies in edible mushroom is a widely studied topic. In this study, the role of milRNAs in the development of fruit bodies of Pleurotus cornucopiae was studied by comparative analyses of the mRNAs and milRNAs at different stages of development. The genes that play a crucial role in the expression and function of milRNAs were identified and subsequently expressed and silenced at different stages of development. The total number of differentially expressed genes (DEGs) and differentially expressed milRNAs (DEMs) at different stages of development was determined to be 7,934 and 20, respectively. Comparison of the DEGs and DEMs across the different development stages revealed that DEMs and its target DEGs involved in the mitogen-activated protein kinase (MAPK) signaling pathway, protein processing in endoplasmic reticulum, endocytosis, aminoacyl-tRNA biosynthesis, RNA transport, and other metabolism pathways, which may play important roles in the development of the fruit bodies of P. cornucopiae. The function of milR20, which targeted pheromone A receptor g8971 and was involved in the MAPK signaling pathway, was further verified by overexpression and silencing in P. cornucopiae. The results demonstrated that the overexpression of milR20 reduced the growth rate of mycelia and prolonged the development of the fruit bodies, while milR20 silencing had an opposite effect. These findings indicated that milR20 plays a negative role in the development of P. cornucopiae. This study provides novel insights into the molecular mechanism underlying the development of fruit bodies in P. cornucopiae.
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1. Introduction

MicroRNAs (miRNAs) are small non-coding RNA molecules that are 18–24 nt long, play important regulatory roles in gene regulation, and influence various biological processes in plants and animals. Numerous miRNAs of plants and animals have been identified to date. The first miRNA-like fungal RNAs (milRNAs) were discovered in Neurospora crassa (Lee et al., 2010) and the milRNAs have been subsequently identified in other filamentous fungi and basidiomycetes (Kang et al., 2013; Wang et al., 2021). The characteristics of fungal milRNAs are similar to those of plant and animal miRNAs. For instance, the miRNA precursors of plants and animals have a typical hairpin structure that is similar to those of fungi. However, the biosynthesis mechanism of fungal miRNAs are different from the animal and plant miRNAs. The milRNAs of N. crassa are produced by four different mechanisms that include a distinct combination of factors, including Dicers, Argonaute protein QDE-2, the exonuclease QIP, and the RNAse III domain-containing MRPL3 protein. While the miRNA in animals and plants were produced by Dicer-like enzymes or Drosha proteins in miRNA maturation (Jones-Rhoades et al., 2006; Lee et al., 2010).

The majority of recent studies on miRNAs are primarily focusing on the miRNAs of animals or plants, and there is a scarcity of research on fungal miRNAs. The miRNA-mediated post-transcriptional regulation of genes is a novel gene regulation strategy that is used to regulate the expression of protein-coding genes by targeting mRNAs via cleavage or translational repression. Our current understanding of target recognition by miRNAs suggests that the mRNA sequence is complementary to bases 2–8 of miRNAs (referred to as the seed sequence) in the majority of miRNA-mediated silencing complexes (miRISCs). The seed region has the highest complementarity to the 3′-untranslated region (UTR) of the mRNA of the target gene, and previous studies have demonstrated that various miRNAs with numerous functions regulate multiple target genes via different mechanisms (Kiriga et al., 2020). The recent advancements in sequencing technologies and bioinformatics tools have facilitated the identification of milRNAs in various fungi (Zhou J. H. et al., 2012; Mu et al., 2015; Li et al., 2016). However, there is a scarcity of information regarding the functions and target recognition mechanism of fungal milRNAs.

Understanding the regulatory mechanisms of fungal milRNAs may aid in breeding novel varieties of edible mushroom. Pleurotus cornucopiae is one of the most extensively cultivated mushrooms in China, and has a high nutritional and medicinal value. The mechanism underlying the development of fruiting bodies is a complex process that is regulated by both genetics and environment, and has been a topic of immense interest in recent years. Numerous genes that play an important role in the development of mushrooms have been identified and characterized. For instance, it has been demonstrated that the genes that encode the FvHmg1 and LFC1 transcription factors negatively regulate the fruit body development of Flammulina velutipes (Wu et al., 2020; Meng et al., 2021). Additionally, genes encoding SsNox2 NADPH oxidases contribute to the generation of reactive oxygen species (ROS), which are essential for the sclerotia development of Sclerotinia sclerotiorum (Kim et al., 2011). Glutathione peroxidase (GPX), which aids in maintaining ROS homeostasis, has a complex influence on the growth of the filamentous fungi Hypsizygus marmoreus (Zhang J. J. et al., 2020). Additionally, the genes encoding protein kinases in the mitogen-activated protein kinase (MAPK) signaling pathway play an important role in cellular regulation in fungi by regulating phosphorylation and dephosphorylation. A previous study on Metarhizium robertsii revealed that the MAPK signaling cascade plays a regulatory role in the formation of conidia and stress tolerance (Chen et al., 2016). The SakA response factor of Aspergillus nidulans can transmit osmotic and oxidative stress signals to the MAPK signaling pathway and regulate the growth, development, and stress response of A. nidulans (Lara-Rojas et al., 2011). Another study reported that the adenosine cyclase of the cyclic adenosine monophosphate (cAMP) signal transduction pathway aids in the transformation of yeast morphology to mycelial morphology, and plays a crucial role in mycelial growth (Rocha et al., 2001).

Recent studies have demonstrated that small RNAs play vital roles in fungal development. For instance, it has been demonstrated that milR4 and milR16 mediate the development of fruiting bodies in Cordyceps militaris. The disruption of milR4 results in the non-formation of fruiting bodies while the disruption of milR16 results in the formation of abnormal fruiting bodies with pale yellow-colored primordia (Shao et al., 2019). In contrast, the overexpression of Po-MilR-1 in P. ostreatus results in slow mycelial growth and formation of abnormal pilei with irregular edges (Xu et al., 2021). However, only one milRNA of P. ostreatus that plays a vital role in mycelial growth has been identified and purified to date. Therefore, the potential roles of milRNAs in the development of fruiting bodies of P. cornucopiae is poorly understood to date owing to the scarcity of information, and further studies are necessary in this regard.

In this study, the genes encoding the Dicer, argonaute (AGO), and RNA-dependent RNA polymerase (RDRP) proteins of P. cornucopiae were identified and their expression profiles were determined at different developmental stages. The milRNAs related to the development of P. cornucopiae were determined by small RNA sequencing and in silico analyses. The potential targets of the milRNAs in the genome of P. cornucopiae were additionally detected, and the expression and functions of these target genes were determined by transcriptome sequencing and bioinformatics analyses. The theoretically predicted milRNAs and their gene targets were experimentally validated by quantitative real-time PCR (qRT-PCR) and dual-luciferase activity assay. Finally, one milRNA of P. cornucopiae was identified, and its functions in the development of fruiting bodies of P. cornucopiae were determined by overexpression and silencing. The results are anticipated to provide a foundation for research on milRNA function and the application of milRNAs in the development of edible mushrooms.



2. Materials and methods


2.1. Strains and media

The CCMSSC 00406 strain of P. cornucopiae was obtained from the China Center for Mushroom Spawn Standards and Control. The fungal mycelia were inoculated on potato dextrose agar (PDA) at 28°C for 6 days. The cottonseed hull culture medium was used to the mushroom production experiment according to our previous study (Qiu et al., 2018). The samples of mycelia, primordia, and caps of fruiting bodies, denoted as M, P, and C, were collected and stored at −80°C after freezing with liquid nitrogen.



2.2. Identification of RDRP, Dicer, and AGO proteins

The amino acid sequences of the proteins which were functionally annotated as RDRP, Dicer, and AGO proteins were derived from the genome of P. cornucopiae. The sequences were subjected to domain analyses using the conserved domain database of NCBI for determining protein function. The sequences of the RDRP, Dicer, and AGO proteins of other fungi were retrieved from GenBank, and aligned to the corresponding proteins of P. cornucopiae with CLUSTALW (Thompson et al., 1994; Hu et al., 2013; Wang et al., 2021). A phylogenetic tree was constructed using the maximum likelihood method based on the Tamura-Nei model and 1,000 bootstrap replicates with the MEGA software, version 5.0 (Kumar et al., 2016) for analyzing the relationships between the RDRP, Dicer, and AGO proteins of P. cornucopiae and those of other fungi in literature.



2.3. Deep sequencing of mRNAs and small RNAs

Comparative mRNA and milRNA analyses were performed using the CCMSSC 00406 strain of P. cornucopiae. Samples of the different developmental stages, including M, P, and C, of CCMSSC 00406 were collected in three biological replicates and subjected to mRNA and small RNA sequencing. The total RNA was extracted from all the samples using TRIzol reagent (Invitrogen, Carlsbad, United States), according to the manufacturer’s instructions, and subsequently treated with RNase-free DNase I (TaKaRa, Shiga, Japan) for removing the genomic DNA. The concentration of the RNA was evaluated using a NanoDrop 2000 spectrophotometer (ThermoFisher, Waltham, United States), and the integrity of the RNA was detected using an Agilent 2100 Bioanalyzer (Agilent, Palo Alto, United States). The cDNA libraries were constructed according to the protocol for library construction and sequenced on an Illumina NovaSeq 6000 platform (Illumina, San Diego, United States). The small RNAs were isolated from the total RNA by polyacrylamide gel electrophoresis (PAGE) with a 6% Tris, boric acid, and EDTA (TBE)—urea denaturing gel, and ligated to specific 5′ and 3′ adaptors. The cDNA libraries were sequenced on an Illumina HiSeq2500 platform following reverse transcription and appropriate amplification and purification.



2.4. Bioinformatics analyses of mRNAs and small RNAs

The clean data (clean reads) were obtained from the raw RNA-seq data by removing the reads containing adapters, poly-N, and low quality reads. The HISAT2 software was used for mapping the reads to the reference genome.1 The genes were annotated by BLAST search against using the NCBI non-redundant protein sequence (NR), Gene Ontology (GO; Tatusov et al., 2000), Kyoto Encyclopedia of Genes and Genomes (KEGG; Kanehisa et al., 2004), KOG (Koonin et al., 2004), and protein family (Pfam) databases. The expression levels of the genes were estimated by fragments per kilobase of transcript per million fragments mapped (FPKM). The genes that were differentially expressed among the different developmental stages were determined using the DESeq2 tool, with a false discovery rate (FDR) of <0.05. The differentially expressed genes (DEGs) were subjected to GO and KEGG pathway enrichment analyses, and the 20 most enriched pathways with the lowest Q values were selected (Mao et al., 2005).

The high-quality small RNA sequence reads (clean reads) were filtered from the total reads by removing the low-quality reads, reads containing adaptor sequences, and sequences smaller than 18 nt or longer than 30 nt. The clean reads were subsequently aligned to the genome of P. cornucopiae using the Bowtie software (Langmead et al., 2009). The different non-coding RNAs, including rRNAs, snRNAs, tRNAs, and snoRNAs, were identified using the Bowtie software, and subsequently removed. The remaining unannotated small RNAs were analyzed for detecting the known miRNAs from miRBase, and the miRDeep2 tool was used for predicting the novel milRNAs (Friedlander et al., 2012). The Randfold software was used for predicting the secondary structures of the novel milRNAs. The expression of the milRNAs in different developmental stages was calculated using the transcripts per million (TPM) normalization method (Fahlgren et al., 2007). The milRNAs that were differentially expressed in the M, P, and C at the different developmental stages were identified using the DESeq tool (Zeng et al., 2018). The target genes of the milRNAs were predicted based on the milRNA sequence information using the TargetFinder,2 miRanda (Enright et al., 2003), and RNAhybrid (Rehmsmeier et al., 2004) webtools, as previously described.



2.5. Analysis of the expression of milRNAs and mRNAs related to the development of fruiting bodies

The expression levels of the milRNAs were quantified by stem-loop real-time PCR, using 5S rRNA as the internal control for each sample (Zhou Q. et al., 2012). The stem-loop primers in the reverse transcription kit and the upstream primers used for qRT-PCR were designed using miRNA design software.3 The first-strand cDNA was synthesized using a miRNA first Strand cDNA Synthesis Kit (Vazyme, Nanjing, China), according to the manufacturer’s instructions. The miRNA Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China) and an ABI 7500 real-time PCR amplifier (Applied Biosystems, Foster City, CA, United States) were used for qRT-PCR, as described in our previous study. The expression of the target genes of the milRNAs was detected using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the internal control for each sample, as previously described (Hou et al., 2021). The relative expression levels of the milRNAs and their target genes in the different stages were quantified using the comparative threshold cycle (CT) 2−△△CT method. The primers used for qRT-PCR amplification of the milRNAs are enlisted in Supplementary Table S1.



2.6. Dual-luciferase activity assay

A ~ 200 bp sequence near the binding site of the wild-type (WT) g8971 and mutant g8971 genes were synthesized and inserted into the pmirGLO vector. Briefly, HEK293T cells were co-transfected with 0.2 μg of the luciferase reporter vector (g8971-WT or g8971-MT) and 10 ng of milR-20-mimic or mimic NC together with the renilla luciferase construct using lipofectamine TM 2000 (Invitrogen), according to the manufacturer’s instructions (Grentzmann et al., 1998). The HEK293T cells were collected 48 h post-transfection, and the activities of luciferase and renilla luciferase were measured using a Dual-Luciferase® Reporter Assay System (Promega, Wisconsin, United States) according to the instructions provided (Cai et al., 2017). Five biological repetitions of the experiment were averaged and analyzed using Student’s t test.



2.7. Overexpression and silencing of milR20

For the overexpression of milR20, a precursor of milR20 was amplified using the WT genomic DNA as the template, and inserted by homologous recombination into a pCAMBIA1300 vector containing the gpd promoter of P. ostreatus. MilR20 was silenced using the short tandem target mimic (STTM) technology; STTM contains two target mimic (TM) sequences and a 48 nt-long specific linker sequence. The TM sequence corresponds to the sequence that is complementary to milR20 and possesses a tri-nucleotide that is inserted between the 10 and 11th bases of milR20. The STTM sequence was subsequently ligated to the pCAMBIA1300 vector.

All the recombinant plasmids were verified by sequencing and transfected into WT cells by Agrobacterium tumefaciens-mediated transformation (ATMT), as previously described. The strains in which milR20 was overexpressed and silenced were detected by PCR for cloning the hpt gene. The expression levels of milR20 following overexpression and silencing were quantified by qRT-PCR. The diameters of the colonies of the WT strain and the strains in which milR20 was overexpressed (OE-milR20) and silenced (STTM-milR20) were measured using the cross method for determining the mycelial growth rate. The WT, OE-milR20, and STTM-milR20 strains were separately inoculated on a culture medium for analyzing the primordial formation time, the developmental cycle of the fruiting bodies, and the spore print.



2.8. Statistical analysis

All statistical analyses were performed using the SPSS 26.0 software (SPSS Inc., Chicago, United States). The data are presented as mean ± SEM values. Statistical significance was defined as *(p < 0.05), **(p < 0.01), and ***(p < 0.001). The GraphPad Prism 8.0.1 software (GraphPad Software Inc., San Diego, United States) and Excel 2010 software (Microsoft, Redmond, WA, SA, United States) were used for drawing figure.




3. Results


3.1. mRNA sequencing and analyses

The expression profiles of the genes expressed in the M, P, and C stages across the three different developmental stages were determined using mRNA-seq. Three biological replicates were sequenced for each tissue type and a total of approximately 428 million clean reads were obtained from all the samples after filtering the low-quality reads. The number of reads in the samples ranged from 39 to 65 million. The reads were mapped to the genome of P. cornucopiae; approximately 32–53 million reads (80–82% of the total reads) mapped to the genome of P. cornucopiae (Supplementary Table S2). The Pearson correlation coefficients results indicated that the reproducibility between biological replicates was high enough for subsequent studies (Supplementary Figure S1).

In order to identify the genes that are involved in the development of P. cornucopiae, the DEGs among the different developmental stages were identified using the following criteria: FDR ≤ 0.05 and fold change (FC) ≥ 1.5. The number of DEGs in the M vs. P, M vs. C, and P vs. C comparison groups was determined to be 4,819, 7,017, and 2,917, respectively (Figure 1A). A total of 7,934 DEGs were identified from all the comparison groups, of which the number of DEGs in the M vs. C comparison group was highest. This indicated that the number of genes differentially expressed between the different intervals was higher than that between adjacent stages, and this finding was consistent with the organizational difference.
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FIGURE 1
 Analysis of the differentially expressed genes (DEGs) across the different developmental stages. (A) The number of DEGs among the different developmental stages. (B) Venn diagram depicting the GO term that the DEGs enriched in all three comparative groups. GO terms in figure are all significantly enriched terms with p < 0.05. (C) KEGG enrichment analyses of the DEGs among the different developmental stages.


The DEGs were subjected to GO and KEGG pathway enrichment analyses. The results of GO enrichment analysis revealed that the DEGs in the M vs. C, P vs. C, and M vs. P comparison were significantly enriched in 46, 54, and 47 GO terms (p < 0.05), respectively. The significantly GO terms in the overlapped groups and the top 10 most significantly enriched GO terms in a single group were present. In biological process, the significantly enriched GO terms shared in M vs. C and P vs. C were gluconeogenesis, glycolytic, nitrogen compound metabolic process, and carbohydrate transport. The significantly enriched GO terms shared in M vs. P and M vs. C were histidine biosynthetic process, translation, and reciprocal meiotic recombination. The significantly enriched GO terms shared in M vs. C, P vs. C and M vs. P were oxidation-reduction process. The significantly enriched GO terms in single group were translational elongation, response to stress, transmembrane transport etc. In molecular function, the significantly enriched GO terms in different group were ATPase activity, oxidoreductase activity, transporter activity, and signal transducer activity etc. In cellular component, the significantly enriched GO terms in different stage were mitochondrion, ribosome, intergral component of membrane etc. These findings indicated that the DEGs involved in energy metabolic process, signal transduce process, and DEGs located to mitochondrion and membrane could play a role in the development of fruiting bodies in P. cornucopiae (Figure 1B). The total 7,934 DEGs from all three comparison group were used for KEGG analysis and 20 most enriched KEGG pathways were present. The results revealed that the DEGs were enriched in the MAPK signaling pathway, metabolism, cell cycle, and protein processing endoplasmic reticulum terms (Figure 1C). These findings indicated that the DEGs that were involved in these pathways could play a key role in the development of P. cornucopiae.



3.2. Identification and analysis of the genes involved in milRNA biogenesis and function

RNA-dependent RNA polymerase, AGO, and Dicer proteins play a key role in milRNA biogenesis and function in eukaryotes. Therefore, the presence of these proteins could indicate that P. cornucopiae contains miRNAs. Therefore, the genes encoding RDRP, AGO, and Dicer proteins were identified in the genome of P. cornucopiae by BLASTp. A total of five homologs of AGO (KAG9218964.1, KAG9218965.1, KAG9225438.1, KAG9226743.1, and KAG9226008.1), three homologs of RDRP (KAG9223309.1, KAG9222124.1, and KAG9222908.1), and four homologs of Dicer (KAG9225908.1, KAG9221133.1, KAG9221142.1, and KAG9219090.1), which shared the best sequence homology with the genome sequence of P. cornucopiae, were identified. In order to ensure that these proteins were indeed homologs of Dicer, AGO, and RDRP proteins, the conserved domains in these predicted protein sequences were predicted by searching against the NCBI database. The results demonstrated that all the five homologs of AGO contained the N-terminal domain (ArgoN), Argonaute Linker 1 domain (Arg), Piwi AGO and Zwille (PAZ), and Piwi domains. The three homologs of RDRP contained the RDRP domain, while the four homologs of Dicer contained the ribonuclease III domain (Ribonuclease III) and a conserved Dicer dimerization domain (Figure 2A). The results of phylogenetic analysis demonstrated that the sequences of the RDRP, AGO, and Dicer proteins of P. cornucopiae were highly homologous to those of C. sinensis and C. militaris (Figure 2B). These findings suggested that P. cornucopiae possesses functional milRNA machinery.
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FIGURE 2
 Analysis of the Dicer, RDRP, and AGO proteins of Pleurotus cornucopiae and other fungi. (A) Conserved domain analysis of the Dicer, RDRP, and AGO proteins of P. cornucopiae. (B) Phylogenetic analysis of the Dicer, RDRP, and AGO proteins of P. cornucopiae and other fungi. (C) Expression levels of the genes determined from the transcriptome data during the different developmental stages of P. cornucopiae. The data are expressed as the mean ± standard error (SE) of the data obtained from three replicates.


In order to further explore the possible role of milRNAs in the developmental process of P. cornucopiae, the expression levels of RDRP, AGO, and Dicer at the different developmental stages were analyzed from the transcriptome data. The results demonstrated that the expression levels of AGO were higher than that of the other genes at each of the developmental stages. The expression levels of the genes encoding RDRP, AGO, and Dicer proteins varied across the different developmental stages of P. cornucopiae (Figure 2C), which suggested that the expression and functions of milRNAs were various during development.



3.3. Sequencing and analyses of the milRNAs in the different development stages

In order to identify the milRNAs that are related to the development of fruiting bodies in P. cornucopiae, the small RNAs in the M, P, and C stages were subjected to sequencing, which was performed in triplicate. The samples of M tissues were denoted as M-1, M-2, and M-3, while the samples of P tissues were denoted as P-1, P-2, and P-3, and the samples of C tissues were denoted as C-1, C-2, and C-3. Approximately 20 million raw reads were obtained from each sample. Approximately 10 million clean reads with lengths varying between 18 and 30 nt were obtained after filtering the low-quality reads and trimming the 3′-specific adaptors, and the remaining small RNAs were annotated. The clean reads were aligned to the genome of P. cornucopiae, and the results demonstrated that the 2–6 million reads included various small ncRNAs, including rRNAs, tRNAs, and snoRNAs, which accounted for 21.35–60.19% of the total clean reads obtained from the different developmental stages. The 4–8 million unannotated clean reads were subsequently analyzed for further prediction of milRNAs, which accounted for 39.64–77.94% of the total clean reads obtained from the different developmental stages (Supplementary Table S3).

A total of 32 milRNAs were finally identified from the different developmental stages of P. cornucopiae, and 31, 26, and 30 milRNAs were identified from the M, P, and C stages, respectively (Supplementary Figure S2). The milRNAs were denoted as milR1–milR32 (Supplementary Table S4). Analysis of the length distribution of the milRNAs revealed that the lengths of the mature milRNAs ranged from 18 to 25 nt. The majority of these milRNAs were 18–22 nt long, and accounted for 93.75% of the total mature milRNAs, which was higher than the number of milRNAs with other lengths (Figure 3A). The results of nucleotide bias analysis revealed that the nucleotides at the 5′-terminus had a strong preference for uracil (U) in the milRNAs that were 18–22 nt long, which was similar to that observed in animals and plants. However, the milRNAs that were 24–25 nt long were enriched in adenine (A) at the 5′-end (Figure 3B).
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FIGURE 3
 Characteristics and expression levels of the milRNAs in the three developmental stages of Pleurotus cornucopiae. (A) Length distribution of the milRNAs of P. cornucopiae. (B) 5′-terminal nucleotide bias of the milRNAs of P. cornucopiae. (C) Heatmap depicting the expression levels of the milRNAs in the three development stages.


The abundance of milRNAs was normalized according to the TPM normalization method. Of the 32 milRNAs, 25 were expressed in all the three developmental stages, while the other seven milRNAs were expressed in one or two of the developmental stages (Supplementary Figure S2). The heatmap in Figure 3C demonstrates that the expression patterns of the milRNAs varied across the different development stages and nine of these milRNAs were highly expressed during the entire development of P. cornucopiae. The findings suggested that the milRNAs that were expressed at high levels in all the three developmental stages could play a crucial role in the development of P. cornucopiae.

To explore the milRNAs that are related to the development of fruiting bodies in P. cornucopiae, we analyzed the differentially expressed milRNAs (DEMs) across the three developmental stages. p < 0.05 was regarded as the threshold for determining the significant differences in milRNA expression. The results demonstrated that 13, 13, and 6 milRNAs were significantly different expressed in the M vs. P, M vs. C, and P vs. C comparison groups, respectively. A total 20 DEMs were identified in the three comparison groups, of which three DEMs were common between the M vs. C and P vs. C comparison groups, and could play an important role in the development of fruiting bodies (Figure 4A). Analysis of the expression levels of the DEMs in the different comparison groups revealed that the number of DEMs downregulated was higher than that of upregulated in the C vs. P comparison group, while the number of upregulated DEMs was approximately equal to that of the downregulated DEMs in the M vs. P and P vs. C comparison group (Supplementary Table S5; Figure 4B). These results indicated that the DEMs that were downregulated along the development of the fruiting body could play a more crucial role in the development of P. cornucopiae.
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FIGURE 4
 Analyses of DEMs. (A) Venn diagram depicting the DEMs among the different developmental stages. (B) Expression of DEMs in the different comparison groups. (C) Results of KEGG pathway analysis of the target genes of DEMs.


In order to elucidate the potential functions of the DEMs in the development of P. cornucopiae, the target genes of milRNAs were predicted using the TargetFinder, miRanda, and RNAhybrid software, as previously described. A total 17 milRNAs in the 20 DEMs were predicted to target 44 genes. The findings revealed that some of the DEMs could regulate several target genes and more than one milRNA could regulate the same target gene (Supplementary Table S5), which was consistent with the reports of previous studies on plant and animal miRNAs. These target genes were subjected to functional enrichment analyses using the GO and KEGG databases. The findings demonstrated that 41 of the target genes of DEMs were functionally annotated. The results of GO enrichment analysis revealed that the target genes were primarily enriched in the transporter activity, receptor activity, and catalytic activity terms in the molecular function category; the signaling pathways, cellular processes, and response to stimulus terms in the biological process category; and the organelles and membranes terms in the cellular component category (Supplementary Figure S3). The results of KEGG enrichment analysis demonstrated that the target genes were enriched in different pathways, including the phosphatidylinositol signaling system, endocytosis, MAPK signaling pathway, protein processing in endoplasmic reticulum, and other metabolic pathways (Figure 4C).



3.4. Correlation analysis of milRNAs and mRNAs

The Venn diagram depicting the DEGs and the target genes of DEMs indicated that 29 of the 44 target genes of the DEMs were differentially expressed across the different developmental stages (Figure 5A). Of these, only seven DEGs could be mapped by KEGG pathway analyses, and were found to be enriched in the MAPK signaling pathway, phosphatidylinositol signaling system, protein processing in endoplasmic reticulum, and other metabolic pathways that may play crucial roles in the growth and development of P. cornucopiae (Table 1). For instance, the findings revealed that the g4622 gene was involved in the phosphatidylinositol signaling system, g9630 was enriched in endocytosis, g8971 was enriched in the MAPK signaling pathway, and the remaining genes were involved in other pathways.
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FIGURE 5
 Integrated analyses of mRNA and milRNA data. (A) Venn diagram depicting the DEGs in the different stages of development and DEM targets. (B–F) Analysis of the expression levels of the DEMs and their targets DEGs.




TABLE 1 Enriched KEGG pathways of target DEGs of DEMs.
[image: Table1]

MiRNAs are important regulators of gene expression and act via degradation or translational repression of target mRNAs (Zdanowicz et al., 2009). Correlation analysis of expression profiles of milRNAs and their targets showed that only milR20 and milR14 had the relative opposite expression trend to their targets in partial development stage (Figures 5B,C), while other miRNA-target did not (Figures 5D–F). The results demonstrated that milR14 could play a minor role in the development of fruiting bodies because it was not expressed in the P and C stages. However, the stage-specific expression pattern of milR14 suggest it may have important function during stage M development. However, the expression of milR20 was downregulated from the P to the C stage, while the expression of its target gene, g8971, was upregulated from the P to the C stage. These result indicated that g8971 may be the target of milR20. milR20 was highly expressed in the three development stage with the expression level higher than 40,000, and it was a DEM from the M vs. C and P vs. C comparison group with the expression level decreased from M to C stage. The predict target of milR20, g8971, was DEGs at different developmental stages, and encodes a pheromone receptor that involved in the MAPK signal pathway which plays an important role in the development. These results therefore indicated that milR20 could negatively regulate the development of fruit bodies in P. cornucopiae.

In this study, qRT-PCR analysis was also performed for validating the expression profiles of the miRNA-target modules of interest, namely, milR20 and g8971. The expression pattern of milR20 and its target gene, g8971, obtained by RT-qPCR analysis was similar to that determined by high-throughput sequencing, and the findings revealed that the expression of milR20 tended to decrease from stages P to C (Supplementary Figure S4), while the expression level of g8971 increased from stage P to C. The findings revealed that the milR20 had opposite expression trend to g8971 from stage P to C. so milR20 was selected for further analyses.



3.5. milR20 targets g8971 and inhibits its expression

The results of prediction using the RNAhybrid software revealed that milR20 targeted the 848–868 nt region of the g8971 gene (Figure 6A). Dual-luciferase reporter assays were performed for elucidating the targeting relationship between milR20 and its target gene, g8971. The WT g8971 reporter vector (g8971-WT) and the mutant plasmids (g8971-MT) were constructed, and co-transfection experiments were performed. The results of the dual-luciferase assay demonstrated that milR20 significantly reduced the relative luciferase activity of g8971-WT. However, there was no significant effect on the relative luciferase activity of g8971-MT. These findings therefore indicated that milR20 could negatively regulate the expression of g8791 by directly binding to and targeting g8971 (Figure 6B).

[image: Figure 6]

FIGURE 6
 Verification of the targeting relationship between milR20 and g8971. (A) The specific binding sites of milR20 in the sequence of g8971 are depicted, and the mutation sites were designed based on this sequence. The sequences in red represent the mutation sites. (B) The activity of luciferase was measured by dual-luciferase reporter assays. The activities of luciferase of g8971-WT decreased markedly in cells transfected with miR-milR20 compared to that of the control. The values are depicted as the mean ± SE; ***p < 0.001.




3.6. Functional analysis of milR20 by STTM-mediated silencing and overexpression

In this study, the copy number of milR20 in the genome of P. cornucopiae was first determined by comparing the milRNA sequence with the genome using the BLASTn program. The results demonstrated that there was only one copy of milR20 in the genome. The precursor sequence of milR20 (pre-milR20) was identified and analyzed using the miRDeep2 software. A 250 bp-long sequence of pre-milR20 was obtained and represented as hairpin structures, which verified that milR20 was a real milRNA (Supplementary Figure S5).

In order to explore whether milR20 has any role in the development of P. cornucopiae, milR20 was separately silenced and overexpressed and the phenotypic effects were analyzed. STTM-mediated silencing has been shown to be an effective tool for inhibiting the activity of endogenous mature miRNAs in plants. In this study, we designed milR20 STTM constructs containing two same non-cleavable milRNA binding sites (highlighted in blue in Figure 7A), and linked by a 48–88 nt spacer (colored in yellow). We generated transgenic strains in which milR20 was overexpressed or silenced with STTM. Analysis of the expression levels of milR20 in the M stage of the transgenic strains revealed that the expression of milR20 increased significantly in the OE-milR20 strain compared to that in the WT, while its expression in the STTM-milR20 strain (32–75%) decreased significantly compared to that of the WT (Figure 7B).
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FIGURE 7
 Effect of milR20 on the development of Pleurotus cornucopiae. (A) Schematic representation of the structure of the STTM plasmids that were used for silencing milR20. A target mimic with an unmodified central sequence (highlighted in blue) that was complementary to the central portion of milR20 and had a trinucleotide bulge was inserted at the cleavage site located at 10–11 nt of the miRNA. (B) Analysis of the relative expression levels of the WT and mutants by qRT-PCR. (C) Phenotype of the WT and mutant strains at different developmental stages. (D) Statistics of the colony diameter of the WT and milR20-recombinant strains under normal temperature, determined using SPSS. (E) Detection of the expression levels of the target g8971 gene of milR20 in the WT and mutant strains by qRT-PCR; * and ** indicate significant difference at p < 0.05 and p < 0.01, respectively.


The effect of milR20 on the development of P. cornucopiae was detected by analyzing the mycelial growth of the WT and mutant strains that had been incubated on PDA plates. The rate of mycelial growth in the OE-milR20 strain was significantly lower than that of the WT strain; however, the rate of mycelial growth in the STTM-milR20 strain was significantly higher than that of the WT strain (Figures 7C,D). These findings indicated that milR20 may play a negative role in mycelial growth.

The effect of milR20 on the development of the fruiting bodies of P. cornucopiae was subsequently detected by cultivating the mutant and WT strains on cultivation substrates. The time required for the formation of primordia was initially analyzed statistically. The primordia appeared on the 28th to the 29th day in all the strains, and there were no significant differences between the mutants and WT with respect to the time required for the formation of primordia. This finding indicated that milR20 had no influence on the formation of primordia (Supplementary Figure S6). Analysis of the morphology of the fruiting bodies revealed that the developmental cycle of the fruiting bodies was prolonged in the OE-milR20 strain that overexpressed milR20, compared to that of the WT. However, the developmental cycle of the fruiting bodies was slightly shortened in the STTM-milR20 strain compared to that of the WT. Analysis of the spore morphology revealed that the spore print density of the OE-milR20 strain did not exhibit significant alterations compared to that of the WT, while the quantity of spores produced by the STTM-milR20 strain increased slightly (Figure 7C). Detection of the expression levels of the target g8971 gene of milR20 revealed that g8971 was downregulated in the OE-milR20 strain, while there was no significant difference in the expression of g8971 in the STTM-milR20 strain (Figure 7E). These results indicated that milR20 may negatively regulate the development of the fruiting bodies of P. cornucopiae by inhibiting the expression of g8971.




4. Discussion

Previous studies have demonstrated that miRNAs have an important role in the development of plant and animals. The development of high-throughput sequencing technologies has enabled the identification of milRNAs from various species of fungi in recent years. However, there is a scarcity of information regarding the functions of milRNAs in fungi. Pleurotus cornucopiae is an important mushroom that has been used for studying the functions of milRNAs in fungal development. AGO, Dicer, and RDRP proteins are key components of miRNA maturation and function in N. crassa and are conserved in C. militaris and other fungal species that have been reported to possess milRNAs (Lee et al., 2010; Yang et al., 2013; Shao et al., 2019; Wang et al., 2021). The present study demonstrated that the AGO, Dicer, and RDRP proteins of these fungal species were closely related to those of P. cornucopiae, which indicated that mechanisms of milRNA biogenesis also exist in P. cornucopiae. The number of genes encoding Dicer, AGO, and RDRP proteins vary across different fungal species, and the expression patterns of these homologs vary across the different developmental stages (Lee et al., 2010; Shao et al., 2019, 2020; Wang et al., 2021). This suggests that the homologs of genes encoding Dicers, AGOs, and RDRPs may play different roles during the formation of mature milRNAs from dsRNAs, and the expression and functions of milRNAs also vary during development. In this study, the expression level of genes encoding Dicers, AGOs, and RDRPs were analyzed by transcriptome analysis across the different developmental stages of P. cornucopiae. All the genes were expressed at different developmental stages, and there were variations in the expression patterns, which suggested that the homologs of genes encoding Dicers, AGOs, and RDRPs may function in a coordinated manner to regulate the expression and function of milRNAs during the development of P. cornucopiae.

The results of mRNA analysis demonstrated that the DEGs among the different development stages were mainly enriched in the signaling and growth terms in the biological process category of GO, and in the MAPK signaling pathway of KEGG. These findings indicated that the genes that were involved in the MAPK signaling pathway could be involved in the development of P. cornucopiae, and this finding was consistent with the results of previous studies on plants (Yi et al., 2016; Xiao et al., 2017; Chen et al., 2021). MAPK cascades are known to transmit extracellular signals to intracellular targets and play a crucial role in regulating several fundamental processes, including proliferation, differentiation, and cellular response to diverse extrinsic stresses (Guo et al., 2020).

In this study, the results of milRNA analysis demonstrated that a total of 32 milRNAs were identified in the M, P, and C stages, and the majority of these milRNAs were expressed at all the stages. However, the expression levels of the milRNAs varied across the three developmental stages. A total of 20 milRNAs were differently expressed in the three M vs. P, M vs. C, and P vs. C comparison groups, of which the number of downregulated DEMs was higher than the number of upregulated DEMs. These results indicated that the downregulated milRNAs could play a vital role in the development of P. cornucopiae. MiRNAs are important regulators of gene expression and function via degradation or translational repression of the target mRNAs (Moran et al., 2017). Integrated analysis of the milRNAs and mRNAs revealed that the target DEGs of the DEMs mapped to the MAPK signaling pathway, and this finding was consistent with the results of mRNA analysis. These results indicated that the milRNAs which regulated the MAPK signaling pathway could play a significant role in the development of P. cornucopiae, and was consistent with the findings of previous studies which reported that miRNAs regulate the activity of the MAPK cascade and influence cellular proliferation in animals (Chen et al., 2017; Xiao et al., 2018; Xu et al., 2018; Safa et al., 2020; Zhang H. et al., 2020).

Correlation analysis of the milRNA expression profiles and their target genes revealed that only a small number of the milRNA-mRNA pairs exhibited an opposite expression pattern in the different developmental stages. These results indicated that the expression of the majority of target genes was possibly not negatively regulated by the milRNAs. Previous studies have also demonstrated an incoherent regulation between miRNAs/milRNAs and their target genes (Shao et al., 2019). This could be attributed to the fact that milRNAs primarily mediate gene regulation by repressing mRNA translation in fungi and not via mRNA degradation. Considering the complex regulatory network of gene expression, this could be alternatively explained by the fact that the expression of target genes can also be regulated by other genes, including genes encoding transcription factors, and competing endogenous RNAs that competitively bind to miRNAs (Kartha and Subramanian, 2014).

In this study, the results of the dual-luciferase activity assay and qRT-PCR results revealed that milR20 targeted the g8971 and inhibited the expression of g8971. The expression of milR20 was downregulated in both the M vs. C and P vs. C comparison groups, and the target gene of milR20, g8971, was invovled in the MAPK signaling pathway and could play a vital role in the development of P. cornucopiae. Therefore, the functions of milR20 in the development of P. cornucopiae were subsequently analyzed using overexpressing and silencing by short tandem target mimic (STTM) technology in this study.

The STTM technology mimics the binding of target miRNAs to RNA-induced silencing complex (RISC) to inhibit the functions of target miRNAs (Teotia et al., 2016). This method has been proven to be an effective and stable tool for blocking the activity of endogenous mature miRNAs in plants (Jia et al., 2015; Zhang et al., 2017). In this study, the expression levels of milR20 decreased significantly in the STTM-milR20 strain, indicating that the STTM technology can also be used to effectively silence fungal milRNAs. The mycelial growth rates and the development of fruit body in the OE-milR20 strain were reduced and prolonged, while those of the STTM-milR20 strain were the opposite in comparison to that of the WT strain. The expression level of g8971 in the OE-milR20 were significantly decreased, while no significant difference in STTM-miR20 strains. These could be explained by the expression fold change difference of milR20 in different strains or the regulation of g8971 by other genes. These findings indicated that milR20 could negatively regulate the growth of P. cornucopiae by repressing the expression of g8971 regulating the MAPK signaling pathway.
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In the published article, there was an error in Figure 5 as published. The gene in Figure 5E was displayed as “g3400”. The correct statement is “g10683”. The gene in Figure 5F was displayed as “g3400”. The correct statement is “g7031”. The corrected Figure 5 and its caption appear below.
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FIGURE 5
 Integrated analyses of mRNA and milRNA data. (A) Venn diagram depicting the DEGs in the different stages of development and DEM targets. (B–F) Analysis of the expression levels of the DEMs and their targets DEGs.
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Owing to its great market potential for food and health care, white Auricularia cornea, a rare edible fungus, has received increased attention in recent years. This study presents a high-quality genome assembly of A. cornea and multi-omics analysis of its pigment synthesis pathway. Continuous Long Reads libraries, combined with Hi-C-assisted assembly were used to assemble of white A. cornea. Based on this data, we analyzed the transcriptome and metabolome of purple and white strains during the mycelium, primordium, and fruiting body stages. Finally, we obtained the genome of A.cornea assembled from 13 clusters. Comparative and evolutionary analysis suggests that A.cornea is more closely related to Auricularia subglabra than to Auricularia heimuer. The divergence of white/purple A.cornea occurred approximately 40,000 years ago, and there were numerous inversions and translocations between homologous regions of the two genomes. Purple strain synthesized pigment via the shikimate pathway. The pigment in the fruiting body of A. cornea was γ-glutaminyl-3,4-dihydroxy-benzoate. During pigment synthesis, α-D-glucose-1P, citrate, 2-Oxoglutarate, and glutamate were four important intermediate metabolites, whereas polyphenol oxidase and other 20 enzyme genes were the key enzymes. This study sheds light on the genetic blueprint and evolutionary history of the white A.cornea genome, revealing the mechanism of pigment synthesis in A.cornea. It has important theoretical and practical implications for understanding the evolution of basidiomycetes, molecular breeding of white A.cornea, and deciphering the genetic regulations of edible fungi. Additionally, it provides valuable insights for the study of phenotypic traits in other edible fungi.
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Introduction

Auricularia cornea, which belongs to the genus Auricularia Bull. ex Juss. (Basidiomycota), is a highly nutritious, medicinally valuable fungus that can be used as both medicine and food (Baldrian and Lindahl, 2011). The rare white variety has great market potential due to its popularity. Genomic information is the basis for studying A. cornea color inheritance. It is also an important resource for studies including gene mapping, genetic diversity analysis, classification and phylogeny, germplasm evaluation, and molecular marker-assisted breeding (Wu et al., 2015; Cao et al., 2016). However, while the lack of a chromosome-level genome significantly limits A. cornea research and development, it also causes low integrity in the assembly of genome sequencing results used for research, limits polymorphic sites, and fails to reveal all genetic information characteristics. Therefore, insights into the basic genome structure of A. cornea are required to obtain a chromosome-level genome.

Over 30 edible fungi, including Auricularia heimuer, Gloeostereum incarnatum, Agaricus bisporus, Flammulina velutipes, Pleurotus ostreatus, and Ganoderma lucidum, have had their genomes sequenced and assembled, thanks to advances in sequencing techniques. These reference genomes are now important resources for studies regarding molecular marker-assisted breeding, population genetics, and comparative genomes (Morin et al., 2012; Young-Jin et al., 2014; Zhu et al., 2015; Qu et al., 2016; Yuan et al., 2019; Fang et al., 2020; Jiang et al., 2021). Although A. cornea sequencing and assembly have been completed, having a 78.50 M genome size and 51 contigs (Dai et al., 2019). Notably, current second- and third-generation sequencing methods can only assemble the genome to a contig/scaffold level, but the Hi-C method extends the draft genome. The latter involves sequencing DNA fragments after cross-linking and enrichment based on linear distances and close spatial structures. The analyzed sequencing data can reveal the interactions between DNA segments, deduce the genome 3D spatial structure, and determine the possible regulation between genes in order to construct a genome close to the chromosomal level. In addition to acquiring a chromosome-level genome, Hi-C-assisted assembly can improve the quality and continuity of the assembled genome by error correction, further optimizing the assembly results by determining whether the genome contains redundancy. As for giga-genome and polyploidy species, Hi-C can achieve effective mounting and haplotype analysis to produce a high-quality reference genome (Zhang et al., 2019).

Except for the high-quality genome analysis, the end products of the cellular regulatory process, known as metabolites, can sufficiently explain the phenotypic changes of a biological system but inadequately analyze metabolite diversity and the genetic mechanism. Therefore, synergistic analysis based on transcriptomics and metabolomics can provide accurate information regarding the gene–metabolite interaction and build a regulatory network for corresponding metabolites, thereby facilitating the study of gene function and metabolic pathways. The association analysis of transcriptome and metabolome was extensively used to elaborate the genetic and regulatory mechanisms of plants’ metabolites (Cho et al., 2016; Hu et al., 2016; Wang et al., 2017; Li et al., 2018; Tingting et al., 2019). It has only been published in a few studies involving edible fungi, such as the anti-browning mechanism in A. bisporus, β-glucoside inhibitor in increasing cold-resistance of Volvaria volvacea, and high-temperature stress on Lentinus edodes (Zhao et al., 2019; Cai et al., 2021; Gong et al., 2022).

The color of A. cornea’s purple fruiting body varies from dark to light, showing a series of continuous changes. This indicates that the purple fruiting body of A. cornea is regulated by multiple genes in the pigment synthesis process, which presents a quantitative trait with continuous change. The white strain’s fruiting body is completely white, which could be caused by the deletion or mutation of one or more key enzyme genes in the pigment synthesis pathway, which blocks the entire pathway and results in no pigment synthesis. A previous study demonstrated that the key enzyme influencing pigment synthesis in A. cornea was identified as glutamine-dependent amidotransferase (Gn-AT), which was also hypothesized to be the key enzyme for the synthesis of the pigment γ-glutamine-4-hydroxy-benzoate (GHB) (Wang et al., 2019). However, the complete pigment synthesis pathway, major genes involved in this pathway, and melanin type contained in A. cornea pigment remain unclear.

In this study, two sequencing models (Continuous Long Reads (CCS) Library and Circular Consensus Sequencing (CCS) Library) combined with Hi-C-assisted assembly were used to perform high-throughput sequencing on the white A. cornea genome to assemble the genome at the chromosome level. At various growth stages, the transcriptome and metabolome of the white strain ACW001 and purple strain ACP004 were compared and analyzed using a high-quality reference genome. Through multi-omics association, the coexpression of differentially expressed genes and metabolites was effectively analyzed in order to provide accurate information and construct a pigment synthesis model for the interaction between pigment synthesis genes and metabolites. Understanding the pathway and mechanism of pigment synthesis and its varieties can lay a solid foundation for the efficient breeding of white A. cornea and for the color genetic study of other edible fungi.



Results and analysis


Genome sequencing and Hi-C-assisted assembly

16 Gb raw data were generated from PacBio Sequel and Illumina NovaSeq PE150. After selection, assembly, and optimization, 79.01 Mb genome sequences comprising 28 contigs were obtained (Figure 1). Hi-C captured 24,808,063 pairs of reads that could pair with the genome, 17,376,358 valid read pairs were obtained after HiCUP quality control, and the reads were aligned to 23 contigs. Because the intra-chromosome interaction probability markedly exceeded that of inter-chromosome, different contigs were divided into different chromosomes, and 23 contigs were clustered into clusters resembling chromosomes. 99.63% of assembled sequences were mounted to 13 clusters; the N50 value was 6.03 Mb and N90 value was 4.56 Mb (Table 1). On the same chromosome, the interaction probability decreased as the interaction distance increased and the contigs could be ordered and oriented. In addition, a collinearity analysis of the existing genetic linkage and physical maps was performed (Supplementary Figure S1). BUSCO evaluation showed that only 26 of 1,764 single-copy genes were missing, with a 98.53% assembly integrity, exceeding the 97.60% of the Basidiomycota database and 98.30% of the fungal database (Manni et al., 2021a,b). The assembled genome is larger than A. heimuer (49.76 Mb) and Auricularia polytricha (38.69 Mb) of Auricularia, and similar to Auricularia subglabra (74.92 Mb). The current A. cornea genome had 23 fewer contigs than the previously disclosed genome, with higher N50 and N90 values and comparable guanine–cytosine (GC) content, suggesting that the current genome has higher quality and completeness.
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FIGURE 1
 Whole genome map. The outermost circle represents the genomic sequence position coordinates. Moving from outer to inner, the next circles represent the genomic GC content, GC skew value, gene density (coding genes, rRNA, snRNA, and tRNA densities are counted separately, with darker colors indicating higher gene density in the window), and chromosome duplication.




TABLE 1 Assembly results of CLR and CCS.
[image: Table1]



Genome annotation

A total of 28,142 repetitive sequences were predicted, with a combined length of 4.75 megabases (Mb), accounting for 5.74% of the genome. Numerous transposable elements were identified, with long terminal repeat sequences (LTRs) being the most abundant, occupying 2.49% (2.06 Mb) of the genome, followed by long interspersed nuclear elements (LINEs), which accounted for 0.25% (0.21 Mb) of the genome. The proportion of LTRs in white A. cornea was significantly different from that in purple A. cornea (10.33%). These differences may be due to natural selection, species lifestyle, and ecological niche (Lan and Constabel, 2011), and could be an important factor causing the variations between white and purple A. cornea. A total of 9,423 simple sequence repeat (SSR) loci were detected, with a similar SSR locus density to black wood ear. The number of 3-base repeat units was the highest, which was 4,677, representing 49.63% of the total SSR repeat units.

To avoid the impact of repetitive sequences on the quality of gene prediction, we masked these regions during gene prediction. Using the Augustus program, we predicted a total of 18,574 coding genes, with a combined length of 24.33 Mb and an average length of 1,310 (bp). The coding regions accounted for 29.41% of the entire genome. Of these genes, 14,616 (78.69%) were supported by transcripts with a coverage of >80%. To gain a better understanding of the functions of the predicted genes, we compared them against eight widely used functional databases. Our results showed that 15,933 (86.20%) of the predicted genes had putative functions in these databases. Specifically, 14,844 (79.92%) had homologs in the Non-Redundant Protein Database (Nr), 9,278 (49.95%) were known proteins in the Gene Ontology (GO) database, 14,486 (77.99%) were known proteins in the Kyoto Encyclopedia of Genes and Genomes (KEGG), 1,929 (10.39%) were known proteins in the Cluster of Orthologous Groups of proteins (KOG) database, 2,763 (14.88%) were known proteins in the SwissProt database, 9,278 (49.95%) were known proteins in the Pfam database, 809 (4.36%)were known proteins in the Carbohydrate-active enzymes (CAZy)database, contained 893 CAZyme modules, and 475 (2.56%) were known proteins in the Transporter Classification Database (TCDB). Furthermore, we identified a total of 2.36 Mb of non-coding RNAs (ncRNAs), which accounted for 2.99% of the assembled genome. Among them, 211 were transfer RNAs (tRNAs), and 906 were ribosomal RNAs (rRNAs).



Secondary metabolic gene cluster analysis

The A. cornea genome contains 32 secondary metabolic gene clusters, including 20 terpene synthases, 1 type I polyketide synthase (PKS), 2 indole synthases, 1 nonribosomal peptide synthase, and 8 nonribosomal peptide synthases-like. While the most prevalent secondary metabolites of fungi are polyketides, a group of compounds synthesized by PKSs, quinones are common polyketide fungal pigments produced via the polyketide pathway (Feng et al., 2015). Therefore, type I PKS significantly contributes to fungal polyketide synthesis, and its gene cluster contains 9 genes located on contig 15.



Comparison and evolutionary analysis

To study the evolution of the gene family of white A. cornea, we compared the protein sequences with three other Auricularia species (Purple A. cornea, A. heimuer and A. subglabra) and 16 other edible fungi. A total of 1,997 homologous gene families were conserved in all compared genomes (Figure 2A). In the four Auricularia species genomes, there were approximately 8,270 conserved homologous gene families. Furthermore, we found 15 and 17 specific homologous gene families for white/purple A. cornea, respectively (Figure 2B). Functional analysis indicated that these specific genes are associated with carbon source degradation and secondary metabolite metabolism. We then performed phylogenetic evolutionary analysis of 641 conserved single-copy homologous genes in all edible mushrooms, and the phylogenetic tree of 19 species showed that the Auriculariales clustered together on the same branch. A. cornea was closer to A. subglabra than to A. heimuer in terms of genetics (Figure 2C), which is consistent with previous reports. These results indicate that our phylogenetic tree accurately reflects the evolutionary relationship. The divergence time between Auriculariales and other orders was about 487 (390.62–537.77) Mya, and the divergence time between A. cornea and A. subglabra within the Auriculariales was about 121.49 (41.90–235.03) Mya. Based on the divergence time of white/purple A. cornea, it can be inferred that about 40,000 years ago, the purple A. cornea may have been affected by environmental factors or natural mutations that damaged the pigment synthesis pathway, resulting in the white mutant.
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FIGURE 2
 Genomic analyses. (A) Orthologous genes in the genomes of A. cornea, A. cornea white, A. subglabra and A. heimuer. (B) Unique and shared gene families among the four genomes. (C) Phylogenetic tree of 20 edible fungi. (D) The genome collinearity analysis of the A. cornea.


In the evolutionary process of A. cornea, contraction of gene families is more common than expansion, and a total of 997 gene families have been expanded in A. cornea. The number of contracted gene families in A. cornea (1,855) is much smaller than in the same genus A. heimuer (4,164) and A. subglabra (2,837). Functional analysis shows that these contracted gene families are mainly related to degradation metabolism, immune system, sorting, and degradation. These genes play a critical role in adapting to harsh environments and substrate degradation, leading to the widespread distribution of A. cornea in Auricularia.

We conducted a whole-genome collinearity analysis between A. cornea and purple A. cornea and found numerous inversions and translocations between homologous regions of the two genomes (Figure 2D). For instance, we observed a translocation between scaffold 7 of white A. cornea and contig14 of purple A. cornea, as well as an inversion and translocation between scaffold 1 of white A. cornea and contig21 of purple A. cornea. However, only a few regions showed highly conserved syntenic blocks shared between the two genomes, such as scaffold 2 of white A. cornea and contig11 and contig13 of purple A. cornea. These findings suggest that a series of chromosome fusions or breakages may have occurred during the long evolutionary history of A. cornea, resulting in the observed genomic diversity. This genomic diversity may play a crucial role in various aspects of the organism’s biology, including morphological formation, lifestyle, and environmental adaptation.



The pigment of Auricularia cornea is synthesized by shikimate pathway

Color is an important agronomic trait of A. conrea. In order to clarify the regulation gene and pathway of pigment synthesis, we conducted an RNA-seq experiment on the mycelium period (Mycelium as control treatment: WCK and PCK), primordium period (The 8th day of fruiting: W08 and P08), and fruiting body period (The 15th day of fruiting: W15 and P15) of white strains ACW001(W) and purple strains ACP004(P) based on the ACW001-33 genome. Pigment synthesis-related regulatory genes were selected by combining phenotypic differences with gene expression levels. Based on expression information, principal component analysis (PCA) was performed (Figure 3A), and we calculated the Pearson correlation coefficient of every two samples (Figure 3B), excluding two samples with low repeatability, and DEGs in purple and white strains were then analyzed (Figures 3C,D).
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FIGURE 3
 Transcriptome-based analysis of genes involved in pigment synthesis. (A) PCA analysis, the more similar the sample composition is, the closer the distance in the PCA plot. (B) Correlation heat map: repeatability between repeated samples can be investigated. (C) DEG distribution in each sample, red represents upregulation and green represents downregulation. (D) Venn diagram of differential genes during the three development periods of purple and white strains. (E) Venn diagram of targeted genes. (F) KEGG enrichment bubble diagram. The red boxes represent the pathways associated with predicted pigment synthesis. (G) GESA enrichment ES curves. The gene enriched when ES reached the highest score is the major gene of the pathway.


Morphological observation of A. cornea at different stages revealed that pigment secretion began in the primordium period. From the mycelium to fruiting body period, purple parents underwent a color change, whereas white parents remained unaltered. Therefore, we selected the intersection of upregulated DEGs in W08 VS P08, W15 VS P15, and PCK VS P15 and non-DEGs in WCK VS PCK and WCK VS W15 to perform KEGG annotation analysis (Figure 3E). The enrichment analysis revealed that the pathways of ubiquinone and other terpenoid-quinone biosynthesis, glycolysis, pentose phosphate, and TCA cycle were significantly enriched (Figure 3F). Another gene set enrichment analysis (GSEA) performed using the two sample gene sets of PCK VS P08 and PCK VS P15 from the purple strains. The pathways of glycolysis, phenylalanine, tyrosine, and tryptophan were significantly upregulated during purple strain development (Figure 3G). Eleven core genes enriched by GSEA included phosphate synthase, farnesyl pyrophosphate synthase, polyphenol oxidases (PPO: PPO1, PPO2, and TYPR), glutamic oxaloacetate aminotransferase (GOT), aromatic amino acid aminotransferases (AMT and ARO), alcohol dehydrogenases (TDH and ADHT), and aldolase A (ALDA). It was found that the pigment synthesis pathway related to KEGG enrichment and GSEA analysis results is the Shikimate pathway, Shikimate was synthesized via glycolysis and the pentose phosphate pathway, and the enriched core genes were also related to these pathways. Therefore, A. cornea pigment was preliminarily inferred to be synthesized via the shikimate pathway.



The pigment of Auricularia cornea is composed of GDHB

The shikimate pathway synthesizes various pigments, with PPO participating in all pigment syntheses of this pathway, suggesting that transcriptome analysis cannot reveal the specific PPO participation in melanin synthesis. Therefore, we used nontargeted LC–MS to identify the fruiting body metabolites of ACW001 and ACP004, obtaining 899 and 715 metabolites in the positive and negative ion modes, respectively. Under the two ion modes, PCA analysis and the OPLS-DA score plot demonstrated excellent separation effects, effectively differentiating the white and purple strains (Figures 4A,B). The prediction values of the OPLS-DA analysis exceeded 0.9, indicating a reliable result. According to the screening criteria (variable importance in projection [VIP] ≥ 1 and T-test p < 0.05), 81 (39 upregulated and 42 downregulated) and 69 (47 upregulated and 22 downregulated) differential metabolites (DEMs) were identified under positive and negative ion modes, respectively (Supplementary Tables S1, S2). When plotted on the VIP chart (Figure 4C) of OPLS-DA, the VIP data corresponding to the DEMs (MS2 levels) in the top 15 differential VIP values in each comparison group showed that glutamate and glutamine in the purple strains were significantly upregulated. Malate, citrate, 2-Oxoglutarate, tyrosine, alanine, and phenylalanine changed synergistically with glutamate and glutamine, as determined by the Pearson correlation coefficients of all DEMs in pairs (Figure 4D). Notably, these metabolites are important in the TCA cycle and shikimate pathway, the TCA cycle generates glutamine, which is a precursor substance for the synthesis of γ-glutaminyl-3,4-dihydroxy-benzoate (GDHB) pigments. The GDHB pigment synthesis pathway is a branch of the shikimate pathway. Many compounds involved in the GDHB pigment synthesis pathway carry glutamine groups, and no other melanin precursor substances have been found. Therefore, it is inferred that A. cornea pigment is a single type of pigment synthesized by the GDHB pathway.
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FIGURE 4
 Metabolome-based analysis of metabolites associated with pigment synthesis. (A) PCA analysis, PC1 describes the most obvious features in the multidimensional data matrix, and PC2 describes the most significant features in the data matrix except PC1. (B) OPLS-DA, use the classification effect of R2X, R2Y, Q2 models. (C) DEM VIP map, color on the right side indicates the abundance of each metabolite in different groups, red represents upregulated, and green represents downregulated. The higher the VIP values, the more they contribute to distinguishing samples. The metabolites with VIP exceeding 1 have significant differences. (D) DEM heat map, each row and column represents the sample, and the darker the color, the stronger the correlation between the two samples.




Transcriptome and metabolome association analysis of pigment synthesis pathway

Transcription and metabolism do not happen independently in the biological system, we performed KEGG pathway model analyze related to pigment synthesis based on gene expression level and metabolite abundance to further explain the regulatory mechanism between gene expression and metabolism. It was significantly enriched with glycolysis and the shikimate pathway (p < 0.05), indicating a strong consistency between transcriptome and metabolome results. The metabolic biomarker changes associated with shikimate synthesis and metabolism are shown in the network chart (Figure 5A, Orange). Purple strains synthesized phosphoenolpyruvate (PEP) and D-erythrose-4P via glycolysis and the pentose phosphate pathway, followed by shikimate polymerization with the action of DAHP synthase, and pigment synthesis via the shikimate pathway.
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FIGURE 5
 Conjoint analysis model of transcriptome and metabolome. (A) Pathway analysis of pigment synthesis. The yellow part is the shikimate pathway, and the blue part is the GDHB pigment synthesis pathway. (B) O2PLS loading diagram model. The left side is the metabolomic loading map, and the right side is the transcriptomic loading map. (C) Pearson correlation coefficient model. Inside red circles are DEMs and DEGs related to pigment synthesis.




Key metabolites and gene screening in pigment synthesis pathway

Data of gene expression level and metabolite abundance were used to build the O2PLS (bidirectional orthogonal projections to latent structures) loading diagram model (Figure 5B). Citrate (Com_18_neg) and 2-Oxoglutarate (Com_24_neg) in the TCA cycle were positively correlated with A02009 (Aldolase A, ALDA). ALDA participated in the glycolytic pathway; β-D-fructose-1,6P generated glyceraldehyde-3P and finally synthesized acetyl-CoA. ALDA was also implicated in the pigment synthesis pathway in the transcriptome GSEA analysis. Then, construct the correlation coefficient model based on gene expression level and metabolite abundance: After calculating the Pearson correlation coefficients of gene expression level and metabolite abundance, the data of the top 250 DEGs and DEMs with absolute values of correlation coefficients exceeding 0.99 were selected to draw a network diagram (Figure 5C). 2 DEMs (α-D-glucose-1P and glutamate) involving 16 DEGs (Table 2) were closely associated with pigment synthesis. These DEMs and DEGs were responsible for central regulation in pigment synthesis.



TABLE 2 Statistics of genes related to pigment synthesis.
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Key gene validation in the pigment synthesis pathway

The strain AC31 (Obtained by monosporal hybridization between ACW001 and ACP004, the color of the fruiting body is pink), white parent ACW001, and purple parent ACP004 were selected for the RT-qPCR analysis of the 17 putative genes (Figure 6, The primer sequence is shown in Supplementary Table S3). The results showed that 15 of the 17 pigment synthesis-associated genes were significantly more expressed in the purple and pink strains than in the white strains. Genes Aromatase1 (ARO1:A03568), ARO8 (A10754) had high expression levels in all strains, without a significant difference. AROs ficantly enriched in GSEA, indicating their important roles in the pathway, despite the absence of a significant expression level differential between the different color strains. The RT-qPCR results demonstrated the accuracy of the association analysis.

[image: Figure 6]

FIGURE 6
 RT-qPCR map of 20 pigment synthesis-related genes. ACW001 is the reference strain. The 20 genes included 17 candidate genes and 3 PPOs.





Discussion


Effects of different sequencing modes on genome assembly

Although both the CLR and CCS libraries can produce high-quality draft genomes, their assembly integrity and accuracy differ significantly. As seen in Table 1, the genomic sizes under these two modes are similar, but the CCS genome contains only 28 contigs. We also observed that CCS assembled more precisely based on the size of contig N50 and the longest contig. The two modes had similar GC content, indicating a high-accuracy sequence. In addition, the Hi-C-assisted assembly exhibited significant differences. Although both modes anchored the genome sequences to 13 clusters, CLR sequence anchoring accounted for only 74.35%, with 21 of 70 contigs engaging in clustering. In contrast, the CCS mode reached 99.63% on anchoring, with 23 of the 28 contigs engaging in clustering. Notably, when performing clustering, one contig appeared in two clusters in the CLR genome, indicating an obvious assembly error. The two modes were similar in repetitive sequences and gene prediction. Overall, CCS obviously outperforms CLR in the genomic sequencing of A. cornea. CCS has been widely used in plant and animal genome sequencing but not yet in edible fungi (Rhein, 2021). While the A. cornea genome results demonstrated that CCS is suitable for edible fungi and offers greater benefits, they also provided a high-quality genome reference for A. cornea and insights into the whole-genome sequencing of other edible fungi.



The importance of GSEA analysis

Transcriptome analysis revealed that the detection rate of all ACP004 samples was approximately 50% relative to the reference genome, but that of all ACW001 samples was approximately 70%, indicating that ACP004 differed significantly from the reference genome in terms of gene composition and sequences. Notably, GO and KEGG enrichment analyses of gene expression differences may miss some color regulatory genes, as the color difference is likeliest due to changes in gene sequences rather than gene expression levels. Therefore, the search for target genes in this study was based on GSEA analysis, which analyzed the gene sets at different periods of purple parents with color changes. GSEA is not limited to DEGs, as it can also include genes that are easily missed in GO/KEGG but have important biological meaning from the perspective of gene set enrichment (Subramanian et al., 2005, 2007; Tarca et al., 2013). This makes our analysis results more accurate.



Prediction of pigment synthesis pathways

The GDHB pathway is a branch of the shikimate pathway. For instance, chorismate is synthesized via the shikimate pathway, forming para-aminobenzoic acid under Gn-AT catalyzation (Massière and Badet-Denisot, 1998), which is then oxidized and decarboxylated by 4ABH to yield aminophenol (Weijn et al., 2013). Aminophenol and glutamine under GGT catalyzation yield GHB (Jolivet et al., 1999), which is then oxidized by PPO to form GDHB and re-oxidized by PPO to form stable glutaminy-benzoquinone (GBQ), which finally polymerizes melanin (Figure 5A Blue). We used ultraviolet spectrophotometer and infrared spectroscopy scanning to extract and purify the pigment from A. cornea in the early stage, and it was found that the main compound group composed of A. cornea pigment is pyrocatechol (Fan et al., 2019). This is consistent with the chemical group composition of GDHB, which also indicates that our analysis results are accurate. The type of pigment in A. cornea is the same as that in A. bisporus (Hans and Dora, 1981), and GHB and GDHB are also present in other types of edible fungi (Mcmorris and Turner, 1983). Therefore, GDHB may be a natural precursor of melanin in many other species of the Basidiomycotina, whose main phenolic oxidase is PPO (Bell and Wheeler, 1986). Of course, all genes in the pigment synthesis pathway are important, and any mutation or deletion of genes may interrupt pigment synthesis (Wang et al., 2019). Subsequent experiments can change the color of fruiting bodies by inhibiting key genes with higher expression levels.



PPOs and are key enzyme genes in the pigment synthesis pathway

Three types of PPOs have been found in A. cornea, namely PPO1 (A05690), PPO2 (A12376) and TYPR (A01747). PPO is essential for pigment synthesis in animals, plants, and fungi because it can catalyze monophenolase hydroxylation and oxidize o-diphenol to o-quinone; quinones are subsequently oxidized to derivatives. O-quinone and other quinones, amino acids, and proteins form pigments through nonenzymatic polymerization (Lan and Constabel, 2011; Aleksandar et al., 2015). PPO is also a key enzyme in the GDHB pigment synthesis pathway that oxidizes GHB to GDHB and GBQ. However, these three types of PPOs were not enriched in the association analysis model because PPOs expression levels were high in all strains and there was no significant difference. This led to the omission of PPOs based on differential gene association analysis. In this study, PPOs were significantly enriched in GSEA analysis, and PPOs expression in purple strains began to increase significantly during the primordium stage, coinciding with pigment secretion. Therefore, it is inferred that PPOs are the key enzymes involved in pigment synthesis. The RT qPCR results showed that there was no significant difference in the expression levels of the three PPOs among different colored strains, but the expression levels were high (Figure 6), which is consistent with our analysis results. It is currently unknown whether all three types of PPOs are involved in pigment synthesis, research has shown that PPOs not only regulate pigment synthesis, but also participate in defense mechanisms against stress (Boss et al., 1995), which may be the reason for the high expression levels of all three types of PPOs.




Materials and methods


Test strains

The test strains were wild white strain ACW001 and wild purple strain ACP004, both collected from Henan Province, China. ACW001-33 was the monospore collected from ACW001 and used for whole-genome sequencing. The above strains were stored at the Engineering Research Center for Edible and Medicinal Fungi of Jilin Agricultural University, China.



DNA preparation and sequencing

As the test strain, ACW001-33 was extracted using CTAB and stored at −80°C for future use. Sequencing was performed using the CLR and CCS libraries. The one with better results and accuracy was finally selected. 20 Kb SMRT Bell library and 350 bp small fragment library were constructed on PacBio Sequel and Illumina NovaSeq PE150. After the library test, different libraries were sequenced according to the effective concentration and the amount of output data. Genome assembly and correction of reads were performed with SMRT Link v5.0.1 (Ardui et al., 2018). The reads were aligned to the assembled genome sequence, and the GC bias of the genome was summarized by computing the GC content and coverage depth of the reads in the assembled sequence.



Hi-C-assisted assembly

Samples were first cross-linked using formaldehyde for library sequencing. Following quality control and filtration of hic tags with HiCUP, valid reads for interaction analysis were aligned to the reference genome (Lieberman-Aiden et al., 2009). The number of reads with interactions between contigs was counted, which was also considered the number of interactions. Contigs were clustered according to this number, and sequencing and orientation were then performed based on the interaction intensity of every two contigs and the position of the interacting read alignment. Genome sequences were clustered, ordered, and oriented with ALLHiC, and contig orientation was corrected with hic-hicker (Ryo and Shinichi, 2020).



Genomic component analysis


Repetitive sequence

Interspersed repeat sequences were predicted using Repeat Masker, and tandem repeat sequences were searched by TRF (Tandem repeats finder) (Benson, 1999). An SSR search was used for detecting genome-wide SSR loci and designing primers.



Encoding gene

Augustus prediction was performed because the A. cornea genome has no transcriptome data or adjacent reference sequence (Stanke et al., 2008). Based on the final assembly result (≥500 bp), ORF (Open Reading Frame) prediction and filtration were performed.



Noncoding RNA

tRNA prediction was performed using tRNAscan-SE (Lowe and Eddy, 1997). rRNA was predicted using rRNAmmer (Lagesen et al., 2007). Predictions of sRNA, snRNA, and miRNA were similar.




Gene function analysis

Regarding coding sequences, we performed functional annotations on different databases, including frequently used KEGG, KOG, Pfam, CAZy, NR, GO, Swiss-Prot, and TCDB, as well as a pathogenicity-specific database. BLAST was used to compare putative genes with each functional database. For the BLAST results of each sequence, the comparison result with the highest score was selected (default: identity ≥40%, coverage ≥40%) for annotation. We also analyzed effectors, including secretory protein, cellular pigment P450, and secondary metabolic gene clusters. A signal peptide prediction tool SignalP was used to predict secretory protein, detect the presence of signal peptides and transmembrane results, and predict whether the protein sequence was secreting protein (Petersen et al., 2011). Annotation was performed using the cytochrome database P450. Predictive analysis of secondary metabolic gene clusters was performed using antiSMASH (Medema et al., 2011).



Phylogenetic development, evolutionary, and whole-genome collinearity analysis

OrthoMCL (v.2.0.9) (Li et al., 2003) was used to identify homologous gene families based on the genome sequences and protein files of 20 species, including A. cornea, A. heimuer, and A. subglabra downloaded from NCBI. Shared single-copy genes were selected and aligned using Clustal Omega (Sievers and Higgins, 2018). A genome-based phylogenetic tree was constructed using the maximum likelihood (ML) algorithm in RAxML (Stamatakis, 2014). Computational Analysis of Gene Family Evolution (CAFE) 3.1 (De Bie et al., 2006) was used to predict the expansion and contraction of homologous gene families, and a value of p of <0.05 was considered significant. Positively selected genes were determined using the branch-site model in the CodeML tool of PAML (Gao et al., 2019). To determine large-scale collinearity relationships between genomes, the MUMmer software (Version 3.23) was used to align the target and reference genomes. LASTZ (Version 1.03.54) was then used to confirm local positional arrangements and search for regions of translocation (Translocation/Trans), inversion (Inversion/Inv), and translocation+inversion (Trans+Inv).



Transcriptomic analysis of different color strains

Data from three different development stages of the white strain ACW001 and purple strain ACP004, including the mycelium period, primordium period (8 days), and fruiting body period (15 days), were collected for total RNA extraction and sequencing. Raw reads were first subjected to quality control with fastp to exclude poor-quality data (Chen et al., 2018). Clean reads were then obtained, which were aligned to the ACW001-33 genome by HISAT2 (Kim et al., 2015). Based on the alignment results, we reconstructed a transcript using Stringtie and calculated all gene expression levels in each sample using RSEM (Pertea et al., 2015). The expression level was displayed with raw reads count and FPKM for subsequent analysis of differences between samples and groups. Finally, by screening the significantly different genes, the selected genes were analyzed by KEGG and GO enrichment to identify pigment synthesis-related pathways and key pigment synthesis-responsible genes (Love et al., 2014).



Metabonomic analysis of different color strains

The fruiting bodies of ACW001 and ACP004 were collected for nontargeted LC–MS metabolite detection. Both positive and negative ion modes were used in the subsequent data analysis during detection. Multivariate data analysis was performed using R language gmodels (v2.18.1) for PCA analysis and the ropls package for OPLS-DA analysis (Warnes, 2007; Julien and Douglas, 2013). We combined the VIP value of OPLS-DA and p-value of the T-test to screen DEMs between comparison groups (Saccenti et al., 2014). Finally, we performed KEGG enrichment and topology analyses of DEMs.
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Inonotus hispidus mainly growing in broad-leaved trees, including Morus alba, Fraxinus mandshurica, and Ulmus macrocarpa etc. The fruiting body of I. hispidus growing in M. alba (hereafter as MA) is used as a traditional Chinese medicine “Sanghuang”. However, differences between the genetic material basis of I. hispidus growing in other tree species have not been reported. Therefore, in this paper, the genomic comparison between MA and I. hispidus growing in F. mandshurica (hereafter as FM) were studied. The whole genome of MA monokaryon was sequenced by Illumina combined with Pac Bio platform. Next, genome assembly, genome component prediction and genome functional annotation were performed. Comparative genomics analysis was performed between FM monokaryon and MA monokaryon, using MA as the reference. The results showed that, MA had 24 contigs with a N50 length of 2.6 Mb. Specifically, 5,342, 6,564, 1,595, 383 and 123 genes were annotated from GO, KEGG, KOG, CAZymes and CYP450, respectively. Moreover, comparative genomics showed that, the coding genes and total number of genes annotated in different databases of FM were higher than that of MA. This study provides a foundation for the medicinal application of FM as MA from the perspective of genetic composition.
Keywords: Inonotus hispidus, whole genome sequencing, comparative genomic, CAZymes, functional annotation
1 INTRODUCTION
Edible and medicinal fungus Inonotus hispidus (Bull.: Fr.) P. Karst belongs to Basidiomycota, Agaricomycetes, Hymenochaetales, Hymenochaetaceae, and Inonotus. It is distributed in China, Korea, Japan, Germany, Russia, Canada and other countries. Recent international medical studies reported that its pharmacological activities include anti-tumor, anti-oxidation, anti-inflammatory, liver protection, bacteriostasis, anti-virus, hypolipidemic and immune enhancement (Awadh et al., 2003; Benarous et al., 2015; Gründemann et al., 2016; Angelini et al., 2019; Li et al., 2019; Liu et al., 2019; Yang et al., 2019; Yang et al., 2020; Li and Bao, 2022a; Zhang et al., 2022a; Yang et al., 2022; Machado-Carvalho et al., 2023; Saka et al., 2023; Tang et al., 2023). I. hispidus has an excellent development space as medical and functional food in future. Its main hosts were M. alba, F. mandshurica, U. macrocarpa, Z. jujuba and M. pumila (Dai et al., 2000). FM is mainly distributed in Northeast China (Dai et al., 2000), whereas MA is prevalent in Northeast, Northwest, North, East and Southwest of China (Bao et al., 2020). According to the morphological characteristics, habitat and herbal research of MA, some Chinese scholars believe that the MA was positive source of traditional Chinese medicine “Sanghuang” (Bao et al., 2020). Historically, MA has been used as “Sanghuang” in both “The Ancient Course of the Yellow River” and southern Xinjiang regions. The types and enrichment degrees of chemical metabolites in the fruiting bodies of I. hispidus growing in five different tree species were reported to be significantly different using non-targeted metabolomics (Li and Bao, 2022b).
Previous research on I. hispidus has primarily focused on exploring the chemical composition, pharmacological action and domesticated culture, with little emphasis on whole genome sequencing. The rapid development of sequencing technology has greatly helped to solve the complex problems in the fungi biology. As of June 2023, 2,426 fungal genome projects had been completed and published on the JGI website (https://mycocosm.jgi.doe.gov/fungi/fungi.info.html), as well as S. sanghuang (Jiang et al., 2021), I. hispidus (Zhang et al., 2022b; Tang et al., 2022) and G. lucidum (Liu et al., 2012). These findings reveal novel insights for understanding gene network control, metabolite synthesis pathways, edible and medicinal fungal cultivation and breeding, contributing to large-scale fungi industrialization development bottleneck. As a result, there is no comprehensive explanation for the whole genome sequence and functional gene coding of I. hispidus growing in diverse tree species. This makes it difficult to elucidate the internal mechanism of different hosts at the molecular and genetic levels.
In order to establish a high-quality reference genome of MA and to facilitate subsequent analyses of its genome function and genetic material, as well as to determine whether FM has the value of development and utilization like MA. Therefore, in this study, the whole genome sequencing of MA would be carried out based on the SMRT (https://www.pacb.com/support/sofware-downloads/) (Ardui et al., 2018) and Illumina sequencing. The resulting genomic data of MA would be compared with the sequencing assembly, genome prediction, functional annotation and comparative genome analysis of FM. Furthermore, the similarities and differences in genetic material and metabolites of MA and FM would be explored, which would provide an important theoretical basis to research for transcriptomics, proteomics, metabolomics and development of I. hispidus growing in various tree species.
2 MATERIALS AND METHODS
2.1 Materials
In this study, I. hispidus growing in two different trees were collected from the field. MA (Figure 1A) was collected from Xiajin Ancient Mulberry Garden, Xiajin County, Shandong Province, China, 10 August 2020 (36°59′N, 115°11′E). FM (Figure 1B) was collected from Jingyuetan National Forest Park, Changchun City, Jilin Province, China, on 11 August 2020 (43°79′N, 125°46′E). The voucher specimen is deposited in the Herbarium of Mycology of Jilin Agricultural University (HMJAU), MA under No.58767 and FM under No.58769. We get the monokaryons of MA and FM by single spore isolation and used for whole genome sequencing. Then, we cultured the MA and FM monokaryon in PDA medium (Potato 200 g, Dextrose 20 g, Agar 20 g) in the dark at 28°C for 14 days. We verified isolation of MA and FM monokaryon were using an Axio Imager A2 fluorescence microscope (Zeiss). Subsequently, all samples were stored at −80°C until they were ready for genome-wide analysis.
[image: Figure 1]FIGURE 1 | Fruiting bodies of I. hispidus. growing in two different trees. (A) Fruiting bodies of MA. (B) Fruiting bodies of FM.
2.2 Genome sequencing
2.2.1 Extraction of genome DNA
Genomic DNA of MA and FM were extracted with the GP1 extraction method (Zhong et al., 2016). Added 25 mL GP1 lysate to the monokaryon of MA and FM, and immediately added 500 µL β-mercaptoethanol, mixed upside down, and lysed in a 65°C water bath for 30 min. Centrifuging at 12,000 rpm for 10 min, drawing the supernatant into a new 50 mL centrifuge tube; the equal volume of phenol, chloroform, isoamyl alcohol (25:24:1) was added to each tube, and the mixture was shaken and mixed for 5 min. Then centrifugation at 10°C, 12,500 rpm for 8 min, transfer the uppermost aqueous phase to a new 50 mL centrifuge tube. And added a double volume of chloroform, isoamyl alcohol and the mixture was inverted or shaken for 5 min; and the supernatant was transferred to a new 50 mL centrifuge tube after centrifugation at 10°C and 12,500 rpm for 8 min. The total volume of 3/4 volume of precooled isopropanol was added, mixed upside down for 10 times, incubated in dry ice at −80°C for at least 20 min, then centrifuged at 10°C, 12,000 rpm for 10 min, and the supernatant was discarded; each tube was added with 5 mL of new 75% alcohol to wash the precipitate, and centrifuged at 10°C, 12,000 rpm for 5 min to discard the supernatant carefully. Then 5 mL of 75% ethanol was added to wash the precipitate, and centrifuged at 10°C and 12,000 rpm for 3 min to discard the supernatant carefully. And centrifuge at 12,000 rpm for 2 min, absorb the liquid in the tube, and dry the fume hood for 3–5 min; then 200–400 µL of EB was added to dissolve the DNA, and 2 µL of RNase A was digested at 37°C for 25 min. Finally, the DNA sample of MA and FM were purified with the PowerClean Pro DNA, respectively. To ensure that the harvested DNA was detected by agarose gel electrophoresis and quantified by Qubit® 2.0 fluorescence meter (Thermo Scientific).
2.2.2 Library construction
Libraries for SMRT (Ardui et al., 2018) sequencing was constructed with an insert size of 20 kb using the SMRT bell TM Template kit (version 1.0.). Briefly, the process was that fragment and concentrate DNA, repair DNA damage and ends, prepare blunt ligation reaction, purify SMRT bell Templates with 0.45X AMPure PB Beads, size-selection using the BluePippin System, repair DNA damage after size-selection. Finally, the library quality was assessed using the Qubit® 2.0 Fluorometer (Thermo Scientific) and the insert fragment size was determined using the Agilent 2100 (Agilent Technologies).
A total amount of 1 µg DNA per sample was used as input material for the DNA sample preparations. Sequencing libraries were generated using NEBNext® Ultra™ DNA Library Prep Kit for Illumina (NEB, United States) following manufacturer’s protocol and index codes were added to attribute sequences to each sample. Briefly, the DNA sample was fragmented by sonication to a size of 350 bp, then DNA fragments were end-polished, a-tailed, and ligated with the full-length adaptor for Illumina sequencing with further PCR amplification. Finally, PCR products were purified (AMPure XP system) and libraries were analyzed for size distribution by Agilent2100 Bioanalyzer and quantified using real-time PCR.
2.2.3 Sequencing
The whole genome of MA was sequenced using Illumina Nova Seq PE150 and Pac Bio Sequel, and FM using Illumina Nova Seq PE150. All of the above were sequenced at the Beijing Novogene Bioinformatics Technology Co., Ltd., China.
2.3 Genome assembly
The genome of MA and FM were obtained by assembling the clean data from the second-generation Illumina Nova Seq PE150 system by SOAP de novo software (Li et al., 2008). The gap close software was used to fill the gap in preliminary assembly results and removed the same lane pollution by filtering the reads with low sequencing depth (less than 0.35 of the average depth) to obtain the final assembly result of MA and FM. Then, fragments below 500 bp were filtered out and the final result was counted for genome prediction of MA and FM.
All of the data obtained from the Illumina Nova Seq PE150 system will pave the way for the Pac Bio Sequel genomic information of MA. In order to ensure the accuracy of the subsequent analysis results of MA, after filtering the low-quality reads (less than 500 bp) to obtain clean data, which from the Pac Bio Sequel platform were preliminary assembled using SMRT Link version 5.0.1 (Ardui et al., 2018). The long reads of MA were selected (more than 6,000 bp) as the seed sequence, and the other shorter reads were aligned to the seed sequence by Blasr. Then, by the variant Caller module of the SMRT Link software, the arrow algorithm was used to correct and count the variant sites in the initial genome sequence of MA. Finally, the integrity of sequence assembly of MA was evaluated by BUSCO (Benchmarking Universal Single Copy Orthologs, version 2.0) (Simão et al., 2015).
2.4 Genome component prediction and function annotation
Following the assembly process, bioinformatics software was employed to analyzed the genome components of MA and FM. Genome prediction predicts the number of coding genes, repeat sequences and non-coding RNAs. The obtained MA and FM genome-wide data were subjected to Augustus 2.7 program (Keller et al., 2011) ab initio prediction. The interspersed repetitive sequences, tandem repeat sequences, transfer RNA (tRNA) and rRNA were predicted by Repeat Masker (Saha et al., 2008) (http://www.repeatmasker.org/), TRF (Maddi et al., 2022) (Tandem repeats finder), tRNAscan-SE (Chan et al., 2021) and rRNAmmer (Lagesen et al., 2007) software, respectively. The sRNA, snRNA and miRNA were predicted by BLAST against the Rfam (Kalvari et al., 2018) database.
Genome function annotation results of MA and FM were compared using functional databases, including Gene Ontology (GO) (http://www.ebi.ac.uk/GOA, accessed on 7 August 2021) (Ashburner et al., 2000), Kyoto Encyclopedia of Genes and Genomes (KEGG) (https://www.kegg.jp/, accessed on 7 August 2021) (Kanehisa et al., 2006), Clusters of Orthologous Groups (KOG) (http://www.ncbi.nlm.nih.gov/COG, accessed on 7 August 2021) (Galperin et al., 2015), Non-Redundant Protein Database (NR) (ftp://ftp.ncbi.nlm.nih.gov/blast/db/, accessed on 7 August 2021) (Li et al., 2002), Transporter Classification Database (TCDB) (http://www.tcdb.org, accessed on7 August 2021) (Saier et al., 2021), Cytochromes P450 (CYP450) (http://drnelson.utmem.edu/CytochromeP450.html, accessed on 7 August 2021) (Kohler et al., 2015), Swiss-Prot (http://www.expasy.org/sprot/and http://www.ebi.ac.uk/swissprot/, accessed on 7 August 2021) (Bairoch and Apweiler, 2000) and Protein Families Database of Alignments and Hidden Markov Models (Pfam) (http://pfam.xfam.org/, accessed on 7 August 2021) (Eddy, 1998). A whole genome Blast (Reiner et al., 2018) search (E-value less than 1e−5, minimal alignment length percentage larger than 40%) was performed against above eight databases. The predict secretory protein, gene cluster of secondary metabolites and carbohydrate-active enzyme were predicted using the Carbohydrate-active Enzyme Database (CAZymes) (http://www.cazy.org/, accessed on 7 August 2021) (Cantarel et al., 2008), Signal P database (Petersen et al., 2011) and antiSMASH (Blin et al., 2021) database.
2.5 Comparative genomics analysis
Genomic alignment between the sample of FM genome and reference genome of MA were performed by MUMmer (Marçais et al., 2018) and LASTZ (Aljouie and Zhong, 2020) tools. Genomic synteny was analyzed based on the alignment results. InDels, SNPs and SVs were found by the genomic alignment results among samples by the MUMmer and LASTZ. Comparative analysis of genome sequence, component predictions and genome function annotations were the same as Sections 2.2–2.4.
3 RESULTS
3.1 Genome sequence and component prediction
Through the Pac Bio Sequel platform, it was found that MA generated 817,989 Mb Pac Bio-data. The 34.14 Mb genome sequence was assembled from 24 contigs with N50 length was 2.6 Mb. Of the 24 contigs, the longest one was 4.5 Mb in length. The analysis of GC content and read coverage depth of the MA assembly sequence revealed no significant contamination of the sample DNA. However, scattered points were observed in the region with a GC content ranging from 20% to 40%. These anomalies could potentially be attributed to the presence of mitochondrial DNA in the fungal genomic samples (Figure 2A). The sequence and feature summary of MA de novo assembly results demonstrated that high-quality sequence have been obtained (Supplementary Table S1). Using BUSCO software, we identified 94.8% (277/290) of well-known fungal complete and single-copy in MA assembly, which further illustrated a high accuracy and integrity of MA monokaryon (Supplementary Table S2). This Whole Genome Shotgun project has been deposited in GenBank under the accession number JASXRQ000000000. The final genome assembly results and related data of MA were submitted to the NCBI Bio Project PRJNA973857, Bio Sample SAMN35152529 and SRA accession number was SUB13375186, respectively.
[image: Figure 2]FIGURE 2 | Genome sequencing, assembly and prediction of MA. (A) Statistical chart of correlation analysis between MA GC content and sequencing depth. The horizontal axis represents the GC content, the vertical axis represents the sequencing depth, the right is the sequencing depth distribution, and the upper is the GC content distribution. (B) The gene length distribution of MA. The horizontal axis shows the gene length, and the vertical axis shows the corresponding gene number. (C) K-mer analysis diagram of MA.
MA had a total number of 8,356 protein-coding genes were predicted with a total gene length of 12,839,852 bp, accounting for 37.61% of the whole genome size (34,136,716 bp); and an average gene length of coding genes was 1,537 bp, most of which ranged from 300 bp to 1,700 bp (Table 1; Figure 2B). In the prediction of repeat sequences, the interspersed and repeats were 2,761 and 5,626, respectively. For interspersed, the LTRs, DNAs, LINEs, SINEs and rolling circles contained 1,901, 493, 3,146 and 33, respectively. Moreover, 14 unknowns with a total length of 1,371 bp are to be further explored. For repeats, the TRs, minisatellite DNAs and microsatellite DNAs contained 3,045, 1,985 and 596, respectively (Supplementary Table S3). Regarding RNAs, 88 tRNAs, 9 rRNAs and 13 snRNAs were predicted (Supplementary Table S4). Based on the aforementioned information, the detailed circular genome diagram information of MA was visually represented using Circos (Krzywinski et al., 2009) software (Figure 3).
TABLE 1 | Statistics of gene prediction results of MA.
[image: Table 1][image: Figure 3]FIGURE 3 | Circular whole genome diagram of MA. The outermost layer is the position coordinates. From the outer circle to the inner circle is GC content (purple: > mean value, blue: < mean value). GC skew (the specific algorithm= (G−C)/(G + C); pink: > 1, green: < 1). Gene density (four circles were taken inward from orange, representing the numerical value of coding genes, rRNA, snRNA, and tRNA, respectively). Genome chromosome duplication (regions with similarity greater than 90% of 8 kb sequences were connected by purple lines).
3.2 Genome function annotation
3.2.1 Gene general annotation
Different public databases were used to predict the number of genes enriched in each functional category (Supplementary Table S5). According to the GO database, MA obtained 5,342 genes accounted for 17.60% of the genome and were classified into 3 categories and 48 subcategories. There were mainly distributed in six functional subcategories, binding (2,877), metabolic process (2,790), cellular process (2,781), catalytic activity (2,403), cell (1,724) and cell part (1,724) (Figure 4A).
[image: Figure 4]FIGURE 4 | Different public database gene annotation map of MA. (A) GO annotation. The horizontal axis represents the GO functional classification on the sample annotation, the right vertical axis represents the number of genes on the annotation, and the left vertical axis represents the percentage of the number of genes on the annotation to all coding genes. (B) KEGG (Level 1) annotation. The number on the bar graph represents the number of genes on the annotation. (C) KOG annotation. The horizontal axis represents the KOG functional type, and the vertical axis represents the number of genes on the annotation.
MA had 6,564 genes were annotated in the KEGG database, among them 1,864 genes were enriched in 366 KEGG pathways (Figure 4B). The most and least enriched functional annotations were metabolism (1,813) and environmental information processing (241), respectively; with the top three coding genes being global and overview maps (693), translation (284) and carbohydrate metabolism (253) (Supplementary Table S6). There were 107 metabolism pathways, with purine metabolism (59), oxidative phosphorylation (56), pyrimidine metabolism (51), amino sugar and nucleotide sugar metabolism (46), starch and sucrose metabolism (43), pyruvate metabolism (37), glycolysis/gluconeogenesis (36), cysteine and methionine metabolism (34) and arginine and proline metabolism (33) and so on. Furthermore, the main enriched signaling pathways were MAPK signaling pathway-yeast (54), mTOR signaling pathway (43), PI3K-Akt signaling pathway (29), Ras signaling pathway (27), MAPK signaling pathway (25), FoxO signaling pathway (24) and other effective pathways (Supplementary Table S7).
The data with the KOG protein database to obtain the phylogenetic relationship classification of fungal complete genome-encoded proteins (Figure 4C). There were 1,595 genes annotated in the KOG database. Posttranslational modification, protein conversion, and chaperones (203) coding genes were the most abundant. The abundant number of classes in the KOG groups were translation, ribosomal structure and biogenesis (177), general function prediction only (177), energy production and conversion (140) and amino acid transport and metabolism (119).
3.2.2 Gene special annotations
We used multiple databases, including NR, Pfam, Swiss-prot, TCDB, CAZymes, secretory proteins, CYPs and gene clusters of secondary metabolites to further elucidated the genomic functions of MA. In MA, 7,177 (23.67%) genes were assigned to the NR database. The top three species were S. baumii, F. mediterranea and P. pouzarii (Supplementary Table S8). A total of 5,342 genes of MA were annotated to the Pfam database. Moreover, 6.89% (2,090) of the predicted genes were annotated to the Swiss-prot database. There were 365 (4.37%) genes annotated in TCDB database. Among TCDB, the order of proportion from large to small were the primary active transporters (122, 33.42%), electrochemical potential-driven transporters (119, 32.60%), incompletely characterized transport systems (45, 12.32%), channels/pores (42, 11.50%), accessory factors involved in transport (29, 7.95%), group transporters (8, 2.19%) and transmembrane electron carriers were not included.
The genome of macrofungus contains CAZymes that play an essential role in facilitating the acquisition of complex carbohydrate metabolism. There were 418 genes annotated in CAZymes database (Table 2). Most of these genes encode glycoside hydrolases (GHs) (185, 44.26%), glycosyltransferases (GTs) (79, 18.90%), auxiliary activity (AAs) (63, 15.07%), carbohydrate-binding modules (CBMs) (47, 11.24%), carbohydrate esterases (CEs) (33, 7.89%) and polysaccharide lyases (PLs) (11, 2.63%). From the CAZymes database, a total of 148 CAZymes families were detected in MA monokaryon (Supplementary Table S9). In the MA genome, GHs were distributed in 65 families; among the main enzymes of lignocellulose degradation, cellulase identified 12 families with GH1-GH3, GH-7, GH9, GH10, GH12, GH51, GH74, AA9 and AA16. Hemicellulose was mainly distributed in 15 families with GH1-3, GH6-7, GH9, GH12, GH17, GH27, GH29-31, GH35, GH51 and GH74. Pectinase was mainly distributed in GH2-3, GH9, GH12, GH28, GH53, GH74, GH78, PL14, CE8 and other 10 families. Ligninase was mainly distributed in AA1-2 2 families. CBMs include CBM1, CBM12, CBM13, CBM20, CBM21 and CBM50 families. CEs were divided into CE1, CE4, CE8-9, CE12 and CE15-16 8 families. PLs were mainly distributed in 8 families with PL14, PL35 and PL38 (Supplementary Table S10).
TABLE 2 | Comparative analysis of genomic components and comparison of different databases for MA and FM.
[image: Table 2]Next, 467, 1,291 and 333 proteins with signal peptide structure, transmembrane structure and signal peptide structure without transmembrane structure were obtained of MA, respectively. A total of 123 genes from MA were assigned to encode CYPs. The highest (84, 68.29%) had E-class P450 group I annotations (Table 2). Moreover, 20 genes were involved in the “Metabolism of xenobiotics by cytochrome P450” (Supplementary Table S11) and 18 genes were involved in the KEGG sub-pathway “Drug metabolism-cytochrome P450” (Supplementary Table S12). A total of 15 gene clusters were obtained from MA, which were 8 terpenes, 1 NRPS, 1 T1PKS and 5 other clusters. Additionally, we detected the MA gene in the “Terpenoid backbone biosynthesis (map 00900)” pathway and found 12 key enzymes distributed in the MVA pathway (Table 3). Hexaprenyl-diphosphate synthase, prenylcysteine oxidase/farnesylcysteine lyase, farnesyl diphosphate synthase and protein farnesyltransferase/geranylgeranyltransferase type-1 subunit alpha was encoded by double-copy genes. In contrast, the other 8 enzymes were encoded by a single-copy gene (Supplementary Table S13).
TABLE 3 | Core enzymes involved in terpenoid biosynthesis of MA.
[image: Table 3]3.3 Comparative genomics analysis
3.3.1 Comparative analysis of genome sequence and component prediction
Comparative genomic analysis of genome sequence, it was found that raw reads, clean reads and filtered reads of FM were 5,595, 4,507 Mb and 46.14%, respectively, above numbers were all higher than ones of MA. Then, the number and the depth of K-mer of FM were also higher than those of MA (Figure 2C), and the former number was 885,330,899 and the latter number was 22.92. But the number of revised size and repeat rate of FM were lower than ones of MA (Supplementary Table S1). By comparing the genome component analysis, it was demonstrated that the genome size, gene total length and gene average length of FM were lower than those of MA, which were 31,430,498, 12,719,201, and 1,387 bp, respectively. Genome component prediction comparison showed that protein-coding genes of FM were higher than MA, reaching 9,167 (Table 2). However, the repeat sequences results of FM were lower than those of MA (Supplementary Table S3), contained only 71 tRNAs (Supplementary Table S4).
3.3.2 Comparative analysis of genome function annotation
The numerical comparison of MA and FM in the GO functional database showed that more genes were enriched in binding, metabolic process and cellular process, and they were annotated to three types of biological functions, indicating high similarity. Compared with MA, FM lacked three subcategories such as growth, synapse and synapse part. And a total number of 5,555 genes were obtained of FM, accounting 17.55% for all the genes, and it was found that cellular component and molecular function were higher than MA, while biological process was lower than MA (Supplementary Figure S1A). Compared with KEGG annotations of MA and FM, the results indicated that the total number of FM (6,943, 21.93%) genes were higher than that of MA and also categorized into 6 levels and 46 categories; and the number of FM genes associated with most genome functions was not significantly different from the number of genes for MA. In addition, its metabolism is also mainly related to global and overview maps (724), carbohydrate metabolism (256), amino acid metabolism (203), energy metabolism (125) and lipid metabolism (123) (Supplementary Figure S1B). However, due to the preliminary nature of the FM measurement, a more in-depth exploration is required to elucidate specific metabolic pathways and identify enriched genes, which can be further compared with MA. In view of MA and FM in the KOG functional database also have high similarity. The number of genes annotated by MA were less than that of FM genome (1,641), but there was no difference in KOG types (Supplementary Figure S1C).
Given that the TCDB database annotation, the total number of FM genes were higher than MA, reaching 374. There was no markedly difference in types (Table 2). Like MA, primary active transporters (127, 33.95%) were the most enriched (Table 2). FM contained more CAZymes genes, reaching 394. Among them, glycoside hydrolases (GHs) (192, 48.73%), glycosyltransferases (GTs) (90, 22.84%), auxiliary activity (AAs) (64, 16.24%), carbohydrate-binding modules (CBMs) (50, 12.69%) and polysaccharide lyases (PLs) (12, 3.05%) were higher than MA, but carbohydrate esterases (CEs) (33, 8.38%) was lower than MA (Table 2). In addition, the total number of FM secretory protein prediction were higher than that of MA (Table 2).
Cytochromes P450 database comparison showed that, E-class P450 group I (82, 60.74%) were high expression enrichment in FM genome, followed by Undeterminded (22, 16.30%) and Cytochrome P450 (14, 10.37%) (Table 2). There were 19 gene clusters of secondary metabolites annotated in FM, including 11 terpenes and 4 NRPS-likes. Both samples contained five kinds of gene clusters of secondary metabolites, further revealing high similarity; it also contains two NRPS-like, T1PKS genes, one NRPS gene and one T1PKS gene. The comparative analysis of the above genome functional annotations will provide a potential reference for whether FM is as medicinal as MA (Table 2).
3.3.3 Collinearity, InDel, SNP, and SV analysis
The results of collinearity analysis between MA and FM showed that, the total base length of the MA sequence was 29,119,278 bp, which accounted for 92.65% of the total gene length of 31,430,498 bp. There were 6,499 collinearity blocks in MA and FM. MA and FM had many similar translocations, translocation and inversion alignments, indicating that high collinearity relationship between them (Figure 5A; Supplementary Table S14). There were 8,356 InDels, including 275 gene coding regions, 124 insertions and 151 deletions identified between FM and MA. These InDels affected 11 CDS regions, 3 of which led to frameshifts, and 1 InDel resulted in a premature stop (Supplementary Tables S15, S16). There were 228,256 SNPs found between FM and MA, of which 66,280 SNPs occurred in the gene coding regions. The CDS SNPs and intergenic FM were 0, 57, 62, 63, 227, 41,037, 24,834, 66,280 and 161,976, respectively. These values represented 0%, 0.0250%, 0.0272%, 0.0276%, 0.0994%, 17.9785%, 10.8799%, 29.0376% and 70.9624% of the total SNPs (Supplementary Tables S17, S18). FM had 9,020 SVs, of which 3,799 translocations account for 42.1% of the total SVs; 179 inversions account for 1.9%; 3,462 translocations and inversions account for 38.3%; 336 insertions account for 3.7%; 1,143 deletions account for 12.6%; and 98 complex InDels contribute for 1% (Figure 5B; Supplementary Table S19).
[image: Figure 5]FIGURE 5 | Comparative genomics analysis of MA and FM. (A) Parallel collinearity comparison between MA and FM. (B) Genome-wide structural variation type pairing map. The inner ring and the outer ring were FM and MA, respectively.
4 DISCUSSION
Fungi has been used as functional food and traditional medicine for a long history in China. Among them, “Sanghuang” is a well-known edible and medicinal fungus, which is used as health preservation and treatment of diseases. It was recorded in several ancient traditional Chinese herbal books, including Shennong’s Classic of Materia Medica and Compendium of Materia Medica (Bao et al., 2020). At present, the whole genome sequencing of I. hispidus growing in different tree species has not been reported. Hence, in this paper, two strains of I. hispidus growing in M. alba and F. mandshurica were chosen to reveal differences of genome sequence and epigenetics. The whole genome of MA monokaryon was sequenced by the combination of the Illumina and Pac Bio platform. Then using MA as a reference, comparative genomics between MA monokaryon and FM monokaryon was analyzed. The result demonstrated that, MA had 8,356 protein-coding genes, 24 contigs with a contig N50 size of 2.6 Mb and a genome-wide map of 34.14 Mb was drawn. The average genome size of most fungi is about 40 Mb (Duan et al., 2022), and the assembled genome size obtained by MA is basically in line with the expected results.
According to the results of genome annotation, MA obtained 30,321 genes from different public databases, but a large number of predicted genes could not match the public database. As we know, KEGG is the essential public database about pathways. On the basis of KEGG functional annotation, MA were primarily connected with carbohydrate metabolism and amino acid metabolism. In light of pathways analysis, the most significant biochemical metabolic pathways and signal transduction pathways of MA were relevant to metabolites. By further analysis of metabolic pathways, MA were found that principally involved in purine metabolism, oxidative phosphorylation, pyrimidine metabolism, amino sugar and nucleotide sugar metabolism, starch and sucrose metabolism, pyruvate metabolism and some other secondary metabolic pathways. There were 31 signal transduction pathways, including MAPK signaling pathway-yeast, mTOR signaling pathway, PI3K-Akt signaling pathway and so on. MA contains 14 xenobiotics biodegradation and metabolisms. It was testified that MA has a strongly primary metabolic process and powerful ability to degrade aromatic compounds. Furthermore, CAZymes as a matrix-degrading enzyme that plays an extremely critical role in maintaining the metabolism and circulation of natural substances. MA had a great deal of genes encoding cellulase, hemicellulase, glucan degradation related enzymes, chitinase (EC 3.2.1.14), α-amylase (EC 3.2.1.-) and peptidoglycan degradation related enzymes. It was announced that MA can not only degrade plant polysaccharides, but also degrade N-acetylamino polysaccharides, and can destroy the integrity of cell wall structure by cooperating with glucanase, cellulase, peptidoglycanase and chitinase to maintain the growth and senescence of pileus (Ding et al., 2007; Tao et al., 2013). Simultaneously, other cell wall structure-related enzyme genes also further denoted that MA has the potential to specifically degrade the host cell wall to achieve the effect of biocontrol.
In addition, CYPs belong to the heme-containing monooxygenase superfamily. The functional and evolutionary diversity of fungal CYPs makes the classification of fungal CYPs more complex, mainly associated with the biosynthesis and metabolism of fungal endogenous substances such as fatty acids, sterols, terpenes. In the field of pharmacology and therapeutics, the secondary metabolites of medicinal fungi have been reported to have anti-inflammatory and anti-viral effects (Alves et al., 2012; Alves et al., 2013), usually located in the adjacent gene clusters (Keller et al., 2005), and can be found through gene mining. Gene clusters of secondary metabolites with TS, NRPS and PKS. It was found that all known fungal siderophores were synthesized by NRPS (Haas et al., 2008). Like most basidiomycetes, MA contains a small amount of NRPS and T1pks genes, demonstrated that MA has the ability to resist the stress of the external environment and maintain its own growth and metabolism. Among fungi, one of the largest groups of corroborate bioactive natural products were terpenoids, which were composed of isoprene, mainly derived from the mevalonate pathway (Miziorko, 2011; Quin et al., 2014; Adamek et al., 2017), and had a variety of pharmacological activities. For example, the triterpenoid ganoderic acids has been reported to have anti-tumor and immunomodulatory effects (Shi et al., 2010). Twelve key enzymes involved in the MVA pathway were identified from the “Terpenoid backbone biosynthesis (map 00900)” pathway, revealing that the biosynthesis of MA terpenoids is mainly formed by the MVA pathway like most fungi. Among them, lanosterol synthase (LSS) can catalyze the cyclization of (3S)-2,3-0xidosqualene to produce lanosterol. Various enzymes act downstream to convert precursors into ergosterol and other sterols in the fungus. Notably, the catalytic derivatization of these compounds is heavily reliant on the involvement of CYPs enzymes, which play a pivotal role in modifying the lanosterol skeleton (Benveniste, 2004). In the pursuit of identifying potential triterpenoid biosynthesis genes in MA, a single copy of the LSS gene (ERG7; K01852; EC 5.4.99.7) was investigated. Consequently, it is postulated that diverse structural types of sterols and triterpenes may be produced through the action of different enzymes acting upon the LSS gene, as evidenced by the presence of various families of MA CYPs and eight triterpene-related gene clusters.
Moreover, comparative genomics as a research method to comprehend the function, expression mechanism and species evolution of genes by comparing the gene structure and distribution of different genome. During the evolutionary trajectory of fungi, genetic variations such as gene deletions and acquisitions can occur as a result of environmental selection, ultimately influencing the fungal adaptive capacity. In this study, we conducted a comparative analysis of the genome structure and function of FM, utilizing MA as the reference genome. It was worth noting that, the genome composition of FM exhibited distinctions from MA in terms of genome size, the number of coding genes, repeat sequences and non-coding RNAs. These differences suggest that FM may possess enhanced environmental adaptability, implying a potential expansion of its adaptive repertoire throughout its evolutionary history. Comparison of GO, KEGG, KOG and CAZymes results showed that, there was no apparently difference in the function of genes enriched with MA. In accordance with gene clusters, FM contains 11 terpenes. Although, FM and MA types of genome function annotation were high similarity, the specific intrinsic active substances of FM need further exploration. As two common InDels and SNPs markers for genetic polymorphism analysis, it can thorough understand the genetic polymorphism of different species (Santos et al., 2018). A significant number of InDels and SNPs sites were identified between MA and FM, which provided a basis for the subsequent genetic map construction and phylogenetic research of I. hispidus. Since accurate screening and functional verification of candidate genes for FM are currently lacking, it is crucial to prioritize comprehensive functional verification of candidate sites. This will enable us to gain clues into the regulatory mechanisms underlying these genes and enhance our understanding of FM genetic characteristics. Through the implementation of gene knock-out experiments, we can examine alterations in the intrinsic activity and ascertain potential significant modifications in the target peak of the active product. The primary objective of the research is to understand the genetic composition of MA and to determine whether FM has the value of development and utilization like MA by comparative genomics analysis. In the future, we would continue to collect I. hispidus growing in other tree species and analyze the influence of different tree species on these strains by comparative genomics and transcriptomics.
5 CONCLUSION
In this study, a comprehensive overview of MA was conducted at the genetic level, and a comparative genomics analysis was performed for FM to compare differences in genetic materials and whether it has potential medicinal value as MA. A 34.14 Mb genome-wide map of MA was drawn by sequencing and assembly. Additionally, 9 major secondary metabolic pathways and 31 signal transduction pathways were obtained in MA. Although, comparative genomics analysis showed that FM had high similarity with MA, the total number of genes annotated in different databases of FM were higher than MA, including 11 terpenes, which provided new insights into the correlation of FM phenotypic characteristics and genetic mechanisms. It also provided a foundation for the development and utilization of I. hispidus growing in different tree species from the aspect of genomics research.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: NCBI, BioProject ID: PRJNA973857.
AUTHOR CONTRIBUTIONS
QW, HB, and ZL conceived experiments and collected literature. HB survey of resource and shooting sample. QW and ZL data collation and analysis. QW wrote the first draft of this study. All authors contributed to the article and approved the submitted version.
FUNDING
This study was supported by the National Natural Science Foundation of China (No. 32070021).
ACKNOWLEDGMENTS
We thank the National Natural Science Foundation for funding. We also thank the samples provided by Xiajin DeBai Sanghuang Biotechnology Co., Ltd., and the experimental platform and technical support provided by the Key Laboratory of Northern Edible Fungi Resources Utilization, Ministry of Agriculture and Rural Affairs of China.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2023.1221491/full#supplementary-material
REFERENCES
 Adamek, M., Spohn, M., Stegmann, E., and Ziemert, N. (2017). Mining bacterial genomes for secondary metabolite gene clusters. Methods Mol. Biol. 1520, 23–47. doi:10.1007/978-1-4939-6634-9_2
 Aljouie, A., and Zhong, L. (2020). High scoring segment selection for pairwise whole genome sequence alignment with the maximum scoring subsequence and gpus. Int. J. Comput. Biol. Drug Des. 13, 71. doi:10.1504/IJCBDD.2020.10026787
 Alves, M. J., Ferreira, I. C., Dias, J., Teixeira, V., Martins, A., and Pintado, M. (2013). A review on antifungal activity of mushroom (basidiomycetes) extracts and isolated compounds. Curr. Top. Med. Chem. 13, 2648–2659. doi:10.2174/15680266113136660191
 Alves, M. J., Ferreira, I. C., Martins, A., and Pintado, M. (2012). Antimicrobial activity of wild mushroom extracts against clinical isolates resistant to different antibiotics. J. Appl. Microbiol. 113, 466–475. doi:10.1111/j.1365-2672.2012.05347.x
 Angelini, P., Girometta, C., Tirillini, B., Moretti, S., Venanzoni, R., Cipriani, M., et al. (2019). A comparative study of the antimicrobial and antioxidant activities of Inonotus hispidus fruit and their mycelia extracts. Int. J. Food Prop. 22, 768–783. doi:10.1080/10942912.2019.1609497
 Ardui, S., Ameur, A., Vermeesch, J. R., and Hestand, M. S. (2018). Single molecule real-time (SMRT) sequencing comes of age: Applications and utilities for medical diagnostics. Nucleic Acids Res. 46, 2159–2168. doi:10.1093/nar/gky066
 Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., et al. (2000). Gene ontology: Tool for the unification of biology. The gene Ontology consortium. Nat. Genet. 25, 25–29. doi:10.1038/75556
 Awadh, A. N., Mothana, R. A., Lesnau, A., Pilgrim, H., and Lindequist, U. (2003). Antiviral activity of Inonotus hispidus. Fitoterapia 74, 483–485. doi:10.1016/s0367-326x(03)00119-9
 Bairoch, A., and Apweiler, R. (2000). The SWISS-PROT protein sequence database and its supplement TrEMBL in 2000. Nucleic Acids Res. 28, 45–48. doi:10.1093/nar/28.1.45
 Benarous, K., Bombarda, I., Iriepa, I., Moraleda, I., Gaetan, H., Linani, A., et al. (2015). Harmaline and hispidin from Peganum harmala and Inonotus hispidus with binding affinity to Candida rugosa lipase: In silico and in vitro studies. Bioorg Chem. 62, 1–7. doi:10.1016/j.bioorg.2015.06.005
 Benveniste, P. (2004). Biosynthesis and accumulation of sterols. Annu. Rev. Plant Biol. 55, 429–457. doi:10.1146/annurev.arplant.55.031903.141616
 Blin, K., Shaw, S., Kloosterman, A. M., Charlop-Powers, Z., van, W. G., Medema, M. H., et al. (2021). antiSMASH 6.0: improving cluster detection and comparison capabilities. Nucleic Acids Res. 49, W29–W35. doi:10.1093/nar/gkab335
 Cantarel, B. L., Coutinho, P. M., Rancurel, C., Bernard, T., Lombard, V., and Henrissat, B. (2008). The carbohydrate-active EnZymes database (CAZy): An expert resource for glycogenomics. Nucleic Acids Res. 37, D233–D238. doi:10.1093/nar/gkn663
 Chan, P. P., Lin, B. Y., Mak, A. J., and Lowe, T. M. (2021). tRNAscan-SE 2.0: improved detection and functional classification of transfer RNA genes. Nucleic Acids Res. 49, 9077–9096. doi:10.1093/nar/gkab688
 Dai, Y., Qin, G., and Xu, M. (2000). The forest pathogens of root and butt rot on northeast China. For. Res. 13, 15–22. doi:10.13275/j.cnki.lykxyj.2000.01.003
 Ding, S., Ge, W., and Buswell, J. A. (2007). Molecular cloning and transcriptional expression analysis of an intracellular beta-glucosidase, a family 3 glycosyl hydrolase, from the edible straw mushroom, Volvariella volvacea. FEMS Microbiol. Lett. 267, 221–229. doi:10.1111/j.1574-6968.2006.00550.x
 Duan, Y., Han, H., Qi, J., Gao, J., Xu, Z., Wang, P., et al. (2022). Genome sequencing of Inonotus obliquus reveals insights into candidate genes involved in secondary metabolite biosynthesis. BMC Genomics 23, 314. doi:10.1186/s12864-022-08511-x
 Eddy, S. R. (1998). Profile hidden Markov models. Bioinformatics 14, 755–763. doi:10.1093/bioinformatics/14.9.755
 Galperin, M. Y., Makarova, K. S., Wolf, Y. I., and Koonin, E. V. (2015). Expanded microbial genome coverage and improved protein family annotation in the COG database. Nucleic Acids Res. 43, D261–D269. doi:10.1093/nar/gku1223
 Gründemann, C., Arnhold, M., Meier, S., Bäcker, C., Garcia-Käufer, M., Grunewald, F., et al. (2016). Effects of Inonotus hispidus extracts and compounds on human immunocompetent cells. Planta Med. 82, 1359–1367. doi:10.1055/s-0042-111693
 Haas, H., Eisendle, M., and Turgeon, B. G. (2008). Siderophores in fungal physiology and virulence. Annu. Rev. Phytopathol. 46, 149–187. doi:10.1146/annurev.phyto.45.062806.094338
 Jiang, J., Wu, S., and Zhou, L. (2021). The first whole genome sequencing of Sanghuangporus sanghuang provides insights into its medicinal application and evolution. J. Fungi (Basel). 7, 787. doi:10.3390/jof7100787
 Kalvari, I., Nawrocki, E. P., Argasinska, J., Quinones-Olvera, N., Finn, R. D., Bateman, A., et al. (2018). Non-coding RNA analysis using the Rfam database. Curr. Protoc. Bioinforma. 62, e51. doi:10.1002/cpbi.51
 Kanehisa, M., Goto, S., Hattori, M., Aoki-Kinoshita, K. F., Itoh, M., Kawashima, S., et al. (2006). From genomics to chemical genomics: New developments in KEGG. Nucleic Acids Res. 34, D354–D357. doi:10.1093/nar/gkj102
 Keller, N. P., Turner, G., and Bennett, J. W. (2005). Fungal secondary metabolism - from biochemistry to genomics. Nat. Rev. Microbiol. 3, 937–947. doi:10.1038/nrmicro1286
 Keller, O., Kollmar, M., Stanke, M., and Waack, S. (2011). A novel hybrid gene prediction method employing protein multiple sequence alignments. Bioinformatics 27, 757–763. doi:10.1093/bioinformatics/btr010
 Kohler, A., Kuo, A., Nagy, L. G., Morin, E., Barry, K. W., Buscot, F., et al. (2015). Convergent losses of decay mechanisms and rapid turnover of symbiosis genes in mycorrhizal mutualists. Nat. Genet. 47, 410–415. doi:10.1038/ng.3223
 Krzywinski, M., Schein, J., Birol, I., Connors, J., Gascoyne, R., Horsman, D., et al. (2009). Circos: An information aesthetic for comparative genomics. Genome Res. 19, 1639–1645. doi:10.1101/gr.092759.109
 Lagesen, K., Hallin, P., Rødland, E. A., Staerfeldt, H. H., Rognes, T., and Ussery, D. W. (2007). RNAmmer: Consistent and rapid annotation of ribosomal RNA genes. Nucleic Acids Res. 35, 3100–3108. doi:10.1093/nar/gkm160
 Li, Q., Bao, H., Bau, T., Li, Y., Chen, X., and Cao, G. (2019). Chemical composition and anti-inflammatory activity of Inonotus hispidus. J. Jilin Univ. Sci. Ed. 57, 177–201. (In Chinese). doi:10.1142/S0192415X19500095
 Li, R., Li, Y., Kristiansen, K., and Wang, J. (2008). SOAP: Short oligonucleotide alignment program. Bioinformatics 24, 713–714. doi:10.1093/bioinformatics/btn025
 Li, W., Jaroszewski, L., and Godzik, A. (2002). Tolerating some redundancy significantly speeds up clustering of large protein databases. Bioinformatics 18, 77–82. doi:10.1093/bioinformatics/18.1.77
 Bao, H., Yang, S., Li, Q., Bau, T., and Li, Y. (2020). Supplementary textual research on “Sanghuang”. Journal of Fungal Research . 15, 264–270. doi:10.13341/j.jfr.2014.1171
 Li, Z., and Bao, H. (2022b). Comparative analysis of metabolic compositions and trace elements of Inonotus hispidus mushroom grown on five different tree species. ACS Omega 7, 9343–9358. doi:10.1021/acsomega.1c06226
 Li, Z., and Bao, H. (2022a). Deciphering key regulators of Inonotus hispidus petroleum ether extract involved in anti-tumor through whole transcriptome and proteome analysis in H22 tumor-bearing mice model. J. Ethnopharmacol. 296, 115468. doi:10.1016/j.jep.2022.115468
 Liu, D., Gong, J., Dai, W., Kang, X., Huang, Z., Zhang, H., et al. (2012). The genome of Ganoderma lucidum provides insights into triterpenes biosynthesis and wood degradation [corrected]. PLoS One 7, e36146. doi:10.1371/journal.pone.0036146
 Liu, X., Hou, R., Yan, J., Xu, K., Wu, X., Lin, W., et al. (2019). Purification and characterization of Inonotus hispidus exopolysaccharide and its protective effect on acute alcoholic liver injury in mice. Int. J. Biol. Macromol. 129, 41–49. doi:10.1016/j.ijbiomac.2019.02.011
 Machado-Carvalho, L., Martins, T., Aires, A., and Marques, G. (2023). Optimization of phenolic compounds extraction and antioxidant activity from Inonotus hispidus using ultrasound-assisted extraction technology. Metabolites 13, 524. doi:10.3390/metabo13040524
 Maddi, A. M., Kavousi, K., Arabfard, M., Ohadi, H., and Ohadi, M. (2022). Tandem repeats ubiquitously flank and contribute to translation initiation sites. BMC Genom Data 23, 59. doi:10.1186/s12863-022-01075-5
 Marçais, G., Delcher, A. L., Phillippy, A. M., Coston, R., Salzberg, S. L., and Zimin, A. (2018). MUMmer4: A fast and versatile genome alignment system. PLoS Comput. Biol. 14, e1005944. doi:10.1371/journal.pcbi.1005944
 Miziorko, H. M. (2011). Enzymes of the mevalonate pathway of isoprenoid biosynthesis. Arch. Biochem. Biophys. 505, 131–143. doi:10.1016/j.abb.2010.09.028
 Petersen, T. N., Brunak, S., von, H. G., and Nielsen, H. (2011). SignalP 4.0: Discriminating signal peptides from transmembrane regions. Nat. Methods 8, 785–786. doi:10.1038/nmeth.1701
 Quin, M. B., Flynn, C. M., and Schmidt-Dannert, C. (2014). Traversing the fungal terpenome. Nat. Prod. Rep. 31, 1449–1473. doi:10.1039/c4np00075g
 Reiner, J., Pisani, L., Qiao, W., Singh, R., Yang, Y., Shi, L., et al. (2018). Cytogenomic identification and long-read single molecule real-time (SMRT) sequencing of a Bardet-Biedl Syndrome 9 (BBS9) deletion. NPJ Genom Med. 3, 3. doi:10.1038/s41525-017-0042-3
 Saha, S., Bridges, S., Magbanua, Z. V., and Peterson, D. G. (2008). Empirical comparison of ab initio repeat finding programs. Nucleic Acids Res. 36, 2284–2294. doi:10.1093/nar/gkn064
 Saier, M. H., Reddy, V. S., Moreno-Hagelsieb, G., Hendargo, K. J., Zhang, Y., Iddamsetty, V., et al. (2021). The transporter classification database (TCDB): 2021 update. Nucleic Acids Res. 49 (1), D461–D467. doi:10.1093/nar/gkaa1004
 Saka, V. P., Chitra, V., and Narayanasamy, D. (2023). Protective role of hispolon and its derivatives against apoptosis in cortical neurons induced by electromagnetic radiation from 4G mobile phone. J. Biochem. Mol. Toxicol. 30, e23351. doi:10.1002/jbt.23351
 Santos, L. A., Adhikarla, H., Yan, X., Wang, Z., Fouts, D. E., Vinetz, J. M., et al. (2018). Genomic comparison among global isolates of L. interrogans serovars copenhageni and icterohaemorrhagiae identified natural genetic variation caused by an Indel. Front. Cell Infect. Microbiol. 8, 193. doi:10.3389/fcimb.2018.00193
 Shi, L., Ren, A., Mu, D., and Zhao, M. (2010). Current progress in the study on biosynthesis and regulation of ganoderic acids. Appl. Microbiol. Biotechnol. 88, 1243–1251. doi:10.1007/s00253-010-2871-1
 Simão, F. A., Waterhouse, R. M., Ioannidis, P., Kriventseva, E. V., and Zdobnov, E. M. (2015). BUSCO: Assessing genome assembly and annotation completeness with single-copy orthologs. Bioinformatics 31, 3210–3212. doi:10.1093/bioinformatics/btv351
 Tang, S., Jin, L., Lei, P., Shao, C., Wu, S., Wang, Y., et al. (2022). Whole-genome assembly and analysis of a medicinal fungus: Inonotus hispidus. Front. Microbiol. 13, 967135. doi:10.3389/fmicb.2022.967135
 Tang, S., Shao, C., Yang, Y., Ren, R., Jin, L., Hu, D., et al. (2023). The antitumor effect of mycelia extract of the medicinal macrofungus Inonotus hispidus on HeLa cells via the mitochondrial-mediated pathway. J. Ethnopharmacol. 311, 116407. doi:10.1016/j.jep.2023.116407
 Tao, Y., Xie, B., Yang, Z., Chen, Z., Chen, B., Deng, Y., et al. (2013). Identification and expression analysis of a new glycoside hydrolase family 55 exo-β-1,3-glucanase-encoding gene in Volvariella volvacea suggests a role in fruiting body development. Gene 527, 154–160. doi:10.1016/j.gene.2013.05.071
 Wang, Z., Feng, X., Liu, C., Gao, J., and Qi, J. (2022). Diverse metabolites and pharmacological effects from the Basidiomycetes Inonotus hispidus. Antibiotics (Basel) 11, 1097. doi:10.3390/antibiotics11081097
 Yang, H., Li, S., Qu, Y., Li, L., Li, Y., and Wang, D. (2022). Anti-colorectal cancer effects of Inonotus hispidus (bull: Fr) P. Karst. Spore powder through regulation of gut microbiota-mediated JAK/STAT signaling. Nutrients 14, 3299. doi:10.3390/nu14163299
 Yang, S., Bao, H., Wang, H., and Li, Q. (2019). Anti-tumour effect and pharmacokinetics of an active ingredient isolated from Inonotus hispidus. Biol. Pharm. Bull . 42, 10–17. doi:10.1248/bpb.b18-00343
 Zhang, R., Feng, X., Wang, Z., Xie, T., Duan, Y., Liu, C., et al. (2022b). Genomic and metabolomic analyses of the medicinal fungus Inonotus hispidus for its metabolite's biosynthesis and medicinal application. J. Fungi (Basel). 8, 1245. doi:10.3390/jof8121245
 Zhang, Y., Hao, J., Liu, Z., Li, Z., Teng, L., and Wang, D. (2022a). Inonotus hispidus protects against hyperlipidemia by inhibiting oxidative stress and inflammation through Nrf2/NF-κB signaling in high fat diet fed mice. Nutrients 14, 3477. doi:10.3390/nu14173477
 Zhong, Z., Norvienyeku, J., Chen, M., Bao, J., Lin, L., Chen, L., et al. (2016). Directional selection from host plants is a major force driving host specificity in Magnaporthe species. Sci. Rep. 6, 25591. doi:10.1038/srep25591
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Wang, Bao and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.






 


	
	
TYPE Original Research
PUBLISHED 08 August 2023
DOI 10.3389/fmicb.2023.1200226






Dazomet changes microbial communities and improves morel mushroom yield under continuous cropping

Bo Chen1, Gaige Shao2, Tao Zhou3, Qinghao Fan4, Nuolin Yang4, Man Cui4, Jinwei Zhang4, Xiangli Wu4, Bangxi Zhang1 and Ruiying Zhang4*


1Institute of Soil and Fertilizer of Guizhou Province, Guiyang, China

2Xi'an Agricultural Technology Extension Center, Xi'an, China

3Fruit and Vegetable Workstation of Guizhou Province, Guiyang, China

4State Key Laboratory of Efficient Utilization of Arid and Semi-arid Arable Land in Northern China, Institute of Agricultural Resources and Regional Planning, Chinese Academy of Agricultural Sciences, Beijing, China

[image: image2]

OPEN ACCESS

EDITED BY
 Vikineswary Sabaratnam, University of Malaya, Malaysia

REVIEWED BY
 Qiang Li, Chengdu University, China
 Guo-Qing Zhang, Beijing University of Agriculture, China
 Fuqiang Yu, Chinese Academy of Sciences (CAS), China

*CORRESPONDENCE
 Ruiying Zhang, zhangruiying@caas.cn 

RECEIVED 04 April 2023
 ACCEPTED 26 July 2023
 PUBLISHED 08 August 2023

CITATION
 Chen B, Shao G, Zhou T, Fan Q, Yang N, Cui M, Zhang J, Wu X, Zhang B and Zhang R (2023) Dazomet changes microbial communities and improves morel mushroom yield under continuous cropping. Front. Microbiol. 14:1200226. doi: 10.3389/fmicb.2023.1200226

COPYRIGHT
 © 2023 Chen, Shao, Zhou, Fan, Yang, Cui, Zhang, Wu, Zhang and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
 

Morels (Morchella spp.) are highly prized and popular edible mushrooms. The outdoor cultivation of morels in China first developed at the beginning of the 21st century. Several species, such as Morchella sextelata, M. eximia, and M. importuna, have been commercially cultivated in greenhouses. However, the detriments and obstacles associated with continuous cropping have become increasingly serious, reducing yields and even leading to a complete lack of fructification. It has been reported that the obstacles encountered with continuous morel cropping may be related to changes in the soil microbial community. To study the effect of dazomet treatment on the cultivation of morel under continuous cropping, soil was fumigated with dazomet before morel sowing. Alpha diversity and beta diversity analysis results showed that dazomet treatment altered the microbial communities in continuous cropping soil, which decreased the relative abundance of soil-borne fungal pathogens, including Paecilomyces, Trichoderma, Fusarium, Penicillium, and Acremonium, increased the relative abundance of beneficial soil bacteria, including Bacillius and Pseudomonas. In addition, the dazomet treatment significantly increased the relative abundance of morel mycelia in the soil and significantly improved morel yield under continuous cropping. These results verified the relationship between the obstacles associated with continuous cropping in morels and the soil microbial community and elucidated the mechanism by which the obstacle is alleviated when using dazomet treatment.

KEYWORDS
 morel mushroom, Morchella sextelata
, dazomet, microbial community, continuous cropping obstacle


1. Introduction

True morels (Morchella spp., Morchellaceae, Pezizales) are commercially important edible mushrooms with economic and scientific value. They are very popular in most of Asia, Europe and North America due to their delicious taste, special flavor, high nutritional value, low calorific value, and potent health-promoting abilities (Wu et al., 2021). The morels are characterized by the unique honeycomb appearance of the hollow fruiting body. In nature, wild morels are widely distributed in temperate regions of the Northern Hemisphere, and form fruiting bodies in the spring (Liu et al., 2018).

Over the centuries, various methods of morel cultivation have been attempted. Indoor cultivation of morel first developed in the early 1980s in the United States. In brief, sclerotia are first formed in spawn bags; then, sclerotia are used as spawn to inoculate composted substrates; and finally, fruiting bodies are induced by irrigation (Ower, 1982; Ower et al., 1986, 1988, 1989; Masaphy, 2010; Longley et al., 2019). Because of poor stability and repeatability, this technology has not been widely promoted and commercialized. Even so, this work was still a tremendous breakthrough in the history of morel cultivation.

The outdoor cultivation of morel first developed in China at the beginning of the 21st century. In short, the spawn is composed of vegetative mycelia rather than sclerotia and is inoculated in soil in the greenhouse environment in autumn. When conidia are formed on the soil surface, exogenous nutrient bags are placed in the field to promote the growth of the mycelia. In the early spring of the next year, the vegetative mycelia are stimulated by irrigation to promote differentiation and the formation of primordia (Tan, 2016; Liu et al., 2018). The most important breakthrough in outdoor cultivation has been the invention and application of exogenous nutrient bags. At present, a few morel species, including Morchella sextelata, M. eximia, and M. importuna, etc., have been commercially cultivated using outdoor cultivation techniques in China (Masaphy, 2010; Kuo et al., 2012; Loizides, 2017; Liu et al., 2018). This outdoor cultivation technology has been rapidly and commercially applied on a large scale. In 2020, the annual production of morels in China reached 15,000 tons (fresh weight) and continues to maintain a rapid growth trend (Yu et al., 2022).

In recent years, with the continuous expansion of morel cultivation in China and around the world, outdoor cultivation has often suffered from severe yield reduction and even a failure of fruiting bodies to be produced for unknown reasons (Sambyal and Singh, 2021; Tan et al., 2021; Yu et al., 2022). Some studies have shown that possible reasons leading to the failure of morel fructification include unstable quality of spawn, improper field management practices, unfavorable environmental factors, pathogens, soil characteristics, soil microbial community dynamics, etc. (Zhao et al., 2016; He et al., 2017, 2018; Lan et al., 2020; Wang et al., 2020; Tan et al., 2021; Yu et al., 2022). In fact, the obstacles associated with continuous cropping is also an important reason for the decline in morel yield. The continuous cropping obstacle refers to the phenomenon in which the same crop or a related species is continuously planted in the same plot and the yield and quality are reduced over time, even under normal management conditions (Chen Y. et al., 2022). Many crops, whether perennial or annual, suffer from continuous cropping obstacles (Li et al., 2016). Most edible mushrooms cultivated in farmland soil, such as Ganoderma lucidum and Dictyophora spp., have also been severely influenced by continuous cropping obstacles (Zhang et al., 2018; Jiang et al., 2021; Lu et al., 2022). The rotation of morel mushrooms and paddy rice is an effective measure to reduce or eliminate this obstacle. However, the application of this crop rotation is limited because most morel is cultivated in dryland greenhouses. To circumvent continuous cropping obstacles, the farmland used for morel cultivation must be changed every year, which greatly increases the cost of morel cultivation. The mechanisms of most continuous cropping obstacles are very complex and are associated with autotoxicity, deterioration of the physicochemical properties of soil, accumulation of soil-borne pathogens, and disruption of the soil microbial community (Xi et al., 2019). To date, the mechanism of continuous cropping obstacles in morel cultivation is not clear.

In recent years, disinfection of soil with fumigants before planting has been an effective and reliable method to prevent and control continuous cropping obstacles related to the soil microbial community (Li Q. et al., 2021). Methyl bromide was once the most commonly used fumigant. However, it has been banned because it destroys the ozone layer. Dazomet is a recently developed broad-spectrum soil fumigant that is usually used to control soil pests, weeds and pathogens in greenhouses, seedling farms and orchards. When dazomet is applied to wet soil, it degrades rapidly and releases methyl isothiocyanate (MITC), formaldehyde, monomethylamine and hydrogen sulfide. MITC is the main active substance. The nonspecific toxicity of MITC is due to its ability to cause perturbation of metal enzymes or thiol-containing proteins, its formation of reactive oxygen species or the metal toxicity it causes due to the chelation of heavy metals (Tilton et al., 2006; Consolazio et al., 2019). The soil retention time of dazomet is short, making it more environmentally benign. With the elimination of methyl bromide, dazomet has been registered in many countries. It has been reported that dazomet has been used in strawberry, tomato, flowers, ginger, cucumber, and other high-value crops (Chen R. et al., 2022). Dazomet impacts both beneficial and harmful soil organisms because it is broad-spectrum, but the severity of the impact varies according to the soil conditions and the species (Wang et al., 2011).

It has been reported that the obstacle associated continuous cropping in morels may be related to changes in the soil microbial community (Liu et al., 2022). To the best of our knowledge, the application of dazomet in the cultivation of edible mushrooms has not been reported. To study the effect of dazomet treatment on the cultivation of morel under continuous cropping, the soil was planted continuously for 1 year and 2 years was fumigated with dazomet before sowing. The growth, fructification, and yield of morel were investigated, and dynamic changes in bacterial and fungal communities were monitored using high-throughput gene sequencing. The results suggested that the dazomet treatments were effective in increasing the yield of morel by changing the microbial community under continuous cropping.



2. Materials and methods


2.1. The morel strain and medium

The experiments were carried out with the M. sextelata Qian-Morel 1 cultivar. The spawn and exogenous nutrient bags were provided by Guizhou Lefeng Biotechnology Co., Ltd. The spawn medium consisted of 85% wheat, 5% rice husk, 8% humus, 1% lime and 1% gypsum, with a moisture content of 60%. The medium in exogenous nutrient bags consisted of 89% wheat, 10% rice husk, and 1% lime, and the water content was 60%.



2.2. Experimental design

To test the effect of dazomet fumigation on the continuous cropping obstacle of morel, two experimental sites were selected in Guizhou Province, one of which was located in Tianba Town, Qixingguan District, and had been planted for 1 years. The other was in Tailai Township, Qianxi City, which had been planted for 2 years. The controls without fumigation and dazomet treatment were established on randomly designed plots, with three replicates for each treatment at each experimental site. The field was plowed with a rotary tiller to a depth of 25 cm. The relative humidity of the soil was adjusted to 65%. The dosage of dazomet (Synwill Co., Ltd) was 60 g/m2. The dazomet was sprinkled onto the surface of the soil and then evenly mixed with the soil using a small rotary tiller. The field was immediately covered with PE film to maintain the fumes of dazomet in the soil. After 20 days, the film was removed, and the greenhouse was kept ventilated for 15 days. Three independent biological replicates with 200 m2 each were conducted.



2.3. The cultivation of the morel

The morel was sown on the 35th day after fumigation, and the dosage of spawn was 300 g/m2. Seven days after sowing, morel mitospores, which was previously considered as asexual conidia (Liu et al., 2023), appeared on the soil surface. On the 10th day, exogenous nutrient bags punched on the side that would be in contact with the soil were placed on the soil surface. Five exogenous nutrient bags were placed per square meter, each containing 400 g of medium. The relative humidity of the soil was maintained at approximately 60%. The exogenous nutrient bags were removed on the 85th day after sowing. The field was irrigated to induce the formation of the primordia. The fruiting bodies were harvested on the 110th day after sowing.

The weight of morels harvested was converted to kg/m2 according to the area of each replicate. The yield was analyzed using SPSS (version 26.0) through ANOVA. P < 0.05 was used as the threshold.



2.4. Soil sampling

To investigate the changes in the soil microbial community, soil samples were collected from the experimental site in Tailai Township, Qianxi City. The soil samples were taken from a depth of 3–5 cm before sowing, at the primordial stage, and before harvest of the fruiting body (Table 1).



TABLE 1 Soil samples used in this study.
[image: Table1]



2.5. High-throughput sequencing

The DNA was extracted with the TGuide S96 Magnetic Soil/Stool DNA Kit (Tiangen Biotech (Beijing) Co., Ltd.) according to manufacturer’s instructions. The DNA concentration of the samples was measured with the Qubit dsDNA HS Assay Kit and Qubit 4.0 Fluorometer (Invitrogen, Thermo Fisher Scientific, Oregon, United States). The 338F: 5′-ACTCCTACGGGAGGCAGCA-3′ and 806R: 5′-GGACTACHVGGGTWTCTAAT-3′ universal primer set was used to amplify the V3-V4 region of the 16S rRNA gene. The ITS1F: 5′-CTTGGTCATTTAGAGGAAGTAA-3′ and ITS2: 5′-GCTGCGTTCTTCATCGATGC-3′ universal primer set was used to amplify the ITS1 region of the ITS gene. Both the forward and reverse primers were tailed with sample-specific Illumina index sequences to allow for deep sequencing. The total PCR amplicons were purified with Agencourt AMPure XP Beads (Beckman Coulter, Indianapolis, IN) and quantified using the Qubit dsDNA HS Assay Kit and Qubit 4.0 Fluorometer (Invitrogen, Thermo Fisher Scientific, Oregon, United States). After the individual quantification step, amplicons were pooled in equal amounts. For the constructed library, an Illumina NovaSeq 6000 (Illumina, Santiago CA, United States) was used for sequencing.



2.6. Bioinformatic analysis

The bioinformatics analysis of this study was performed with the aid of the BMK Cloud (Biomarker Technologies Co., Ltd., Beijing, China). According to the quality of single nucleotides, raw data were primarily filtered by Trimmomatic (version 0.33) (Edgar, 2013). Identification and removal of primer sequences was performed by Cutadapt (version 1.9.1) (Callahan et al., 2016). PE reads obtained from previous steps were assembled by USEARCH (version 10) (Segata et al., 2011), followed by chimera removal using UCHIME (version 8.1) (Quast et al., 2012). The high-quality reads generated from the above steps were used in the following analysis. Sequences with similarity ≥97% were clustered into the same operational taxonomic unit (OTU) by USEARCH (v10.0) (Edgar, 2013), and the OTUs with relative abundance <0.005% were filtered. Taxonomy annotation of the OTUs was performed based on the Naive Bayes classifier in QIIME2 (Bolyen et al., 2019) using the SILVA database (release 132) (Quast et al., 2012) with a confidence threshold of 70%. The alpha diversity was calculated and displayed by QIIME2 and R software. Beta diversity was determined to evaluate the degree of similarity of microbial communities from different samples using QIIME. Principal coordinate analysis (PCoA), heatmaps, UPGMA and nonmetric multidimensional scaling (NMDS) were used to analyze the beta diversity. Furthermore, we employed linear discriminant analysis (LDA) effect size (LEfSe) (Segata et al., 2011) to test the significant taxonomic differences among groups. A logarithmic LDA score of 4.0 was set as the threshold for discriminative features.




3. Results


3.1. Effects of dazomet treatment on the fructification of morel

After 7 days of sowing, morel mitospores appeared on the soil surface. The number of mitospores was not significantly different between the control and dazomet treatments. After irrigation, the primordia formed. Compared with the control, the number of primordia and fruiting bodies in the dazomet treatment was significantly higher, and their distribution was more uniform (Figure 1). The sizes and growth rates of the fruiting bodies in the two treatments were similar. There were many weeds in the control, whereas there were almost no weeds in the dazomet treatment, which may be related to the herbicide effect of dazomet (Brosnan and Breeden, 2009; Jeffries et al., 2017). No obvious diseases or pests were found in the control and dazomet treatments.
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FIGURE 1
 Morel fructification of Qianxi experimental sites. (A) Morel fructification of the control. (B) Morel fructification of the dazomet treatment.


The maximum yield was calculated by fresh weight. Compared with the control, the yield of fruiting bodies in the dazomet treatment was significantly higher. At the Qixingguan experimental site, which is the second year for continuous cultivation of morel, the yield of the control without fumigation with dazomet was 0.24 kg/m2, and the yield of the dazomet treatment was twice that of the control. At the Qianxi experimental site, which was undergoing the third year for continuous cultivation of morel, the yield of the control was 0.10 kg/m2, and the yield of the dazomet treatment was 3 times that of the control (Figure 2). According to the recollection of the farmers, the morel yield in the first year at the Qixingguan experimental site was approximately 0.33 kg/m2. The maximum yields in the first year and second year at the Qianxi experimental site were approximately 0.48 kg/m2 and 0.15 kg/m2, respectively. The results showed that the morel yield decreased year by year under continuous cropping without appropriate treatment. However, the dazomet treatment increased the maximum yield under continuous cropping, which was close to that of the first year.
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FIGURE 2
 The maximum yield of the control without fumigation with dazomet. The Qixingguan experimental site has been cultivated for 1 year, and the Qianxi experimental site has been cultivated continuously for 2 years. Three independent biological replicates are conducted. Error bars indicate the SD (n = 3).




3.2. High-throughput sequencing results

To understand the mechanism of increasing the morel yield under continuous cropping by fumigation with dazomet, the effect of dazomet treatment on the soil microbial community of the Qianxi experimental site was studied. As described in Table 1, soils were sampled at the sowing, primordium and mature fruit body stages. DNA was extracted from soil samples, and the 16S rDNA V3/V4 region of prokaryotic communities and ITS1 of fungal communities were amplified and sequenced. After quality filtering, a total of 1,082,233 reads for 16S rDNA V3/V4 with a read length of mainly 400–450 bp and 1,384,777 reads for ITS1 with a read length of mainly 220–430 bp across 18 samples were obtained. The rarefaction curves of all samples gradually flattened, which indicated that the sequenced depths were sufficient to reflect the diversity of the samples. After denoising the sequences, 2,305 OTUs for prokaryotic communities and 948 OTUs for fungal communities were generated (Supplementary materials 1, 3). The raw data of 16S rDNA and ITS were uploaded to the Sequence Read Archive (SRA) database of NCB (Accession PRJNA961658).

Venn diagrams of bacterial OTUs are displayed in Figure 3A. A total of 710 OTUs were found to be common to SDT and SCK, with an additional 305 and 426 OTUs exclusive to SCK and SDT. Fifty-seven OTUs were found to be associated with each stage of the control, with an additional 700, 23 and 22 OTUs common to SCK-PCK, PCK-FCK and FCK-SCK, respectively. Venn diagrams of fungal OTUs are displayed in Figure 3B. Seventy-two OTUs were found to be common to SDT and SCK, with an additional 104 and 323 OTUs exclusive to SDT and SCK. Thirty OTUs were found to be associated with each stage of the control, with an additional 125, 21 and 30 OTUs common to SCK-PCK, PCK-FCK and FCK-SCK, respectively. The fungal OTUs in common between SDT and SCK were at 14.29%, which is far less than the overlap of bacteria (49.27%). This indicates that the influence of dazomet treatment before sowing on fungal OTUs is far greater than on bacterial OTUs.
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FIGURE 3
 Venn diagram of bacterial OTUs (A) and fungal OTUs (B).




3.3. Alpha diversity analysis of bacterial and fungal communities

The bacterial alpha diversity Chao1 indices of SCK, SDT, PCK, and PDT were predominantly 500–700, and the Chao1 indices of FCK and FDT were predominantly 250–300 (Figure 4A). The Chao indices of SCK and SDT were not significantly different (p = 0.16), but the Shannon index of SDT was significantly lower than that of SCK (p = 0.0021) (Figure 4B). This indicates that dazomet treatment before sowing changed the relative abundance rather than the richness of the bacterial community. Compared with those of SCK, SDT, PCK and PDT, the Chao1 and Shannon indices of FCK and FDT were significantly lower. Except for in the dazomet treatment, the cultivation stages also influenced the bacterial community.
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FIGURE 4
 The alpha diversity indices of the samples. (A) The bacterial Chao index; (B) The bacterial Shannon diversity index; (C) The fungal Chao index; (D) The fungal Shannon diversity index.


For the fungal alpha diversity, the Chao and Shannon indices of SDT were lower than those of SCK, and the patterns of PCK and PDT were similar (Figures 4C,D). This indicates that dazomet treatment before sowing changed both the relative abundance and richness of the fungal community, and the impact of dazomet treatment on the fungal community held to the primordial stage. However, the pattern of the Chao and Shannon indices was remodeled at the fruiting body stage.



3.4. Beta diversity analysis of the prokaryotic and fungal communities

Beta diversity analysis was processed by QIIME software to compare species diversity between different samples. In general, the distance between two dots (samples) indicates similarity between two samples in species composition. The explanatory values of PC1 and PC2 in the bacterial community were 51.07 and 15.99%, respectively (Figure 5A). The PCA grouped 18 samples into 3 clusters by a 95% confidence ellipse. Except for SCK, the clustering of other samples correlated with the cultivation stages of morel. SCK was clustered with PCK and PDT rather than SDT, indicating that SCK contained more bacterial species consistent with those of PCK and PDT. It is inferred that those consistent bacteria may be closely associated with morel cultivation and may have remained from morel cultivation in the last year. SDT formed an independent cluster far from SCK, which shows that dazomet treatment significantly changed the composition of the bacterial community.
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FIGURE 5
 Principal component analysis of the prokaryotic community (A) and fungal community (B). Each dot represents a sample. The confidence ellipse defines the region that contains 95% of all samples that can be drawn from the underlying Gaussian distribution.


The explanatory values of PC1 and PC2 in the fungal community were 54.29 and 28.06%, respectively (Figure 5B). The PCA grouped the 18 samples into 3 clusters by a 95% confidence ellipse. SDT and PDT formed two clusters independently, and SCK, PCK, FCK, and FDT formed a cluster. SDT was far from SCK, indicating that dazomet treatment significantly changed the composition of the fungal community. The distance of PDT from PCK may be the result of the difference between SCK and SDT. The convergence of FDT and FCK may be related to the influence of the morel cultivation stage on the fungal community. SCK, PCK, FCK and FDT shared a common fungal community, which suggests that SCK and PCK retained the fungal community enriched by morel cultivation the previous year.



3.5. Relative abundance of major bacterial and fungal phyla

The bacterial phyla with relative abundances >2% are displayed in Figures 6A,B. Proteobacteria (31.22% ± 2.73%), Acidobacteriota (26.14% ± 1.39%) and Gemmatimonadota (10.50% ± 0.40%) were the dominant bacterial phyla in the SCK. Compared with those of SCK, the relative SDT abundances of Proteobacteria, Acidobacteriota, Methylomirabilota, Myxococcota, Verrucomicrobiota and Nitrospirota increased significantly, and the relative abundances of Actinobacteriota and Firmicutes in SDT decreased significantly. The results show that dazomet treatment changed the relative abundance of the predominant phyla of the soil. Compared with SCK, FCK significantly changed the relative abundances of all 11 predominant phyla. Compared with SDT, FDT significantly changed the relative abundances of 9 bacterial phyla except Verrucomicrobiota and Nitrospirota. Except for Verrucomicrobiota, FCK and FDT converged in the relative abundance of the other 10 predominant phyla regardless of the difference before the sowing stage. This suggests that morel cultivation also significantly influences the relative abundance of the predominant bacterial phyla.
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FIGURE 6
 The relative abundance of major bacterial and fungal phyla in samples. (A) Cumulative relative abundance of bacterial phyla >2% in at least one sample. (B) ANOVA of the relative abundance of bacterial phyla. (C) Cumulative relative abundance of fungal phyla >1% in at least one sample. (D) ANOVA of the relative abundance of fungal phyla.


The fungal phyla with a relative abundance >1% are displayed in Figures 6C,D. Ascomycota (39.56% ± 17.85%) and Basidiomycota (46.53% ± 25.42%) were the dominant fungal phyla in the SCK. Compared with SCK, the relative abundance of Ascomycota was significantly higher, and the relative abundances of Basidiomycota, Mortierellomycota and Chytridiomycota were significantly lower in SDT. This indicates that dazomet treatment also changed the fungal community. Compared with SCK, FCK significantly changed the relative abundances of Ascomycota, Basidiomycota, Mortierellomycota and Chytridiomycota. Compared with SDT, FDT also significantly changed the relative abundances of Ascomycota, Basidiomycota, Mortierellomycota and Chytridiomycota. This indicates that morel cultivation also significantly influences the fungal community.



3.6. Relative abundance of major bacterial and fungal genera

A full list of bacterial OTUs and genera is provided in Supplementary materials 1, 2. The relative abundance of bacterial genera >3% is displayed as a heatmap in Figure 7A. Compared with SCK, the relative abundances of 26 genera, including Candidatus Udaeobacter, unclassified Azospirillales, Sphingomonas, unclassified Chitinophagaceae, etc., were significantly lower in SDT. In addition, the relative abundances of those 26 genera in PDT were also significantly lower than those in PCK. This indicates that the influences of dazomet treatment on those 26 genera lasted from the presowing to primordial stages. Compared with SCK, SDT, PCK and PDT, the relative abundances of 34 genera, including unclassified Sphingomonadaceae, Novosphingobium, Sulfurimonas, unclassified Muribaculaceae, etc., increases significantly in FCK and FDT. However, the relative abundances of major bacterial genera for FCK and FDT were similar.
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FIGURE 7
 Heatmap of dominant bacterial genera (A) and dominant fungal genera (B).


A full list of fungal OTUs and genera is provided in Supplementary materials 3, 4. The relative abundance of fungal genera >3% is displayed as a heatmap in Figure 7B. Among 18 samples of 6 treatments, the change in the relative abundance for those 60 dominant genera was not as regular as that of bacteria.



3.7. Indicator genera

Linear discriminant analysis (LDA) effect size (LEfSe) was used to find the dominant indicator genera. By comparing SDT and SCK, the bacterial indicator genera of SCK and SDT are displayed in Figure 8A. The shift in the relative abundance of those indicator genera shows that dazomet treatment not only reduces the relative abundance of SCK indicator genera but also increases the relative abundance of SDT indicator genera (Figure 8B). It is interesting that the indictor genera of SDT were beneficial to edible mushrooms because several studies have demonstrated that Micromonospora, Bacillus, and Streptomyces species function in biocontrol, plant growth promotion, and mushroom composting (Sahin, 2005; Hirsch and Valdés, 2010; Sotoyama et al., 2016; Stanojević et al., 2019; Büchner et al., 2022). Because the SCK indicator genera, including Candidatus Udaeobacter, Unclassified Xanthobacteraceae, Unclassified Vicinamibacteraceae, and unclassified Vicinamibacterales, could not be identified accurately, their effects on morel growth could not be determined.
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FIGURE 8
 The bacterial and fungal indicator genera of SCK and SDT. (A) Bacterial indicator genera. (B) The relative abundance of bacterial indicator genera. (C) Fungal indicator genera. (D) The relative abundance of fungal indicator genera. Three independent biological replicates are conducted. Error bars indicate the SD (n = 3).


The fungal indicator genera of SCK and SDT are displayed in Figures 8C,D. Aspergillus was the fungal indicator genus with the highest relative abundance of 61.33% in SDT, and Leucoagaricus, Agaricus, and Mortierella were the fungal indicator genera in SCK.



3.8. Relative abundance of morel

Morels can produce a large number of fruiting bodies only when they form enough vegetative mycelia. In this study, the relative abundance of morel in soil was analyzed. Morel was not detected in SCK and SDT, indicating that the mycelium of the morel of the last year had completely disappeared before sowing in the current year. The relative abundance of morel was highest at the primordium stage, and it decreased significantly as the fruit body grew and developed. In PCK and PDT, the number of conidia that formed on the soil surface was similar, while the relative abundance of morel in PDT was evidently higher than that in PCK (Figure 9). This indicates that dazomet treatment before sowing improved morel mycelial growth in soil. Therefore, the decrease in the number of primordia and fruiting bodies may be related to the decrease in the relative abundance of morel in soil.

[image: Figure 9]

FIGURE 9
 The relative abundance of morel in soil samples. Three independent biological replicates are conducted. Error bars indicate the SD (n = 3).





4. Discussion

In this study, we found that dazomet treatment changed soil microbial communities and significantly increased yield under continuous cropping. This result suggested that the obstacle of continuous cropping in morels is closely related to the soil microbial communities.


4.1. The decrease in the relative abundance of soil-borne fungal pathogens

Many continuous cropping obstacles are associated with the accumulation of soil-borne pathogens. Soil-borne pathogens, including Fusarium, Pythium, Rhizotonia, Cylindrocarpon, and Phytophthora, arising from continuous cropping, cause diseases such as root rot, damping-off and wilt that have a direct cost to crop growth, survival and yield (Ampt et al., 2019; Dignam et al., 2022). For example, Fusarium oxysporum is a well-known soilborne plant pathogen that causes severe vascular wilt in economically important crops such as American ginseng, tobacco, watermelon and strawberry (Koike and Gordon, 2015; Lamondia, 2015; Li C. et al., 2021; Wu et al., 2022).

It has been reported that fungi, including Penicillium, Trichoderma, Aspergillus, Fusarium, Botrytis, and Clonostachys, increase in abundance under continuous cropping of morel, and that these fungi may be the main pathogens that cause a reduction in production for continuous M. sextelata cultivation (Liu et al., 2022). Nonfructification is sometimes encountered in large-scale morel farming for unknown reasons. It has been suggested that the soils with successful fructification have significantly higher diversity in both the fungal and bacterial communities than those with nonfructification, and most nonfructification soils have been shown to be dominated by a high proportion of certain fungal genera, typically Acremonium, Mortierella, and Paecilomyces (Tan et al., 2021). Penicillium, Trichoderma, Aspergillus, Fusarium, Botrytis, Clonostachys, Acremonium, Mortierella, and Paecilomyces are pathogenic fungi in the production of edible mushrooms and plants. Notably, the pathogenicity of only a few pathogens on morel has been confirmed and reported. Typical diseases include stipe rot disease caused by the Fusarium incarnatum – F. equiseti species complex (Guo et al., 2016), pileus rot disease caused by Diploöspora longispora (He et al., 2018; Shi et al., 2022; Sun et al., 2023), white mold disease caused by Paecilomyces penicillatus (He et al., 2017; Fu et al., 2022), cobweb disease caused by Cladobotryum protrusum (Lan et al., 2020), white mildew disease caused by Aspergillus sp. (Yu et al., 2020). To the best of our knowledge, none of these soil-borne diseases has been proven to be directly related to the continuous cropping of morel.

In this study, the relative abundance of Aspergillus was only 0.3% in SCK. Dazomet treatment increased the relative abundance of Aspergillus to 61.3%, which made Aspergillus the indicator genus of SDT. After inoculation with morel culture, the relative abundance of Aspergillus decreased to 0.1% in PDT and 2.2% in FDT (Figure 10). No white mildew disease was found in the dazomet treatment, which indicates that the effect of Aspergillus on morel warrants further study. The relative abundance of Paecilomyces was dynamic during morel cultivation, and the highest abundance was at the primordial phase (Figure 7B). The relative abundance of Paecilomyces in PCK was 21.9% and that in PDT was 1.8% (Figure 11), which showed that dazomet treatment had a significant effect on the relative abundance of Paecilomyces. The main symptom of obstacles associated with continuous cropping of morel is that the number of primordia and fruiting bodies is reduced. However, no obvious white mold disease was found in this study. Perhaps the primordium was too small to make the infection undetectable. It has been reported that once the very young and small morel fruiting bodies are infected by Paecilomyces, they stop growing (He et al., 2017). Trichoderma, Fusarium, Penicillium, and Acremonium were detected in the control and dazomet treatments. Similar to that of Paecilomyces, the relative abundance of these four fungi in PDT was significantly lower than that in PCK as a result of dazomet treatment (Figure 11). It has been reported that Gibberella, Microidium, Sarocladium and Streptomyces accounted for a high proportion in soils with low or no morel yield (Yu et al., 2022). However, those fungi were not detected in this study. In addition, no fungal pathogens Diploöspora and Cladobotryum were detected in this study. Therefore, the increase in yield by dazomet treatment may be closely related to the decrease in the abundance of Paecilomyces, Trichoderma, Fusarium, Penicillium, and Acremonium.
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FIGURE 10
 The relative abundance of Aspergillus in soil samples. Three independent biological replicates are conducted. Error bars indicate the SD (n = 3).
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FIGURE 11
 The relative abundance of Trichoderma, Fusarium, Penicillium, Acremonium and Paecilomyces in PCK and PDT. Three independent biological replicates are conducted. Error bars indicate the SD (n = 3).




4.2. The increase in the relative abundance of soil-borne beneficial bacteria

A wide variety of interactions between bacteria and cultivated mushrooms have been described, leading to positive effects on edible mushrooms (Frey-Klett et al., 2011; Carrasco and Preston, 2020; Li et al., 2022). For example, Pseudomonas triggers primordium formation in Agaricus bisporus by removing inhibitory C8 compounds produced by the mycelium (Noble et al., 2009). Bacillus can substantially improve the growth and yield of some edible mushrooms by inhibiting the pathogenic fungi Trichoderma harzianum and Fusarium oxysporum (Velázquez-Cedeño et al., 2008; Sarwar et al., 2018). The continuous cropping obstacle of Ganoderma lingzhi may be related to the decline in the relative abundance of beneficial bacteria such as Sphingomonas, Anaeromyxobacter, Bradyrhizobium and Dehalococcoides in the covering soil (Yuan et al., 2021).

The morel can farm Pseudomonas putida, including bacterial dispersal, bacterial rearing with fungal exudates, and harvesting and translocation of bacterial carbon. At the same time, P. putida can stimulate the formation of sclerotia and improve the stress resistance of morel mycelium (Pion et al., 2013). Additionally, Pseudomonas can increase the hydrolysis of organic nitrogen sources by enhancing the activity of proteolytic enzymes produced by the morel and improve biomass for both partners (Lohberger et al., 2019). Bacillius was found to substantially affect the growth and development of morel fruiting bodies in recent studies (Longley et al., 2019; Zhang et al., 2019; Liu et al., 2022). Paenibacillus may play similar roles to Bacillus in morel cultivation (Longley et al., 2019). In addition, some noteworthy bacterial microbes involved in nitrogen fixation and nitrification, such as Arthrobacter, Bradyrhizobium, Devosia, Pseudarthrobacter, Pseudolabrys, and Nitrospira, have been identified in soils with high morel yields (Yu et al., 2022).

In this study, the relative abundance of Bacillus in SDT increased by 32 times compared with that in SCK, and the relative abundance of Bacillus in PDT was 79% higher than that in PCK. Similarly, in SDT and PDT, the relative abundance of Pseudomonas was significantly higher than that in SCK and PCK, respectively (Figure 12). In addition, Paenibacillus, Devosia, and Nitrospira were also detected in this study, but they were not the dominant genera in the samples (Supplementary material 2). No Arthrobacter, Bradyrhizobium, Pseudarthrobacter, or Pseudolabrys were detected in this study. The results showed that dazomet treatment increased the relative abundance of some beneficial bacteria, such as Bacillus and Pseudomonas, in the soil.
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FIGURE 12
 The relative abundance of Bacillus and Pseudomonas in SCK, SDT, PCK, and PDT. Three independent biological replicates are conducted. Error bars indicate the SD (n = 3).




4.3. Restoration of the soil microbial community

Soil microbial diversity is important to sustainable agriculture because microbes can mediate many biochemical processes that support agricultural production. These processes include recycling of plant nutrients, maintenance of soil structure and degradation of agrochemicals (Qin et al., 2017). Soil microbial community structure affects crop health and can also be used as an indicator of soil health (Chen Y. et al., 2022). To date, a number of studies have shown that continuous cropping disrupts the soil microbial community composition (Wu et al., 2022). For instance, the bacterial and fungal diversities were observably altered after the long-term monoculture of Ganoderma lingzhi (Yuan et al., 2019, 2021).

As in previous studies (Liu et al., 2017; Benucci et al., 2019; Longley et al., 2019; Orlofsky et al., 2021), the soil microbial communities in this study were dynamic during the cultivation of morel for the control and dazomet treatments. After the long-term monoculture of morel, the disruption of the soil microbial community increases. Soil microbial community disruption negatively affects fructification (Liu et al., 2022; Yu et al., 2022). It has been reported that morel fructification in large-scale cultivation is positively correlated with the diversity and evenness of soil microbial communities (Tan et al., 2021). The principal component analysis (PCA) of bacterial communities showed that SCK, PCK and PDT belonged to one ellipse by 95% confidence, whereas SDT formed an independent cluster far away from the others (Figure 5A). Similar results were obtained for the PCA of the fungal communities (Figure 5B). This result suggested that dazomet treatment partially restored the bacterial and fungal communities from those in continuous cropping soil. Therefore, the increase in yield by dazomet treatment may also be associated with the recovery of microbial communities in continuous cropping soil.

It is well known that rotation with paddy rice can also increase morel yield under continuous cropping. Anaerobic conditions lead to the domination of anaerobic microbes and result in significant changes in soil pH, metal ion availability, and microbial community composition. These changes have negative impacts on soil-borne fungal pathogens (Momma et al., 2013; Khadka and Miller, 2021). In nature, the morel reproduces prolifically in the first year following fires, after which the population rapidly declines (Masaphy and Zabari, 2013; Larson et al., 2016; Miller et al., 2017). This phenomenon may also be related to the soil microbial community, which can be altered by wildfire and stimulates fructification. As mentioned above, the methods to increase the fructification of morel, including dazomet fumigation, rotation with paddy rice, and postfire treatment, could change the soil microbial community. This further suggests the relationship between the obstacle of continuous cropping in morels and soil microbial communities.

Although dazomet fumigation can increase morel yield, the continuous cropping obstacle has not been completely eliminated. We found that there were abundant white hyphae at the bottom of the fruiting bodies growing in the soil for the first time, whereas there was only a small amount of hyphae at the bottom of the fruiting body growing in the continuous cropping soil (Figure 13). The bottoms of the fruiting bodies growing in the soil fumigated with dazomet were similar to those growing in the continuous cropping soil. To completely eliminate continuous cropping obstacles and improve the yield of morel, further research is needed.

[image: Figure 13]

FIGURE 13
 Morel fruit bodies cultivated under noncontinuous cropping (A) and under continuous cropping (B).





5. Conclusion

Our results suggest that dazomet fumigation before inoculation of morel culture decreased the relative abundance of soil-borne fungal pathogens, including Paecilomyces, Trichoderma, Fusarium, Penicillium, and Acremonium. On the other hand, dazomet treatment increased the relative abundance of beneficial soil bacteria, including Bacillius and Pseudomonas, which positively affected the growth of mycelia and fructification of the morel. Alpha diversity and beta diversity analysis results showed that dazomet treatment altered the bacterial and fungal communities in continuous cropping soil. The decrease in soil-borne fungal pathogens, the increase in beneficial bacteria and the recovery of the microbial community increased the abundance of morel mycelium, improved the number of primordia and fruiting bodies, and enhanced the yield of the morel under continuous cropping conditions. In summary, dazomet treatment can partially eliminate obstacles associated with continuous cropping and can improve the yield of the morel.
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Green mold disease, caused by Trichoderma spp., is one of the most devastating diseases of mushrooms in China. The application of fungicides remains one of the important control methods among the integrated pest management tools for disease management in mushroom farms. This study aimed to identify Trichoderma spp., isolated from G. sichuanense fruiting bodies displaying green mold symptoms collected from mushroom farms in Zhejiang, Hubei, and Jilin Province, China, and evaluate their in vitro sensitivity to six fungicides. A total of 47 isolates were obtained and classified into nine Trichoderma spp. namely, T. asperellum, T. citrinoviride, T. ganodermatiderum, T. guizhouense, T. hamatum, T. harzianum, T. koningiopsis, T. paratroviride, and T. virens, through morphological characteristics and phylogenetic analysis of concatenated sequences of translation elongation factor 1-alpha (TEF) and DNA-dependent RNA polymerase II subunit (RPB2) genes. The pathogenicity test was repeated two times, and re-isolation of the nine Trichoderma spp. from the fruiting bodies of G. sichuanense fulfilled Koch’s postulates. Prochloraz manganese showed the best performance against most species. This research contributes to our understanding of green mold disease, reveals the phylogenetic relationships among Trichoderma species, and expands our knowledge of Trichoderma species diversity associated with green mold disease in G. sichuanense.

KEYWORDS
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, green mold disease, pathogenicity, fungicides, prochloraz manganese, mushroom health


Introduction

Ganoderma sichuanense is a widely distributed pore fungus that holds ecological and economic significance (Zhao et al., 1983; Wang et al., 2012). With its valuable medicinal properties, it has been cultivated for centuries in China, Japan, South Korea, and other regions (Zhu et al., 2019; Wang et al., 2020). In China, G. sichuanense has been cultivated for over 100 years, primarily in provinces such as Jilin, Heilongjiang, Shandong, Anhui, Guangdong, Guangxi, Fujian, Jiangxi, and Zhejiang. Recent studies have highlighted its medicinal benefits, including anti-tumor activity, antioxidant effects, blood sugar and lipid regulation, blood pressure reduction, antiviral activity, liver protection, and anti-aging effects (Xiao et al., 2016; Chiu et al., 2017; Rahman et al., 2018, 2020; Pan and Lin, 2019; Qiu et al., 2019; Wu et al., 2019; Krobthong et al., 2021).

The commercial expansion of G. sichuanense cultivation has become crucial due to limited wild germplasm resources. In 2020, China’s Ganoderma production exceeded 189,000 tons, representing significant economic value (China Edible Fungi Association, 2020). However, this expansion has also led to increased disease occurrences, resulting in substantial economic losses by impacting the quality and yield of G. sichuanense. Among the various fungal pathogens affecting G. sichuanense production, Trichoderma spp., Xylogone ganodermophthora, and Cladobotryum spp. pose significant challenges (Kang et al., 2010; Zuo et al., 2016; Yan et al., 2019; Cai et al., 2020).

Green mold disease, primarily caused by Trichoderma species, is particularly concerning as it hampers the growth and productivity of G. sichuanense (Wang et al., 2016). While Trichoderma is known for its biocontrol effects, it can also act as a pathogen, posing a serious threat to edible fungi during cultivation (Shah et al., 2013; Kosanović et al., 2020). The occurrence of green mold disease caused by Trichoderma species in China has raised significant concerns, resulting in contamination and losses in yield and quality (Seaby, 1987; Choi et al., 1998; Wang et al., 2016; Seung et al., 2018). The impact of this disease on G. sichuanense cultivation in China is of particular concern given the economic importance of this valuable medicinal fungus (Pan and Lin, 2019; Rahman et al., 2020).

In the context of Ganoderma cultivation, Trichoderma-induced diseases are particularly problematic during the mycelial growth and emergence stages of G. sichuanense. However, limited research has been conducted on the diversity and pathogenicity of Trichoderma species isolated from G. sichuanense in China, and the establishment of effective control measures against Ganoderma-related diseases remains a challenge (Seaby, 1987; Chen and Zhuang, 2017; Yan et al., 2019; Cai et al., 2020; An et al., 2022). Therefore, identifying the causal agent and understanding its pathogenicity are crucial prerequisites for the development of effective disease management strategies.

Although fungicides are effective in controlling green mold disease, their use can lead to the development of resistance and pose environmental risks. Nevertheless, fungicides remain the most effective measure for disease control (Shah et al., 2013; Kosanović et al., 2015; Innocenti et al., 2019). Understanding the sensitivity of Trichoderma species to various fungicides can significantly contribute to disease management strategies. However, the fungicide sensitivities of Trichoderma isolates causing green mold disease in G. sichuanense in China have not been thoroughly investigated.

In this study, we aimed to investigate the Trichoderma species associated with G. sichuanense and their impact on disease development. Our findings revealed a disease incidence ranging from 3 to 15%, which significantly affected the growth and development of G. sichuanense, leading to direct economic consequences. The rapid germination and spread of Trichoderma spores underscored the potential for irreparable damage if the disease is not promptly controlled. We focused on the identification and characterization of these Trichoderma species, the assessment of their pathogenicity in G. sichuanense, and the evaluation of their sensitivity to fungicides. Through these comprehensive analyses, our objective was to provide valuable insights into disease management strategies for G. sichuanense cultivation.



Materials and methods


Sample collection and fungal isolation

During the period from 2021 to 2022, we collected fruiting bodies (basidiomata) of G. sichuanense displaying symptoms of green mold disease from three farms situated in Zhejiang, Hubei, and Jilin Province, China. The incidence of the disease ranged from 3 to 15%, significantly impacting the growth and development of G. sichuanense.

To conduct a comprehensive investigation of the disease, we isolated the fungus from the infected fruiting bodies using the tissue-isolation method. This involved carefully excising small pieces (0.3 cm) from the edges of the lesions on the diseased fruiting bodies using a sterile scalpel. The excised tissues were then subjected to surface sterilization by treating them with 75% ethanol (vol/vol) for 30 s, followed by 1% NaOCl (wt/vol) for 10 s. Subsequently, the tissues underwent three rinses with sterilized distilled water.

The tissues were placed onto dried and sterilized potato dextrose agar (PDA) plates and incubated in darkness at 25°C for three to 5 days. Regular inspections were carried out to monitor any fungal growth. Colonies that developed from the infected tissues were transferred to new PDA plates using the hyphal tip culture method to obtain pure cultures. All purified isolates were further subcultured on PDA medium for 3 days and preserved on PDA slants at 4°C.



Morphological characterization

To evaluate the characteristics of the isolates, mycelia plug with a diameter of 5.0 mm were obtained from the edges of actively growing cultures aged 5 days. These plugs were then placed at the center of agar plates containing potato dextrose agar (PDA), cornmeal dextrose agar (CMD), and synthetic low-nutrient agar (SNA). The plates were incubated at 25°C with a 12-h light/dark photoperiod for a duration of 5–7 days.

During the incubation period, careful observations and recordings were made on various colony characteristics, including color, shape, radial growth, and texture. The colony diameters were measured in two perpendicular directions. The daily growth rate was determined by calculating the average mean daily growth (mm/day).

For further analysis, one-week-old colonies cultivated on SNA plates were utilized to examine the conidia and conidiophores following the methods outlined by Chaverri et al. (2015). The shape and color of the conidia were observed, and the sizes of 20 randomly selected conidia from each isolate were measured under a Zeiss Axio lab. A1 microscope equipped with a differential interference contrast (DIC) optics camera (Carl Zeiss Microscopy GmbH, Germany), utilizing 1,000× magnification.



DNA extraction and sequence analysis

To obtain DNA for analysis, mycelia were collected from colonies cultivated on potato dextrose agar (PDA) for 3–5 days. DNA extraction was performed using the NuClean Plant Genomic DNA Kit (Cowin Biotech Co., Ltd., Taizhou, China).

For amplification of the target genes, specific primer pairs were used. The primer pair fRPB2-5f and fRPB2-7cr (Liu et al., 1999) amplified a 1 kb fragment of the RNA polymerase II second largest subunit (RPB2) gene. Additionally, the primer pair EF1-728F and TEF1LLErev (Chaverri et al., 2003; Jaklitsch et al., 2005) amplified a 1.3 kb fragment of the translation elongation factor 1-alpha (TEF1-a) gene. PCR amplification was conducted in a 30 μL reaction system comprising 15 μL of 10× PCR mix, 1.5 μL of each primer, 1.5 μL of template DNA, and 10.5 μL of ddH2O. For both RPB2 and TEF1-a genes, PCR conditions included an initial denaturation step at 95°C for 5 min, followed by 30 cycles of denaturation at 95°C for 1 min, annealing at 59°C for RPB2 or 55°C for TEF1-a for 90 s, extension at 72°C for 90 s, and a final extension at 72°C for 10 min. The PCR products were purified using the PCR Product Purification Kit, and gel electrophoresis was performed to confirm successful amplification.

Sequencing of the PCR products was carried out bidirectionally using the fRPB2-5f/fRPB2-7cr and TEF1/TEF2 primers (Jaklitsch, 2009) at Comate Biosciences Co. Ltd (Changchun, Jilin, China). The obtained sequences were assembled using CAP3 software (Huang and Madan, 1999) to generate consensus sequences. BioEdit software (version 7.0.0) was used to remove 20 to 30 bp from the terminal ends. Basic Local Alignment Search Tool (BLAST) analysis1 was conducted for each gene locus to confirm the identity of the isolates. The consensus sequences were deposited in GenBank (Table 1).2



TABLE 1 Specimen Numbers, country and their corresponding GenBank accession numbers of sequences used for phylogenetic analyses.
[image: Table1]



Phylogenetic analyses

After performing a BLAST search using the obtained ITS, RPB2, and TEF1-a sequences in the NCBI GenBank database, sequences that met specific criteria: ≥ 99% similarity for RPB2, ≥ 97% for TEF1-a, and ≥ 76% for ITS, were utilized to verify the identity of Trichoderma species in our phylogenetic analysis (Cai and Druzhinina, 2021). We retrieved homologous RPB2, TEF1-a, and ITS gene sequences of the isolates from GenBank. These sequences were aligned using the MUSCLE program (Edgar, 2004), and the resulting alignment was further refined using BioEdit 7.2.5 (Hall, 1999; Hall, 2011). Finally, we concatenated the gene sequences using Phylosuit V1.2.2 (Zhang et al., 2020). For the phylogenetic analysis, we employed the Maximum-Likelihood (ML) method using PhyML 3.0 (Guindon et al., 2010). The best substitution model was determined with PartitionFinder v2.1.1 (Lanfear et al., 2017). To assess statistical support, we conducted bootstrapping with 1,000 replicates (ML). Detailed lists of the fungal isolates used in this study can be found in Table 1 and Supplementary Table S1. The resulting ML tree was visualized using Figtree v1.4.4,3 providing a clear representation of the phylogenetic relationships among the isolates.



Pathogenicity tests

Pathogenicity experiments were conducted following Koch’s postulates, with each experiment replicated twice to ensure accuracy. Fully colonized substrate bags containing G. sichuanense were sourced from the Panshi Mushroom Base in Jilin Province, China. These bags were placed in a growth room with controlled conditions, including a temperature range of 25–30°C and humidity levels set between 80 and 90%, to promote fruiting. Once the fruiting bodies were formed, the bottom surface of the cap and the stipe were meticulously damaged using a sterilized needle. Subsequently, they were inoculated with a spore suspension of the isolates at a concentration of 1 × 105 spores per milliliter. As a comparison, the control group was inoculated with sterilized distilled water.

For each strain, six bags of G. sichuanense were inoculated. The development of symptoms was monitored daily for a period of 14 days. To confirm the causative agents of green mold disease, the pathogens were re-isolated from the inoculated G. sichuanense showing green mold symptoms. Identification was performed using the aforementioned morphological and molecular methods, considering strains that matched the original inoculum as the causative agents of green mold disease.



Effect of Trichoderma spp. on G. sichuanense mycelia in petri plates

To assess the aggressiveness of the isolates, a subset of nine isolates representing nine different species was selected from the total of 47 isolates. The experiments were performed with three replicates, following the procedure outlined below. Mycelial agar plugs with a diameter of 8 mm were obtained from the advancing edge of 10-day-old G. sichuanense colonies. These plugs were then inoculated onto potato dextrose agar (PDA) plates, positioned 1 cm from the edge of Petri plates with a diameter of 9 cm. After 7 days, mycelial plugs from Trichoderma cultures were inoculated in the same manner, but on the opposite side of the plate, 1 cm away from the edge. The growth of Trichoderma species in confrontation with G. sichuanense mycelia was carefully observed and recorded.



Fungicide sensitivity of isolates and G. sichuanense

To evaluate the efficacy of fungicides against green mold in mushrooms, a preliminary screening of six fungicides (mancozeb, chlorothalonil, fludioxonil, carbendazim, prochloraz, and prochloraz-Mn) was conducted. Stock solutions of each fungicide at a concentration of 100 mg/mL were prepared by dissolving them in sterilized distilled water. The growth inhibition rate of the fungi was assessed through mycelial growth assays.

PDA medium plates with different concentrations of each fungicide were prepared by adding the appropriate volume of the stock solution to sterilized distilled water. Mycelial plugs with a diameter of 7 mm were obtained from the edges of 3-day-old colonies grown on PDA and placed at the center of the PDA plates containing varying fungicide concentrations. All plates were then incubated at 25°C for 3 days. The growth inhibition rate of the mycelia was calculated using the formula [image: image], where “i” represents the growth inhibition rate, “a1” is the hyphae area of the untreated pathogen, and “a2” is the hyphae area of the treated pathogen (Etebarian et al., 2005).

Each fungicide treatment and the control were replicated on three plates, and the experiment was repeated twice. Based on the preliminary screening results of the six fungicides using the nine isolates, a suitable fungicide was selected. The sensitivity of G. sichuanense to these fungicides was further tested using the same method described above.

The sensitivity of the fungi to fungicides was determined by measuring the fungicide concentration that inhibited fungal development by 50% [half maximal effective concentration (EC50)] (Wong and Midland, 2007; Kim et al., 2020). The relative growth (RG) of the fungi at a specific fungicide concentration was calculated as a percentage of fungal growth compared to the control plates. The EC50 value was obtained by performing linear regression analysis on the probit-transformed relative inhibition values (1 - RG) at log10-transformed fungicide concentrations. The EC50 value for each isolate was calculated as the average of three experiments. The correlation coefficients (r) among EC50 values for different fungicides were determined using statistical algorithms provided by SAS software (version 9.4 for Windows; SAS Institute, Cary, NC, U.S.A.).




Results


Disease symptoms and fungal isolation

The fruiting bodies of G. sichuanense exhibited symptoms of green mold disease, which were visually distinct. Infected basidiomata displayed a layer of green mycelia, leading to decay and withering of the affected fruiting bodies (Figure 1). The severity of the disease was evident, as it progressed rapidly, particularly after watering flushes of the fruiting bodies. The development of symptoms followed a specific pattern: initially, white spots and mycelium appeared on the infected fruiting bodies. Under hot weather conditions or high humidity, there was a significant proliferation of green conidia within a short time, gradually covering the entire surface of the fruiting bodies. Subsequently, the spores dispersed through various means, such as water flow, human movement, or wind, resulting in the demise of G. sichuanense fruiting bodies and the loss of their ability to produce spores.

[image: Figure 1]

FIGURE 1
 Ganoderma sichuanense fruiting bodies infected by Trichoderma (A–D).


To investigate the pathogens responsible for green mold disease, we conducted fungal isolation from the infected fruiting bodies. A total of 47 pathogens were isolated and identified during the study (Tables 1 2; Supplementary Table S1). Among the isolated pathogens, we identified one strain of T. harzianum in Zhejiang Province and three strains in Hubei Province, namely T. koningiopsis, T. paratrovide, and T. virens. Interestingly, in Jilin Province, we observed a diverse range of strains, with a total of nine different species identified (Table 2). These pathogens were characterized by their ability to induce the distinctive symptoms associated with green mold disease on G. sichuanense.



TABLE 2 Number of Trichoderma isolates recovered from G. sichuanense with macroscopic symptoms of green mold disease collected.
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Morphological characteristics

Using the classification methods proposed by Bissett (1984), Gams and Bissett (1998), and Park et al. (2006), we conducted a meticulous examination of colony shape, conidia, conidiophore size, chlamydospores, and pigmentation (Figures 2, 3) to identify nine Trichoderma species. The isolated species include T. ganodermatiderum (Figures 2A–G), T. citrinoviride (Figures 2H–L), T. hamatum (Figures 2M–P), T. asperellum (Figures 2Q–U), T. guizhouense (Figures 2V–Z), T. harzianum (Figures 3A–C), T. virens (Figures 3D–F), T. paratroviride (Figures 3G–J), and T. koningiopsis (Figures 3K–O).

[image: Figure 2]

FIGURE 2
 Morphological characteristics of T. ganodermatiderum, T. citrinoviride, T. hamatum, T. asperellum, T. guizhouense. (Scale bars: A–D, J = 40 μm; G,K,M,N,Q = 20 μm; E,F,H,I,O,P,R–T,V–X = 10 μm; L,U,Y,Z = 5 μm).


[image: Figure 3]

FIGURE 3
 Morphological characteristics of T. harzianum, T. virens, T. paratroviride, T. koningiopsis. (Scale bars: A,D,E,K–M = 40 μm; B,C,F,G–I,N,O = 10 μm; J = 5 μm).


After 1 day of cultivation at 25°C, all strains displayed white villous colonies on PDA, SNA, and CMD media. By the fifth day, light green to dark green sporulation bands emerged on all media, gradually extending toward the center. CMD and SNA media supported the growth of relatively thin colonies. By the seventh day, green spores were dispersed throughout the entire plate, exhibiting a grayish green or chartreuse color (Figure 4). T. citrinoviride exhibited the production of a yellow pigment at a later stage (Figure 4B), and some exhibited concentric rings (Figure 4).

[image: Figure 4]

FIGURE 4
 Colony appearance of representative isolates of 9 Trichoderma species. (A) T. ganodermatiderum; (B) T. citrinoviride; (C) T. hamatum; (D) T. asperellum; (E) T. guizhouense; (F) T. harzianum; (G) T. virens; (H) T. paratroviride; (I) T. koningiopsis.


Microscopic analysis unveiled notable distinctions in the morphology of conidiophores, phialides, and conidia among the Trichoderma species. T. ganodermatedrum (Figures 2A–G), T. asperellum (Figures 2Q–U), T. harzianum (Figures 3A–C), and T. koningiopsis (Figures 3K–O) exhibited dendriform branches and green spherical or ellipsoidal spores. While T. ganodermatedrum (Figures 2A–G) and T. harzianum (Figures 3A–C) shared similar spore sizes, the former displayed densely distributed conidiophores, whereas the latter had sparser conidiophore clusters. T. asperellum (Figures 2Q–U) and T. koningiopsis (Figures 3K–O) exhibited similar spore sizes, but there were significant differences in the sizes of their phialides. Specifically, T. koningiopsis had phialides measuring 5.0–7.5 × 3.0–4.8 μm (Figures 3K–M), while T. asperellum had phialides measuring 7–11 × 2–4 μm (Figures 2Q–S).

T. virens presented irregular branches at the top of its conidiophores, often accompanied by 3–6 closely arranged phialides, resulting in a more complex structure (Figures 3D–F). T. hamatum displayed highly branched conidiophores, primarily with opposite lateral branches and a few solitary branches (Figures 2M–P). The phialides of T. hamatum were densely packed, short, and round, measuring 5–7.5 × 3.0–4.4 μm (Figures 2M–N). In the case of T. citrinoviride, its conidiophores appeared either opposite or alternate, and it possessed small spores measuring 2.9–4.0 × 1.8–2.2 μm (Figures 2H–L). While T. guizouense (Figures 2V–Z) and T. paratroviride (Figures 3G–J) featured nearly spherical spores, the former exhibited conidiophores in pairs or whorls, with phialides typically arranged in groups of 2–4. Conversely, T. guizouense predominantly displayed conidiophores in 2–3 whorls, occasionally occurring solitary, and its phialides were symmetrically distributed (Figures 2V–X). Notably, T. hamatum (Figure 2P), T. asperellum (Figure 2U), T. guizouense (Figure 2Z), and T. koningiopsis (Figure 3O) exhibited abundant chlamydospores in later stages. For further details regarding the specific characteristics of each Trichoderma isolate, please consult Table 3.



TABLE 3 Microscopic characteristics of different Trichoderma isolates.
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Phylogenetic analysis

The TEF1-a and RPB2 gene sequences of all Trichoderma isolates were compared to the NCBI database using BLAST analysis. Matches exhibiting a high similarity level (≥90%) were chosen for subsequent analysis. A phylogenetic analysis was conducted using the concatenated sequences of the TEF1-a and RPB2 genes from all Trichoderma isolates. The analysis revealed that the Trichoderma isolates could be classified into nine distinct clades: T. asperellum, T. citrinoviride, T. ganodermatiderum, T. guizhouense, T. hamatum, T. harzianum, T. koningiopsis, T. paratroviride, and T. virens (Figure 5). The phylogenetic trees were constructed using a dataset consisting of 19 sequences derived from two gene loci (TEF1-a and RPB2) obtained from a total of 47 samples. Among these sequences, 38 were newly generated, including 19 TEF1-a sequences and 19 RPB2 sequences. For more detailed information on the specific characteristics of each Trichoderma isolate, please refer to Table 1 and Supplementary Table S1.
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FIGURE 5
 Phylogenetic tree illustrating the relationships among 19 Trichoderma isolates from Ganoderma sichuanense based on the combined TEF-1a and RPB2 genes using PhyML analysis. Bootstrap support values equal to or greater than 70% are shown at the nodes. T. estonicum and T. ceramicum were used as the outgroup. The isolates obtained in this study are highlighted in red.




Pathogenicity tests

In the pathogenicity test, mechanical damage was induced on the fruiting bodies followed by in vitro inoculation using a spore suspension. Two weeks after inoculation, all Trichoderma species showed similar green mold symptoms, as observed in Figure 6. Initially, small oval spots with white to pale green centers surrounded by a chlorotic area appeared on the G. sichuanense fruiting bodies 7 days post-inoculation. Over time, these lesions progressively increased in size and merged together. In severe cases, the infected fruiting bodies were completely covered by green spores. These symptoms observed under greenhouse conditions were consistent with the field symptoms of G. sichuanense. No symptoms were observed in the control group (Figure 6A).

[image: Figure 6]

FIGURE 6
 (A) CK; (B) T. ganodermatiderum; (C) T. citrinoviride; (D) T. asperellum; (E) T. guizhouense; (F) T. hamatum; (G) T. virens; (H) T. paratroviride; (I) T. Koningiopsis; (J) T. harzianum.


Additionally, all Trichoderma species were consistently re-isolated and confirmed using morphological and molecular methods, while no Trichoderma isolates were obtained from the control group, satisfying Koch’s postulates. The pathogenicity study demonstrated that all Trichoderma isolates induced green mold disease in G. sichuanense fruiting bodies upon inoculation. Among the isolates, T. harzianum exhibited the highest virulence (Figure 6J), followed by T. citrinoviride (Figure 6C), T. paratroviride (Figure 6H), T. guizhouense (Figure 6E), T. ganodermatiderum (Figure 6B), T. asperellum (Figure 6D), T. virens (Figure 6G), T. koningiopsis (Figure 6I), and T. hamatum (Figure 6F).



Effect of Trichoderma spp. on G. sichuanense mycelia

To assess the impact of different Trichoderma species on G. sichuanense mycelia, we conducted plate dual culture experiments. The results revealed that all Trichoderma species inhibited the growth of G. sichuanense mycelia and produced antagonistic lines. However, there were variations in the interactions between the nine Trichoderma species and G. sichuanense mycelia (Supplementary Figure S2). Notably, T. ganodermatiderum (Supplementary Figure S2A), T. citrinoviride (Supplementary Figure S2B), T. asperellum (Supplementary Figure S2D), and T. paratroviride (Supplementary Figure S2H) exhibited significant inhibition on G. sichuanense mycelial growth, while T. hamatum (Supplementary Figure S2C), T. guizhouense (Supplementary Figure S2E), T. harzianum (Supplementary Figure S2F), T. virens (Supplementary Figure S2G) and T. koningiopsis (Supplementary Figure S2I) showed relatively milder inhibition.

In terms of mycelial morphology, Trichoderma mycelia demonstrated the ability to overgrow and spread on G. sichuanense mycelia, leading to the formation of irregular conidial clusters (Supplementary Figure S2). This resulted in the gradual withering of G. sichuanense mycelia. In some cases, certain Trichoderma strains completely covered the G. sichuanense mycelium with their spores. Additionally, we observed various pigments and antagonistic streaks on the back of the culture medium (Supplementary Figure S2).



Fungicide sensitivity of isolates and G. sichuanense

In order to assess the effectiveness of fungicides against green mold disease, we conducted tests using six different fungicides in this study. Initially, we selected nine Trichoderma isolates to evaluate their sensitivity to these fungicides. The results showed that the inhibitory effect of the fungicides on Trichoderma growth varied, with stronger inhibition observed at higher fungicide concentrations. Table 4 presents the results, highlighting that prochloraz-manganese exhibited the highest inhibitory effect among the tested fungicides, as indicated by its minimum EC50 value, while Mancozeb showed the weakest inhibition with the highest EC50 value.



TABLE 4 Mean effective concentration to cause inhibition of by 50% (EC50) values of nine Trichoderma isolates from China to six fungicides.
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Furthermore, we evaluated the inhibitory effects of the fungicides on the growth of G. sichuanense mycelium through extensive tests. Significant variations in the effects of the six fungicides on the growth of G. sichuanense mycelium were observed, which generally aligned with the effects observed on Trichoderma strains. Notably, prochloraz-manganese had the least impact on the growth of G. sichuanense mycelium, displaying the highest EC50 value while exhibiting the strongest inhibitory effect on Trichoderma mycelium (Table 4). These findings suggest that low concentrations of prochloraz-manganese can be effective in controlling Trichoderma. Additionally, prochloraz and carbendazim demonstrated good inhibitory effects on all Trichoderma strains (Supplementary Figures S3–S11).




Discussion

Green mold disease caused by Trichoderma species poses significant challenges in G. sichuanense cultivation, leading to economic losses and hindering industry growth (Lu et al., 2016; Huang et al., 2018; Zhang et al., 2018; Cai et al., 2020; An et al., 2022). This study aimed to comprehensively investigate Trichoderma species associated with G. sichuanense, focusing on their identification, characterization, pathogenicity assessment, and evaluation of fungicide efficacy. By addressing these objectives, we aimed to provide valuable insights into disease management strategies and the development of effective control measures for G. sichuanense cultivation.

Through morphological and molecular analyses, we successfully identified nine Trichoderma species associated with G. sichuanense: T. asperellum, T. citrinoviride, T. ganodermatiderum, T. guizhouense, T. hamatum, T. harzianum, T. koningiopsis, T. paratroviride, and T. virens (Lu et al., 2016; Huang et al., 2018; Zhang et al., 2018; Cai et al., 2020; An et al., 2022). These findings contribute to our understanding of the diversity and population dynamics of Trichoderma species associated with G. sichuanense, providing valuable insights for further research and disease management strategies.

A comprehensive understanding of the diversity and distribution of Trichoderma species in G. sichuanense cultivation is crucial for developing effective strategies to manage green mold disease. Our study revealed a wide range of Trichoderma species associated with green mold disease in G. sichuanense, including species known to affect mushrooms worldwide. Previous studies have also identified Trichoderma species as causative agents of green mold disease in various mushroom hosts, such as Agaricus bisporus, Pleurotus ostreatus, Lentinula edodes, Flammulina filiformis, Tricholoma matsutake, and Dictyophora rubrovolvata (Choi et al., 1998; Kosanović et al., 2015, 2020; Wang et al., 2016; Seung et al., 2018; Innocenti et al., 2019; Chen et al., 2021). These findings emphasize the broad host range of Trichoderma species and their significant economic impact on global mushroom cultivation.

Comparing our results with previous studies on Trichoderma species associated with G. sichuanense, we confirmed the presence of several previously reported species, including T. asperellum, T. citrinoviride, T. guizhouense, T. hamatum, T. paratroviride, and T. virens (Bissett et al., 2015; Zhu et al., 2017; An et al., 2022). However, our identification of T. ganodermatiderum in this specific cultivation system confirms its previously reported association as a pathogen on G. sichuanense (An et al., 2022). The incorporation of molecular data, specifically TEF1-a and RPB2 gene sequences, in our identification process significantly enhanced the accuracy and reliability of species identification. This approach contributes to a more comprehensive understanding of Trichoderma populations in G. sichuanense cultivation and adds to the growing body of knowledge on Trichoderma diversity associated with specific host plants.

The confrontation assay demonstrated that Trichoderma species effectively overgrow and spread on G. sichuanense mycelia, leading to the formation of irregular conidial clusters and the gradual withering of the mycelia. Some Trichoderma strains completely covered the G. sichuanense mycelium with their spores. The presence of pigments and antagonistic streaks on the culture medium further confirmed the antagonistic behavior of Trichoderma species against G. sichuanense. These findings indicate that the identified Trichoderma species have the ability to suppress the growth of G. sichuanense mycelia and can be considered as pathogens causing green mold disease in G. sichuanense. The pigments produced by Trichoderma species may play a role in their antagonistic behavior against G. sichuanense by acting as defense mechanisms, allowing Trichoderma to outcompete and suppress the growth of G. sichuanense mycelia (Kubicek et al., 2019; Robinson, 2022).

Further research should focus on investigating the specific mechanisms underlying the inhibition of G. sichuanense mycelial growth by Trichoderma species, as well as characterizing and understanding the role of the pigments and metabolites produced by Trichoderma. Such studies will provide valuable insights into the interaction between Trichoderma and G. sichuanense and contribute to the development of effective strategies for managing green mold disease.

The effectiveness of fungicides in controlling green mold disease caused by Trichoderma species is crucial for successful mushroom cultivation. In this study, we evaluated the efficacy of six different fungicides against Trichoderma growth and their inhibitory effects on G. sichuanense mycelium. Our results revealed varying levels of inhibition on Trichoderma growth by the tested fungicides. The inhibitory effect was stronger at higher fungicide concentrations (Table 4). Prochloraz-manganese exhibited the highest inhibitory effect, as evidenced by its minimum EC50 value (Shamshad et al., 2009), while Mancozeb showed the weakest inhibition with the highest EC50 value. These findings highlight the dependence of fungicide effectiveness on both the specific fungicide used and its concentration. Furthermore, we investigated the effects of the fungicides on the growth of G. sichuanense mycelium. Interestingly, the inhibitory effects of the six fungicides on G. sichuanense mycelium generally aligned with their effects on Trichoderma strains. Notably, despite exhibiting the strongest inhibitory effect on Trichoderma mycelium, prochloraz-manganese had the least impact on G. sichuanense mycelium growth (Table 4; Hatvani, 2008; Grogan and Jukes, 2010). This suggests that prochloraz-manganese can effectively control Trichoderma without severely affecting the growth of G. sichuanense mycelium, even at low concentrations.

The results indicate that prochloraz and carbendazim exhibited strong inhibitory effects on all tested Trichoderma strains (Supplementary Figure S3–S11), suggesting their potential as broad-spectrum fungicides for controlling Trichoderma species in mushroom cultivation (Innocenti et al., 2019). These findings underscore the importance of selecting fungicides based on their specific inhibitory effects on Trichoderma species, taking into account their compatibility with the growth of the mushroom host. Notably, prochloraz-manganese, prochloraz, and carbendazim have shown promise in effectively managing Trichoderma growth while minimizing their impact on G. sichuanense mycelium.

However, it is important to consider the potential development of fungicide resistance and the long-term sustainability of fungicide use in disease management strategies. To mitigate the economic losses associated with green mold disease while minimizing negative impacts on mushroom production and the environment (Potocnik et al., 2015), alternative control measures and integrated disease management approaches should be explored. These measures can incorporate cultural practices and biological control agents. Such approaches would enhance the sustainability of mushroom cultivation and reduce reliance on fungicides.

There are several limitations to consider in this study. Firstly, the survey was conducted in a specific geographic region of China, including Zhejiang, Hubei, and Jilin Province. Therefore, the findings may not be representative of the entire country or other regions where G. sichuanense is cultivated. Further studies in different regions and countries would provide a more comprehensive understanding of the prevalence and diversity of Trichoderma species causing green mold disease in G. sichuanense. Secondly, while morphological and phylogenetic analysis were employed to classify the isolated Trichoderma strains into different species, these methods have certain limitations. Additional molecular techniques, such as DNA sequencing or genotyping, would provide more precise identification and a deeper understanding of the genetic diversity and relationships among the Trichoderma pathogens.

Furthermore, this study focused primarily on the pathogenicity of the identified Trichoderma species through inoculation tests on healthy G. sichuanense fruiting bodies. The investigation of other factors influencing the disease development, such as environmental conditions, host resistance, or interactions with other microorganisms, was not extensively explored. A more comprehensive study incorporating these factors would provide a more holistic understanding of green mold disease in G. sichuanense. Lastly, the sensitivity of the Trichoderma species to fungicides was assessed using a limited number of commercially available fungicides. The evaluation of additional fungicides or alternative management approaches would contribute to a more comprehensive understanding of effective control measures for green mold disease. Addressing these limitations in future research endeavors would help to enhance our understanding of the prevalence, genetic diversity, pathogenicity mechanisms, and effective management strategies for Trichoderma species causing green mold disease in G. sichuanense.

In summary, our study provides valuable insights into the host range of Trichoderma species associated with G. sichuanense and their susceptibility to T. guizhouense, T. virens, T. hamatum, T. paratroviride, T. asperellum, and T. citrinoviride. Furthermore, we have evaluated the effectiveness of selected fungicides in controlling green mold disease, offering valuable information for disease prevention and management in edible fungi. These findings are of significant importance for the effective control of green mold disease on G. sichuanense in China. our study also contributes to the existing knowledge on the effectiveness of fungicides against Trichoderma and their impact on G. sichuanense mycelium. These findings provide a foundation for the development of robust disease management strategies and underscore the importance of continued research to enhance the sustainability of mushroom cultivation. By understanding the sensitivity of Trichoderma strains and the efficacy of fungicides, we can develop targeted strategies for disease management. However, it is crucial to conduct further research to explore sustainable approaches that minimize potential fungicide resistance and environmental impacts in mushroom cultivation.
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Color variations in cultivated edible mushrooms present novel and potentially valuable alternatives to the research and cultivation industries. We collected, identified, and domesticated a white strain of Auricularia cornea and a white strain of Auricularia heimuer from China. However, due to an unstable phenotype and stricter requirements on environment and management technology, the production and utilization of Auricularia heimuer cv. Bai Muer make slow progress. Outcrossing is an essential means to broaden the intraspecific genetic resources to expand the gene pool and compensate for the limitations of related species hybridization. In this study, interspecies hybridization between Auricularia cornea cv. Yu Muer and Auricularia heimuer cv. Bai Muer was conducted using polyethylene glycol (PEG)-induced double-inactivated protoplast fusion. Apart from the functional complementation of double-inactivated protoplasts, the hybrids were characterized by colony morphology, antagonistic test, primordial morphology, and polymerase chain reaction (PCR) fingerprinting. The results suggested that the hybrids and their parents showed significant differences in their colony morphology. Moreover, positive barrage reactions were observed between each parent and hybrid. Inter-simple sequence repeat (ISSR) and start codon targeted (SCoT) profile analysis of fusants and parents depicted that fusants contained polymorphic bands, which indicated the rearrangement and deletion of deoxyribonucleic acid (DNA) in the fusants. Yellowish-white primordia were obtained from two hybrids. Protoplast fusion may reinforce the genetic potential and provide an ideal alternative for breeding albino Auricularia.

KEYWORDS
 edible mushrooms, color variations, interspecies hybridization, protoplast inactivation, Auricularia


1. Introduction

Auricularia Bull. (family Auriculariaceae, order Auriculariales) is an important wood-decaying fungal genus widely distributed worldwide (Wu et al., 2014). Moreover, it is one of the earliest cultivated mushrooms in the world and was first recorded in Tang Materia Medica, written by Gong Su (Yuan et al., 2019). It has traditionally been consumed as food and medicine for over 1,000 years in China (Miao et al., 2020). As the primary producer of cultivated Auricularia in the world, China’s output reached approximately 9.24 million tons in 2021, representing over 90% of the global production (China Edible Fungi Association, 2022). Auricularia cornea Ehrenb. and Auricularia heimuer F. Wu, B.K. Cui, and Y.C. Dai are the main species commercially cultivated in China.

Edible mushrooms with color variation have high research value and commercial value, such as Agaricus bisporus (J.E. Lange) Imbach, Flammulina filiformis (Z.W. Ge, X.B. Liu & Zhu L. Yang) P.M. Wang, Y.C. Dai, E. Horak & Zhu L. Yang, Hypsizygus marmoreus (Peck) H.E. Bigelow (Lee et al., 2008; Liu et al., 2013, 2016). Auricularia cornea cv. Yu Muer is an albino mutant strain of A. cornea with numerous biological activities, such as antidiabetic, antinephritic, antioxidant, anticoagulant, and hepatoprotective effects (Wang et al., 2019; Li et al., 2021). The pigment in the fruiting body of A. cornea was γ-glutaminyl-3,4-dihydroxy-benzoate. In the process of synthesizing pigment, the key enzymes were polyphenol oxidase and 20 other enzyme genes (Ma et al., 2023). In addition to its white color, the popularity of this mushroom is due to its high nutritional content and short production cycle (45–55 days). The mushroom is grown on an industrial scale in many regions of China because it has a high-yielding capacity and low output cost, is adaptable to a different environment, and is resistant to many pathogens (Chen et al., 2021).

In 2019, the white variety of A. heimuer was successfully domesticated and cultivated at Jilin Agricultural University (Li et al., 2019). According to the latest statistics, A. heimuer (ranks second in production) is more popular than A. cornea (ranks seventh in production) in China due to its flavor, slippery texture, and unique taste. However, A. heimuer cv. Bai Muer has a longer production cycle and higher output cost than A. cornea cv. Yu Muer, so it needs stricter requirements on environment and management technology. In addition, the color of the fruiting body is easily affected by light during the cultivation period. Therefore, selecting new strains of Auricularia with good characteristics is of great importance.

There are many ways to breed new strains, for example, artificial selection breeding, cross-breeding, protoplast fusion breeding, mutation breeding, and genetic engineering breeding. A lot of traditional mushroom breeding methods have been carried out intraspecifically. However, due to a lack of basic knowledge of the genetics and breeding system of this crop, advances in research on mushroom breeding and production are very limited compared with other crops. Moreover, the fruiting body of a mushroom is a complex organism with a series of complex characteristics. Many of these characteristics, especially those related to yield, are controlled by multiple genes (Chakravarty, 2011).

Gene transfer using protoplast fusion is a non-conventional method that is used to break down the natural barrier to gene exchange encountered in conventional breeding systems. Protoplast fusion technology can be performed intraspecifically, interspecifically, intergenerically, and even inter-hetero-generically (Dhitaphichit and Pornsuriya, 2005). The course of biological processes can be significantly influenced by protoplast fusion between different species. Through this process, gene control can be deregulated either positively or negatively, and metabolic pathways may be combined to create new metabolites. This can result in high yields, fast spawn runs, tolerance to adverse conditions, utilization of various agricultural waste, unique taste, attractive color, enhanced nutritive value, and medicinal properties in mushrooms (Selvakumar et al., 2015; Raman et al., 2021). Hybrids constructed by protoplast fusion in several mushrooms have been reported (Mallick and Sikdar, 2014). Interfamily hybrid strains with high biological efficiency and cold-tolerant ability have been obtained through protoplast fusion (He et al., 2018). A successful interspecific protoplast fusion has been carried out between the two edible mushroom strains Lentinula edodes (Berk.) Pegler and Coriolus versicolor (L.) Quél. (Kim et al., 1997). Somatic hybrids between Calocybe indica Purkay & A. Chandra and Pleurotus fiorida Singer showed a significant increase in bio-eficiency and γ-linoleic acid content (Chakraborty and Sikdar, 2010). The structural investigation of polysaccharides obtained from somatic hybrid mushrooms through protoplast fusion showed that they are different from the polysaccharides isolated from the fruit bodies of parental strains and exhibited strong immune activation of macrophages, splenocytes, and thymocytes (Patra et al., 2011; Maity et al., 2013; Maji et al., 2013; Sen et al., 2013). Therefore, distant hybridization can introduce important quantitative and qualitative traits, such as high bio-efficiency, good palatability, and a shorter cropping period, from either of the parents into their progeny. Interspecies hybridization between white Auricularia through protoplast fusion can enhance genetic potential and offer an excellent alternative for breeding edible mushrooms.

Thus, considering the beneficial characteristics of the two parents, the present study carried out the protoplast fusion between A. heimuer cv. Bai Muer and A. cornea cv. Yu Muer to obtain new intergeneric strains of albino Auricularia with improved characteristics. In our study, we successfully developed 10 hybrids, which were successfully characterized by microstructure, mycelial morphology, inter-simple sequence repeat (ISSR), and start codon targeted (SCoT) analysis.



2. Materials and methods


2.1. Strains and media

The A. cornea cv. Yu Muer strain (MC6), the A. heimuer cv. Bai Muer strain (JAUH-W-591), monokaryotic strains of A. cornea cv. Yu Muer (D-MC6), and A. heimuer cv. Bai Muer (D-JAUH-W-591) were preserved at Jilin Agricultural University (Changchun, China). Vegetative cultures of both strains were maintained on potato dextrose agar (PDA) medium, containing 20 g/L of glucose, 2 g/L of KH2PO4, 2 g/L of MgSO4·7H2O, 1.5 g/L of agar, and 1 L of potato juice (He et al., 2018). Before protoplast isolation, the strains were grown in liquid malt yeast extract glucose (MYG) medium (10 g/L of malt, 4 g/L of yeast extract, and 10 g/L of glucose, pH = 6.2) under stationary conditions for 10 days at 30°C (Chakraborty and Sikdar, 2008; Xu et al., 2012). The same MYG medium supplemented with 0.6 M MgSO4 and 2% agar was used as a regeneration medium.



2.2. Isolation of protoplasts

Monokaryotic mycelia derived from a single spore isolate of each species were incubated for 10 days at 28°C in 100 mL of liquid MYG medium for static culture. Cultures were harvested by the filter (0.22 μm), washed twice with distilled water, and dried with sterile paper. Then, 200–300 mg of mycelium was added to a 1 mL aliquot of lywallzyme solution (2%, purchased from the Guangdong Institute of Microbiology), which contained 0.6 M osmotic stabilizer and was incubated at 30°C for 7 h. The suspension was filtered and centrifuged at 3000 × g for 5 min. The obtained protoplasts were collected and washed twice with a 0.6 M osmotic stabilizer. The total yield was calculated using a hemocytometer (Wang et al., 2017). Finally, purified protoplast pellets were suspended in 200 μL of osmotic stabilizer solution for further use.



2.3. Inactivation of protoplasts

The protoplast suspensions of A. heimuer cv. Bai Muer and A. cornea cv. Yu Muer were inactivated by heat and ultraviolet (UV) radiation, respectively. For heat inactivation, the protoplasts were treated at 55, 60, and 65°C for 10, 20, and 30 min, respectively; for UV inactivation, protoplasts were placed 30 cm away under a 15 W UV lamp for 1, 3, 5, 8, and 10 min. After serial dilution, the inactivated protoplasts were plated on the regeneration MYG medium to check the inactivation effect (He et al., 2018). The medium was cultured at 28°C, and the number of regenerated colonies was recorded after 15 days. Protoplasts without inactivation were set as the control group. The inactivated protoplasts were then used for fusion (Zhao et al., 2011).



2.4. Fusion of protoplasts

An equivalent amount of inactive protoplasts of A. heimuer cv. Bai Muer and A. cornea cv. Yu Muer was mixed in a test tube and centrifuged at 1,000 × g for 5 min. The supernatant was rinsed off, and 1 mL of sterilized polyethylene glycol (PEG 4000; 30 g PEG in 100 mL 0.05 M CaCl2·2H2O) was added to the protoplasts in the test tube and incubated at room temperature for 30 min (Moturi and Charya, 2009). During this period, protoplast fusion was followed by observation under the optical microscope (Nikon, Japan). The fused protoplasts were centrifuged at 1,000 × g for 5 min. The supernatant was rinsed off, and protoplasts were washed twice with the osmotic stabilizer and added 1 mL of osmotic stabilizer again. They were then serially diluted, and approximately 0.1 mL from the protoplast suspension was coated in MYG with 0.6 M MgSO4 at 25°C until colonies developed (Zhao and Chang, 1996). Protoplasts from the same parent strains were also fused as controls. Only the progeny that continued growing on the regeneration medium were considered fusion hybrids. The nuclear phase of the putative hybrid stained with 4′,6-diamidino-2-phenylindole (DAPI) dye was observed by fluorescence microscopy. These procedures excluded the possibility of a dual culture.



2.5. Identification of hybrids


2.5.1. Antagonistic reactions

Hybrid mycelia, on slabs of PDA, were inoculated at a distance of 2 cm, with three in each Petri plate (i.e., the two parent cultures and a single hybrid). The plates were incubated at 25°C for 14 days, after which the point of contact zone was observed.



2.5.2. Spawning and fruiting test

All hybrids were subjected to a fruiting test in the laboratory. The spawn substrate, which consisted of (w/w) 40% flake hardwood sawdust (4 mm × 6 mm), 37.5% powdered hardwood sawdust, 11% bran, 10% corncob, 1% gypsum, 0.5% lime, pH = 7, and 58–60% water, was autoclaved at 121°C for 120 min. After spawning, when the mycelia showed complete colonization in the substrate, several “V” pores were made all over the surface of the polypropylene packet (approximately 2 cm apart). The temperature was then maintained at 22–28°C, and the relative humidity was adjusted to 85–90%. After pin head emergence through the pores on the polypropylene packets, high humidity was maintained by misting the room. Ventilation and light were required for healthy fruiting body development. If a strain did not form any primordia in all triplicate bags after 25 days, it was considered sterile. The morphology of the fruiting bodies of the hybrids was compared with that of the parents.



2.5.3. Inter-simple sequence repeat and start codon targeted analysis

Genomic deoxyribonucleic acid (DNA) was isolated from actively growing mycelia using a DNA Extraction Kit (Beijing CoWin Biotech Co., Ltd.). The ISSR primers used in the test are shown in Table 1. The ISSR amplification condition was as follows: 5 min initial denaturation at 94°C; 60 s initial denaturation at 94°C; 35 cycles consisting of 45 s denaturation at 52–58°C; 1 min extension at 72°C; and a final extension for 10 min at 72°C. Reaction termination was conducted at 4°C. ISSR-PCR reaction system (20 μL) was as follows: 10 μL of PCR Master Mix (2 X), 7.5 μL of dd H2O, 1 μL of ISSR primer, and 1.5 μL of DNA. The final PCR products were separated by electrophoresis on a 1.0% (w/v) agarose gel (Chiu et al., 1995). According to Zhao et al. (2013), SCoT amplifications were performed with modifications. The SCoT primers used in the test are shown in Table 2.



TABLE 1 Sequence and Annealing temperature of nine inter-simple sequence repeat (ISSR) primers.
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3. Results


3.1. Preparation and regeneration of protoplasts

Sufficient protoplasts could be obtained by using mycelium aged 10 days under the conditions of an enzymatic hydrolysis temperature of 30°C, an enzymatic hydrolysis solution concentration of 2.0%, and an enzymatic hydrolysis time of 7 h. The protoplast yield was 7.84 × 107 CFU/mL in A. heimuer cv. Bai Muer and 7.36 × 107 CFU/mL in A. cornea cv. Yu Muer. The regeneration percentage of A. heimuer cv. Bai Muer protoplast was found to be 6.6%, while the rate of A. cornea cv. Yu Muer was 6.4%. The process of protoplasts being released from young hyphae was observed under a microscope (Figure 1A). Protoplast regeneration was observed in MYG medium containing 0.6 M MgSO4 after 4 days.

[image: Figure 1]

FIGURE 1
 Microstructure and mycelial morphology of parents and hybrids (A) isolation of protoplast; (B) monokaryotic mycelium of A. heimuer cv. Bai Muer; (C) colony morphology of A. heimuer cv. Bai Muer; (D) colony morphology of A. cornea cv. Yu Muer; (E) protoplast fusion; (F) dikaryotic mycelium of hybrid; (G) colony morphology of hybrid strains R2; and (H) separation of one parent from unstable heterokaryons.




3.2. Heat and ultraviolet inactivation of protoplasts

Inactivation of A. heimuer CV. Bai Muer protoplasts at 60°C for 20 min yielded good results, as no protoplasts regenerated in the MYG medium with 0.6 M MgSO4 after this treatment. After 3 min of UV inactivation, the inactivation rate of the A. cornea CV. Yu Muer protoplast was 100%, and the regeneration rate was 0.



3.3. Fusion and regeneration of protoplasts

The contact and fusion of protoplasts induced by PEG were observed under the microscope (Figure 1E). A total of 26 hybrid colonies were regenerated from five fusion experiments. No regenerated colonies were found in the control group. Sectors appearing in the protoplast fusion of distant hybrids are frequently observed when cultured in PDA, as shown in Figure 1H. This phenomenon is generally caused by the discordant division of heterokaryons from different sources, which separates one parent from unstable heterokaryons. Sixteen hybrids exhibited this particular phenomenon in PDA culture. The remaining 10 fusions are confirmed as hybrid strains, renamed R1 ~ R10. There were no single protocols developed from any of the parental protoplasts in this regeneration medium because protoplasts were inactivated. Only hybrid protoplasts could regenerate in a regeneration medium due to the complementation of the parental genome. This confirmed that 10 hybrids had dikaryotic hyphae, while the parent strain had monokaryotic hyphae, as observed under the fluorescence microscope (Figures 1B,F).

The colony morphology of hybrids was different from that of their parents. The colony morphology of A. heimuer cv. Bai Muer showed a whitish colony with linear and centrally radiating mycelia; A. cornea cv. Yu Muer produced a whitish colony with fluffy mycelia. The colony morphology of hybrids had the characteristics of both parents (Figures 1C,D,G).



3.4. Identification of hybrids


3.4.1. Antagonistic reactions

The antagonistic reaction was a specific example of somatic incompatibility. The antagonist tests were conducted to confirm that the hybrids and parental strains had significant genetic differences. The antagonist test results showed that 10 hybrids and parental strains have a strong degree of antagonism resistance (Figure 2). This indicated that 10 strains generated through protoplast fusion are genetically different from the parental trains.

[image: Figure 2]

FIGURE 2
 Antagonism of hybrids and parents. (A-B) The upper and reverse colony of JAUH-W-591, MC6, and R2; (C-D) the upper and reverse colony of JAUH-W-591, MC6, and R3.




3.4.2. Fruiting test of somatic hybrids

In the cultivation study, hybrid mycelia grew thickly in a cultivation bag with sawdust as the main material. After 8 days of “V” pores being made, a yellowish-white primordium was observed in hybrid R2. Hybrid R4 required 11 days for primordial initiation, where parent A. heimuer cv. Bai Muer required 9 days and A. cornea cv. Yu Muer required 7 days. The results of lab-scale experiments indicated that all primordia of hybrids fail to differentiate even after 50 days. The fruit bodies of these parents and hybrids are shown in Figure 3.
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FIGURE 3
 Morphology of fruiting bodies of hybrids (A) primordium of A. heimuer cv. Bai Muer; (B) fruiting body of A. heimuer cv. Bai Muer; (C) primordium of A. cornea cv. Yu Muer; (D) fruiting body of A. cornea cv. Yu Muer; and (E,F) primordium of hybrids.




3.4.3. Inter-simple sequence repeat and start codon targeted analysis

Genetic variations among parental strains and 10 Auricularia hybrids were determined by using ISSR and SCoT markers. The PCR band profiles of the hybrids were compared with those of the parental strains. If ISSR and SCoT bands are present (or absent) in the possible fusion but not in the parents, they are considered distinct fragments. For example, the ISSR-3 primer amplified and generated new bands of approximately 600 bp in the R2. The ISSR-4 primer amplified a band of approximately 400 bp in A. heimuer cv. Bai Muer, but this band was not present in R2. Similarly, ISSR-6 could generate polymorphic bands in the R2, R3, R5, R6, and R9 strains. However, the band of approximately 250 bp appeared in both parent strains but was not present in the R2 and R6 strains. R3, R5, and R9 strains were similar to A. cornea cv. Yu Muer, but bands of approximately 700 bp and 850 bp appeared in A. cornea cv. Yu Muer were not present in the R3, R5, and R9 strains. SCoT-28 could generate polymorphic bands in all hybrids. This indicated that ISSR and SCoT were efficient in analyzing the genetic diversity of Auricularia. Meanwhile, SCoT markers have high polymorphism, a large amount of information, and a wide evaluation range, which are more suitable for genetic diversity research (Zhao et al., 2013). However, it has not been reported yet whether SCoT molecular markers have been applied to study the genetic diversity of Auricularia. In this study, we applied SCoT molecular markers to the genetic diversity of Auricularia, aiming to provide a reference for the construction of Auricularia molecular fingerprints and the evaluation of strains of Auricularia. The moderated genetic transformation was observed, as shown in Figure 4, and the hybrids obtained were confirmed to be heterokaryotic.
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FIGURE 4
 Inter-simple sequence repeat (ISSR) profiles of primers 3, 4, and 6 and start codon targeted (SCoT) profiles of primer 28 (1-R1, 2-R2, 3-R3, 4-R4, 5-R5, 6-R6, 7-R7, 8-R8, 9-R9, 10-R10, 11-A. cornea cv. Yu Muer, and 12-A. heimuer cv. Bai Muer).




TABLE 2 Sequence and Annealing temperature of five start codon targeted (SCoT) primers.
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4. Discussion

Selecting true hybrids was an essential step in breeding, which can directly affect breeding efficiency. The PEG-induced double-inactivated protoplast has been widely applied in protoplast fusion in edible mushrooms (He et al., 2020). PEG is widely used to mediate cell–cell fusion in the production of somatic cell hybrids. PEG can cause changes in electron distribution on the cell surface in the presence of calcium ions. Then, fusion points and recesses form in the plasma membrane, constituting a bridge of protoplasts. Finally, intercellular channels were formed and gradually expanded until protoplast fusion was completed (Zhu et al., 2016). In this study, the protoplast-regenerated mononuclear strain of the parents was used as the starting strain of interspecific fusion, and different inactivation methods were used for marking inactivation to ensure that only fusion products regenerated into colonies. In the regeneration medium, neither the A. heimuer cv. Bai Muer protoplasts (due to heat inactivation) nor the A. cornea cv. Yu Muer protoplasts (due to UV inactivation) will grow. Hybrid protoplasts can grow due to the complementation of the parental genome or nuclear–cytoplasmic interactions (Mallick and Sikdar, 2014). The nuclear phase of the fused hybrid was observed as binucleate hypha under a fluorescence microscope, which showed that the genetic materials of both parents were complementarily repaired during the fusion process, and the heterokaryons were successfully obtained, which ruled out the possibility that the fused strain was the parent dikaryotic strain and monokaryon strain (Chiu et al., 1995).

This is the first time that interspecific protoplast fusion has been carried out among white varieties of Auricularia species. Yellowish-white primordia were obtained from two hybrids. The antagonistic line showed rejection between the fusion strain and its parents. The morphology of hybrids on the PDA medium had the characteristics of their parents. However, it may be due to the special mechanism of heterokaryon development after fusion or the change in environmental requirements of the fusion strain (Eyini et al., 2006); the primordia have not developed into a fruiting body, so it needs to be further domesticated and cultivated.

There are reports of the hybrids exhibiting novel nutrient and biochemical characteristics even though they resembled any of their parents molecularly (Loveleen and Kapoor, 2014; Mallick and Sikdar, 2016). Many different molecular markers, such as simple sequence repeats (SSRs), randomly amplified polymorphic DNA (RAPD), and sequence-characterized amplified region (SCAR), were used to find evidence of gene recombination (Yoo et al., 2002; Su et al., 2008; Mallick et al., 2017). Therefore, it is necessary to establish an accurate and rapid PCR-based diagnostic system for hybrid strains of white Auricularia hybrids. Moreover, the ISSR and SCoT primers are suitable for A. heimuer cv. Bai Muer and A. cornea cv. Yu Muer that are screened to reveal high polymorphism, which helps distinguish individuals at the inter- and/or intra-species level.

Post-fusion incompatibility caused by heterokaryons is common in mushrooms and has been reported in several mushrooms (Peberdy and Fox, 2018). Separating one parent from unstable heteronuclear cells in PDA culture proves this point. This phenomenon of parental separation is caused by the disharmony of heterokaryotic nuclei in distant fusion. Although protoplast fusion can bypass the natural barriers of cytoplasmic fusion and achieve distant hybridization between different species, protoplast fusion cannot eliminate the hybridization barriers caused by post-fusion incompatibility during hybrid development. In our experiment, we observed that the primordia of hybrids failed to differentiate into fruiting bodies. How to maintain the stability of heterokaryons is a crucial problem during the development of distant hybrids (Kim et al., 1997). Regardless of the genetic mechanism, when two distant parents undergo protoplast fusion, the resulting hybrids can offer a range of benefits. These benefits include enhanced biological efficiency, increased fruiting body yield, higher polysaccharide content, enhanced enzyme production, and other improvements (Okamura et al., 2000; Khattab and Mohamed, 2012; Das et al., 2021). This method has been proven to be successfully used in the improvement of naturally incompatible strains (Chakraborty and Sikdar, 2010). In addition, protoplast fusion may result in interactions between nuclear and exonuclear genes, such as mitochondrial genes (Stasz and Harman, 1990; Harman and Stasz, 1991; Harman and Hayes, 1993). Fukuda has reported the successful mitochondrial DNA transmission in interspecific fusion protoplasts of Pleurotus, which increased the genetic variability of economically significant mushrooms (Fukuda et al., 2007). Because mitochondrial genomes may influence the phenotypic characteristics of edible mushrooms, this possibility is useful in mushroom breeding (Zhao and Chang, 1997).

In this study, the double-inactivated method, colony morphology, barrage reaction, ISSR, and SCoT strongly proved their hybrid nature. The somatic hybrids obtained through this study are not end products. Instead, the non-fruit body-generating somatic hybrid could serve as resource material for backcrossing with parents, and other further studies would give us insight into the basic genetics of Basidiomycetes mating-type genes, clamp formation, and mode of sexuality. Moreover, these hybrids could be used for further mushroom improvement programs.
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Through whole-genome re-sequencing of 18 Hymenopellis radicata germplasm resources collected from diverse regions in China, we identified significant variations in the form of Single Nucleotide Polymorphisms (SNPs) and Insertions and Deletions (InDels). These variations were comprehensively annotated, shedding light on the mutation types present in the entire genome of the H. radicata germplasm. This analysis revealed the number and position information of each mutation and provided insights into the overall genomic landscape of H. radicata germplasm. Utilizing SNP data, we delved into the population structure of the 18 H. radicata germplasm resources. The results indicated the presence of 2,335,179 Indel sites and 12,050,448 SNP sites. The population structure analysis unveiled two distinct subgroups among the H. radicata germplasm resources. Phenotypic statistics, principal component analysis, and phylogenetic tree results echoed the findings of the population structure analysis. Different strains of H. radicata from various regions in China exhibited notable differences in genetic diversity, mycelial growth rate, yield, and fruiting body characteristics. Significant disparities were observed between the two subgroups, while strains within each subgroup shared common characteristics. This research establishes a solid foundation for integrating H. radicata into diverse breeding programs. The data underscore the potential of H. radicata for genetic improvement and exploitation in breeding initiatives, paving the way for future advancements in this field.
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1 Introduction

The Physalacricea Hymenopellis radicata mushroom, commonly known as Changgengu, belongs to the Basidiomycota, Agaricales, and Physalacriceae families (Yang et al., 2009). As a delectable and nutritionally rich rare edible fungus, it predominantly thrives in Sichuan, Yunnan, and Guizhou provinces (Hou et al., 2022). The fruiting body of H. radicata contains active components such as polysaccharides (Wang et al., 2018; Pan et al., 2022) and flavonoids (Zhang et al., 2022), making it a valuable source of natural antioxidants and medicinal supplements for food, pharmaceuticals, and health products. Despite efforts in optimizing cultivation methods (Xiao et al., 2021) and extracting bioactive components (Zhang et al., 2021) from domesticated strains, the existing cultivated strains have low yields and inconsistent quality. The breeding of H. radicata has proven to be comparatively inefficient, compounded by issues of disorganized strain management in the market, leading to challenges such as the presence of the same species and name. The industry’s growth is intricately tied to the quality of H. radicata strains. Given its widespread presence in the wild across our country, we can effectively harness these excellent resources to enhance the genetic diversity of the strains, facilitating the breeding of high-yield, superior, and unique H. radicata strains in China.

In H. radicata cultivation, the fruiting body characteristics often exhibit high variability, with phenotypic traits closely linked to genotype and environment. The unstable phenotypic characteristics pose challenges to genetic improvement in H. radicata. The utilization of existing genomic resources and the generation of additional genomic data can help unravel the molecular basis of phenotypic variation. In recent years, molecular resources for H. radicata have expanded, including de novo transcriptome assembly (Zhu et al., 2023), ISSR labeling (Lian et al., 2023), and fingerprint construction (Gong et al., 2022). However, these studies primarily focused on genome structure analysis, strain identification, and classification, lacking a comprehensive discussion on the genetic diversity of H. radicata strains.

In the exploration of genetic diversity, resequencing technology is often employed, in addition to molecular markers, to detect genetic variation in samples. Whole-genome resequencing, a high-throughput sequencing technique, it is possible to sequence the genomes of various members of a species whose genome sequence is known and compare the variations between individuals or populations (Ley et al., 2008). Comparing whole-genome re-sequenced individuals with reference genome sequences allows for the discovery of numerous Single Nucleotide Polymorphisms (SNPs) and Insertions and Deletions (InDels) sites. A notable example is the analysis conducted by Shen et al. (2020), which explored the genetic diversity and population genetic structure of 28 strains of Flammulina filiformis. Another study by Shi et al. (2019) involved the preliminary resequencing investigation of 18 Agaricus bisporus strains, leading to the identification of the largest hybrid strains in the world through SNP, InDel, and SV detection.

This study undertakes the complete genome resequencing of 18 H. radicata strains to detect, filter, and subtype SNP and InDel locations. Group genetic structure analysis, utilizing SNP data, is employed to construct a systematic development tree and perform principal component analysis. Simultaneously, the study seeks the theoretical basis for the protection and utilization of H. radicata resources, genetic localization of important agricultural characteristics, and polymorphic breeding based on molecular markers. These objectives are pursued in conjunction with the physiological epithetic indicators of all strains. This research aims to contribute valuable insights to the genetic variation in edible fungi, paving the way for the development of new molecular markers to assist in breeding, aligning with the advancements brought about by resequencing technology in this domain.



2 Materials and methods


2.1 Source of the tested strains

The Institute of Urban Agriculture, Chinese Academy of Agricultural Sciences, supplied 18 specimens of H. radicata collected from diverse provinces and cities across China. Based on their respective origins, the 18 strains were categorized into three groups: A, B, and C. Strains in Group A originated from the eastern coastal area, those in Group B were sourced from central China, and Group C comprised strains from southwest China. Details regarding their names and locations are presented in Table 1.



TABLE 1 Breed number and origin of 18 H. radicata strains.
[image: Table1]



2.2 Strain culture and sample collection

Solid medium (Potato Dextrose Agar, PDA) was prepared using 1 L of distilled water, 200 g of potato, 20 g of glucose, and 15 g of agar. The mycelium and medium were separated using cellophane. The mycelium was cultivated on a complete plate for subsequent DNA extraction and sequencing. Specifically, it was cultured in a 9 cm diameter petri dish containing 20 mL of PDA.



2.3 DNA extraction and genome sequencing of H. radicata

DNA extraction was carried out using the CTAB method (Zhang et al., 2010) following the crushing of an appropriate amount of mycelial tissue with liquid nitrogen. The purity of the extracted DNA was assessed using a spectrophotometer (K5800, Kaiao, Beijing, China). DNA samples with distinct electrophoretic bands and 260/280 nm values falling between 1.6 and 1.8 were selected for further analysis. High-quality DNA samples meeting these criteria were sent to Wuhan Hope Group Biotechnology Co., Ltd. for sequencing on the Illumina platform. The DNA sample underwent subsequent processes, including fragmentation, purification, terminal repair, 3′ terminal adenylation, junction head, fragment screening, and fragment enrichment through PCR.



2.4 Sequencing quality control

Raw data obtained through sequencing is processed using base recognition to generate clean data. The initial sequencing data may contain adapter sequences and low-quality sequences. To ensure the quality of subsequent data analysis, the fastp (Chen et al., 2018) program is employed to enhance the quality of the original data. Data noise is then reduced through data filtering. The clean data undergoes rigorous filtering, resulting in high-quality data suitable for subsequent information analysis. This high-quality data is essential for generating reliable results in the subsequent information analysis.

The filtering steps include: (1) filtering Reads that contain the adapter (for paired-end sequencing, both ends of the Reads are removed if one end contains the adapter); (2) removing low-quality Reads (bases with quality values below Q15 in Reads constitute more than 40% of all bases; for paired-end sequencing, if one end is low-quality Reads, both ends of the Reads will be removed); (3) eliminating Reads with more than 5; and removing Reads with more than 1.



2.5 Compared with the reference genome

Following data filtering, the clean data underwent alignment with the reference genome utilizing the BWA-mem (Bolger et al., 2014) program, yielding alignment results in SAM format. Subsequently, the alignment findings were converted to BAM format and sorted according to chromosomal order using the SAMtools (Li et al., 2009) software. To ensure the quality of the data, duplicate reads were identified and removed using Picard software. After eliminating duplicates, the alignment results were scrutinized using Qualimap 2 (Okonechnikov et al., 2016).



2.6 Genomic variation detection and annotation

Based on the alignment results, the GATK (McKenna et al., 2010) software was employed to identify SNPs and InDels. Subsequently, the ANNOVAR (Wang et al., 2010) software was utilized to annotate the detected SNPs and InDels. The annotation results were then leveraged for subsequent analysis and interpretation. Finally, the outcomes were utilized to discern genetic variations and explore their potential biological roles.



2.7 Population analysis

Based on SNP data, the population structure of H. radicata was investigated through the ADMIXTURE (Alexander et al., 2009) program. The optimal subpopulation number, K, was determined via cross-validation error. The precise procedure involves studying the population structure across various K values. We employed 10 different seeds for 10 repetitions of the analysis. The outcomes were clustered using Pong (Behr et al., 2016) in 10 iterations, and the most representative results were chosen for visualization. For all samples, the IBS matrix was computed using PLINK (Purcell et al., 2007). Subsequently, a phylogenetic tree was constructed using the neighbor-joining algorithm in PHYLIP (Shimada and Nishida, 2017). Principal component analysis based on SNP divergence was then conducted using EIGENSTRAT (Price et al., 2006).



2.8 Statistics of biological characters of different strains

Firstly, activated strains were inoculated onto a solid PDA medium using a 5 mm punch. Subsequently, they were placed in a constant temperature incubator at 25°C to avoid light during cultivation. A “cross” method was employed to mark the starting line and date on the back of the plate with a pen when the mycelium made contact with the medium surface. As the mycelium reached approximately 1 cm from the dish edge, the ending line and date were marked. The distance between the starting and ending lines was measured to calculate the average growth rate of mycelium. Each strain had three parallels, and the average value was determined for comparison and analysis. The formula for calculating the average growth rate (V, mm/d) is: V = D/d.

Secondly, mushroom cultivation was conducted in Pengzhou, Sichuan province, using the soil covering method in small areas. Each strain was set up in three identical replicate areas, each comprising 15 bags. The mature bag cultivation method was employed in production, involving substrate mixing, bagging, inoculation, and mushroom development management. In each small area, 20 harvested fruiting bodies were collected for quantitative trait statistics. The quantitative trait testing method followed the Guidelines for the conduct of tests for distinctness, uniformity, and stability rooting shank mushroom [Oudemansiella raphanipes (Berk.) Pegler & T.W.K. Young] (National Plant New Variety Test Standardization Technical Committee, 2020), with specific methods outlined in Table 2. Fresh fruiting bodies were harvested daily when the mushroom caps were fully expanded but not yet curled upwards. The weight of the fruiting bodies was recorded for each small area, and the total yield for the entire cultivation period was calculated to determine the yield per bag.



TABLE 2 Methods for determining quantitative traits of fruiting bodies.
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FIGURE 1
 Schematic diagram of various parts of the fruiting body.





3 Results and analysis


3.1 Genome sequencing analysis

In this investigation, 18 strains of H. radicata were sequenced utilizing the Illumina platform (Table 3). Raw reads ranged from 142,018,200 M to 32,595,990 M. After filtering, the reads were refined to a range of 325,866,758 M to 14,196,060 M. Clean databases range in size from 4.89 GB to 2.13 GB, while raw databases also fall within the 4.89 GB to 2.13 GB range. The sequencing results met the criteria for re-sequencing data analysis because the clean data Q20 ranged from 93.26% to 98.64%, the clean data Q30 ranged from 85.33% to 96.09%, and the GC content ranged from 45.59% to 48.50%.



TABLE 3 Quality of re-sequencing data for 18 strains of H. radicata.
[image: Table3]

H. radicata IJFM A160 (GenBank accession: GCA_015501595.1) was used the reference genome for this study. Table 4 presents a comparison of the resequencing results from 18 H. radicata samples with the reference genome. More than 57.62% of the entire dataset successfully aligned to the reference genome in a double-ended manner, while over 32.90% of the total data showed precise matches with the reference genome. Moreover, over 67.21% of the total data were mapped to the reference genome. These findings highlight discrepancies between the experimental material and the reference genome, suggesting the need for further investigation to accurately characterize the genetic differences among these 18 samples. Such an analysis could offer valuable insights into the genetic variability of H. radicata.



TABLE 4 Statistics of genome alignment and coverage.
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3.2 SNP and InDel sites of the strain of H. radicata

After aligning with the reference genome, we identified 12,050,448 SNP sites and 2,335,179 InDel sites (refer to Table 5). Strain Or020 exhibited the fewest SNPs (502,973), while strain Or024 presented the highest count (692,787). The transitions ranged between 359,326 and 488,733, and transversions were observed between 143,627 and 204,054. InDel sites varied from the lowest in strain Or020 (92,542) to the highest in strain Or024 (136,963). Insertion sites ranged from 43,041 to 63,571, and deletion sites were observed between 49,501 and 73,392. Additionally, ANNOVAR software annotated the identified SNPs and InDels, and the annotations are displayed in Figure 2. Among the 18 H. radicata strains, SNPs located in the exon region constituted 53% of all identified SNPs. Among these, 70% were synonymous mutations, and 30% were non-synonymous mutations (Figure 2A). Regarding InDels, 22% of the total were located in the exon region, 27% in the intronic region, and 12% in the intergenic region (Figure 2B).



TABLE 5 SNP and InDel variation of 18 strains of H. radicata in comparison with the reference genome.
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FIGURE 2
 Localization and functional annotation of genetic variations in H. radicata strains. SNP functional annotation (A); InDel functional annotation (B).




3.3 Analysis of the population genetic structure of H. radicata

PLINK 1.9 was employed to filter SNPs across the entire genome using the parameter “-Indep-pairwise 50 5 0.5”, based on the outcomes of the preceding investigation. For population stratification, 176,640 SNPs with loose linkages were utilized. The population structure was examined using ADMIXTURE version 1.3.0 for K values ranging from 2 to 5, and the ideal K value was determined through cross-validation error (CV). It is important to note that the model has higher reliability when the error rate at K = 2 is low, indicating that the most appropriate number of subgroups is two. Additionally, Figure 3A displays the result of the simulation analysis at different K values. At K = 2, the 18 germplasms were divided into two subgroups (red and blue), with strains Or004 and Or020 showing different levels of mixing between these two subgroups. This is speculated to be the result of genetic drift. When K = 3, strains Or004 and Or020 were categorized into a distinct subgroup, while strains Or001 and Or002 exhibited genetic elements from both subgroups, marking the beginning of further divergence between the two groups. At K = 4, strain Or020 branched off into its own subset, and at K = 5, strain Or002 also formed a new subgroup. The stable and genetically similar breeds were generally divided into two subgroups. Strains Or001, Or002, Or004, and Or020 are examples of strains that possess genetic components from two or more subgroups. As the number of subgroups increased, the phenomenon of genetic drift became more pronounced.

[image: Figure 3]

FIGURE 3
 Cross-validation error rates (A) and the genetic structure of the H. radicata population (B) simulated by different K values.




3.4 Comparison of mycelial growth rate between two subgroups of strains

The mycelial growth rate of strains in subgroup I ranged from 1.23 ± 0.074 cm/d to 1.53 ± 0.172 cm/d, while that of strains in subgroup II varied from 1.55 ± 0.086 cm/d to 1.77 ± 0.165 cm/d. The specific mycelial growth rates of each strain are shown in Figure 4. Statistical analysis revealed that strains in subgroup I grew significantly slower than those in subgroup II (p < 0.0001). This indicates that under identical culture conditions, strains in subgroup II have a significant advantage in terms of the mycelial growth rate index.

[image: Figure 4]

FIGURE 4
 Comparison of mycelium growth rate among different strains of H. radicata. The value bar with **** indicates p < 0.0001.




3.5 Comparison of single bag yield of two subgroups of strains

We collected yield data for all strains throughout their growth period and calculated the yield per bag, as shown in Figure 5. The yield of strains in subgroup I ranged from 64.10 ± 22.513 g/bag to 222.9 ± 13.930 g/bag, while the yield of strains in subgroup II varied from 47.08 ± 11.267 g/bag to 197.55 ± 51.631 g/bag. Although the average yield of strains in subgroup I was higher than in subgroup II, both subgroups contained strains with both high and low yields. Overall, the yield of strains within the two subgroups varied widely, showing no significant differences between them (p = 0.0593).

[image: Figure 5]

FIGURE 5
 Comparison of yield between two subgroups of H. radicata. The symbol “ns” indicates not significant.




3.6 Comparison of the quantity and characteristics between two subgroups of strains

As shown in Figure 6, the pileus diameter, pileus thickness, stipe diameter, and stipe length were measured for each strain. The strains from subgroup II had significantly larger pileus diameters (p < 0.001), pileus thickness (p < 0.01), and stipe diameter (p < 0.05) compared to those from subgroup I. However, there was no significant difference in stipe length between the two subgroups. On the whole, the strains in subgroup II exhibited larger pileus diameters, thicker pilei, and larger stipe diameters than those in subgroup I.

[image: Figure 6]

FIGURE 6
 Comparison of fruiting body characteristics between two subgroups of H. radicata. (A) comparison of pileus diameter (p < 0.001); (B) comparison of pileus thickness (p < 0.01); (C) comparison of stipe diameter (p < 0.05); (D) comparison of stipe length (p = 0.4174). The symbol “ns” indicates not significant, the symbol “*” indicates p < 0.05; the symbol “**” indicates p < 0.01; the symbol “***” indicates p < 0.001.




3.7 Population principal component analysis of H. radicata

Based on the extent of SNP differences detected in individual genomes, individuals were clustered into different subgroups and groups according to principal components, as depicted in Figure 7. Each point in the figure represents a sample, with greater distances between two points indicating more significant differences in the genetic backgrounds of the corresponding samples. The categorization of strains into two distinct groups, as determined by their locations and distances on the two-dimensional graph, aligns well with the results of the population genetic structure analysis (see Figure 8).

[image: Figure 7]

FIGURE 7
 Principal component analysis (PCA) of 18 H. radicata strains. The numerical colors in the figure represent the strain names, and identical colors indicate similar geographical locations of the strain sources.


[image: Figure 8]

FIGURE 8
 Phylogenetic tree of H. radicata based on SNP data. Red line A represents strains from Fujian, Jiangsu, and Shandong provinces; Green line B includes strains from Henan, Hubei, and Hunan provinces; blue line C comprises strains from Guizhou and Sichuan provinces.




3.8 Cluster analysis of strain resources of H. radicata

The SNP identification data were used to construct a phylogenetic tree, which aided in understanding the evolutionary relationships among H. radicata populations from various geographical locations. According to the data, the strains in the two subgroups originated from four main branches. The first significant branch includes Or009, Or012, Or013, Or014, Or017, Or018, Or019, Or023, and Or024, which are present in Sichuan, Henan, Jiangsu, Hubei, Hunan, and Guizhou provinces. The second major branch comprises five strains: Or007, Or022, Or015, Or034, and Or003, found in Shandong and Fujian provinces. The third branch consists of strains Or001, Or002, and Or004, all located in Zhangzhou, Fujian Province. The unique strain Or020 originates from Jiayu, Hubei Province. As observed, strains conserved within the same region are closely related. There is minimal genetic difference between the strain populations from Shandong Province and Fujian Province. Strains from Hunan Province and Guizhou Province, as well as those from adjacent provinces, are genetically closer to those from Sichuan Province. Overall, the genetic analysis reveals a close relationship between the strains and their geographic distribution.




4 Discussion

We re-sequenced strains from various regions and successfully obtained a minimum of 2.3GB of clear data, with a Q30 exceeding 85.33% for each strain. The average genome coverage reached 71.93%. All strains were identified with a reference genome ratio of 12,050,448 SNP sites and 2,335,179 InDel sites. Using the SNP data for group genetic structure, principal component analysis, and constructing a systematic evolutionary tree, 18 strains were categorized into two subgroups. Furthermore, a statistical analysis of the growth rate, yield and fruiting body characteristics of the germ strains in the two subgroups revealed similarities within each subgroup and significant differences between them. The acquisition of this data contributes to understanding the genetic evolution of H. radicata.

The study of the evolution of edible fungi is a burgeoning topic. Numerous variables influence the diversification of mushroom populations, including geographical location. Several studies indicate that resequencing technology significantly enhance the effectiveness and accuracy of analysis by exploring the genetic diversity of germplasm resources of edible fungi in different regions (Bao and Xie, 2020). Branco et al. (2017) re-sequenced 55 strains of Suillus brevipes to analyze the differentiation process of these strains from different parts of the United States. They found that temperature was related to the genetic evolution of these strains, and some genes responsive to low-temperature stress were also discovered. Re-sequencing 33 Pleurotus eryngii populations from Europe and the Gobi Desert environment in China, Dai et al. (2024) discovered several genes involved in stress response and DNA repair connected to the adaptation to the Gobi Desert environment. Re-sequencing Agaricus bisporus strains from the Tibetan Plateau and the United States revealed significant independent divergence, as reported by Sun et al. (2019). Additionally, scientists identified a few crucial genes related to the cell wall and membrane that may play a role in the mushroom’s growth and development as well as its defensive mechanism against a hostile environment. The genes identified in the study employed to enhance the mushroom’s ability to adapt and survive in extreme environments. Moreover, the genetic diversity of the strains was analyzed at the later stages of mushroom molecular breeding. Zhu et al. (2019) re-sequenced Ganoderma lucidum isolates from South Korea and China and found many altered genes. The cultivation practices of mushrooms also impacted mushroom populations differently. Wild and domesticated Chinese Lentinula edodes were re-sequenced by Xiao et al. (2016). They separated the strains into three subgroups and filtered out 18 genes causing population variations, some of which were connected to stress responses. Re-sequencing 26 strains of Sarcomyxa edulis by Tian (2019). The results showed that the genetic distance between wild strain T24 and many cultivated strains was close, and there was gene exchange. It is speculated that these cultivated strains may have evolved from T24 strains. Shen et al. (2020) re-sequenced 28 wild and domesticated strains of Flammulina filiformis into five subgroups that were compatible with the breeding history of F. filiformis. Resequencing offers the benefit of obtaining information on variant genes as well as variable loci, crucial for environmental adaptation and population divergence. This has the potential to provide insight into the development of new varieties and offer new genetic resources for future breeding. It is also useful for understanding species genetic diversity.


4.1 Genetic diversity analysis of strains

Currently, numerous articles explore the genetic diversity of edible fungi, such as Agaricus blazei (Wan et al., 2021), Pleurotus eryngii (Lin et al., 2023), Lentinula edodes (Wu et al., 2023), and Agaricus bisporus (Gu et al., 2013). These studies employ SSR, ISSR and other molecular marker technologies to cluster strains. In contrast, our study utilizes resequencing technology to analyze individual differences between strains at the genomic level. Our findings demonstrate that resequencing technology is highly effective in analyzing the genetic diversity of strains.

In our study, significant differences in genetic variation between different strains were observed. Through sequencing analysis, we identified substantial variations in genetic makeup among breeds. Notably, strain Or020 exhibited significantly fewer SNPs and InDels compared to other strains, followed by strains Or004 and Or034. The presence of fewer mutation sites suggests more conserved sequences in the evolutionary process, indicating higher genetic stability. These strains may be better suited as primary cultivars. Simultaneously, it is noteworthy that among the detected SNPs, variations in all transmutation types were almost twice as many as in transversion types. This variation predominantly occurred in the exon region (53%) and intronic region (16%), encompassing crucial information for protein synthesis and covering most functional variations related to individual phenotypes. Increased variation in these two regions may resulted in greater phenotypic differences between strains, warranting further investigation into this variation. Regarding the detected InDel variants, the number of deletions and insertions was similar. Mutations in the coding region may lead to changes in protein structure and function, thereby influencing the properties of H. radicata. The SNP data were utilized for a group genetic structure analysis dividing the test strains into two subgroups (Figure 3B).

The blue-marked subgroups primarily consisted of strains from Fujian and Shandong, including the main Shandong variety Or034. The number of mutations detected in these subgroups was slightly higher than in the other population, suggesting a higher degree of variability in evolution. Strains with greater variability may hold greater potential for molecular breeding. Conversely, the red-marked subgroups mainly comprised strains from inland areas such as Sichuan and Hunan. The number of variations detected in these strains was slightly lower, indicating a more conservative evolution and stable inheritance of desirable traits. In future breeding efforts, we propose crossbreeding strains from the two subpopulations to obtain heterosis strains, playing a significant role in future production. Additionally, it is essential to collect more varieties for domestication, and expand the germplasm bank of H. radicata.



4.2 Diversity analysis of fruiting body characters

A comprehensive statistical analysis of yields and fruiting body characteristics across all strains revealed significant differences between the two subgroups in multiple aspects. Thile there is more similarity among strains within the same subgroup, notable differences exist between the two subgroups. Subgroup II demonstrated significant advantages in terms of mycelial growth rate and fruiting body characteristics. However, there was no significant difference in yield traits between the two subpopulations, possibly attributed to greater strain yield variation within subpopulations. In subsequent studies, we recommend hybridizing strains from the two subgroups to select superior strains.

Although the fruiting body characteristics exhibited remarkable quality, the average yield was slightly lower. The comprehensive analysis of cultivation data and biological results demonstrated good consistency, indicating that the selected traits in this study effectively represent the differences and commonalities among strains. These distinctions and similarities are primarily derived from the genetic material of the strains. The study revealed genetic differences among strains but commonalities in yield and fruiting body traits within the same subpopulation. These strains share a common background, potentially representing different strains of the same variety even the same variety. Apart from genetic material, these phenotypic differences and commonalities may also be linked to gene expression and metabolic pathways, which will be the focal point of our future research in analyzing the association between genotype and phenotype.

Furthermore, we observed that strain Or019 exhibits characteristics such as fast mycelial growth, high yield and good fruiting body traits, suggesting its potential as a major cultivar. Similar studies conducted by Lin et al. (2023) on Pleurotus eryngii have shown a strong correlation between SNP markers and fruiting body traits, aligning with our findings. In upcoming research, we plan to conduct multi-year cultivation experiments across various regions to investigate the stability of strain yield and fruiting body characteristics. We aim to collect more trait indicators through phenotypic analysis and develop molecular markers for association analysis using the detected variation sites. This will provide essential technical support for variety identification, trait prediction and crossbreeding. Additionally, testing strains’ tolerance to biological and abiotic stresses, screening dominant strains, and optimizing cultivation techniques are envisioned to enhance H. radicata quality and yield.




5 Conclusion

In this study, we conducted whole-genome re-sequencing on 18 strains of H. radicata sourced from different regions in China. The integration of bioinformatics analysis with population genetics allowed us to extract quantitative and positional information about SNPs and InDels. Additionally, the mycelial growth rate, yield, and fruiting body characteristics of the strains were collectively considered to explore commonalities and differences within the population. The 18 materials were categorized into two subgroups, each demonstrating its own set of advantages. Notably, strains within the same subgroup exhibited consistency in both yield and fruiting body characteristics.

For future endeavors, strains from each of the two subgroups can be chosen as parents and crossbred according to breeding objectives, aiming to obtain strains with excellent traits from both subgroups. The molecular markers we identified stand as valuable tools for genetic diversity analysis, gene localization of desirable traits, and the selection of high-quality germplasm in H. radicata.
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Appendix

Agarose gel electrophoresis of the DNA. M: 1 Kb plus DNA ladder marker; 1–18: 18 strains of H. radicata.
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Species anodermatiderum  T. koningiopsis aratroviride  T. harzianum virens  T. guizhouense T hamatum  T. asperellum T. citrinoviride

TI-TI6, T30, T32,T36,T37, 126,127,733, 139,  TI7,T18,T34, T35, 20,721,
Strains T23,T24,T25 T41, T42 T28 TI9 T31
38, T46, T48 T40, T43, T4d, T45 T47 T22
Total 23 8 5 3 3 2 1 1 1
“Percentage 48.93% 17.02% 1064% 6.38% 6.38% 4.26% 213% 213% 213%

‘Percentage =n/Nx 100%, where 1 is the number of isolates for one species of Trichoderma, and N is the total number of isolates for all Trichoderma species.
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Species Conidiophores and phialides

“Tree-like, straight or slightly curved, with visible main axis and densely
. ganodermatiderum | distributed branches. Phialides arranged in pairs or 3-5 wheels, 2.5~

100x22-3.5pm (Figures 24-D)

Opposite or alternate, tree-like, with long main axis and short secondary
. citrinoviride branches. Phialides with 2-3 in 1 round, 3.5-5.2x 1.8-3.5pm

(Figures 2H-K)

Main axis straight and highly branched, lateral branches opposite, few
T hamatum solitary. Phialides dense, short and chubby, 5-7.5x 3.0-4.4m
(Figures 2M,N)
“Tree-like, lteral branches opposite, nearly perpendicular with main

. asperellum
axios. Phialides symmetrically distributed, 7-11x2-4 pm (Figures 20-5)

Conidiophores in 2-3 whorls, occasional solitary growth. Phialides
T, guizhouense symmetrically distributed, conical, with a thin top, 5.5-11x2-3.5 ym

(Figures 2V-X)

“Tree-like, resembling a pyramid, main axis straight, many secondary

T harzianum branches. Phialides short, arranged in a circular pattern, usually in 3-4

whorls, occasionally opposite. (Figures 34,5)

Irregular branching at the top, complex, with no branching at the base.
s, 4.0-6.5 3.0-5.0pm (Figures 3D,E)

. virens

Main axis s long, with branches in pairs or whorls, phialides usually
. paratroviride

arranged in 2-4 rounds, 5.0-8.5% 2.5-3.0pum (Figures 3G-I)

‘Tree-like, longer main axis, branches growing alone or in pairs, at right

dle enlarged, 5.0-7.5%3.0-

. koningiopsis angles to the main axis. Phialides slender,
48m (Figures 3K-M)

Conidia

Green, smooth-walled, subglobose to
ellipsoidal, 3.0-4.8 (2.5-) 2.8-3 8pm
(Figures 2E-G)

Chartreuse to green, smooth,

ellipsoidal, 2.9-4.0x 1.8-2.2in s

m (Figure 21)

Light green, smooth-walled, oblong,
4.1-5.0x(2.5-) 3.0-3.5um

(Figure 20)

Ellipsoidal, 3.5-5.0x3.0-4.2pm
(Figure 2T)

Spherical or subglobose, green, 2.0~
32x20-30pm (Figure 2Y)

Spherical, subglobose, or obovate,
smooth-walled, light green, 2.5-3.9
(~4.0)x2.5-3.5pm (Figure 3C)
Green, smooth, broadly ellipsoid to
obovate, 3.5-5.0x2.8-4.0pm
(Figure 3F)
Subglobose, green, smooth, 3.0~
4.0x3.0-3.5pm (Figure 3])

Ellipsoidal, green, 40-5.0x 2.8~
3.2pm (Figure 3N)

Chlamydospores

Not found

Not found

Spherical, terminal and
intercalary, 8-12x 6-10pm
(Figure 2P)

Subglobose, terminal or
occasionally interstitial,
smooth, 7-10pm (Figure 2U)
Subglobose to ellipsoidal,
8.6x4.7-

intermediate, 5.

7pm (Figure 27)

Not found

Not found

Not found

Spherical, green, 7.5-10.4 m
(Figure 30)
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Characteristic

Gene number

MA M

Comparison results for genomic components

‘Comparison results for TCDB database

Comparison results for CAZymes database

Comparison results for secretory protein prediction

Comparison results for cytochromes P450 database

Comparison results for gene clusters of secondary metabolites

Genome size (bp) 34136716 31,430,498
Gene number 8,356 9,167
Gene total length (bp) 12,839,852 12,719,201
Gene average length (bp) 1,537 1,387
Gene length/Genome (%) 37.61% 4047%
Channels/pores a2 38
Electrochemical potential-driven transporters 119 118
Primary active transporters 122 127
Group translocators 8 8
Transmembrane electron carriers 0 0
Accessory factors involved in transport 2 | 33
Incompletely characterized transport systems 4 50
Glycoside hydrolases (GHs) 185 192
Glycosyltransferases (GTs) 79 90
Auxiliary activity (AAs) 63 64
Carbohydrate-binding modules (CBMs) 47 50
Carbohydrate esterases (CEs) 33 | 27
Polysaccharide lyases (PLs) n | 12
Signal protein 467 558
TMHMM protein 1,201 1,551
Secreted protein 333 | 384
P450, CYP52 4 | 5
E-classP450, CYP2D 1 1
Undeterminded 15 2
CytochromeP450 9 14
E-classP450, group 1 84 82
E-classP450, group IV 7 8
Pisatindemethylase-like 3 3
Terpene 8 | n
NRPS-like, TIPKS 2 2
NRPS 1 1
NRPS-like 3 4
TIPKS 1 1
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Gene name and definiti EC No. KO term
hexPS, COQI; hexaprenyl-diphosphate synthase 25.182,25.183 K05355 A1965
PCYOXI, FCLY; prenylcysteine oxidase/farnesylcysteine lyase 1835, 1836 K05906 A2517
DHDDS, RER2, SRT1; ditrans, polycis-polyprenyl diphosphate synthase 25187 K11778 A3541
HMGCR; hydroxymethylglutaryl-CoA reductase (NADPH) L1134 K00021 A3675
FDPS; farnesyl diphosphate synthase 2511,25.110 K00787 A491
[E2.3.3.10; hydroxymethylglutaryl-CoA synthase 233.10 Ko1641 A4708
E23.1.9, atoB; acetyl-CoA C-acetyltransferase 2319 K00626 A5693
STE24; STE24 endopeptidase 342484 K06013 A7679
ENTB; protein farnesyltransferase subunit beta 25158 K05954 A7968
MVD, mvaD; diphosphomevalonate decarboxylase 41133 K01597 A8252
ENTA; protein fanesyltransferase/geranylgeranyltransferase type-1 subunit alpha 25158 25.1.59 K05955 A1633
E2.7.42, mvaK2; phosphomevalonate kinase 2742 K00938 A1934
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Parameter Value

Genome size 34,136,716 bp
Gene number 8,356
Gene total length 12,839,852 bp
» GC content (%) 51.62
Gene length/Genome (%) 3761
Gene average length 1,537 bp
Gene internal length 21,296,864 bp
Gene internal GC content 46.59
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