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Abstract

:

The Orchidaceae family is a diverse family of flowering plants that occur naturally in most parts of the world. However, fungal communities inhabiting different parts of orchids are not sufficiently described. The aim of the study was to conduct a mycological evaluation of Epipactis helleborine and E. purpurata (Orchidaceae), which grow naturally in Lower Silesia (SW Poland), by identifying the species composition of the culturable micromycetes fungi on the surfaces of the plants and from the inner layers of the tissues. Fungi were identified based on a phenotypic and genotypic analysis. To our knowledge, this is the first such analysis. This study showed that more species of micromycetes were cultured from E. helleborine compared with E. purpurata. The flowering plants of E. helleborine were inhabited by the largest number of culturable fungal species (13 species), and the fewest species were isolated from the flowering plants of E. purpurata (eight species). Some of these fungal species may be pathogens of the plants. The surface tissues of the orchids were mainly inhabited by Mucor moelleri and/or Penicillium biourgeianum. The inner layers of these plants were the most colonized by Alternaria tenuissima and/or Arthrinium arundinis and/or Fusarium sporotrichioides. The relative dominance of these fungal species depended mainly on the development phase of the plants.
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1. Introduction


Fungi, both micromycetes and macromycetes, are ubiquitous and organotrophic eukaryotes [1]. They are an important component of the biocenosis of many ecosystems because they allow their proper functioning. Fungi can function as parasites, saprotrophs or symbionts of plants and animals [2,3,4,5,6]. It seems that pathogenic and symbiotic fungi are particularly important for many plants, such as orchids, among others [7,8].



The Orchidaceae family is one of the largest and widespread family of flowering plants growing wild in most parts of the world, with the exception of polar and desert regions. Nevertheless, many species of orchids are locally distributed and generally rare. These plants are particularly associated with groups of fungi, including mycorrhizal, because of their initially mycoheterotrophic lifestyle and internal symbiotic fungi (endophytic) [7,8,9]. Orchids are plants that are obligatorily dependent on their symbiotic fungi during the protocorm stage and, in mycoheterotrophic species, throughout their life cycle [10]. For example, mycorrhizal fungal communities affect the establishment and growth of orchid seedlings, and can also indirectly participate to the process of speciation in orchids [11,12,13,14,15,16,17].



In the genus Epipactis, non-Rhizoctonia fungi were detected by Salmia [18] in small root pieces of a green and a white plant of Epipactis helleborine from Finland, i.e., Cylindrocarpon destructans, Humicola fuscoatra, Morchella sp., Mortierella nana and Sordaria fimicola. Detailed research conducted by Jacquemyn et al. [15] on the fungal communities of Epipactis palustris, E. helleborine and E. neerlandica in Belgium showed the presence of endophytic and ectomycorrhizal fungi in the roots of orchid plants. Ectomycorrhizal ascomycetes are also reported in E. helleborine, i.e., Tuberaceae [19,20,21], as well as fungi species of Pyronemataceae [22] and Herpotrichellaceae [21,23]. Researchers agree that most green orchids, including E. helleborine, associate with a Rhizoctonia-like fungi belonging to Tulasnellaceae, Ceratobasidiaceae and Serendipitaceae [8,21,24,25,26,27].



Thus, the occurrence of orchids in specific types of habitats may not only be associated with the presence of mycorrhizal partners, but also with other mycobiota naturally occurring in these habitats [15]. However, despite detailed research [15,21,28], it is still uncertain whether these species’ compositions of the natural mycobiota colonizing ecologically diverging Epipactis ssp. are rather constant and undergo only slight modifications, conditioned by habitat and geographic differences, or if the populations of the same Epipactis species can differ significantly in the composition of fungal species. The answer to this question is important in the context of the discussion on the taxonomy of the Epipactis genus, especially the definition of the separate species.



Although the research on fungi associated with orchids is carried out using molecular methods, the results obtained are not very specific, and often they will not allow the identification of a genus, and certainly not a species [8,12,13]. It is impossible to identify the species of fungi with great accuracy and even less so to determine the role that a given taxon plays in the environment using only molecular methods [2].



The mechanism of mycorrhiza of various orchid groups is already well understood, however, information on the species of fungi inhabiting different parts of these plants is still insufficient. It is widely believed that some fungi, especially endophytes, can have a positive effect on host plants by limiting the negative effects of biotic and abiotic factors on their development [29,30,31,32].



The aim of our research was (i) to precisely identify species of culturable fungi colonizing the tissue/plant bodies of two mixotrophic species of the genus Epipactis using both molecular methods and conducting fungal cultures, (ii) to identify fungal communities of Epipactis helleborine and E. purpurata and (iii) to compare the fungal communities between the internal and external parts of orchids’ tissues and the different development phases of the orchids.




2. Materials and Methods


2.1. Sample Collection


Samples were collected from two ecologically diverging species of the mixotrophic Epipactis section, i.e., Epipactis helleborine (L.) Crantz and E. purpurata Sm. Three plants from the three studied populations in Lower Silesia (SW Poland) were taken for testing in the autumn of 2018 (October—fruiting plants) and in the summer of 2019 (July—flowering/green plants). The plant material was collected from natural populations of E. purpurata Sm. from the Nieszczyce (in 2018) and Błyszcz nature reserves (in 2019), as well as Epipactis helleborine (L.) Crantz from Trestno (throughout 2018–2019). GPS coordinates are available from the authors upon request. The plants were dug up using a sterile spatula and placed into sterile sampling bags. The samples were transported the same day to the laboratory and were stored at 7 ± 0.5 °C until the mycological analysis, which was carried out within 3 days.




2.2. Study Area


Rhizomes and stems of E. purpurata were taken from two populations in SW Poland, differing in the status of habitat protection:



(I) Nieszczyce, Lubin County—a highly modified Central European oak-hornbeam forest, Galio-Carpinetum. The accompanying trees include Quercus petraea, Q. robur, Carpinus betulus and Fagus sylvatica;



(II) “Błyszcz” Nature Reserve, Legnica County—the natural plant cover here is oak-hornbeam and riparian forests. The population of E. purpurata grows linearly along the border of the reserve, a forest alley of 200-year-old oaks. In both locations, E. purpurata was accompanied by autogamous E. albensis;



(III) Rhizomes and stems of E. helleborine were collected from the population located in Trestno, (SW Poland, Wrocław County) in the regenerative forest and bush communities referring to the riparian habitat or riparian woodland classified into the Salicetea purpureae class. The accompanying trees include Quercus petraea and Q. robur, Crataegus monogyna, Crataegus laevigata, Crataegus × media, Salix sp. and Robinia pseudoacacia.




2.3. Isolation of Fungi from Host Plant


Five different fragments (roots, rhizomes, stems, leaves and inflorescences) of two orchid species (E. helleborine and E. purpurata) were used for the mycological analysis. The experiment was carried out on both disinfected (D) and non-disinfected (ND) plant fragments. In total, 90 plant fragments from each of the five plant parts tested were used for each orchid species (450 fragments were used for all examined parts of a given species). The five examined parts of the orchid species came from three independent plants, from which 15 fragments were collected for each studied part (in total, three dishes were used, each with 5 plant fragments). Thus, 45 of the 90 plant fragments tested (per plant part) of a given orchid species were surface disinfected and the other 45 were not disinfected. In the first variant of the experiment, the plants were surface disinfected in sodium hypochlorite (disinfection conditions for individual plant fragments determined experimentally: roots, flower rhizomes and stems in 1.0% NaOCl for 1 min, and leaves and inflorescences in 1.0% NaOCl for 30 s), dried on sterile filter paper and plated on a sterile potato dextrose agar (PDA) (Biocorp, Warszawa, Poland). Next, in the second variant of the experiment, the plants were plated into the PDA medium in Petri dishes without disinfection. In both cases, the incubation of the plants on the Petri dishes was carried out at 23 ± 1.0 °C for 4–28 days in darkness.




2.4. Fungal Identification


In the first step, the obtained fungi micromycetes were identified using classic methods such as a macro- and microscopic evaluation of the culture on the PDA medium. Plates with fungi were cultured at 23 ± 1.0 °C for 5–14 days. The observations were analyzed according to available monographs [33,34,35,36,37,38,39,40,41,42,43]. Microscopic slides were dyed with lactophenol cotton blue (LPCB), Sigma, Saint Louis, MO, USA), and photographs were taken with an Axio Image.M1 (Zeiss, Göttingen, Germany). Macroscopic photographs were taken with a Nikon Coolpix S3700.



To confirm the species affiliation, the fungal internal transcribed spacer region (ITS) was sequenced. DNA was extracted for a 21-day-old culture on PDA by using Bead-Beat Micro AX Gravity (A&A Biotechnology, Gdańsk, Poland) according to the manufacturer’s instructions. Fungal rDNA was amplified using the primers ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) [44]. PCR was performed in a T100 Thermal Cycler (Bio-Rad, Berkeley, CA, USA), according to Ogórek et al. [2]. The PCR products were verified by electrophoretic separation on a 1.2% agarose gel, and subsequently purified using Clean-UP (A&A Biotechnology, Gdańsk, Poland) and sequenced by the sequencing service at Macrogen Europe (Amsterdam, Netherlands, http://dna.macrogen.com/eng/).




2.5. Alignment


The PCR product sequences were analyzed using the BioEdit Sequence Alignment Editor (http://www.mbio.ncsu.edu/bioedit/bioedit.html). Then, the obtained ITS sequences were compared with those deposited in the GenBank of the National Center for Biotechnology Information (NCBI, Bethesda, Rockville, MD, USA) using the BLAST algorithm (http://www.ncbi.nlm.nih.gov/), and submitted into this database (Table 1).





3. Results


All fungi obtained from all the experimental variants were classified into 15 different fungal isolates. Phenotypic studies showed that the isolates obtained belonged to 15 species which varied phenotypically and showed different growth rates, different aerial structures as well as different mycelium pigmentation on the reverse and upper colony on the PDA medium (Figure 1). The isolated fungi also showed diversity in the production of different microscopic morphological structures (Figure 2).



The comparison of these microscopic and macroscopic observations of culture allowed for their initial identification matched to 15 species (three of them belonged to the phylum Zygomycota and the remaining to Ascomycota): Absidia cylindrospora, Alternaria alternata, Alternaria tenuissima, Arthrinium arundinis, Aspergillus fumigatus, Epicoccum nigrum, Fusarium oxysporum, Fusarium sporotrichioides, Fusarium tricinctum, Ilyonectria robusta, Mucor hiemalis, Mucor moelleri, Penicillium biourgeianum, Penicillium manginii and Trichoderma viride. Genetic analyses were carried out in order to confirm the preliminary phenotypic classification. The size of the PCR products obtained by using primers ITS1 and ITS4 were in the range of 391 to 570 bp. All the nucleotide sequences for the fungal species found in this study were submitted to GenBank under the accession numbers from MN817778 to MN817792. In the BLAST analysis done, the E values were zero, and the percentage of query cover and identity were in the range 99.0–100% and 95.34–100%, respectively (Table 1).



Overall, more species of fungi were isolated from E. helleborine compared with E. purpurata, and the flowering plants of E. helleborine were inhabited by the largest number of culturable fungal species (13 species). In turn, the fewest species were isolated from the flowering plants of E. purpurata (eight species). In the case of E. helleborine, more fungal species were isolated from the disinfected parts of the plants compared with the non-disinfected ones. On the other hand, the surface of the non-disinfected flowering plants of E. purpurata contained more fungal species (eight) than the disinfected ones (five). However, there were no differences in the number of fungal species (eight species each) for the fruiting plants of E. purpurata (Table 2 and Table 3, Figure 3).



Reverse trends were found for the disinfected and non-disinfected individual parts of both plants. Namely, the individual non-disinfected parts of both examined orchids were inhabited by a greater number of fungal species than the disinfected ones, except for the roots of the fruiting plants of E. helleborine and leaves of the fruiting plants of E. purpurata (in both cases, the same number of species was found on both experimental variants)—Table 2 and Table 3.



The inner layers of the tissues of the E. helleborine fruiting plants were most often inhabited by Fusarium sporotrichioides, taking into account the occurrence of a given species on all examined parts of these plants. This species of orchids accounted for 29.4% of all obtained fungi. For the surface tissues of these plants, M. moelleri and P. biourgeianum were the most commonly isolated species—both 17.8% each (Figure 3). On the other hand, the surface disinfected flowering plants of E. helleborine were most often colonized by A. tenuissima and A. arundinis (both 21.4% each), and the surface tissues of these plants were mainly inhibited by P. biourgeianum (23.8%)—Figure 3. In many cases, the most abundant species on the surface and internal tissues of E. purpurata were also repeated on E. helleborine. Alternaria tenuissima was the most often isolated species from the inner layers of the flowering plants’ tissues of E. helleborine, and P. biourgeianum from the surface tissues of it (41.7% and 27.8%, respectively). In turn, the surface tissues of the fruiting plants of E. helleborine were most often colonized by M. moelleri (19.0%), and the inner layers of these plants were mainly inhibited by A. tenuissima and F. sporotrichioides (both 21.4% each)—Figure 3.



The internal tissues of the roots of both orchids contained the most species of fungi among all the examined disinfected plant fragments, with the exception of rhizomes and inflorescences of the flowering E. purpurata plants (Table 2 and Table 3). The least diverse mycobiota of the disinfected plant fragments was found for the rhizomes and stems in the case of the flowering E. helleborine plants and the rhizomes and inflorescences in the case of the fruiting plants of this orchid species (Table 2). In turn, the least numbers of species of fungi were isolated from the disinfected roots, stems and leaves of the flowering E. purpurata plants, and from the disinfected stems and inflorescences of the fruiting plants of it (Table 3). Among all the examined plant fragments, the surfaces of the roots and leaves of the flowering E. helleborine plants and the roots, rhizomes and leaves of the fruiting E. helleborine plants were colonized by the largest number of fungal species. Other non-disinfected plant parts were inhabited by a similar number of species for both developmental stages of this plant (Table 2). On the other hand, the most species of fungi were isolated from the surfaces of the rhizomes, stems and inflorescences in the case of the flowering E. purpurata plants, and the number of species cultured from other non-disinfected parts of this plant was at the same level. In the case of the fruiting E. purpurata plants, among all the examined fragments, the most species of fungi were isolated from the surfaces of the roots and rhizomes, and the leaves’ surfaces were inhabited by the smallest number of fungal species (Table 3).




4. Discussion


Currently, we know that especially basidiomycetes fungi (Ceratobasidiaceae, Sebacinales and Tulasnellaceae) play a key role in the Epipactis biology [4,15,45,46,47,48]. Additionally, Epipactis helleborine can also be associated with another group of important fungi, e.g., non-Rhizoctonia fungi, endophytic fungi of Helotiales and a large number of other ectomycorrhizal taxa [8,15,18,19,20,21,22,23,24,25,26,27]. However, there are no similar reports about E. purpurata. Moreover, these results are mainly obtained by pyrosequencing, therefore, fungi are identified at most to the genus. Additionally, to our knowledge, there is no complete mycological analysis of these orchid species. Therefore, we wanted to accurately identify the species of fungi associated with the selected species of orchids (E. helleborine and E. purpurata) and also to analyze the fungal species colonizing the surfaces of the individual anatomical fragments of these plants as well as their internal tissues. Hence, we used a culture-based analysis to obtain the fungal isolates from the plants and combined classical and molecular methods to identify the species of fungi.



The results of our research showed that E. helleborine and E. purpurata, despite large differences in their biology and ecology, are not characterized by significant differences in their culturable mycobiota. Our results are in contradiction to the results of Jacquemyn et al. [15], who stated that the Epipactis species found in different habitats were inhabited by different mycorrhizal fungal communities. Further, our results do not confirm the data obtained by Salmia [18] regarding the occurrence in E. helleborine of non-Rhizoctonia fungi species such as Cylindrocarpon destructans, Humicola fuscoatra, Morchella sp., Mortierella nana and Sordaria fimicola. Discrepancies in the results obtained may be caused by the type of research methods used and/or biotic and abiotic factors prevailing at the location of the studied orchid populations. We studied orchids from SW Poland, and the mentioned researchers from Finland and Belgium. Plant species are very often associated with a characteristic fungal community. Nevertheless, other factors also determine the composition of the mycobiota inhabiting the plants, e.g., type of method used for the mycological analysis (culture-based analysis or molecular techniques), geographical location and the prevailing conditions in the habitat [5,49,50].



It should be emphasized that a culture-based analysis has several disadvantages compared with molecular techniques [51]. The former method cannot detect non-culturable fungi. In addition, some researchers suggest that this method is of little use for detecting the propagation structures of Basidiomycota fungi in the environment because these fungi grow slowly. As a consequence, they can be overtaken by faster growing colonies, e.g., by fungi belonging to the Zygomycota phylum [52,53,54,55]. This may probably be one of the reasons for not isolating Basidiomycota in our research. Although Ogórek et al. [42] report that under certain conditions (few propagation units in the environment), using a culture-based analysis, even spores of Basidiomycota can be found in the atmospheric air. It should also be noted that this method helps to explain the potential ecological roles of fungi as well as other microorganisms in environments [2].



Using both morphological culture-dependent and PCR-based methods, we identified three species of the genus Fusarium (F. oxysporum, F. sporotrichioides and F. tricinctum). These fungi are cosmopolitan species and belong to the so-called soil-borne fungi [5,56]. However, they are widely recognized as pathogenic, but they may also have other functions in ecosystems, e.g., Fusarium can inhabit the rhizospheres of plants well as act as an endophyt. Further, Tan et al. [57] confirm the information on the potential antimicrobial importance of the culturable fungal endophytes Fusarium and Ilyonectria, isolated from Dysosma versipellis (Berberidaceae).



According to the literature, Fusarium species such as F. oxysporum, F. proliferatum, F. solani, F. subglutinans and F. fractiflexum can cause foliar and root diseases in orchids. In our study, F. sporotrichioides was the most frequently isolated fungi from the inner layers of the fruiting plants’ tissues of E. purpurata, and the flowering plants’ tissues of E. helleborine (together with A. tenuissima). This is a cosmopolitan mycotoxin producer and important fungal plant pathogen, but until now, it has not been associated with orchids [58,59,60]. In turn, F. oxysporum identified by us in E. helleborine and E. purpurata was found previously, among others, in Dendrobium lindleyi [61].



It should be noted that F. oxysporum can perform a particularly diverse function in the environment, and it is a complex species composed of the phytopathogenic, saprotrophic and endosymbiotic species’ strains. A large diversity within this species is the cause of its division into many formae speciales and races [59]. Therefore, on the one hand, this species is described as one of the most common plant pathogens, including orchids, and on the other, as a species used in the biological protection of plants [61,62,63]. The extracted chemical components of this species of Fusarium, as those authors reported, may be responsible for antifungal, antioxidant and antimutagenic activities [60]. This is also confirmed by other researchers [64]. The genus Fusarium was identified also from both the stem and leaf segments of other Dendrobium species, e.g., Dendrobium nobile, D. loddigesii, D. devonianum, D. thyrsiflorum and D. moschatum [65]. Xing et al. [32] report that also endophytic fungi cultured from different Dendrobium species may be beneficial to plants due to their antibacterial and/or antifungal properties. Moreover, Fusarium cultured from germinating seeds of Cypripedium reginae may induce the germination of C. reginae seeds in vitro [66,67,68].



The surface tissues of both orchids were mainly inhibited by M. moelleri and/or P. biourgeianum. The dominance of one of these fungal species depended mainly on the development phase of the plants. Mucor moelleri, like other representatives of this genus, is a cosmopolitan filamentous fungus inhabiting various environments. Mucor spp. are mainly saprotrophs inhabiting, e.g., dead plants, but they can also contribute to food spoilage. They may also cause localized cutaneous mucormycosis in immunocompromised mammals [34]. Penicillium biourgeianum, like another species of this genus obtained by us (P. manginii), is also a cosmopolitan filamentous fungus which mainly inhabits dead matter [69]. Nevertheless, P. biourgeianum can produce biologically active compounds with an antibacterial activity, e.g., penicillenol A2 synthesized by this species exhibits activity against Staphylococcus aureus. Moreover, this compound together with beta-lactam antibiotics reduces the methicillin-resistant S. aureus’s survival [70].



The literature data include the other potential antibacterial and antifungal activities of another species identified by us, i.e., cosmopolitan species such as E. nigrum. This fungi species, previously isolated from Sobralia sp. and Dendrobium thyrsiflorum, showed a stronger antibacterial activity than ampicillin sodium [34]. Baute et al. [71] reported that the compounds such as epicorazine A and B secreted by E. nigrum show activity against S. aureus. Additionally, this fungus is described as an antagonist against many fungal pathogens of plants, among others, against selected Fusarium species [72]. It should be noted that this species is commonly known as a saprophytic and endophytic organism, but may also be a weak or opportunistic pathogen of plants [73,74].



In our study, the inner layers of orchids were the most colonized by A. tenuissima and/or A. arundinis and/or F. sporotrichioides. The dominance of one of these fungal species also depended mainly on the development phase of the plants. A study conducted by Vaz et al. [75] showed that Alternaria and F. oxysporum can also secrete compounds with an antimicrobial activity.



Alternaria tenuissima is common in the environment as a saprotrophic or opportunistic plant pathogen [76]. This species produces the allergen Alt a1 as well as mycotoxins [77,78]. In rare circumstances, A. tenuissima may be a pathogen of immunosuppressed humans and animals [79]. This species also exhibited great activity against fungal plant pathogens such as F. oxysporum, Rizoctonia solani and Sclerotinia sclerotiorum. Moreover, isolate No. CH1307 of this fungal species produced homoharringtonine, which is an effective treatment for leukaemia [80]. Arthrinium arundinis is described as an endophyte and plant and mammal pathogen, and it is a commonly occurring, widely distributed species [40,81]. On the other hand, secondary metabolites (prenylated diphenyl ethers) secreted by this species show a selective antifungal activity against Mucor hiemalis, and exhibit an inhibitory activity against A. alternata. Moreover, these compounds show in vitro cytotoxicity against the human monocytic cell line [82].



An interesting species isolated from the surface of orchids and their internal tissues is T. viride because it is used as a biofungicide [83]. This species is a free-living fungus which commonly inhabits soil and root ecosystems, and produces a variety of compounds that increase plant vigor [84]. Biocontrol mechanisms of this fungal species are mainly based on mycoparasitism [83]. Thus, the presence of this fungus on the tested orchids may contribute to their protection against pathogens.



Microscopic fungi, including entophytic fungi, are a source of various bioactive metabolites and certainly play an important role in orchid biology. It seems that understanding the importance of non-mycorrhizal fungi and their role is no less important than understanding the mycorrhizal process. We believe that this study contributes to a better understanding of the relationship between orchids and the microscopic fungi that inhabit them. Nevertheless, in the near future, we want to study the mycobiota of other orchid species and determine the biotic relationships between fungi isolated from them as well as study the secondary metabolites secreted by these fungi.




5. Conclusions


This present study reported the colonization of internal and surface tissues of various parts of Epipactis helleborine and E. purpurata orchid samples in various different developmental phases collected in SW Poland by culture methods. To our knowledge, this is the first such analysis. The two ecologically diverging Epipactis species analyzed, although growing in diverse habitats, did not differ significantly in terms of the composition of natural mycobiota. The surface tissues of these plants were mainly inhibited by Mucor moelleri and/or Penicillium biourgeianum. On the other hand, the inner layers of orchids were the most colonized by Alternaria tenuissima and/or Arthrinium arundinis and/or Fusarium sporotrichioides. The dominance of one of these fungal species depended mainly on the development phase of the plants. Overall, some of these fungal species cultured during the study may be pathogens of the plants. However, it is possible that the presence in Helleborines of some species of fungi, especially such as A. tenuissima, Epicoccum nigrum, F. oxysporum, P. biourgeianum and Trichoderma viride, could be effective against both fungal and bacterial pathogens.
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Figure 1. Macroscopic observations of 7-day-old fungal culture (exception for D2: 14-day-old) isolated from Epipactis helleborine and Epipactis purpurata occurring in Lower Silesia (SW Poland) on a PDA medium: (A) Absidia cylindrospora, (B1,B2) Alternaria alternata, (C1,C2) Alternaria tenuissima, (D1,D2) Arthrinium arundinis, (E1,E2) Aspergillus fumigatus, (F) Epicoccum nigrum, (G) Fusarium oxysporum, (H) Fusarium sporotrichioides, (I) Fusarium tricinctum, (J1,J2) Ilyonectria robusta, (K1,K2) Mucor hiemalis, (L1,L2) Mucor moelleri, (M1,M2) Penicillium biourgeianum, (N1,N2) Penicillium manginii and (O1,O2) Trichoderma viride. 
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Figure 2. Microscopic observations of morphological structures of 2-week-old fungal culture isolated from Epipactis helleborine and Epipactis purpurata occurring in Lower Silesia (SW Poland) on a PDA medium: (A) Absidia cylindrospora, (B) Alternaria alternata, (C) Alternaria tenuissima, (D) Arthrinium arundinis, (E) Aspergillus fumigatus, (F) Epicoccum nigrum, (G) Fusarium oxysporum, (H) Fusarium sporotrichioides, (I) Fusarium tricinctum, (J) Ilyonectria robusta, (K) Mucor hiemalis, (L) Mucor moelleri, (M) Penicillium biourgeianum, (N) Penicillium manginii and (O) Trichoderma viride. Scale bars: 20 μm (A,F,K,L) and 10 μm (B–E,G–J,N,O). 
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Figure 3. Percentage of each fungal species contributing to the totals for the disinfected (D) and non-disinfected (ND) plants of Epipactis helleborine and Epipactis purpurata occurring in Lower Silesia (SW Poland). 
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Table 1. Fungal communities of micromycetes cultured from Epipactis helleborine and Epipactis purpurata occurring in Lower Silesia (SW Poland), and results of the BLAST analysis (all E values were zero).
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Fungi Isolated from Orchids

	
Identity with Sequence from GenBank




	
Isolate Number

	
Identified Species

	
GenBank Accession No.

	
The Sequence Length (bp)

	
Query Cover, %

	
Identity, %

	
Accession






	
UWR_170

	
Absidia cylindrospora

	
MN817778.1

	
514

	
99

	
95.34

	
JN205822.1




	
UWR_171

	
Alternaria alternata

	
MN817779.1

	
391

	
100

	
98.72

	
KF996773.1




	
UWR_172

	
A. tenuissima

	
MN817780.1

	
487

	
100

	
100.00

	
MN712241.1




	
UWR_173

	
Arthrinium arundinis

	
MN817781.1

	
451

	
100

	
100.00

	
MN593205.1




	
UWR_174

	
Aspergillus fumigatus

	
MN817782.1

	
539

	
100

	
99.07

	
MN178808.1




	
UWR_175

	
Epicoccum nigrum

	
MN817783.1

	
454

	
100

	
95.59

	
MG736195.1




	
UWR_176

	
Fusarium oxysporum

	
MN817784.1

	
473

	
100

	
100.00

	
MN240928.1




	
UWR_177

	
F. sporotrichioides

	
MN817785.1

	
435

	
100

	
99.77

	
MK595076.1




	
UWR_178

	
F. tricinctum

	
MN817786.1

	
497

	
100

	
100.00

	
MK102644.1




	
UWR_179

	
Ilyonectria robusta

	
MN817787.1

	
456

	
100

	
100.00

	
MK602790.1




	
UWR_180

	
Mucor hiemalis

	
MN817788.1

	
530

	
100

	
100.00

	
MH794214.1




	
UWR_181

	
M. moelleri

	
MN817789.1

	
570

	
100

	
100.00

	
MH857827.1




	
UWR_182

	
Penicillium biourgeianum

	
MN817790.1

	
506

	
100

	
100.00

	
KX067821.1




	
UWR_183

	
P. manginii

	
MN817791.1

	
481

	
100

	
99.17

	
MH858641.1




	
UWR_184

	
Trichoderma viride

	
MN817792.1

	
552

	
100

	
100.00

	
KX379164.1
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Table 2. Fungal communities of micromycetes cultured from the disinfected (D) and non-disinfected (ND) individual parts of Epipactis helleborine occurring in Lower Silesia (SW Poland). A + indicates that the fungus was cultured from the plant samples.
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Fungal Species

	
Roots

	
Rhizomes

	
Stems

	
Leaves

	
Inflorescences




	
D

	
ND

	
D

	
ND

	
D

	
ND

	
D

	
ND

	
D

	
ND






	
Fruiting plants 2018

	
Alternaria tenuissima

	

	

	

	

	
+

	
+

	
+

	
+

	

	
+




	
Epicoccum nigrum

	

	

	

	
+

	

	

	
+

	
+

	
+

	
+




	
Fusarium oxysporum

	
+

	

	
+

	

	

	

	

	

	

	




	
Fusarium sporotrichioides

	
+

	

	
+

	
+

	
+

	

	
+

	
+

	
+

	




	
Fusarium tricinctum

	

	
+

	

	
+

	
+

	

	

	
+

	

	
+




	
Ilyonectria robusta

	

	
+

	

	

	

	
+

	
+

	

	

	




	
Mucor hiemalis

	
+

	
+

	

	
+

	

	
+

	

	

	

	




	
M. moelleri

	
+

	
+

	

	
+

	

	
+

	

	
+

	

	
+




	
Penicillium biourgeianum

	

	
+

	

	
+

	

	
+

	

	
+

	

	
+




	
P. manginii

	
+

	

	

	

	

	

	

	

	

	




	
Trichoderma viride

	
+

	
+

	

	

	

	

	

	

	

	




	
In total

	
6

	
6

	
2

	
6

	
3

	
5

	
4

	
6

	
2

	
5




	
Flowering plants 2019

	
Absidia cylindrospora

	
+

	
+

	

	
+

	

	
+

	

	
+

	

	




	
Alternaria alternata

	

	

	

	

	

	

	

	

	

	
+




	
A. tenuissima

	

	

	

	

	
+

	

	
+

	

	
+

	




	
Arthrinium arundinis

	
+

	

	
+

	

	
+

	

	

	

	

	




	
Aspergillus fumigatus

	

	
+

	

	
+

	

	
+

	

	
+

	

	




	
Epicoccum nigrum

	

	

	

	

	

	

	

	

	
+

	
+




	
Fusarium tricinctum

	

	

	

	

	

	

	
+

	

	

	




	
Ilyonectria robusta

	

	

	

	

	

	

	
+

	

	

	




	
Mucor hiemalis

	
+

	
+

	

	

	

	

	

	

	

	




	
M. moelleri

	

	

	

	

	

	

	

	
+

	

	




	
Penicillium biourgeianum

	

	
+

	

	
+

	

	
+

	

	
+

	

	
+




	
P. manginii

	
+

	

	

	
+

	

	
+

	

	
+

	

	
+




	
Trichoderma viride

	

	

	
+

	

	

	

	

	

	
+

	




	
In total

	
4

	
5

	
2

	
4

	
2

	
4

	
3

	
5

	
3

	
4
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Table 3. Fungal communities of micromycetes cultured from the disinfected (D) and non-disinfected (ND) individual parts of Epipactis purpurata occurring in Lower Silesia (SW Poland). A + indicates that the fungus was cultured from the plant samples.






Table 3. Fungal communities of micromycetes cultured from the disinfected (D) and non-disinfected (ND) individual parts of Epipactis purpurata occurring in Lower Silesia (SW Poland). A + indicates that the fungus was cultured from the plant samples.





	
Fungal Species

	
Roots

	
Rhizomes

	
Stems

	
Leaves

	
Inflorescences




	
D

	
ND

	
D

	
ND

	
D

	
ND

	
D

	
ND

	
D

	
ND






	
Fruiting plants 2018

	
Alternaria tenuissima

	

	

	

	

	
+

	

	
+

	
+

	
+

	
+




	
Epicoccum nigrum

	

	

	

	

	

	

	
+

	
+

	

	




	
Fusarium sporotrichioides

	
+

	

	
+

	

	

	

	

	

	
+

	




	
F. tricinctum

	

	
+

	

	
+

	
+

	
+

	
+

	

	

	




	
Ilyonectria robusta

	
+

	
+

	
+

	
+

	

	

	

	

	

	




	
Mucor hiemalis

	

	
+

	
+

	
+

	

	
+

	

	

	

	
+




	
M. moelleri

	
+

	
+

	

	
+

	

	
+

	

	
+

	

	
+




	
Penicillium biourgeianum

	

	

	

	
+

	

	
+

	

	

	

	
+




	
Trichoderma viride

	
+

	
+

	

	

	

	

	

	

	

	




	
In total

	
4

	
5

	
3

	
5

	
2

	
4

	
3

	
3

	
2

	
4




	
Flowering plants 2019

	
Absidia cylindrospora

	

	

	

	

	

	
+

	

	

	
+

	
+




	
Alternaria alternata

	
+

	

	
+

	
+

	

	

	

	
+

	

	
+




	
A. tenuissima

	
+

	

	
+

	

	
+

	

	
+

	
+

	
+

	




	
Aspergillus fumigatus

	

	
+

	

	

	

	
+

	

	

	

	
+




	
Epicoccum nigrum

	

	

	

	
+

	

	

	

	

	
+

	




	
Fusarium tricinctum

	

	

	
+

	

	
+

	
+

	
+

	

	

	




	
Penicillium biourgeianum

	

	
+

	

	
+

	

	
+

	

	
+

	

	
+




	
P. manginii

	

	
+

	

	
+

	

	

	

	

	

	




	
In total

	
2

	
3

	
3

	
4

	
2

	
4

	
2

	
3

	
3

	
4
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