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Abstract

:

The American cranberry is a perennial North American fruit plant that is grown successfully on commercial plantations in Poland. The purpose of this study was to recognize filamentous fungi that colonize roots, leaves, and fruits without visible disease symptoms. Pure fungal cultures were isolated from disinfected plant fragments in agar media and identified by sequencing common taxonomic DNA markers such as the ITS region, the TEF-1α, or RPB2 genes. Of the 141 isolates studied, 59% were identified as closely related to soil saprotrophs. They were classified primarily as showing the greatest similarity to type strains of Trichoderma amoenum, Trichoderma dorothopsis, Paraphaeosphaeria sporulosa, and Penicillium murcianum. Additionally, isolates that are most similar to strains of Penicillium crustosum, Aspergillus flavus, and Aspergillus versicolor that produced mycotoxins were detected. The fungi identified as closest to Alternaria geophila, Alternaria senecionicola, Paraphoma radicina, Pestalotiopsis unicolor, Pestalotiopsis scoparia, and Neopestalotiopsis spp., whose hosts are plants other than American cranberry, represented 33.81% of the isolates tested. Only 7.2% of the isolates corresponded to the species of Physalospora vaccinia, Diaporthe vaccinii, and Diaporthe eres, known cranberry pathogens. The results of this study can be used to identify latent plant infection and potential disease risks.
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1. Introduction


The Ericaceae family includes two types of cranberry plants that grow in Poland: European cranberry (Vaccinium oxycoccos L.) and American cranberry (Vaccinium macrocarpon Aiton). The European cranberry is found in northern and central Europe, northern Asia, and North America. The American cranberry, which is cultivated in Poland as a domesticated anthropophyte, is native to North America, from Texas to Alaska. Cranberries are among some of the most important medicinal plants. They are mainly known for their effectiveness in preventing urinary tract and bladder infections and can be used in cosmetology, medicine, and cuisine. However, only the American cranberry is of significant economic importance. The fruits of this plant have strong antioxidant and antimicrobial properties, high levels of pectin, minerals (such as potassium, calcium, phosphorus, magnesium, and iodine) and vitamins (including A, C, B1, B2, and B6). Furthermore, fruits contain tannins, organic acids (mainly malic and citric), and polyphenols, such as proanthocyanidins, anthocyanins, flavanols, and phenolic acids [1,2]. It can be grown in raised peat bogs, transitional peat bogs with regulated soil pH, and light mineral soils. It requires soil with a pH value of 3.5 to 4.0 and can tolerate high groundwater levels and periodic flooding, especially in winter and spring, which protects it from frost [3]. The first commercial plantations were established in existing wetlands and bogs in the early 1800s in the United States of America [4]. Today, the largest commercial plantations in Europe are located in the UK, the Netherlands, Germany, Switzerland, Latvia, Belarus, Estonia, Romania, and Poland, where cranberries are grown in artificial wetlands constructed on mineral soils, pure sand, or peat with a wide range of organic components. [5,6]. In southern-eastern Poland, the largest plantation in the European Union was created, with a current area of 42 ha, where the cultivars ‘Stevens’, ‘Pilgrim’, ‘Ben Lear’, and ‘Norman Le Munyon’ are grown [7].



The economic success of cranberry cultivation is based on the risk of pathogen infections. Shear et al. [8] assigned the fungi found in American cranberry plants to three groups: fungi recognized as the main causes of fruit rot, fungi known to cause diseases of the cranberry vine, and fungi of minor commercial importance found sporadically on leaves, stems, and decayed fruits. In the data from the literature, the greatest attention is paid to pathogenic fungi belonging to the first two groups, which can infect plants early in the growing season or during flowering. Some of them can remain latent until the fruit ripens [9,10]. In Central Europe, the most common pathogens associated with fruit yield, quality loss, and limited economic profits are Botrytis cinerea, Colletotrichum acutatum, Fusicoccum putrefaciens, Diaporthe vaccinii, Pestalotia vaccinii, Discosia artocreas, Physalospora vaccinii, Fusarium spp., Verticillium spp., and Phytophthora spp. [10,11]. Infected fruits can show soft rot, are reddish brown and mushy, and often disintegrate in the hand [12]. Furthermore, from cranberry fruits can be isolated typical saprotrophic fungi of the genus Penicillium and Aspergillus that can cause damage and loss of fruit quality during storage. Their reservoirs may be other host plants or decaying organic matter [11,13,14]. The fungi that inhabit leaves can also cause visible infection symptoms, such as chlorosis, colored spots, necrosis, wilting and dying of shoots, leaves, and stolons [12], and latent infections, or some of them can show the ability to control the growth of various plant pathogens. Among them were identified members of species such as Pestalotiopsis sydowiana, Alternaria alternata, Epicoccum nigrum, Pestalotia rhododendri, Gibberella stilboides, Phialophora cyclaminis, Sordaria fimicola, Umbelopsis isabellina, Boeremia exigua, Phoma leveillei, Phoma medicaginis, Cladosporium cladosporioides, Trichoderma hamatum, Paraphoma chrysanthemicola, Phialophora cinerescens, Davidiella macrocarpa, Ramularia spp., and Erysiphe spp. [10,15]. Cranberries can also be exposed to microorganisms that occur in irrigation waters, such as Phomopsis vaccinii, Synchronoblastia crypta, Phytophthora cinnamomi, and Phytophthora megasperma [3,4,16]. Infection can manifest itself in poor root system development, a small number of fruits, discoloration or loss of leaves, and plant death [17].



To ensure plant health, it is also important to monitor latent infections, where pathogens are present in plants, but disease symptoms are not observed. The reason for this phenomenon may be the lower susceptibility of the cultivars grown or environmental conditions that are not conducive to the development of infection at a given time. Therefore, the objective of this study was to analyze the occurrence of potentially pathogenic microorganisms that can colonize the roots, leaves, and fruits of American cranberry plants grown in one of the largest commercial plantations in central Europe without visible disease symptoms.




2. Materials and Methods


2.1. Plants


In September, American cranberry plants (V. macrocarpon Aiton) of the dessert variety ‘Stevens’ were harvested from a commercial plantation located in the southern part of Poland (50°70′ N, 21°91′ E). The cultivation was carried out on sandy soil after the natural accumulation level of the soil was removed. The one-hectare fields were located in artificially formed polders. The plants were in their first, second, and third years after planting and did not show visible symptoms of the disease.




2.2. Isolation of Filamentous Fungi from American Cranberry Plants


Seven whole plants with ripe fruits were randomly sampled from the plantation after the first, second, and third year after planting and transported to the laboratory at a temperature of +8 °C. Roots, leaves, and fruits were used to isolate the filamentous fungi that inhabit them and are capable of growing under laboratory conditions. Universal peptone-glucose agar medium with rose bengal, which enables the growth of a large group of molds and yeast, and selective solid media for fungi of the genera Fusarium, Botrytis, Rhizoctonia, and Penicillium were used. To do this, the plants were washed with tap water, disinfected for 15 min in 2.0% sodium hypochlorite, and then rinsed five times in sterile distilled water. Ten 1 cm long fragments of roots, leaves, and fruits were placed on agar media in Petri dishes with a diameter of 9.0 cm. The following media were used for the isolation of fungi from root fragments: universal Martin’s Rose Bengal agar (MRB) containing glucose 10 g, pepton tryptone 5.0 g (BTL, Łódź, Poland), KH2PO4 1.0 g, MgSO4 × 7 H2O 0.5 g, rose bengal dye 0.05 g, streptomycin 0.03 g, and agar 16 g in 1 L of water; Ko and Hora medium (K&H) for the species Rhizoctonia solani contained gallic acid 0.4 g, K2HPO4 1 g, MgSO4 × 7 H2O 0.5 g, KCl 0.5 g, FeSO4 × 7 H2O 0.01 g, NaNO2 0.2 g, chloramphenicol 0.05 g, streptomycin 0.05 g, metalaxyl M 0.07 g, mankozeb 1.18 g (Ridomil Gold® MZ 67.8 WG, Syngenta Crop Protection AG, Basel, Switzerland), prochloraz 0.005 g (Mirage 450EC® fungicide, Makhteshim Chemical Works Ltd., Beer Sheva, Israel), and agar 16 g in 1 L of water [18,19]; Nash and Snyder medium (N&S) for the genus Fusarium contained peptobak (BTL) 15 g, KH2PO4 1 g, MgSO4 × 7 H2O 0.5 g, chloramphenicol 0.1 g, pentachloronitrobenzene (PCNB) 0.1 g, streptomycin 0.05 g, malachite green dye 0.0025 g, and agar 16 g in 1 L of water [20]. For the isolation of fungi from leaves and fruits, there were MRB, N&S. B. cinerea (BSM) medium included glucose 2 g, tannic acid 5 g, NaNO3 0.1 g, K2HPO4 0.1 g, MgSO4 × 7 H2O 0.2 g, KCl 0.1 g, chloramphenicol 0.2 g, PCNB 0.02 g, mancozeb 0.016 g (Penncozeb 80WP, Cerexagri SAS, Plaisir, France), rose bengal dye 0.05 g, and agar 16 g in 1 L of water [21], and medium for the genus Penicillium (PRYES) contained peptone 5 g, yeast extract 3 g, sucrose 15 g, chloramphenicol 0.05 g, tetracycline 0.05 g, PCNB 1 g, Bengal rose 0.025 g, and agar 16 g in 1 L of water [22]. The incubation was carried out for 2 weeks at 26 °C ± 2 °C. After this time, the isolates were repicked in the appropriate agar medium and incubated under the same conditions as the pure cultures. The fungi were identified by DNA sequence analysis.




2.3. Identification of Fungal Isolates Colonizing American Cranberry Plants


The fungi isolated from roots, leaves, and fruits were identified by analyzing one of the following DNA taxonomic markers: internal transcribed spacer 1 with the 5.8S gene and internal transcribed spacer 2 (ITS), RNA polymerase II subunit B (RPB2), or translation elongation factor 1 alpha (TEF-1α). The ITS region was used as the primary taxonomic marker to identify the isolates tested. The secondary marker genes RPB2 and TEF-1α were used for isolates for which the ITS region showed 100% similarity to strains of more species. For isolates of the genus Trichoderma, the TEF-1α gene was selected as a secondary marker, while for the genera Penicillium and Alternaria, it was RPB2. The selection criterion was the availability of more reference sequences in the NCBI database. The following primers were used: ITS1F (5′-TCCGTAGGTGAACCTGCGG), ITS4R (5′-TCCTCCGCTTATTGATATGC), and ITS5F (5′-GGAAGTAAAAGTCGTAACAAGG) for the ITS regions [23], TEF1-728F (5′-CATCGAGAAGTTCGAGAAGG) and TEF1LLrev (5′-AACTTGCAGGCAATGTGG) for the TEF-1α genes [24], and fRPB2-5F (5′-GAYGAYMGWGATCAYTTYGG) and fRPB2-7cR (5′-CCCATRGCTTGYTTRCCCAT) for the RPB2 genes [25]. Genomic DNA was extracted using the Syngen Fungi DNA Mini Kit according to the manufacturer’s instructions (Syngen Biotech, Wrocław, Poland).



The polymerase chain reaction (PCR) mixture contained 4 μL of 5× HOT FIREPol Blend Master Mix with 7.5 mM MgCl2 (Solis BioDyne, Tartu, Estonia), 5 pmol μL−1 of forward and reverse primers, and from 1.0 to 10 ng μL−1 of genomic DNA in a total volume of 20 μL.



The amplification was carried out under the following conditions: initial DNA denaturation and polymerase activation at 95 °C for 15 min, followed by 29 cycles of denaturation at 95 °C for 20 s, annealing at 55 °C for 30 s (for the pair of primers ITS1F—ITS4R), at 58 °C for 30 s (for ITS5F—ITS4R and TEF1-728F—TEF1-LLR), and at 51 °C for 30 s (for RPB2-5F—RPB2-7cR), elongation at 72 °C for 60 s (for ITS1F—ITS4R and ITS5F—ITS4R), for 30 s (for ITS3F and ITS4R), for 90 s (for TEF1-728F—TEF1-LLR and RPB2-5F—RPB2-7cR), and final elongation at 72 °C for 10 min. The effectiveness of PCR was verified using a 1.2% agarose electrophoresis gel with ethidium bromide. The products obtained were purified using the Syngen Gel/PCR Mini Kit (Syngen Biotech, Poland) following the manufacturer’s instructions and, then, used as a template for the sequencing reaction, which was carried out by Genomed S.A. in Warszawa, Poland.



Single reads were aligned using the DNAStar software (version 9.1) package (DNAStar Lasergene, Inc., Madison, WI, USA). The experimental taxonomic nucleotide databases of the National Center for Biotechnology Information (NCBI) were used to compare the isolate consensus sequences with the sequences of species-type strains deposited in the NCBI using the Basic Local Alignment Search Tool (BLAST). The taxonomic position of the isolates and the percent identity were determined by pairwise sequence alignment based on BLAST. These results were then verified by building phylogenetic trees [26] using ClustalW in MegAlign DNAStar software (version 9.1) (DNAStar Lasergene, USA) and the maximum likelihood calculation algorithm. The reliability of the tree was assessed by performing bootstrap analyses of 1000 resamples. The results of the phylogenetic analysis are presented in figures. The names of the isolates tested and the most similar reference strains are highlighted in bold font.





3. Results


To identify 141 fungal isolates originating from roots, leaves, and fruits of 1-, 2-, and 3-year-old American cranberry plants, DNA sequences of universal taxonomic markers such as the ITS region, RPB2, or TEF-1α gene were analyzed. The number of isolates obtained on universal Martin’s Rose Bengal agar and selective media for the genus Penicillium, Botrytis, Fusarium, and Rhizoctonia is presented in Table 1.



3.1. Identification of Fungi That Colonize the Roots of American Cranberry


3.1.1. One-Year-Old Plants


Of the 19 isolates obtained from 1-year-old plants, the most prevalent were fungi belonging to the Aspergillaceae family (Eurotiales, Eurotiomycetes). Seven of these isolates were identified as Penicillium arizonense, P. granatense, P. yarmokense, P. murcianum, P. radiatolobatum, P. canescens, P. jensenii, and P. janczewskii with 100% similarity in the ITS region to the reference strains. An analysis of the secondary marker RPB2 gene allowed the identification of six of these isolates as the most similar to P. murcianum CBS 161.81, with a percentage identity of 97.37%. An isolate was recognized as closest to P. radiatolobatum CBS 340.79 with a similarity level of 99.46% (Figure 1). Among the remaining fungi, one was 100% similar to Penicillium chrysogenum CBS 306.48 (Figure 2), and two were 99.62% and 99.63% similar to Penicillium pulvillorum CBS 280.39 (Figure 3) by an analysis of the ITS sequence.



Fungi from the Didymosphaeriaceae and Phaeosphaeriaceae families (Pleosporales, Dothideomycetes) were also found in the roots of the youngest plants. Three isolates had ITS sequences that were 100% identical to Paraphaeosphaeria sporulosa CBS 824.68 (Figure 4), and another three had sequences that were 99.68–99.80% similar to Paraphoma radicina CBS 111.79 (Figure 5).



The roots of 1-year-old plants were also found to contain members of the Ophiocordycipitaceae family (Hypocreales, Sordariomycetes). Two isolates were identified as closest to Purpureocillium lilacinum ATCC 10114 (Figure 6). Furthermore, an isolate with an ITS sequence of 95.47% similarity to the type strain of Hapsidospora irregularis CBS 824.68 (Hypocreales, incertae sedis) was discovered.




3.1.2. Two-Year-Old Plants


The main groups of 28 fungi from the roots of 2-year-old plants were assigned to the Hypocreaceae, Nectriaceae (Hypocreales), and Sporocadaceae (Xylariales) families of the class Sordariomycetes. Eleven of them were recognized as Trichoderma canadense, T. gamsii, T. dorotheae, T. neokoningii, T. texanum, T. amoenum, T. dorothopsis, T. caribbaeum var. aequatoriale, or T. caribbaeum var. caribbaeum with 100% identity of the ITS region simultaneously with reference strains from each of these species. An analysis of the TEF-1α gene revealed that its closest taxonomic position was T. amoenum YMF 1.06209 or T. dorothopsis HZA5, with sequence identities of 95.67–98.06% and 95.25–97.72%, respectively (Figure 7). The remaining three isolates were identified by analyzing the ITS region. Two of them showed a greater similarity to Trichoderma koningii ATCC 64262 (99.68–99.84%) and one to Trichoderma scalesiae CBS 120069 (99.60%) (Figure 8).



Furthermore, an isolate exhibited 100% identity in the ITS region with Fusarium foetens CBS 110286 (Figure 9), and the second to two strains of the genus Pestalotiopsis; Pestalotiopsis unicolor MFLUCC 12-0276 (99.63%) and Pestalotiopsis scoparia CBS 176.25 (99.66%) (Figure 10).



The roots of 2-year-old plants revealed the presence of the Phaeosphaeriaceae and Didymosphaeriaceae families, which were represented by three isolates with ITS regions related to P. radicina CBS 111.79 with 99.63–99.68% identity (Figure 5) and eight isolates that correspond 100% to P. sporulosa CBS 824.68 (Figure 4). The last isolate showed 100% similarity in the ITS region to Penicillium subrubescens CBS 132785 (Figure 3).




3.1.3. Tree-Year-Old Plants


Twenty-one fungal isolates were obtained from the roots of the oldest plants tested. The dominant family was Hypocreaceae, represented by 11 isolates that were identified by an analysis of the TEF-1α gene as closest to T. amoenum YMF 1.06209 (95.02–98.06%) and T. dorothopsis HZA5 (94.80–97.72%) (Figure 7). An analysis of the ITS region revealed that three other fungi of this genus were most similar (99.50–100%) to Trichoderma hamatum DAOM 167057, and one was 99.83% similar simultaneously to Trichoderma insigne YMF 1.00207, Trichoderma pubescens DAOM 166162, and Trichoderma anisohamatum YMF 1.00333 (Figure 8). Furthermore, two isolates of Nectriaceae and Sporocadaceae were detected with 100% similarity to F. foetens CBS 110286 (Figure 9) and P. lilacinum ATCC 10114 (Figure 6), and a fungus was identified as Neopestalotiopsis sp.



Of the remaining isolates obtained, two were identified by an analysis of the ITS region as the most similar to P. radicina CBS 111.79 (99.38–99.45%) of the Phaeosphaeriaceae family (Figure 5), while an analysis of the RPB2 gene showed that an isolate was most similar to P. chrysogenum CBS 306.48 (100%) of the Aspergillaceae family (Figure 2).





3.2. Identification of Fungi That Colonize Leaves of American Cranberry


3.2.1. One-Year-Old Plants


Seventeen isolates were obtained from the leaves of the youngest plants, most of which belonged to the Phaeosphaeriaceae and Didymellaceae families (Pleosporales, Dothideomycetes). The isolates were analyzed using the ITS region. Four of them showed 99.63–99.82% agreement with P. radicina CBS 111.79 (Figure 5), two 99.81% with Didymella prosopidis CBS 136414 (Figure 11), and one 100% with Epicoccum tritici MFLUCC 16-0276 and Epicoccum layuense CGMCC 3.18362 (Figure 12). An isolate was assigned to the genus Preussia (Sporormiaceae, Pleosporales, Dothideomycetes).



The second taxonomic group comprised the Hypocreaceae (Hypocreales), Sporocadaceae, and Apiosporaceae (Xylariales) families of the Sordariomycetes class. This group included two isolates with 99.68% ITS region similarity to P. lilacinum ATCC 10114 (Figure 6), one with 99.84% to P. scoparia CBS 176.25 and P. unicolor MFLUCC 12-0276 (Figure 10), one with 100% to Apiospora guangdongensis ZHKUCC 23-0004 (Figure 13), and single members of the genera Neopestalotiopsis and Discosia. Furthermore, an isolate was identified as closest to Trichoderma atrobrunneum GJS 92-110 (99.76%) by analyzing the TEF-1α gene (Figure 7).



The Aspergillaceae family was represented by two fungi. One had the ITS sequence with 100% similarity to Penicillium onobense CBS 174.81 (Figure 3), while the other had the RPB2 gene corresponding to 97.37% with P. murcianum CBS 161.81 (Figure 1).




3.2.2. Two-Year-Old Plants


The taxonomic groups of 20 fungi isolated from 2-year-old plants were mainly the Hypocreaceae and Sporocadaceae families of the class Sordariomycetes, which were also found in the youngest plants. Additionally, the Diaporthaceae family (Diaporthales) was present. Three isolates were 100% identical to Diaporthe vaccinii CBS 160.32, while two others were 98.72% Diaporthe biguttusis CGMCC 3.17081 and 99.81% Diaporthe eres CAA756 (simultaneously), which is not recognized as a strain type of D. eres species (Figure 14). Furthermore, three isolates showed a similarity of 99.33–99.66% in the ITS region with P. unicolor MFLUCC 12-0276 and P. scoparia CBS 176.25 (Figure 10), and an isolate was identified as Neopestalotiopsis sp.



The next two isolates were identified as 99.82% similar to Penicillium corylophilum NRRL 802 (Figure 3), two 99.65% similar to Aspergillus fumigatus ATCC 1022 (Figure 15), one 100% Aspergillus sydowii CBS 593.65 (Figure 16), and another 100% similar to Aspergillus flavus ATCC 16883, A. pipericola DTO 228-H4 and A. aflatoxiformans CBS 143679 (simultaneously) from the Aspergillaceae family (Figure 17).



The last taxonomic group detected in 2-year-old plants was the Pleosporaceae family (Pleosporales, Dothideomycetes). It was represented by four isolates recognized as 98.94% similar to Alternaria geophila CBS: 101.13 and Alternaria senecionicola CBS: 119545 based on an analysis of the RPB2 gene sequence (Figure 18).




3.2.3. Three-Year-Old Plants


In leaf samples from the oldest plants, 16 isolates were detected, with members of the Sporocadaceae family predominating. Based on the analysis of the ITS region, six of them were identified as the most similar to P. scoparia CBS 176.25 (99.66–100%) and P. unicolor MFLUCC 12-0276 (99.63%) (Figure 10), and two to Neopestalotiopsis spp. Furthermore, an isolate showed a 100% match with A. guangdongensis ZHKUCC 23-0004 of the Apiosporaceae family (Figure 13), the second 99.29% with Physalospora vaccinii CBS 143.22 of the Hyponectriaceae family (Figure 19), and the third, belonging to the Diaporthaceae family, had a 99.81% similarity to the D. eres strain CAA 756 (Figure 14).



Two additional fungal isolates were identified as belonging to the Aspergillaceae and Pleosporaceae families. One of them demonstrated 100% compatibility of the ITS sequence with P. corylophilum NRRL 802 (Figure 3), another with Penicillium crustosum FRR 1669 (Figure 20), a third with A. flavus ATCC 16883, A. pipericola DTO 228-H4, and A. aflatoxiformans CBS 143679 (Figure 17), and the last with A. fumigatus ATCC 1022 (Figure 15). Furthermore, an isolate was found to have 98.72% identity of the RPB2 gene sequence with A. geophila CBS 101.13 and A. senecionicola CBS 119548 (Figure 18).





3.3. Identification of Fungi Colonizing Fruits of American Cranberry


3.3.1. One-Year-Old Plants


For 1-year-old plants, only one isolate was obtained. It was identified as 100% similar to Aspergillus versicolor CBS 583.65 and Aspergillus creber NRRL 58592 (Figure 16).




3.3.2. Two-Year-Old Plants


In tissues of 2-year-old plants, nine fungi were found. There were representatives of the Sporocadaceae (Xylariales) and Cordycipitaceae (Hypocreales, Sordariomycetes). Members of the Sporocadaceae family were also detected in the roots and leaves, while members of the Cordycipitaceae family were present only in the fruits. Five of the fungi exhibited 99.65–100% similarity in the ITS region with P. scoparia CBS 176.25 and P. unicolor MFLUCC 12-0276 (Figure 10). Meanwhile, two of them showed 100% agreement with Simplicillium aogashimaense JCM 18167 (Figure 21).



The Aspergillaceae family was represented by two isolates with 100% similar ITS sequences to P. corylophilum NRRL 802 (Figure 3) and one isolate with the RPB2 gene that was 98.60% identical to P. chrysogenum CBS 306.48 (Figure 2).




3.3.3. Three-Year-Old Plants


Most of the isolates obtained from 3-year-old plants were assigned to the family Aspergillaceae. The sequences of the ITS region of three isolates were 100% similar to A. versicolor CBS 583.65 and A. creber NRRL 58592 (Figure 16). Furthermore, an isolate showed 100% agreement with P. corylophilum NRRL 802 and the second with P. onobense CBS 174.81 (Figure 3), while the RBP2 genes of two other fungi were 99.48% similar to P. chrysogenum CBS 306.48 (Figure 2).



The ITS region of the last three isolates showed a similarity of 98.93–99.3% to P. vaccinii CBS 143.22 of the Hyponectriaceae family (Figure 19).





3.4. Fungal Growth on Semi-Selective Agars


In this study, 46.5% of filamentous fungi were isolated using Martin’s Rose Bengal agar, a universal medium that supported the growth of representatives of all identified genera, except Diaporthe, Epicoccum, and Hapsidospora. Then, 18.3% of the fungi were isolated using a selective medium for fungi of the genus Penicillium. Most of them were identified as members of the genera Pestalotiopsis and Diaporthe. Furthermore, isolates belonging to the genera Penicillium (especially those most similar to P. chrysogenum and P. corylophilum), Aspergillus (A. fumigatus and A. versicolor), Trichoderma (T. atrobrunneum), Simplicillium, Physalospora, Apiospora, Epicoccum, Diaporthe (D. vaccinii), and Preussia were also obtained. The selective medium for the genus Fusarium allowed the growth of 14.8% of the isolates, which were mainly recognized as the genus Paraphoma and Paraphaeosphaeria. Additionally, fungi of the genera Pestalotiopsis, Purpureocillium, Penicillium (P. chrysogenum), and Hapsidospora were also able to grow in this medium.



None of the identified fungi belonged to the genera Rhizoctonia and Botrytis. However, 11.2% of the isolates were obtained in a selective medium for R. solani. They were classified as the closest to T. amoenum, T. dorothopsis, T. koningii, and P. lilacinum. The last one used was the B. cinerea selective medium that allowed the growth of 9.1% of the isolates. They were classified into genera of Alternaria, Didymella, Diaporthe (D. eres), Neopestalotiopsis, Pestalotiopsis, Penicillium (P. corylophilum, P. onobense), and Aspergillus (A. fumigatus, A. sydowii).





4. Discussion


The purpose of this study was to identify filamentous fungi that inhabit American cranberry plants that grow in one of the largest commercial plantations in central Europe. The isolates tested were obtained from disinfested fragments of roots, leaves, and fruits of 1-, 2-, and 3-year-old plants that did not show visible disease symptoms. Identification was performed through a sequence analysis of the ITS region, which includes fragments ITS1 and ITS2 separated by the 5.8S gene and is located between the 18S rDNA and the 28S rDNA. This region is widely accepted as the universal primary DNA barcode marker [27]. If satisfactory identification was not achieved by analyzing the ITS region, one of the following secondary markers was used: DNA-directed RNA polymerase II subunit B (RPB2) or translation elongation factor 1 alpha (TEF-1α) [26]. According to Nilsson et al. [28], approximately 20% of fungal DNA sequences deposited in public databases can be misidentified at the species level. Therefore, the search for reference strains that were most similar to tested isolates was restricted to data sets that contained type material described as holotypes, neotypes, lectotypes, or isotypes. The exceptions were A. geophila and P. sporulosa species, for which these types of nomenclature were not included in the NCBI database.



The dominant group of the 141 isolates tested was soil-borne saprotrophs and endophytes. Thirty-five percent of them were included in the genera Trichoderma, Paraphaeosphaeria, Penicillium, and Aspergillus. Most Trichoderma isolates came from roots of 2- and 3-year-old plants. Their taxonomic positions were determined by analyzing the sequence of the TEF-1α gene and showed 95.25% to 98.06% identity with strains of T. amoenum and T. dorothopsis. These species are exotic to central Europe and have been poorly described in the literature. The first strains of T. dorothopsis were found in China, in soil from the Yangtze River basin, and in the rhizosphere of chili plants [29]. Meanwhile, T. amoenum originated in the soil in Yunnan province [30]. The other species not yet recorded in Europe is T. scalesiae, which was found in tropical regions of the Galapagos Islands, the Philippines, and Indonesia [31,32,33]. The sequence of the ITS region of a fungus isolated from the root of the tested cranberry was 99.66% similar to that of this species.



The remaining Trichoderma isolates showed the highest similarity to cosmopolitan species, such as T. koningii, T. atrobrunneum, T. insigne, and T. hamatum. These fungi have been frequently isolated from soil, grass, sand, decaying plants and the rhizosphere [34,35,36,37,38,39,40,41]. They are known for their antibiotic activity, secretion of cell-wall-degrading enzymes, and stimulation of plant growth. Among them, only strains of T. hamatum have been reported on the leaves of American cranberry plants that grow in a botanical garden in Poland [15].



The common fungi in the tested plants were also members of the genus Paraphaeosphaeria. The isolates obtained from roots of 1- and 2-year-old plants showed the greatest similarity to P. sporulosa. This species grouped strains from tissues of different plants, including Festuca spp., Fragaria sp., Malus sylvestris, Picea abies, Triticum aestivum, Clematis sp., Solanum tuberosum, Rosa canina, and Opuntia spp. [42]. According to Carrieri et al. [43], some of them showed antibiotic activity against Salmonella enterica. In fruit tissues, single isolates most similar to S. aogashimaense were also found. This species has a broad host spectrum and can inhibit the growth of pathogens such as Puccinia triticina, P. hordei, P. coronata, Bipolaris sorokiniana, Alternaria alternata, Curvularia trifolii, Blumeria graminis, and Diplodia corticola [44,45,46,47].



Molds of the genera Penicillium and Aspergillus, which cause diseases of vegetables and fruits during storage, were the second group of fungal contaminations and represented 23.89% of microorganisms. It consisted of isolates obtained mainly from the roots of annual plants, which showed between 97.08% and 99.59% similarity in the RPB2 gene sequences with P. murcianum, P. arizonense, P. canescens, and P. radiatolobatum. The remaining isolates were obtained from all parts of the plants and identified as most similar to P. pulvillorum, P. onobense, P. corylophilum, P. chrysogenum, P. crustosum, and P. subrubescens. The isolates of Aspergillus, which showed the greatest similarity to A. flavus, A. fumigatus, A. versicolor, A. sydowii, and A. creber, were obtained from leaves and fruits. The fungi of both genera are very common in different climate zones and have been isolated from soil, rhizosphere, decaying organic matter, water, dust, damp building materials, and indoor environments [48,49,50,51,52]. They have also been found to be contaminants in cereal grains, frozen fruits, acid liquids, cheese, eggs, walnuts, and almonds [53,54,55,56,57]. Furthermore, P. crustosum, as well as A. flavus, A. fumigatus, and A. versicolor, are known to be sources of bioactive secondary metabolites with neurotoxic, cytotoxic, mutagenic, teratogenic, and carcinogenic properties, as well as opportunistic pathogens that cause aspergillosis in immunosuppressed patients [56,57,58,59,60,61].



Of the isolates tested, 33.81% were fungi found in various habitats around the world but not previously associated with American cranberry plants. This group included isolates of the genera Alternaria, Apiospora, Paraphoma, Didymella, Fusarium, Pestalotiopsis, Neopestalotiopsis, and Epicoccum. The fungi detected in leaves and fruits had the greatest similarity to P. unicolor and P. scoparia. Based on data from the literature, among members of this genus, Pestalotiopsis sydowiana infected the leaves of American cranberries grown in Poland [15], while Pestalotiopsis maculans was found in the shoots of plants grown in New Zealand [62]. In addition, individual isolates closely related to endophytic A. guangdongensis have been detected. This species has been described in asymptomatic leaves of Wurfbainia villosa in Guangdong province, China [63]. In leaf samples, isolates most similar to A geophila and A. senecionicola were also found. These fungi cause tomato stem canker and potato leaf blight [64,65]. According to the literature, A. alternata was identified on the leaves of cranberry plants in a Kraków botanical garden [15].



The isolates obtained from the roots were found to be more similar to the species P. radicina, which had previously been detected in the roots of Prunus cerasus, M. sylvestris, Picea obovata, Lycopersicon esculentum, and Medicago sativa [66,67], to the species E. tritici, which was described as pathogenic for T. aestivum [68], and to the species of D. prosopidis identified in Prosopis sp. in South Africa, Narcissus tazetta in Iran, and Gastrolobium celsianum endemic in Australia [69,70]. The roots of the tested plants were also contaminated with pathogenic microorganisms belonging to the Fusarium oxysporum species complex. Miller et al. [62] identified these fungi as one of the dominant pathogens in the shoots and roots of cranberry plants grown in New Zealand. Sinkevičienė et al. [11] isolated them from the twigs, leaves, and fruits of V. oxycoccos grown in Lithuania. However, we have only found isolates closest to F. foetens, which have been described as pathogenic for Begonia x hiemalis plants grown in greenhouses in several countries, including the Netherlands, the United States, Canada, Japan, Germany, France, Norway, and the Czech Republic [71].



In this study, only 7.19% of all isolates were identified as the most similar to the American cranberry pathogens described in the literature. The most significant isolates were those closest to P. vaccinii [72,73]. According to Oudemans et al. [9], this species can infect host plants at the beginning of the growing season, during flowering, and, then, remain latent until the fruits ripen. It is commonly found in native habitats in the temperate climate of North America and is isolated from the stems, leaves, and fruits of plants grown in the United States. These pathogens have also been detected in Central Europe, where cranberry plants are grown in seedlings originating in North America. P. vaccinii was also found to be one of the dominant fungi in V. macrocarpon plants in Latvia and was isolated from V. oxycoccos in Lithuania [11]. It is important to note that infections with this pathogen do not always cause fruit damage, and fungi can also be isolated from healthy berries. In this study, P. vaccinii was found in the fruits and leaves of 3-year-old plants without visible disease symptoms.



The tested plants were also infested with fungi of the D. eres species complex, which are cosmopolitan phytopathogens in tropical and temperate ecosystems [10]. Among them, D. vaccinii, which causes shoot death and necrosis, as well as sticky fruit rot from cultivated plants such as Vaccinium corymbosum, V. macrocarpon, Vaccinium vitis, V. myrtillus, and V. oxycoccos, is included in the European list of quarantine pathogens [74]. This fungus has been detected in several European countries, including Latvia, Lithuania, Germany, the Netherlands, the United Kingdom, Romania, and Poland [10,75]. The leaves of the tested plants were contaminated with isolates most similar to this species, D. biguttusis, and D. eres, which are also found in Europe as causes of stem necrosis, fruit rot, and leaf necrosis [74,76].




5. Conclusions


The results obtained in this work indicate that soilborne saprophytes were the dominant group of isolates that colonized the roots, leaves, and fruits of American cranberry plants grown in a commercial plantation in Poland, while the number of fungi described in the literature as typical pathogens did not exceed 10% of all isolates tested.



Fungi of the genus Trichoderma were isolated mainly from root samples. Among them, isolates were found that showed the greatest similarity of the DNA fragments tested to those described only in China strains of species T. amoenum and T. dorothopsis, as well as T. hamatum and T. koningii, which can be found in different climatic zones and are known plant growth stimulators. Furthermore, fungi closely related to strains of P. sporulosa, P. murcianum, P. lilacinum, and P. radicina were also discovered.



Leaf-colonized fungi were identified as more similar to cosmopolitan species with a wide range of host plants, such as P. scoparia, P. unicolor, P. radicina, A. geophila, and Neopestalotiopsis spp. Additionally, members of the D. eres species complex, which are known to be quarantine fungi in American cranberry plants, as well as isolates most similar to A. flavus and A. fumigatus, which are known producers of toxic secondary metabolites, were found.



The isolates that contaminated the fruits were dominated by fungi with the greatest similarity to P. scoparia, P. unicolor, the toxigenic A. versicolor, and P. vaccinii, which is a serious pathogen of the American cranberry.



Current knowledge of the fungi that inhabit the tissues of American cranberry plants is derived from studies of isolates obtained from plants that exhibit disease symptoms. The identification of filamentous fungi presented in this work, for which colonization of leaves, roots, and fruits was not associated with the appearance of the disease, can contribute to the detection of latent infections and the evaluation of potential risks that may occur in a given plantation, depending on the environmental conditions and the plant cultivars grown. Additionally, an understanding of the relationships between the tested plant and fungi expands our knowledge of the host range and distribution limits of some species around the world.
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Figure 1. Phylogenetic tree of fungi isolated from American cranberry most closely related to Penicillium murcianum and Penicillium radiatolobatum constructed from partial sequences of the RPB2 gene (674 bp). Isolates with the name prefix R1YM were obtained from roots and with the prefix L1YM from the leaves of 1-year-old plants on Martin’s Rose Bengal agar. 
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Figure 2. The phylogenetic tree of fungi originated from American cranberry, most closely related to Penicillium chrysogenum, constructed with partial sequences of the RPB2 gene (674 bp). Isolates from roots of 1-year-old (name prefix R1YF) and 3-year-old plants (R3YF) were obtained in the medium for Fusarium, from fruits of 2-year-old plants (F2YM) on Martin’s Rose Bengal agar and from fruits of 3-year-old plants (F3YP) in a medium for Penicillium. 
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Figure 3. Phylogenetic tree of fungi isolated from American cranberry most closely related to Penicillium corylophilum, P. subrubescens, P. pulvillorum, and P. onobense constructed with partial sequences of the ITS region (503 bp). Isolates from roots (name prefix R1YM) and leaves (L1YM) of 1-year-old plants and fruits of 2-year-old plants (F2YM) were obtained on Martin’s Rose Bengal agar. Isolates from leaves of 2-year-old plants (L2YB) and 3-year-old plants (L3YB) and fruits of 3-year-old plants (F3YB) were found in the medium for Botrytis. In the Penicillium medium, isolates were detected from fruits of 3-year-old plants (F3YP). 
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Figure 4. The phylogenetic tree of American cranberry isolates most similar to Paraphaeosphaeria sporulosa constructed with partial sequences of the ITS region (540 bp). Isolates from roots of 1-year-old (name prefix R1YF) and 2-year-old (R2YF) plants were found in Fusarium medium and on Martin’s Rose Bengal agar (R1YM and R2YM). 
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Figure 5. The phylogenetic tree of isolates originated from American cranberry, most similar to Paraphoma radicina constructed with partial sequences of the ITS region (469 bp). In Fusarium medium, isolates were obtained from roots of 1-year-old (name prefix R1YF), 2-year-old (R2YF), and 3-year-old plants (R3YF), and leaves of 1-year-old plants (L1YF). The L1YM isolate was obtained from the leaves of 1-year-old plants on Martin’s Rose Bengal agar. 
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Figure 6. Phylogenetic tree of isolates from American cranberries most similar to Purpureocillium lilacinum constructed using partial sequences of the ITS region (513 bp). Isolates from roots of 3-year-old plans (name prefix R3YF) and leaves of 1-year-old plants (L1YF) were found in the medium for the genus Fusarium, from roots of 1-year-old plants (R1YR) in Rhizoctonia medium, and leaves of 1-year-old plants (L1YM) on Martin’s Rose Bengal agar. 
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Figure 7. Phylogenetic tree of American cranberry isolates closest to Trichoderma atrobrunneum, T. amoenum, and T. dorothopsis constructed with partial sequences of the TEF-1α gene (1191 bp). The isolates from the roots of 2-year-old plants (name prefix R2YR) and 3-year-old plants (R3YR) were obtained in Rhizoctonia medium and Martin’s Rose Bengal agar (R2YM and R3YM) and from the leaf of a 1-year-old plant in Penicillium medium (L1YP). 
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Figure 8. The phylogenetic tree of American cranberry isolates most similar to Trichoderma insigne, T. pubescens, T. anisohamatum, T. hamatum, T. koningii, and T. scalesiae constructed with partial sequences of the ITS region (542 bp). Isolates from roots of 2-year-old plants (name prefix R2YR) were found in Rhizoctonia medium and from roots of 2-year-old plants (R2YM) and 3-year-old plants (R3YM) on Martin’s Rose Bengal agar. 
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Figure 9. Phylogenetic tree of American cranberry isolates the most similar to Fusarium foetens constructed with partial sequences of the ITS region (406 bp). Isolates from roots of 2-year-old plants (name prefix R2YM) and 3-year-old plants (R3YM) were obtained on Martin’s Rose Bengal agar. 
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Figure 10. Phylogenetic tree of American cranberry isolates closest to Pestalotiopsis unicolor and Pestalotiopsis scoparia constructed with partial sequences of the ITS region (530 bp). On Martin’s Rose Bengal agar, isolates were obtained from leaves of 2-year-old plants (name prefix L2YM) and 3-year-old plants (L3YM), roots of 2-year-old plants (R2YM) and fruits of 2-year-old plants (F2YM), in Penicillium medium from leaves of 1-year-old plants (L1YP), 2-year-old (L2YP) and 3-year-old plants (L3YP) and fruits of 2-year-old plants (F2YP), in Botrytis medium from fruits of 2-year-old plants (F2YB), and in Fusarium medium from leaves of 2-year-old plants (L2YF). 
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Figure 11. Phylogenetic tree of American cranberry isolates closest to Didymella prosopidis constructed with partial sequences of the ITS region (460 bp). Isolates from leaves of 1-year-old plants were obtained in Botrytis medium (name prefix L1YB) and Martin’s Rose Bengal agar (L1YM). 
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Figure 12. Phylogenetic tree of the American cranberry isolate, most similar to Epicoccum tritici and Epicoccum layuense constructed with partial sequences of the ITS region (460 bp). The L1YP isolate was obtained from the leaves of 1-year-old plants in Penicillium medium. 
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Figure 13. Phylogenetic tree of American cranberry isolates most closely related to Apiospora guangdongensis constructed with partial sequences of the ITS region (543 bp). Isolates from leaves of 1-year-old plants were found in the medium for Penicillium (name prefix L1YP) and 3-year-old plants (L3YM) on Martin’s Rose Bengal agar. 
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Figure 14. Phylogenetic tree of American cranberry isolates most similar to Diaporthe eres and D. vaccinii constructed with partial sequences of the ITS region (470 bp). Isolates from leaves of 2-year-old plants (name prefix L2YP) were found in Penicillium medium and from 3-year-old plants (L3YB) in the medium for Botrytis. 
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Figure 15. Phylogenetic tree of American cranberry isolates most similar to Aspergillus fumigatus constructed with partial sequences of the ITS region (566 bp). Isolates from leaves of 2-year-old plants (name prefix L2YM) were found on Martin’s Rose Bengal agar and from 3-year-old plants in Penicillium medium (L3YP). 
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Figure 16. Phylogenetic tree of American cranberry isolates most closely related to Aspergillus creber, A. versicolor, and A. sydowii constructed with partial sequences of the ITS region (461 bp). Isolates from fruits of 1-year-old plants (F1YP) and 3-year-old plants (F3YP) were found in Penicillium medium, 3-year-old plants (F3YM) on Martin’s Rose Bengal agar, and from the leaf of a 2-year-old plant (L2YB) in Botrytis medium. 
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Figure 17. Phylogenetic tree of American cranberry isolates most similar to Aspergillus flavus, A. pipericola, and A. aflatoxiformans constructed with partial sequences of the ITS region (554 bp). Isolates from leaves of 2-year-old plants (name prefix L2YM) were found on Martin’s Rose Bengal agar and 3-year-old plants (L3YB) in Botrytis medium. 
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Figure 18. Phylogenetic tree of American cranberry isolates most similar to Alternaria geophila and Alternaria senecionicola constructed with partial sequences of the RPB2 gene (753 bp). Isolates from leaves of 2-year-old plants (name prefix L2YM) and 3-year-old plants (L3YM) were found on Martin’s Rose Bengal agar and from leaves of 2-year-old plants (L2YB) in Botrytis medium. 
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Figure 19. Phylogenetic tree of American cranberry isolates most similar to Physalospora vaccinii constructed with partial sequences of the ITS region (572 bp). Isolates from fruits of 3-year-old plants were found on Martin’s Rose Bengal agar (name prefix F3YM) and in Penicillium medium (F3YP). The 3-year-old plant leaf isolate (L3YM) was found on Martin’s Rose Bengal agar. 
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Figure 20. Phylogenetic tree of the American cranberry isolate, most similar to Penicillium crustosum constructed with partial sequences of the ITS region (548 bp). The L3YM isolate was obtained from the leaf of a 3-year-old plant on Martin’s Rose Bengal agar. 
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Figure 21. Phylogenetic tree of American cranberry isolates most closely related to Simplicillium aogashimaense constructed with partial sequences of the ITS region (565 bp). Isolates from fruits of 2-year-old plants were found on Martin’s Rose Bengal agar (name prefix F2YM) and in Penicillium medium (F2YP). 
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Table 1. Numbers of filamentous fungi isolated from roots, leaves, and fruits of 1-, 2-, and 3-year-old plants of American cranberry.
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Isolation Media *

	
Numbers of Isolates and Their Name Cod **




	
Roots

	
Leaves

	
Fruits




	
1 Year

	
2 Years

	
3 Years

	
1 Year

	
2 Years

	
3 Years

	
1 Year

	
2 Years

	
3 Years






	
MBR

	
12

(R1YM)

	
15

(R2YM)

	
10

(R3YM)

	
7

(L1YM)

	
6

(L2YM)

	
9

(L3YM)

	
0

	
4

(F2YM)

	
3

(F3YM)




	
PRYES

	
nt

	
nt

	
nt

	
5

(L1YP)

	
7

(L2YP)

	
3

(L3YP)

	
1

(F1YP)

	
4

(F2YP)

	
6

(F3YP)




	
BSM

	
nt

	
nt

	
nt

	
1

(L1YB)

	
6

(L2YB)

	
4

(L3YB)

	
0

	
1

(F2YB)

	
1

(F3YB)




	
N&S

	
5

(R1YF)

	
6

(R2YF)

	
4

(R3YF)

	
4

(L1YF)

	
1

(L2YF)

	
0

	
0

	
0

	
0




	
K&H

	
2

(R1YR)

	
7

(R2YR)

	
7

(R3YR)

	
nt

	
nt

	
nt

	
nt

	
nt

	
nt








nt—not tested. * The following agar media were used for the isolation of filamentous fungi: universal Martin’s Rose Bengal agar (MBR), the selective medium for Penicillium (PRYES), Fusarium (N&S), Botrytis cinerea (BSM), and Rhizoctonia solani (K&H). ** The prefix names of the isolates tested were created as follows: the first letter for part of the plant (R for roots, L for leaves and F for fruits), the number and second letter for the age of the plant (1Y for 1-year-old plants, 2Y for 2-year-old plants and 3Y for 3-year-old plants), and the third letter for the isolation medium (M for universal Martin’s Rose Bengal agar, P for selective medium for Penicillium species, B for B. cinerea, F for Fusarium, and R for R. solani).
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