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Abstract

:

Biscogniauxia nummularia (Bull.) Kuntze is a fungus which induces strip-cankers on beech, commonly referred to as charcoal canker. The symptoms of infection are visible on the host tree’s bark as elongated, blackish bark lesions on the trunk and branches. Recent years have shown that, due to climate change causing local epidemics, the species is increasing its economic impact in Mediterranean regions. Until recently, B. nummularia was considered rare and uncommon in central Europe. However, in the last few years it has been noticed more often, mostly in coniferous trees, which are out of B. nummularia’s host range. A similar situation has been observed with the closely related species Biscogniauxia mediterranea (De Not.) Kuntze, which prior to 2017 had not been observed in central Europe at all. This study shows the genetic diversity of mid-European strains of Biscogniauxia spp. (based on the ITS, TEF1, TUB2 and ACT regions) and, as the first in Europe, presents a molecular investigation of this species isolated from coniferous trees. It is also the first attempt at estimating the potential impact of this pathogenic fungus on European forestry management in the close future.
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1. Introduction


Biscogniauxia nummularia (Bull.) Kuntze (synonym: Hypoxylon nummularium Bull.) is an ascomycetous fungus belonging to the family Xylariaceaes, that induces strip-cankers on beech, commonly called charcoal canker or beech tarcrust (BTC) disease [1,2,3,4,5,6]. The symptoms of infection are visible on the host tree’s bark as elongated, blackish bark lesions on the trunk and branches, and as wood decay in mature trees.



The nature of B. nummularia is complicated and still being discussed. Many authors suggest the fungus generally behaves as a saprotroph in the northern-Mediterranean basin, where the climate is more temperate, but shows the potential for higher impact in Europe as a dangerous pathogen of Fagus sylvatica L. [4,7,8,9]. Despite this, Biscogniauxia spp. were not previously considered as a primary cause of beech decline in Mediterranean regions [10,11]. Observations made in the declining Sicilian and Calabrian beech forests (southern Italy) showed a significant presence of B. nummularia, but did not name it as a direct cause of tree decline [12]. Only pathogenicity tests allowed for the confirmation of this species, whose aggressive strains are able to kill the attacked tree in a short time, as a primary pathogen of beech [2]. Studies have proven its endophytic nature, which allows the fungus to quickly switch strategies from harmless endophyte to primary pathogen [13], which is a well-known phenomenon in the Xylariales group of fungi [13,14,15]. Since the first confirmation of the pathogenicity of B. nummularia, subsequent reports indicate that the problem of beech dieback caused by the mass outbreak of charcoal canker is moving to northern Europe: the problem was observed in 2003 in Hungary [16], in 2014 in northern Spain [9] and in 2017 in the Czech Republic [17]. Disturbing reports have also come from Montenegro [18], where a recent investigation discovered a very aggressive Biscogniauxia population inducing destructive tarcrust formations on F. sylvatica. Molecular studies show that the beech dieback is caused by a new species of Biscogniauxia, which appears to be the hybridization and introgression of B. nummularia and B. anceps (Sacc. J.D. Rogers, Y.M. Ju and Cand). This fact is concerning, and highlights the importance of genetic analysis of these species on future research related to BTC.



Even though B. nummularia seems like a growing threat for European beech forests, the topic still leaves much to be discovered. B. nummularia is considered to be a species closely associated with Fagaceae [13], but it is also known to occur on other, unrelated taxa. Until recently, the fungus was regarded as an endophyte on dicotyledonous angiosperms [19] and some grasses [13]. However, new studies indicate the host range of B. nummularia is still unclear; in 2014, the endophytic stadium of B. nummularia was recorded on Carex brevicollis DC. [9]. In 2019, it was recorded for the first time as an endophyte on representatives of gymnosperms—Abies alba Mill. and Pinus × rhaetica Brūgger in southern Poland [20,21]—although symptoms of massive beech dieback due to charcoal canker have not yet been seen. It is worth considering that the species has recently started to be detected more often on coniferous trees in this area, which raises concerns about the potential impact on native populations of F. sylvatica in central-European beech forests.



An interesting fact can also be seen in the shift in range of related species—such as B. mediterranea (De Not.) Kuntze (synonym: Sphaeria mediterranea De Not.), which normally occurs in the temperate climate of the Mediterranean basin as an endophyte and pathogen of Quercus suber L. [5,6]. For the first time, this species has been found in central Europe: in the Czech Republic in 2017 [17] and three years later on shoots of A. alba in Poland [22], where it constituted 2.8% of all colonies isolated in the study. According to La Porta et al. [8], B. mediterranea is also considered a taxa with increasing economic impact due to climate change. The danger from the range of these species extending can be significant if we consider the importance of the host species in the newly affected areas; B. mediterranea mostly develops in the tissues of genus Quercus, which is one of the most important forest-forming species in this part of central Europe [23,24]. It is also worth noting the fact that B. mediterranea is already known as an important contributing factor in the decline of cork oak (Q. suber) in southern Europe and northern Africa [3]. Furthermore, literature shows that the pathogen can occur in different species of hardwood, e.g., Acer spp., Castanea sativa Miller, F. sylvatica, Platanus acerifolia Willd. and Faxinus excelsior L. [25], which are also important constituents of central European forests and the gardening industry. Similarly to B. nummularia, B. mediterranea has not yet been detected on coniferous trees.



The increasing economic significance of the pathogen causing BTC has already been predicted by some scientists [4,9]. Some authors point to climate change as the most important contributing factor [8]. A decisive factor can be precipitation disturbances, which is one of the elements of ongoing climate change [26,27]. The growth of both Biscogniauxia species is favored by warm temperatures [28] and prolonged summer droughts [4]. According to the literature [2], trees subjected to water stress are particularly susceptible to Biscogniauxia infection. Furthermore, European beech trees are more drought sensitive than other central-European broad-leaved tree species [29,30,31], making them even more vulnerable to BTC. All these factors can affect the pace of extension of Biscogniauxia’s range, which could be much faster than previously suspected. To the best of our knowledge, this is the first report on the genetic diversity of B. nummularia and B. mediterranea populations in central Europe, and one of the first molecular investigations of these species as isolated from coniferous trees.




2. Materials and Methods


2.1. Fieldwork


The study was conducted between June and October of 2019 and 2020 in three spots in Poland (central Europe): Stołowe Mountains National Park (SW Poland), Karkonosze National Park (SW Poland) and Tatra National Park (S Poland) (Table 1). In Stołowe Mountain National Park, the study was carried out on the Great Peat Bog of Batorów, located on a degraded peatbog, surrounded by spruce and pine, under passive protection without any human interference and at an altitude of 750 m a.s.l. The Tatra National Park’s 32 study plots were located at altitudes ranging between 916 and 1249 (mean 1005) meters a.s.l., in multi-age forest stands dominated by Norway spruce (Picea abies (L.) H.Karst) of various protective regimes. Karkonosze National Park’s 32 study plots were at altitudes between 500–982 m a.s.l., on three fir stands and 29 nurseries, established in the years 1995–2015 and located in actively protected areas with low levels of interference.



Mycological analysis found individual isolates of Biscogniauxia spp on fresh coniferous tree needles (600 needles collected from 27 individuals of P. × rhaetica from the Great Peat Bog of Batorów in Stołowe Mountains National Park and 450 needles collected from 30 individuals of A. alba on 32 study plots in Tatra and Karkonosze National Parks). In each location from which samples were obtained, symptoms of branch dieback and needle discoloration of coniferous trees were observed. In Karkonosze and Tatra National Parks only the needles and branches in which discoloration covered 50–60% of the surface area were collected for mycological analysis. In Stołowe Mountain National Park, in addition to symptomatic needles, healthy needles were also collected for study. The trees sampled were not in the vicinity of potential hosts of Biscogniauxia spp. (e.g., Fagus sp. or Quercus sp.), which prevents the random appearance of a strain on coniferous trees. During the field work, fresh needles were collected in sterile envelopes and transported to the laboratory, where the isolates underwent mycological analysis in accordance with the method provided by Patejuk et al. [20]. First, needles were disinfected (A. alba for one minute in 0.5% sodium hypochlorite; P × rhaetica for 5 min in 1% sodium hypochlorite) and rinsed in sterile water. They were then cut into 2–4mm fragments and placed on a standard PDA medium (Potato Dextrose Agar, Biocorp, Poland). The growing fungal colonies were subsequently transferred to slants with PDA medium and cultured in order to enable their taxonomic identification. The isolates were identified under a light microscope based on their morphological traits, such as the dimension of spores, color, shape, etc. [32,33]. Isolates initially identified as Biscogniauxia spp. [5,9,34] were sent for molecular analysis.




2.2. Molecular Analysis


The species identification of isolates preliminarily classified based on morphology [5,9,34] as Biscogniauxia spp. was first carried out by analysis of the ITS region of ribosomal DNA (rDNA). Due to the rarity of species of this genus in Poland, to confirm identification, fragments of the TEF1 (translation elongation factor 1-α), TUB2 (β-tubulin) and ACT (actin) genes were also analyzed. In addition to identification, the purpose of the molecular analyses was to compare our isolates with the sequences of other European isolates available from GenBank NCBI.



2.2.1. Preparation of Isolates for Molecular Analysis and DNA Extraction


Prior to molecular analysis, six representative isolates of Biscogniauxia spp. were grown on PDB medium (Potato Dextrose Broth, A&A Biotechnology, Poland) over 10 days at 23 °C in the dark in Petri dishes protected with Parafilm M.



DNA was extracted according to the Doyle and Doyle [35] method, with modifications described by Baturo-Cieśniewska et al. [36]. For extraction of DNA, we used freeze dried mycelium homogenized with quartz beads in a Magna Lyser homogenizer (Roche, Basel, Switzerland) and applied buffer containing CTAB 5.0%, EDTA 0.5 M, NaCl 5.0 M, Tris -HCl (pH 8.0) 1.0 M, 2-mercaptoethanol and PVP 2.0%. After incubation at 65 °C, phenol, chloroform and isoamyl alcohol were used. In the following stages, 95% and 70% ethyl alcohol were used. The obtained DNA was cleaned with an anti-inhibitor kit (A&A Biotechnology, Poland), quantified fluorometrically on a Quantus device (Promega, WI, USA) and diluted in ddH2O to a concentration of 10 ng·L−1 for further analysis.




2.2.2. PCR Assays


Amplification was carried out in 37.5 μL of PCR Mix Plus (A&A Biotechnology, Poland). The final concentration of reagents was as follows: 1× PCR Mix Plus, 0.6 pM of each primer (Table 2) and 2 ng DNA template.



Thermal cycling was performed on an Eppendorf EP Mastercycler using the following parameters: initial denaturation at 94 °C for 5 min, followed by 35 cycles of 94 °C for 1 min, an annealing temperature typical for a specific analysis (Table 2) and 72 °C for 2 min, followed by 10 min at 72 °C for the final extension. The presence of PCR products was verified by electrophoretic separation of 2 μL of the post-reaction mixture in tris-borate-EDTA (TBE) buffered by a 1.2% agarose gel (Pronadisa, Spain) stained with SimplySafe (EURx, Gdańsk, Poland).




2.2.3. Sequencing and Data Analysis


The amplification products were purified and sequenced by Genomed (Poland).



Chromatograms were edited and consensus sequences generated with FinchTV 1.4 (Geospiza Inc., Seattle, WA, USA). The Basic Local Alignment Search Tool (BLAST) [40] of the GenBank NCBI database (The National Center for Biotechnology Information) was used to identify species based on the ITS, TEF1, TUB2 and ACT sequences. Alignment using Clustal W and evolutionary analyses was conducted in MEGAX [41]. The evolutionary history was inferred by using the maximum likelihood method based on the Kimura 2-parameter model [42]. Node support was calculated using 1000 bootstrap replicants.



The sequences of ITS regions of B. nummularia and B. mediterranea were compared to the European sequences of these species available on GenBank (25 randomly taken from each species). For the same isolates, sequences of TEF1, TUB2 and ACT gene fragments were also compared where available. In the case of ACT, all sequences available from GenBank were used for comparison, including those isolates for which ITS was not analyzed.



Additionally, one sequence of the analyzed genes of other Biscogniauxia spp. available in GenBank was included for comparison: ITS, TUB2 and ACT of Austrian B. granmoi Lar.N. Vassiljeva and TEF1 of Chinese B. petrensis Z.F. Zhang, F. Liu and L. Cai, due to the lack of a European sequence. All analyzed sequences of our 6 isolates were deposited in the NCBI GenBank (http://www.ncbi.nlm.nih.gov/genbank/ accessed on 29 November 2021). Their accession numbers and data on isolates used in molecular studies are listed in Table 3.





2.3. Meteorological and Hydrological Data Analysis


The meteorological and hydrological raw data were extracted from the database of the Institute of Meteorology and Water Management—National Research Institute [43]. Data were processed using Python. The closest measurement stations to the study spots were chosen. For Stołowe Mountain National Park, the meteorological data were extracted from the stations Duszniki-Zdrój in between years 1961–1974 (station code: 250169994) and Słuszów in between 1975–2014 (station code: 250160480)—in 1975 there was a change of the station’s name, for Karkonosze National Park from the station Karpacz (station code: 250150220) and for Tatra National Park from the stations Hala Gąsienicowa (station code: 249200540), Hala Ornak (station code: 249190680), Morskie Oko (station code: 249200910) and Polana Chochołowska (station code: 249190670). Parameters such as: average yearly temperature (°C), monthly total rainfall (mm), maximum height of the snow cover (cm) and number of days with snow cover were analyzed and presented on Figure 1. The changes in meteorological conditions were presented across 55 years, between 1960–2015, for Stołowe Mountain and Karkonosze National Park, and for a 30-year period, between 1990–2020, for Tatra National Park; different periods of time were used for the visualizations due to the availability of data on the IMWM-NRI database. Visualizations of meteorological data and linear fit were made using Tableau software (4 February 2020 Professional Edition).





3. Results


3.1. Meteorological Data


All of the studied spots were located in mountainous areas, characterized by long periods of snow cover, low annual temperatures and heavy rain. The biggest changes across the last 30–50 years were observed in Karkonosze and Tatra National Parks. In Stołowe Mountain National Park, statistically important differences were detected only for the average annual temperature (Table 4). The parameter with the smallest change was monthly total rainfall, which did not change significantly across the years. On the other hand, as presented in Figure 1, in recent years there has been a visible trend of rising annual temperature and a drop in snow cover. A statistically important decrease in the number of days with snow cover was observed for Karkonosze and Tatra National Parks (Table 4). The most drastic changes in snow cover were observed in Tatra National Park. It is worth highlighting that snow is one of the main reservoirs of water in mountainous areas, and continued decrease can affect local ecosystems in the long term.




3.2. Molecular Analysis


The comparative analysis of ITS sequences of our isolates alongside the GenBank database clearly identified our Bm8L-19Aa as B. mediterranea. Its sequence was identical to many European and non-European sequences of this species, e.g., MW132049 and KR909208. In many cases, e.g., KM216761 or KM216784, our isolate differed by only one nucleotide (percent identity >99%), but there were also differences at the level of 30 nucleotides (percent identity ~94%).



The other five of our isolates were classified as B. nummularia. Bn3W-19Pu and Bn6L-19Pu showed 100% identity with e.g., MH860015, MT561409, Bn5L-19Pu, Bn31M-20Aa, Bn56C-20Aa, LN714525 and EF155488. Our first two isolates differed in two nucleotides from the other three. They also differed in one or more nucleotides from numerous sequences, e.g., MT153623 and AJ246231, in GenBank (percent identity >99% and >98%).



The genetic diversity between our sequences, as well as their comparison with other European sequences is presented in the phylogenetic tree (Figure 2) where the ITS sequences of B. mediterranea and B. nummularia form 2 separate clusters.



Analysis of the tree shows two main groups of B. mediterranea with a bootstrap value of 99%: first with three samples derived from Q. pubescens in Italy and one from Q. robur in the Netherlands; and the second, with our isolate along with 21 additional including isolates originated from various Quercus species and other plants. This suggests that grouping was not affected by host species.



Our five B. nummularia isolates were grouped together with 17 other isolates of this species. The ITS sequences of our isolates obtained from gymnosperms were genetically identical to four (out of five analyzed) isolates from F. sylvatica. Two isolates from Italy, similar to the Italian B. mediterranea, formed a clearly distinct group. Three isolates from Germany were also grouped separately, while the remaining seven were included in the previously mentioned group of 17 isolates. Host species, like for B. mediterranea, had no effect on grouping.



For the protein encoding genes (TEF1, TUB2 and ACT), the analysis imaged of individual phylogenetic trees (Figure 3, Figure 4 and Figure 5) were also effective in the distinction of B. mediterranea isolates from B. nummularia.



There was much less reference material in GenBank for these sequences, especially for B. nummularia. As a result, comparative analysis for these sequences was sparse or impossible.



As for ITS regions, the comparative analysis of the TEF1 gene fragment with the GenBank database clearly indicated that Bm8L-19Aa is B. mediterranea. Our isolate had a sequence identical (percent identity = 100%) to non-European sequences, e.g., MG456736 or MT361330, and European ones (e.g., KM216793 or KM216820) differed by a maximum of three nucleotides, mostly showing a percent identity close to 99%.



Our B. nummularia TEF1 sequences are the only ones available on GenBank, so it has not been possible to confirm identification and compare them with other isolates. They differed slightly from each other (1 or 2 nucleotides), and Bn5W-19Pu had an additional insertion of 7 nucleotides. Only Bn6L-19Pu and Bn31M-20Aa were identical. This differentiation between our B. nummularia isolates is visible in the dendrogram, where sequences of two analyzed species were grouped into separate clusters (Figure 3).



Also, the analysis of the TUB2 sequence unambiguously qualified our Bm8L-19Aa as B. mediterranea, indicating its 100% identity with the Portuguese KM267210 and KM267225. It differed from other sequences deposited in GenBank in one, a few or a dozen nucleotides, which is reflected in the grouping shown in Figure 4. The sequences of the three Italian isolates (Bx85, Bx70 and Bx63), as well as their ITS regions, turned out to be clearly different (percent identity = 96.08%).



Our five B. nummularia isolates did not differ from each other. They were grouped together with the two isolates available in GenBank. Their sequences were identical with British KU684125 obtained from F. sylvatica and with GQ428324 (Figure 4).



In the sequence analysis of the ACT gene, the two species were also grouped into separate clusters. Bm8L-19Aa fell into one group with two B. mediterranea, however its variation from these sequences was significant, as was that from the remaining three sequences available from GenBank, being a separate subgroup (Figure 5).



Our four B. nummularia isolates differed by one nucleotide from Bn56C-20Aa. They were grouped together with the only available GenBank sequence GQ428312 and differed from it, respectively, by one and two nucleotides (percent identity > 99%).





4. Discussion


The common appearance of Biscogniauxia spp. in Poland is a topic worthy of attention and further observations. Following Ellis and Ellis [34], B. nummularia is considered rare in all of Europe, although current investigations show that this seems to be an outdated view [2,9,16,18,20,21]. Even so, in previous years this information seemed to be accurate in central European countries, e.g., Poland, where prior to 2020 [20,21] B. nummularia was recorded only three times [44,45]. We observe a very similar situation with B. mediterranea [17,22], which in the last five years was reported in central Europe for the first time in history and has now been observed twice. It seems that we are currently witnessing an increasing trend of Biscogniauxia spp. expansion into central Europe, which gives us a good chance to prepare an appropriate BTC monitoring system and to take quick action in case of local outbreaks of charcoal canker. The isolates of both species obtained in the research did not show significant genetic differences in relation to most other European isolates, which suggests the natural drift of the fungus into central Europe, instead of an isolated population. In addition, B. nummularia isolates obtained from gymnosperms have ITS and TUB2 sequences identical to those obtained from F. sylvatica in Germany, Switzerland and the UK (Table 3), which may suggest the separation of the northern populations of this fungus, which better tolerate colder, mid-European climates. It also seems that the northern isolates (from Poland and Germany) may occur on coniferous trees such as pines and firs, on which fungi can find a refugium in areas without potential hosts. It also suggests that gymnosperm plants may be a natural reservoir of the pathogen in the places where coniferous trees coexist with beeches. It should be expected that with progressive climate change, B. nummularia will become a serious pathogen of Fagus sp. and may lead to the emergence of local epidemics in central Europe. It will surely bring long-term changes in forest management, especially, as the research of Dulamsuren et al. [29] shows, as climate change significantly reduces the range of optimal conditions for beech growth in central Europe. Currently, beech is present throughout almost all of central Europe, with high frequency in the Polish part of the Carpathians, the Polish seashore of the Baltic Sea, in Slovakia, in the Alpine belt (Austria and Switzerland) and in southwest Germany [46]. Further warming and regular droughts may contribute to the population decline of beech in lowlands and lower mountain regions of central Europe, leaving mountain to upper mountain elevations as the last places suitable for beech woods [29]. Trees affected by drought could be an easy target for BTC [4,28], encouraging the pathogen’s growth. The potential decline of Fagus and slow disappearance of this species in central Europe would not only be a challenge for the forestry industry, but would also cause the massive extinction of local, treasured species which are tightly coupled to these ecosystems. Due to their uniqueness, plant communities belonging to beech forests are determinants of protected natural habitats requiring designation as Natura 2000 areas [47,48]. However, as some authors suggest [29], climate-change-related growth decline of Fagus is more widespread in the center of the species’ distribution range than previously thought, which is highly relevant for forestry planning. It seems that the expansion of Biscogniauxia may have an important role in these changes and should be regularly monitored as a potentially important threat to the central-European forestry industry and diversity. Research monitoring ongoing changes in forestry ecosystems should be implemented during the planning of long-term forestry industry projects in order to forecast future changes, possible economic consequences and as an integral part of sustainable forest management.




5. Conclusions


This article is the first notification of an increasing number of Biscogniauxia nummularia and Biscogniauxia mediterranea observations in central Europe and their consequences. Genetic analysis of the obtained strains did not show significant genetic differences in relation to most other European isolates, which suggests natural drift of the fungus into central Europe. Climate change, especially rising annual temperatures and regular droughts, are recognized as a direct cause of the increasing distribution range of both types of fungus. Furthermore, research indicates that coniferous trees, such as pine and fir, also act as a natural reservoir of the pathogens. It should be expected that with progressive climate change, B. nummularia will become a serious pathogen of Fagus sp. and may lead to the emergence of local epidemics in central Europe. This type of research should be used during the planning of long-term forestry industry projects and as an integral part of sustainable forest management.
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Figure 1. Annual dynamics of climatic conditions in the studied areas. 
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Figure 2. ITS-based phylogenetic tree of B. mediterranea (Bm) and B. nummularia (Bn) isolates produced using MEGAX. Additional sequence from B. granmoi (Bg) were included for additional comparison. Details on isolates are described in Table 3. 
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Figure 3. TEF1-based phylogenetic tree of B. mediterranea (Bm) and B. nummularia (Bn) isolates produced using MEGAX. Additional sequence from B. petrensis (Bp) was included for additional comparison. Details on isolates are described in Table 3. 
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Figure 4. TUB2-based phylogenetic tree of B. mediterranea (Bm) and B. nummularia (Bn) isolates produced using MEGAX. Additional sequence from B. granmoi (Bg) was included for additional comparison. Details on isolates are described in Table 3. 






Figure 4. TUB2-based phylogenetic tree of B. mediterranea (Bm) and B. nummularia (Bn) isolates produced using MEGAX. Additional sequence from B. granmoi (Bg) was included for additional comparison. Details on isolates are described in Table 3.
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Figure 5. ACT-based phylogenetic tree of B. mediterranea (Bm) and B. nummularia (Bn) isolates produced using MEGAX. Additional sequence from B. granmoi (Bg) was included for additional comparison. Details on isolates are described in Table 3. 
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Table 1. Characteristics of isolates of Biscogniauxia nummularia and Biscogniauxia mediterranea, isolated from Poland, included in the analysis.
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	Species
	No of Isolate
	Host
	Place of Isolation
	Part of the Plant
	References





	B. nummularia (Bull.) Kuntze
	Bn3W-19Pu

Bn5L-19Pu

Bn6L-19Pu
	Pinus × rhaetica Brügger
	Great Peat Bog of Batorów—Stołowe Mountains National Park (SW Poland)
	fresh needles
	[20]



	B. nummularia (Bull.) Kuntze
	Bn31M-20Aa Bn56C-20Aa
	Abies alba Mill.
	Karkonosze National Park (SW Poland)
	fresh needles
	[21]



	B. mediterranea (De Not.) Kuntze
	Bm8L-19Aa
	Abies alba Mill.
	Tatra National Park (S Poland)
	shoots
	[22]
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Table 2. Annealing conditions of PCR assays, primers and their references.






Table 2. Annealing conditions of PCR assays, primers and their references.





	Target
	Primer Name and Sequence 5′→ 3′
	Annealing Conditions
	Reference





	ITS
	ITS1: TCCGTAGGTGAACCTGCGG

ITS4: TCCTCCGCTTATTGATATGC
	55 °C/45 s
	[37]



	TEF1
	EF1-728F: CATCGAGAAGTTCGAGAAGG

EF1-986R: TACTTGAAGGAACCCTTACC
	54 °C/1 min
	[38]



	TUB2
	Bt2a: GGTAACCAAATCGGTGCTGCTTTC

Bt2b: ACCCTCAGTGTAGTGACCCTTGGC
	58 °C/1 min
	[39]



	ACT
	ACT-512F: ATGTGCAAGGCCGGTTTCGC

ACT-783R: TACGAGTCCTTCTGGCCCAT
	60 °C TD-PCR *
	[38]







* 65 °C (Cycle 1–5); 62 °C (Cycle 6–10); 60 °C (Cycle 11–35).
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Table 3. Details of Biscogniauxia spp. isolates used in the molecular studies.
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Collection Symbol

	
Locality

	
Host

	
GenBank Accession Number




	
ITS

	
TEF1

	
TUB2

	
ACT






	
Biscogniauxia mediterranea (De Not.) Kuntze




	
Bm8L-19Aa

	
Poland

	
Abies alba Mill.

	
MN5382671

	
MZ221965

	
MZ221959

	
MZ221971




	
Bm04.001

	
Portugal

	
Quercus suber L.

	
KM216752

	
KM216788

	
KM267202

	
/ 2




	
Bm07.003

	
Portugal

	
Quercus suber L.

	
KM216754

	
KM216790

	
KM267203

	
/




	
Bm10.019

	
Portugal

	
Quercus suber L.

	
KM216761

	
KM216797

	
KM267210

	
/




	
Bm10.001

	
Portugal

	
Quercus suber L.

	
KM216756

	
KM216792

	
KM267205

	
/




	
Bm10.006

	
Portugal

	
Quercus suber L.

	
KM216757

	
KM216793

	
KM267206

	
/




	
Bm10.012

	
Portugal

	
Quercus rotundifolia Lam.

	
KM216758

	
KM216794

	
KM267207

	
/




	
Bm11.003

	
Portugal

	
Quercus suber L.

	
KM216764

	
KM216800

	
KM267212

	
/




	
Bm12.027

	
Portugal

	
Quercus robur L.

	
KM216775

	
KM216811

	
KM267223

	
/




	
Bm12.032

	
Portugal

	
Quercus suber L.

	
KM216777

	
KM216813

	
KM267225

	
/




	
Pc08.002

	
Portugal

	
Quercus suber L.

	
KM216785

	
KM216822

	
KM267234

	
/




	
Pc96.009

	
Portugal

	
Quercus suber L.

	
KM216786

	
KM216821

	
KM267233

	
/




	
Erm62

	
Portugal

	
Quercus suber L.

	
MT819815

	
/

	
/

	
/




	
Cab27

	
Portugal

	
Quercus suber L.

	
MT819759

	
/

	
/

	
/




	
Cab70

	
Portugal

	
Quercus suber L.

	
MT819778

	
/

	
/

	
/




	
Cha10

	
Portugal

	
Prunus dulcis (Mill.) D.A.Webb

	
MN956830

	
/

	
/

	
/




	
V16

	
Portugal

	
Quercus suber L.

	
MT819919

	
/

	
/

	
/




	
Bm10.016

	
Italy, Sardinia

	
Quercus suber L.

	
KM216759

	
KM216795

	
KM267208

	
/




	
Bx63

	
Italy

	
Quercus pubescens Willd.

	
KT253501

	

	
KT253535

	
KT253504




	
Bx70

	
Italy

	
Quercus pubescens Willd.

	
KT253502

	
/

	
KT253536

	
KT253505




	
Bx85

	
Italy

	
Quercus pubescens Willd.

	
KT253503

	
/

	
KT253537

	
KT253506




	
Bm_S1

	
Croatia

	
Quercus ilex L.

	
MK208591

	
/

	
/

	
/




	
Rovinj 5

	
Croatia

	
Quercus ilex L.

	
KU727203

	
/

	
/

	
/




	
19LSOL009

	
France

	
Lycium hybrid cultivar L.

	
MW132049

	
/

	
/

	
/




	
YMJ 147

	
France

	
/

	
/

	
/

	
// 3

	
AY951796




	
CBS101016

	
Netherlands

	
Quercus robur L.

	
KM216787

	
KM216823

	
KM267235

	
/




	
Bm13.013

	
Spain

	
Quercus suber L.

	
KM216784

	
KM216820

	
KM267232

	
/




	
Biscogniauxia nummularia (Bull.) Kuntze




	
Bn3W-19Pu

	
Poland

	
Pinus mugo subsp. uncinata (Ramond) Domin

	
MN595068

	
MZ221960

	
MZ221954

	
MZ221966




	
Bn5L-19Pu

	
Poland

	
Pinus mugo subsp. uncinata (Ramond) Domin

	
MN588203

	
MZ221961

	
MZ221955

	
MZ221967




	
Bn6L-19Pu

	
Poland

	
Pinus mugo subsp. uncinata (Ramond) Domin

	
MN588202

	
MZ221962

	
MZ221956

	
MZ221968




	
Bn31M-20Aa

	
Poland

	
Abies alba Mill.

	
MT936553

	
MZ221963

	
MZ221957

	
MZ221969




	
Bn56C-20Aa

	
Poland

	
Abies alba Mill.

	
MT937244

	
MZ221964

	
MZ221958

	
MZ221970




	
GLMC 829

	
Germany

	
Prunus avium L.

	
MT153623

	
/

	
/

	
/




	
NWFVA4756

	
Germany

	
Pinus sylvestris L.

	
MT790313

	
/

	
/

	
/




	
NW-FVA5282

	
Germany

	
Fagus sylvatica L.

	
MT561409

	
/

	
/

	
/




	
NW-FVA2393

	
Germany

	
Pinus sylvestris L.

	
MG098283

	
/

	
/

	
/




	
agrAR262

	
Germany

	
Viscum album subsp. austriacum (Wiesb.) Volim.

	
FN435831

	
/

	
/

	
/




	
agrAR037

	
Germany

	
Viscum album subsp. austriacum (Wiesb.) Volim.

	
FN435654

	
/

	
/

	
/




	
agrAR141

	
Germany

	
Viscum album subsp. austriacum (Wiesb.) Volim.

	
FN435724

	
/

	
/

	
/




	
RP431_4

	
Germany

	
endophyte on plant

	
KX096660

	
/

	
/

	
/




	
BI21

	
Germany

	
Fagus sylvatica L.

	
EF155488

	
/

	
/

	
/




	
BI66

	
Germany

	
/

	
EF155487

	
/

	
/

	
/




	
B.NUMM2

	
Italy

	
/

	
AJ246230

	
/

	
/

	
/




	
B.NUMM3

	
Italy

	
/

	
AJ246231

	
/

	
/

	
/




	
S2_T23_L1B_2

	
Italy

	
Fraxinus ornus L.

	
KY367501

	
/

	
/

	
/




	
MUCL 51395

	
France

	
/

	
KY610382

	
/

	
KX271241

	




	
V1EF1a

	
France

	
wheat

	
KT692591

	
/

	
/

	
/




	
ZT-Myc-64234

	
Switzerland

	
Fagus sylvatica L.

	
MW489548

	
/

	
/

	
/




	
SO1_T21_L3B

	
Switzerland

	
Fraxinus ornus L.

	
MH935013

	
/

	
/

	
/




	
JDG 24

	
Slovenia

	
Fraxinus excelsior L.

	
HE774496

	
/

	
/

	
/




	
9

	
Slovenia

	
olive tree

	
KJ186957

	
/

	
/

	
/




	
B72C

	
Spain

	
/

	
AJ390415

	
/

	
/

	
/




	
BNF

	
Spain

	
Fagus sylvatica L.

	
LN829127

	
/

	
/

	
/




	
H07

	
Czech Republic

	
/

	
LN714525

	
/

	
/

	
/




	
VVFIS_308

	
Hungary

	
Vitis vinifera L.

	
MW364456

	
/

	
/

	
/




	
H86

	
Slovakia

	
Salix alba L.

	
GQ428318

	
/

	
GQ428324

	
GQ428312




	
CBS 969.70

	
United Kingdom

	
Fagus sylvatica L.

	
MH860015

	
/

	
KU684125

	
/




	
Biscogniauxia granmoi Lar.N. Vassiljeva




	
YMJ 135

	
Austria

	
Prunus padus L.

	
JX507803

	
/

	
AY951681

	
AY951793




	
Biscogniauxia petrensis Z.F. Zhang, F. Liu and L. Cai




	
LC5697

	
China

	
rock

	
//

	
KX855215

	
//

	
//








1 Accession numbers of sequences generated in this study are indicated in italics; 2 /—not available; 3 //—not analyzed.
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Table 4. Lineal regression parameters.






Table 4. Lineal regression parameters.





	

	
Karkonosze National Park

	
Stołowe Mountain National Park

	
Tatra National Park






	
Average yearly temperature

	
p-value

	
<0.0001

	
0.0141009

	
0.031045




	
R-squared

	
0.349813

	
0.110399

	
0.049553




	
Equation:

	
x = 0.0457126y + −83.9245

	
x = 0.0175113y + −28.4773

	
x = 0.0591253y + −114.823




	
Monthly total rainfall

	
p-value

	
0.147077

	
0.108164

	
0.0582271




	
R-squared

	
0.0336043

	
0.0488743

	
0.0384444




	
Equation:

	
x = −0.166531y + 418.273

	
x = −0.176304y + 423.724

	
x = 0.597223y + −1054.27




	
Maximum height of snow cover

	
p-value

	
0.0343486

	
0.121498

	
0.0406373




	
R-squared

	
0.0702087

	
0.0454902

	
0.0447694




	
Equation:

	
x = −0.33734y + 720.542

	
x = −0.302306y + 643.111

	
x = −1.40737y + 2945.36




	
Number of days with snow cover

	
p-value

	
<0.0001

	
0.390762

	
0.000853




	
R-squared

	
0.243498

	
0.0141997

	
0.114448




	
Equation:

	
x = −0.861401y + 1801.51

	
x = −0.188565y + 457.828

	
x = −1.78431y + 3725.48
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