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For the last two decades, large-scale population decline of European ash (Fraxinus excelsior) has occurred in Europe because of the introduction of the alien fungal pathogen, Hymenoscyphus fraxineus, from East Asia. Since European ash is a keystone species having critical importance for biodiversity, and only a small percentage of the ash population appears to show some tolerance against the pathogen, the loss of ash trees means that other associated organisms, especially those with high or obligate associations to ash, are at risk of further species declines. In this study, we used high throughput DNA sequencing and multivariate analysis to characterize: (i) the mycobiome in aerial tissues (i.e., leaf, bark, and xylem) of ash trees showing different phenotypic response to ash dieback, (ii) the temporal variation in fungal communities across the growing season, and (iii) the similarity in fungal community structure between ash and other common trees species that may serve as an ecological niche substitute for ash microfungi. Results showed that fungal communities differed among the three tissue types, susceptibility classes, in time and between sites. Trophic analysis of functional groups using the FUNGuild tool indicated a higher presence of pathotrophic fungi in leaves than in bark and xylem. The share of pathotrophic fungi increased along a gradient of low to high disease susceptibility in both bark and xylem tissue, while the proportion of symbiotrophic fungi correspondingly decreased in both tissue types. Neighboring, alternative host trees did not share all the fungal species found in ash, however, most microfungi uniquely associated to ash in this study are generalists and not strictly host specific. The progressive disappearance of ash trees on the landscape imposes a high risk for extinction of Red-listed macrofungal species, and breeding for resistance against ash dieback should help sustain important biodiversity associated to ash. Microfungal diversity though may be less prone to such demise since most ash-associated endophytes appear to occur on a broad range of host species.
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INTRODUCTION

Common ash (Fraxinus excelsior L.) is an important keystone species in European forests (Bell et al., 2008; Pautasso et al., 2013). At present, common ash populations in Europe are threatened by the alien invasive pathogen Hymenoscyphus fraxineus (T. Kowalski) Baral, Queloz, Hosoya, an ascomycete fungus and the primary causal agent of ash dieback. Hymenoscyphus fraxineus originates from Asia (Gross et al., 2014; Inoue et al., 2019) and was likely introduced to Europe through an imported nursery stock (Woodward and Boa, 2013). The pathogen spreads via wind-dispersed ascospores (Timmermann et al., 2011; Hietala et al., 2013; Chandelier et al., 2014) and infects trees primarily through the leaves and rachises (Cleary et al., 2013). Root collar infections are also common (Husson et al., 2012; Enderle et al., 2013; Chandelier et al., 2016).

In Sweden, ash has been a Red-listed species since 2010 and recently its status has worsened to become critically endangered, considered at risk of extinction in the wild (Cleary et al., 2017). Research has shown strong genotypic variation in susceptibility in natural populations of ash throughout Europe (Kjaer et al., 2011; McKinney et al., 2011; Pliura et al., 2011; Stener, 2013; Lobo et al., 2014; Stocks et al., 2017; Timmermann et al., 2017). Though the large majority of ash trees are affected (McKinney et al., 2014), a small percentage (between 1 and 5%) of the ash population shows tolerance to the pathogen (Pliura et al., 2011; Kirisits and Freinschlag, 2012). With such low proportion of ash trees projected to survive this epidemic, the fate of other associated biodiversity will likely be negatively impacted (Pautasso et al., 2013). Ecological cascade effects have occurred with the decline of other tree species affected by invasive alien pathogens (e.g., Ulmus spp. affected by Dutch elm disease) (Brasier, 1991) and can be similarly anticipated for ash ecosystems with trophic cascades on biodiversity and natural cycles (i.e., forest succession, nutrient- and carbon cycles) (Pautasso et al., 2013; Mitchell et al., 2014). Associated biodiversity, e.g., insects, bryophytes, lichens, and fungi, having high- or obligate associations with ash, or both, may suffer substantial population decline because of the declining ash tree population (Mitchell et al., 2014; Hultberg et al., 2020). An even larger threat for local extinction are Red-listed host-specific organisms such as the Tabby knot horn (Euzophera pinguis Haworth), the scarce fritillary (Euphydryas maturna L.) butterfly, the jewel beetle (Agrilus convexicollis Redtenbacher), the epiphytic bryophyte Neckera pennata (Hedw.), and macrofungi including Pyrenula nitidella (Flörke ex Schaer.) Müll. Arg. and Perenniporia fraxinea (Bull.) Ryvarden (Jönsson and Thor, 2012; Artdatabanken, 2015; Bengtsson and Stenström, 2017). Another important group of organisms are the so-called “hidden biodiversity,” including microfungi inhabiting plants as endophytes that are often known to benefit their hosts by enhancing their resistance to abiotic and biotic stresses (Faeth and Fagan, 2002; Redman et al., 2002; Arnold, 2007; Rodriguez et al., 2009; Tellenbach and Sieber, 2012). However, because microfungi cannot be detected through traditional survey methods (Halme et al., 2012), the implications of H. fraxineus on the loss of ash-associated microfungi is generally unknown.

The resource use defines the niche of the species and according to the competitive exclusion theory, two species with highly similar or identical niches cannot stably coexist in the same physical space for long periods of time if their common resources are limiting (Chase and Leibold, 2003; Mikkelson, 2005). Thus, to stably co-exist in the same host, two species must sufficiently utilize different resources to avoid competitive exclusion. The aggressiveness of H. fraxineus may therefore displace other microfungi competing for the same ecological niche. For example, it was already demonstrated that Hymenoscyphus albidus (Roberge ex Desm.) W. Phillips, an obligate, native endophyte/saprophyte of F. excelsior leaves (Kowalski and Holdenrieder, 2009) lost the niche competition race against H. fraxineus whereby local extirpation of H. albidus has occurred due to competitive exclusion (McKinney et al., 2012). Similar outcomes may be expected for other host-specific fungal species that otherwise may have an important role for the host in those ecosystems (as with H. albidus, which was a common degrader of fallen leaf rachises). For this reason, interest has surged in studying the fungal communities of ash to better understand the ecological role of Hymenoscyphus species and other endophytic fungi, their interactions and influence of the fungal communities in enhancing plant fitness and resistance.

Several studies have focused on describing fungal communities of Fraxinus species on either leaves (Scholtysik et al., 2013; Cross et al., 2017; Ibrahim et al., 2017; Trapiello et al., 2017; Schlegel et al., 2018) or twigs (Haňáčková et al., 2017; Kosawang et al., 2018), but not both. With the exception of Cross et al. (2017), the aforementioned studies focused on the culturable fraction of the endophytic fungal community. The main aim of this study was to characterize the ash mycobiome in different tissue types, across a gradient of phenotypic susceptibility to the disease, and to examine how the fungal communities are influenced over time and space. A secondary aim was to compare the similarity in fungal community composition between ash and other tree species commonly growing in the surrounding environment to determine whether they may serve as an ecological niche substitute for some microfungi associated to ash.



MATERIALS AND METHODS


Study Location and Sampling Methods

Two ash seed orchards located at Snogeholm (55°32′N, 13°32′E, 50 m a.s.l.) and Trolleholm (55°57′N, 13°12′E, 100 m a.s.l.) in southern Sweden were chosen for examining fungal communities of ash phenotypes. The trials were established in 1992 (Snogeholm) and 1995 (Trolleholm) on former agricultural land, prior to the arrival of H. fraxineus in Sweden (first report in 2001). Each site comprised 106 F. excelsior clones that were phenotypically selected from plus-trees from 27 stands across southern Sweden, mainly selected for growth traits as reforestation material. Damage assessments previously conducted between 2006 and 2016 revealed large genotypic variation in susceptibility to H. fraxineus among ash clones, that damage was largely under genetic control (Stener, 2013), and there is stability in damage traits among clones over time (Stener, 2018).

The tree genotypes selected in the study were based on the previous screening in this long-term genetic trial, and represented a gradient of susceptibility from low to high based on rankings of tree vitality and shoot and crown damage in the previous assessments on a scale from 0 to 9, whereby 0 means no damage and 9 highly damaged (Stener, 2013). Up to seven trees (per individual genotype) were sampled in three susceptibility classes: resistant, intermediate and susceptible (Table 1 and Figure 1). Resistant trees had a healthy appearance of the crown with little or no evidence of crown or branch dieback and an average damage class less than 2.5. Intermediate trees exhibited damage in the form of partial crown dieback and few dead branches, and an average damage class rating between 3.5 and 4.5. Highly susceptible trees had severe crown dieback, several branches had died, and overall status moribund, with an average damage class rating higher than 5.5. Additional tree species were selected among the trees growing close to, or within, the seed orchards: silver birch (Betula pendula, Roth) and pedunculate oak (Quercus robur, L.) at Snogeholm, and European beech (Fagus sylvatica, L.), pedunculate oak, and hybrid larch (Larix x eurolepis, Mill.) at Trolleholm (Supplementary Table S1).


TABLE 1. Ash clones sampled within each susceptibility class at Snogeholm and Trolleholm seed orchards.

[image: Table 1]

[image: image]

FIGURE 1. Examples of ash trees representing three susceptibility classes: Resistant (R), clone 89 at Snogeholm; Intermediate (I), clone 79 at Trolleholm; and Susceptible (S), clone 73 at Snogeholm. Photos: Marta Agostinelli.


Trees were sampled at four different time points throughout the growing season in 2015: (i) 28th of May (prior to the sporulation period of H. fraxineus), (ii) 21st of July, (iii) 13th of August (during the peak period of H. fraxineus sporulation), and (iv) 17th of September (during the presumed early infection period of H. fraxineus, prior to leaf senescence and leaf shed). At each time point, a visually healthy branch was selected from each sampled tree and two individuals of each clone were cut depending on available material. The same trees were visited at each time point. Leaves were detached from the shoot, placed in a plastic bag and labeled accordingly. Phloem (bark) and xylem tissue were separated for the shoots, and individually labeled. Both shoots and leaves were stored immediately on dry ice in the field. In total, 384 ash samples and 60 samples from neighboring tree species were collected, for a total of 444 samples (Supplementary Table S1). In the lab, samples were transferred to a −20°C freezer until they could be processed further. Then, leaflets were removed from the rachises and placed in 50 mL Falcon tubes. Samples were then lyophilized for 24 h and homogenized in a FastPrep-24 homogenizer (MP biomedicals, Santa Ana, United States). Bark and xylem were separated with a sterile scalpel and placed in two separate 25 mL Falcon tubes, then lyophilized for at least 48 h. Liquid nitrogen was used to homogenize any remaining phloem and xylem to fine powder.



DNA Extraction and Illumina MiSeq Sequencing

Genomic DNA was extracted using the E.Z.N.A. SP Plant DNA kit (Omega Bio-Tek, Inc., Norcross, United States) following manufacturer’s instructions. DNA quantity and quality were measured using NanoDrop® ND-1000 spectrophotometer (Wilmington, United States). The ITS2 region of the rDNA, a suitable marker for barcoding fungi from environmental samples (Ihrmark et al., 2012) was amplified. PCR was performed in 50 μL reactions containing 10 μL of 5X Phusion HF buffer, 0.2 mM dNTP mix, 0.3 μM of tagged primer ITS4 (White et al., 1990), 0.5 μM of tagged primer fITS7 (Ihrmark et al., 2012), 1.5 mM MgCl2, 0.02 Unit of Phusion Hot Start High-Fidelity DNA polymerase (Thermo Fisher Scientific, San Jose, United States) and 10 ng genomic DNA. Amplifications were performed in a S1000 thermal cycler (BIO-RAD, San Francisco, United States) with the following conditions: 98°C for 3 min, 31 cycles of 98°C for 15 s, 57°C for 30 s, and 72°C for 30 s, and a final extension step for 7 min at 72°C. PCR products were visualized on a 1.5% agarose gel stained with GelRed (Biotium, Hayward, CA, United States). Amplified PCR products were cleaned using Agencourt Ampure XP beads (Beckman Coulter) and pooled in an equimolar ratio to yield three sequencing libraries. After excluding some samples due to poor amplification (Supplementary Table S1), the sample set comprised 295 samples representing ash trees from different susceptibility classes and neighboring tree species across a variety of tissue types, time points, and sampling sites. Samples were sent to National Genomics Infrastructure/NGI Stockholm (Science for Life Laboratory, Stockholm, Sweden) for ThruPLEX library preparation (Rubicon Genetics, Ann Arbor, MI, United States) and sequencing on the Illumina MiSeq (Illumina, Inc., San Diego, CA, United States) on separate runs to generate paired-end reads (2 × 300 bp).



Bioinformatics and Sequence Processing

The QIIME (version 1.9.1) bioinformatics pipeline (Caporaso et al., 2010) was used to perform mycobiome analysis from raw DNA sequencing data. After checking the number of reads, read length, and sequence read orientation, quality control and quality trimming of the sequences were performed using FastQC version 0.11.5 (default settings) and Trimmomatic version 0.32 (settings: LEADING:3, TRAILING:3, SLIDINGWINDOW:4:15, MINLEN:100), respectively. Reads were then merged, barcodes extracted, and reads reoriented. Samples were then demultiplexed and reads were pooled together. Primers were then removed using the toolkit software seqtk (v1.0-r31). Chimera were detected and removed using USEARCH6.1, and global singletons were removed. Sequence reads were clustered into operational taxonomic units (OTUs) at 97% sequence identity using USEARCH as implemented in QIIME. The QIIME formatted rDNA ITS sequence UNITE database (Abarenkov et al., 2010) was used for the taxonomic assignment (release version 7.1, 2016-11-20). One representative sequence from each OTU cluster was chosen and the closest taxonomic affiliation was determined via comparison to the QIIME-implemented UNITE database that includes sequences from INSD (International Nucleotide Sequence Databases: NCBI, EMBL, DDBJ). Finally, four samples with low number of reads (i.e., < 10,000) were removed.



Statistical Analysis

Statistical analyses were performed on OTUs assigned to fungal taxa. OTUs with fewer than 10 reads globally were excluded from further analyses in order to reduce errors and artifacts introduced by the USEARCH procedure. Relative read abundance per phylum was calculated as the number of reads for phylum divided by the total number of reads in the dataset for three types of samples: all samples, ash samples only, and neighboring tree species grouped together. Rarefaction curves for host species, tissue type, and susceptibility class were generated in the software EstimateS 9.1.0 (R. K. Colwell)1 to assess sampling efficacy. The statistical analyses were conducted in R 3.2.2 (R Development Core Team, 2016).

Fungal diversity was analyzed using Hill numbers, a diversity metric for microbial sequence data from complex communities (Jost, 2006; Haegeman et al., 2013) and has previously been implemented for fungal community sequence data (Bálint et al., 2015; Nguyen D. et al., 2016). Hill numbers can be used to measure and incorporate richness (Hill 0), exponent of Shannon Index (Hill 1) and inverse Simpson (Hill 2) (Legendre and Legendre, 1998). The interpretation of the Hill numbers, as represented by Renyi diversities, is that a community is more diverse if all of the numbers are higher than in another community. Fungal diversity was assessed at different levels: (i), among tissue types (leaf, bark, xylem), (ii) among susceptibility classes (resistant, intermediate, susceptible), (iii) among individual ash clones, and (iv) among the four sampling points during the growing season. Linear models were used to explain Hill 0, Hill 1, and Hill 2, respectively, after accounting for differential sequencing depth in different samples with the square root of total read numbers per sample. The partial residuals of the Hill numbers, again after accounting for differential sequencing depth, among tissue types, susceptibility classes, clones and sampling time points, respectively, were compared with Tukey’s HSD.

Differences in OTU richness across time, tissue types, susceptibility classes, and sites were tested with linear mixed model (lmer function in lme4 package). Variation in ash fungal community assemblages at different time points was visualized by non-metric multidimensional scaling (NMDS) using the function metaMDS in the vegan package (Oksanen et al., 2016) on a Bray-Curtis dissimilarity matrix (Oksanen et al., 2016). Variation was then estimated by a permutation analysis of variance (PERMANOVA) (Anderson, 2001) with the adonis function in the vegan package (Oksanen et al., 2016) using 999 permutations and constrained to time point. A post hoc pairwise PERMANOVA was tested for those variables whose PERMANOVA analyses was significant (p < 0.05) to assess which variables were affecting the community composition, and p-values were corrected with Bonferroni correction. For all significant variables identified in the PERMANOVA analysis, multivariate homogeneity of group dispersions analysis was performed with the function betadisper in vegan package (Oksanen et al., 2016); a p < 0.05 indicated that the criterion for homogeneous dispersion was met and the effect observed with adonis were not due to artifacts. PERMANOVA was then repeated on each tissue type to test if the variation detected for the whole communities holds at tissue level.

Venn diagrams were constructed to visualize the number of OTUs specific for each tree host and shared between host species. OTUs found to be exclusively associated to ash samples were also distinguished according to tissue type and susceptibility class.

To assess whether the fungal functional groups differed in relative abundance between host phenotypes within each tissue type, OTUs were classified into an ecological guilds using the FUNGuild database2 (Nguyen N. H. et al., 2016). Trophic levels defining the substrate utilization of the fungus (Nguyen N. H. et al., 2016) were assigned as either pathotroph (fungi damaging host cells), saprotroph (fungi degrading dead host cells), or symbiotroph (fungi exchanging resources with the host cells). Fungal taxa categorized into combined pathotroph-saprotroph or pathotroph-symbiotroph guilds include taxa that may exhibit different life styles depending on their life cycle stage and/or environmental conditions. Not all OTUs were associated with a trophic level, either due to limited taxonomic information for the OTU and/or trophic level association may be unknown for some fungal taxa. For those OTUs assigned to a trophic level, a canonical correspondence analysis (CCA) plot was constructed to visualize the degree of correspondence between the ash samples and the explanatory variables (i.e., tissue type, susceptibility class, time points, and site). CCA plots were then constructed for each of the three tissue types to visualize samples representing the highest read abundance for the two sampling sites (a total of 30 samples) and the tissue average. The trophic relative abundance composition of these samples was then visualized with pie charts.




RESULTS


Health Condition of Trees

The seed orchards at Snogeholm and Trolleholm have been considerably affected by ash dieback. At both sites, dead trees either have been removed by the landowner, or remain standing dead or fallen, creating large gaps in both orchards. For this reason, it was not possible to obtain a similar number of replicates within each susceptibility class at each site. Many of the susceptible clones selected based on earlier assessments (Stener, 2013) were dead at the time of sample collection in 2015. Of the susceptible clones pre-selected for sampling in this study, only four were still viable at Snogeholm and only one at Trolleholm (Table 1). In the intermediate class, one of the seven clones sampled at Snogeholm was not found at Trolleholm because those trees belonging to that clone had died (Table 1). All resistant clones selected based on earlier rankings of clonal performance were still alive and had overall good vitality at both seed orchards.



Sequencing Output

From the 295 sequenced samples, 28,545,212 high quality paired-end reads were obtained (average of 96,763 reads per sample, ± 48,227 S.D) that initially clustered into 16,788 OTUs. After removal of non-fungal OTUs (8.5% belonged either to Plantae, Protista, or could not be identified due to poor or lack of BLAST hits), 14,690 OTUs remained with a total of 26,114,930 high quality reads. After removing four samples with low number of reads, 291 samples were used in the data analysis (272 belonging to ash trees and 19 to neighboring tree species). After the removal of OTUs with fewer than 10 reads globally, the final dataset included 4,430 OTUs (25,175,104 reads). Of the total number of OTUs, only 1,809 (40%) were assigned to a trophic level using FUNGuild.

Approximately 98% of reads were assigned to Ascomycota (59.3%) and Basidiomycota (38.5%), approximately 0.03% of reads was assigned to Chytridiomycota, Glomeromycota, and Zygomycota and 2.1% of reads belonged to unidentified fungi (Table 2). Similar relative abundances were found in ash samples and in neighboring tree species with the exception of Glomeromycota and Zygomycota that were more relatively abundant in neighboring tree species than in ash (Table 2). Rarefaction curves constructed for tree species (Supplementary Figure S1), tissue type (Supplementary Figure S2), and susceptibility class (Supplementary Figure S3) showed that the curves of ash samples provided a reasonably good indication of endophyte and epiphyte richness and diversity, but a broader sampling may reveal even more fungal species; similarly for neighboring tree species (Supplementary Figure S1).


TABLE 2. Number of reads and relative abundance of reads for all samples, only ash trees, and neighboring tree per fungal division.
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Sample and Taxonomic Diversity

A more diverse ash fungal community was detected in the earliest sampling time after leaf flush (May) when compared to later time points (e.g., August) (Tukey’s HSD, p = 0.001), though the fungal community was similarly diverse between July and September. Ash fungal community was also diverse among tissue types, with a tendency toward higher diversity in leaves compared to xylem and bark (Tukey’s HDS, p = 0.002).

OTU richness varied among the three tissue types sampled. Leaf OTU richness differed between the first time point in May and the latter time points in the season, with the trend toward increased OTU richness in all susceptibility classes especially between May and July. By August, OTU richness of both resistant and intermediate trees plateaued but decreased for susceptible trees (Supplementary Figure S4).

Bark OTU richness decreased between May and July for intermediate and susceptible but the opposite was shown for resistant trees (Supplementary Figure S5). Patterns of OTU richness in bark varied for the later time points and depended on the susceptibility class. However, no significant difference was observed in bark OTU richness over time nor across different susceptibility classes.

Xylem OTU richness differed significantly between May and later sampling dates (July and September) but no difference was observed among susceptibility classes. OTU richness appeared to decrease between May and July and then increase thereafter though the degree to which this occurred varied across trees with different phenotypic susceptibility to the disease; i.e., the increase was less pronounced in susceptible trees compared to resistant and intermediate trees. Only intermediate trees showed a decrease in OTU richness by the end of the sampling period while the OTU richness for other susceptibility phenotypes remained unchanged (Supplementary Figure S6).

The taxonomic diversity found in our study was composed of few common OTUs with high read count and many rare OTUs with low read count. Hymenoscyphus fraxineus was detected from 125 samples (42% of the total number of samples), albeit at a low level (0.03% of the total reads). Of the total number of samples in which H. fraxineus was detected, 95% of reads were from leaf samples and 90% of those were from the last sampling time point in September. Detection of H. fraxineus varied by susceptibility phenotype; approximately 83% of reads were found in the intermediate class, 9% in the high susceptibility class, and 8% in the low susceptibility class. However, site differences were evident; approximately 76% of reads were found in samples from Snogeholm and 24% from Trolleholm. The fungus was also detected on neighboring trees, albeit at low frequency (∼0.3%).

Almost 60% of the total reads were comprised by just 21 OTUs (with relative read abundance greater than 1%), with Ascomycota (n = 12) and Basidiomycota (n = 9) being the two phyla represented. Among these 21 OTUs, generalist and ubiquitous fungi were found in 99% of the samples (Table 3). With the exception of Erythrobasidium hasegawianum (Hamam., Sugiy., and Komag.), all other OTUs identified to species level were assigned to a trophic level, the majority being pathotrophs and saprotrophs. Only one OTU was assigned to the symbiotroph trophic level (Table 3).


TABLE 3. Taxonomic and trophic level assignment of the 21 OTUs with relative read abundance greater than 1%.
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Fungal Community Composition

The overall pattern of ash fungal community assemblage visualized with NMDS plots showed that fungal community composition differed among the three tissue types. Leaf fungal community differed from the communities found in bark and xylem at all sampling time points throughout the season, most notably at the first sampling in May (Figure 2). Bark and xylem had similar communities that diverged at later sampling times (Figure 2). From PERMANOVA analyses, we observed significant interactions between tissue type and time point (referring to seasonal differences), and to some degree susceptibility classes and time point (Table 4). To better understand which factors (i.e., susceptibility class, time, and site) associated with the fungal community composition, we looked at each tissue type separately (Table 5). Pairwise comparison of the fungal community in bark with phenotypic susceptibility to the disease and time points highlighted a significant difference in community composition between trees in the intermediate and susceptible classes, and among time points (except July and August) (Supplementary Table S2).


[image: image]

FIGURE 2. Non-metric multidimensional scaling (NMDS) ordination plots of ash fungal communities based on Bray-Curtis dissimilarity matrix. The plots are divided according to the four sampling time points: 28th May (stress value = 0.08), 21st July (stress value = 0.12), 13th August (stress value = 0.13), and 17th September (stress value = 0.14). Tissue types are represented by different shapes (leaf: triangle, xylem: circle, bark: square). Susceptibility classes are represented by intensity of colors for the gradient from Resistant (light) to Susceptible (dark).



TABLE 4. Factors explaining fungal community composition in ash.
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TABLE 5. Factors explaining fungal community composition in different tissue.
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Communities and Functional Groups

Of the 4,430 OTUs analyzed in this study, approximately 60% were shared between ash and the neighboring tree species, i.e., silver birch, European beech, pedunculate oak, hybrid larch (Figure 3). A small fraction of the OTUs (2%) was exclusively associated with neighboring tree species, while 37% of OTUs exclusively associated with ash. Among the Ascomycota, Dothideomycetes spp. was the most abundant class (42%), while among the Basidiomycota, Tremellomycetes spp. was most abundant (Supplementary Table S3).


[image: image]

FIGURE 3. Venn diagram summarizing the number of OTUs detected in ash (solid line, blue) and in neighboring tree species (dashed line, yellow). The overlapping area of the two circles reports the number of OTUs shared between ash and neighboring tree species.


Among the 1,660 OTUs exclusively associated with ash, 815 OTUs were shared among all tissue types. Xylem hosted more unique OTUs relative to leaves and bark; there were twice as many unique xylem OTUs than leaves and 10 times more than bark (Figure 4A). OTUs uniquely found in xylem and bark were dominated by Ascomycota (58 and 78%, respectively) while leaf OTUs were dominated by Basidiomycota (53%). Totally, 992 OTUs were shared across all three susceptibility classes, and belong predominantly to Ascomycota (61%) and Basidiomycota (31%). Resistant and intermediate classes hosted a similar number of unique OTUs, while the high susceptibility class had much fewer (Figure 4B and Supplementary Table S4).
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FIGURE 4. Venn diagrams summarizing the number of OTUs detected only in ash trees by tissue type (A) leaf: solid line, green; bark: dashed line, brown; xylem: dotted line, light beige and susceptibility classes (B) resistant: solid line, red; Intermediate: dashed line, yellow; Susceptible: dotted line, blue). The overlapping areas report the number of OTUs shared among tissues and susceptibility classes.


Among the OTUs uniquely associated with each of the phenotypes (n = 113), approximately half could not be assigned to a trophic level, either due to limitation of taxonomic assignment or lack of information about trophic affiliation (Table 6 and Supplementary Table S4). Considering all tissue types, pathotroph OTUs dominated in susceptible trees. Generally, an increase in the relative abundance of pathotrophic taxa was observed along a susceptibility gradient from low to high susceptibility in bark and xylem while the proportion of pathotrophs were similarly abundant in leaf, irrespective of phenotype (Figure 5). Saprotrophs were distributed similarly among the three tissue types and susceptibility classes while the relative abundance of the pathotroph-saprotrophic OTUs was higher in leaves compared to bark or xylem (Figure 5). Symbiotrophic OTUs were more abundant in bark and xylem than in leaf tissues. Susceptible trees had a lower abundance of symbiotrophic taxa than resistant or intermediate trees (Figure 5). The relative abundance of OTUs assigned as pathotroph-symbiotroph was marginal compared to the other more abundant trophic classes, though, it was higher in resistant and intermediate trees across all tissue types compared to susceptible trees (Figure 5). The canonical correspondence analysis (CCA) ordination plot of trophic level-assigned OTUs (Figure 6) shows the distributions of 272 ash samples in relation to tissue type, susceptibility class, time points, and site. The first and second CCA axes (eigenvalues 0.18 and 0.08, respectively) explained 4% of the variance in the data and 72% of the variance between samples and explanatory variables. A negative correlation was found between susceptibility and site, and we observed no correlation between tissue and susceptibility, site, and time. Overall, the fungal community composition appeared to separate by tissue type and site (Figure 6).


TABLE 6. Number of OTUs exclusively assigned to each susceptibility class (R-resistant; I-intermediate; S-susceptible) and number of OTUs assigned to a trophic level and respective relative abundance for each class.
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FIGURE 5. Trophic modes of OTUs based on their relative read abundance for ash tissue types (L, leaves; X, xylem; B, bark) and susceptibility class (R, resistant; I, intermediate; S, susceptible).
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FIGURE 6. Variation in fungal community composition visualized by canonical correspondence analysis (CCA) plot based on trophic levels assigned by FUNGuild for all ash samples. Samples are shape- and color-coded according to tissue type (leaves, triangle; xylem, circle; bark, square) and susceptibility class (Resistant, black; Intermediate, blue; Susceptible, red).





DISCUSSION

Prior to the introduction of the invasive alien pathogen H. fraxineus, the mycobiome of F. excelsior had rarely been the subject of studies. Now with the progressive disappearance of ash from the landscape, there is greater interest in ash fungal communities (Vasiliauskas et al., 2006; Bakys et al., 2009; Scholtysik et al., 2013) and especially the role of endophytes as enhancers of resistance in the host and against H. fraxineus (Schlegel et al., 2016; Haňáčková et al., 2017; Kosawang et al., 2018). Until recently, little focus has been directed to the impact of the ash dieback pathogen on ash fungal biodiversity. Leveraging advanced methods such as high throughput sequencing and metagenomics, and tools such as FUNGuild (Nguyen N. H. et al., 2016) and the new FungalTraits database (Põlme et al., 2021), we can now uncover the hidden fungal diversity and begin to understand the ecological role of these cryptic fungi in the ecosystems.

Our study revealed that the mycobiome of ash trees with different phenotypic susceptibility to H. fraxineus is highly diverse and varies over space and time. Previous studies have linked differences in fungal communities to the host genetic background (Bálint et al., 2013; Lamit et al., 2014; Albrectsen et al., 2018). However, limited by the study design and the death of specific ash clones, we were not able to associate specific ash genotypes to specific fungal communities. Though the genetic underpinnings of disease susceptibility are not yet worked out, we observed fungal community composition differences among trees from different susceptibility classes. The degree of decline can differentially affect fungal assemblages of trees as previously shown for declining Scots pine (Giordano et al., 2009) and pedunculate oak (Agostinelli et al., 2018) that were found to harbor a higher number of taxa and were characterized by higher colonization frequency compared to healthy-looking trees. In contrast, the pattern is inconsistent in declining ash.

Furthermore, in this study, the effect of phenotype on fungal community composition depended on tissue type. At certain time points during our sampling, tissue type influenced the composition of the fungal communities; bark hosted the highest community richness (at all sampling time points) compared to xylem and leaves, which is in line with previous work (e.g., Petrini and Fisher, 1990; Kowalski and Gajosek, 1998; Ragazzi et al., 2003). Martín et al. (2013) found a higher endophyte frequency and diversity in the xylem of Dutch elm disease susceptible elm trees than in the bark. During the late season sampling (August and September), the fungal communities in the xylem of susceptible ash trees appeared more distinct from the other phenotypes compared to communities found in leaves and bark. The marked reduction in fungal symbiotrophs and corresponding increase in pathotrophs and saprotrophs of susceptible trees versus intermediate and resistant phenotypes suggests an indirect role of tree health on the fungal assemblages in xylem tissue. In comparing fungal communities of different tissue types, some fungi were exclusively associated to different host tissue suggesting that some fungal taxa are not only host- but also tissue-specific (Kehr and Wulf, 1993; Ragazzi et al., 2003; Martín et al., 2013).

Site had a strong influence on the mycobiome of ash, but differences were probably more qualitative than quantitative (in terms of species richness). Arnold and Lutzoni (2007) and Millberg et al. (2015) showed that endophytic diversity decreased along a north-south gradient. The two sites in this study are approximately 60 km apart and are both located on previous agricultural land in the mesophytic deciduous broadleaved and coniferous-broadleaved forests (Bohn et al., 2000) which has probably limited any strong differences in species richness between the two sites. The differences in community composition may be attributable to slight differences in climatic and micro-climatic conditions between sites since Zimmerman and Vitousek (2012) found that variation in temperature and precipitation can differentially affect community. Seasonal variation in phyllosphere fungal communities have been previously observed in different hosts (Jumpponen and Jones, 2010; Unterseher et al., 2013; Cross et al., 2017; Schlegel et al., 2018).

At specific time points in the season, the fungal community was strongly influenced by tissue type with leaves exhibiting most of this seasonal variation. Newly flushed leaves have a less diverse fungal community (Faeth and Hammon, 1997; Saikkonen et al., 1998, 2004), and prolonged exposure to horizontally spreading fungal inoculum throughout the season leads to an accumulation of fungal infections in the leaves (Helander et al., 1993; Stone and Petrini, 1997; Kaneko et al., 2003; Pérez-Izquierdo et al., 2017). While a season effect was observed in all tissue types, the increase in fungal diversity and biomass was observed to a much lesser extent in both perennial tissues than in leaves. Generally, a decrease in species richness was observed in all three tissue types at the end of the season. The decrease in species richness and change in community composition in leaf samples may be related to alteration in leaf physiology as consequence of leaf senescence and the increased inoculum pressure from H. fraxineus (Cross et al., 2017). Carbohydrate metabolism in tree leaves is known to fluctuate within and between seasons, reflecting the physiological changes occurring in leaves during the phenology (Wong et al., 2009). This may lead to a changed availability of soluble carbohydrates or accumulation of potentially antifungal or fungistatic secondary metabolites, such as certain phenolics (Riipi et al., 2002), altering niche structures that may affect the fungal community composition at the end of the season, and favoring species that can utilize the available carbon sources at the end of the season.

Our results suggest that the fungal community of aerial tissues of ash trees is composed of diverse fungal species with different ecological roles. While the relative abundance of pathotrophic and saprotrophic fungi in leaves were similar among the three susceptibility classes, we speculate that there may be a trend toward increasing relative abundance with decreasing plant health status (i.e., from resistant to susceptible class). This may reflect increased colonization by new saprotrophic and pathotrophic species, or indicate that the already present species increasingly switched to these strategies as the conditions changed in declining trees. Although FUNGuild is an important tool for assigning ecological roles to fungi, the tool continues to be developed and relies on new studies that clearly link fungal taxonomy to ecology (Nguyen N. H. et al., 2016). Consequently, most of the OTUs in our study were not assigned to a trophic level due to either low resolution in identification of fungal taxa and/or lack of knowledge on their ecological role in ecosystems. Moreover, variable lifestyles of fungi on different host species creates confusion on its true trophic mode. These limitations may be improved with further studies and curation of databases with information on guilds associated to fungi (Põlme et al., 2021).

The taxonomic diversity in ash fungal communities resembled those found in other studies of broadleaved species, with Ascomycota and Basidiomycota being the two most abundant phyla (e.g., Nguyen et al., 2017). The community was composed of few species commonly found in all samples and other rare species associated with specific susceptibility classes, tissue types, and time points. Although H. fraxineus was detected at low abundance in the overall fungal community, we observed an increase in read abundance across the season, with the majority occurring in leaves collected in September. Similar observations were made by Cross et al. (2017) who showed that increased H. fraxineus biomass gave an increased read count as the season progressed. Agan et al. (2020) also showed that H. fraxineus read abundance increased vigorously toward autumn which was associated with a decline in fungal species richness. It is interesting that H. fraxineus was not detected as frequently in leaves of susceptible or resistant trees as in intermediate trees. However, the low abundance could also be explained by low efficiency of the amplification of the marker gene for H. fraxineus because as Cross et al. (2017) pointed out in their study, limited presence of H. fraxineus may be attributable to the long 3′ terminal 18S intron, which renders the species difficult to detect with ITS primers (Tedersoo et al., 2019).

With the ash population declining all over Europe, ash-associated fungal diversity might be at risk of severe decline and in some cases, possible extinction, especially for host-specific species such as Venturia fraxini (Schlegel et al., 2018). Local extirpation of Hymenoscyphus albidus, the European native, host-specific saprophyte of F. excelsior, has already occurred due to competitive exclusion by H. fraxineus (McKinney et al., 2012). Similar to Schlegel et al. (2018), our study showed that the majority of fungal species found in ash trees was not strictly host specific. Thus, endophytic diversity may be less affected by reduced host density compared to certain macrofungi and other guilds such as bryophytes, insects and lichens, which have very high- or obligate associations to ash (Mitchell et al., 2014; Hultberg et al., 2020). Breeding ash for resistance against H. fraxineus and restoration of forests with highly resistant trees can help conserve important biodiversity. More research is needed to define the critical thresholds in host density and vitality that are needed to sustain microfungal diversity in landscapes affected by ash dieback.
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Phylum No. reads Relative abundance No. reads Relative abundance No. reads Relative abundance
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Unidentified fungi 541,503 2158 494,081 2.09 47,422 3.18

Tot no. reads 25,175,104 23,661,578 1,613,526

aNeighbouring tree species comprise B. pendula, F. sylvatica, L. decidua, and Q. robur.
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cells to obtain nutrients; n/a. not assigned. The trophic levels were assigned via the FUNGuild software (Nguyen N. H. et al., 2016).
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Explanatory variable Df Sums of squares F model R2 p-value Betadisper
Susceptibility 2 0.903 3.962 0.0198 0.001 0.9238
Tissue 2 7.261 31.871 0.1596 0.001 0.0001
Time point 1 1.868 16.396 0.0410 0.001 0.0001
Site 1 1.470 12.905 0.0323 0.001 0.0315
Clone 17 3.907 2.017 0.0859 0.001 0.7614
Susceptibility:Tissue 4 0.538 1.182 0.0118 0.116

Susceptibility:Time point 2 0.442 1.940 0.0097 0.017

Susceptibility:Site 2 0.363 1.593 0.0079 0.026

Tissue:Time point 2 1.540 6.758 0.0338 0.001

Tissue:Site 2 0.334 1.464 0.0073 0.054

Tissue:Clone 28 3.001 0.941 0.0659 0.920

Time point:Site 1 0.242 2123 0.0053 0.025

Time Point:Clone 18 1.888 1.146 0.0431 0.321

Site:Clone 11 1.526 1.218 0.0335 0.031

R? (representing the strength of the factors on the samples) and p-values (significant at « < 0.05) resulting from PERMANOVA analysis for all significant variables
and Betadisper column reports the p-values (significant at a < 0.05) from the test of homogeneity of dispersion of the tested variables. *The model used to calculate

PERMANOVA. *adonis(frax.data~susceptibility* clone*tissue* time_point* sampling_site, data = frax.metad, perm = 999, strata = frax.metad$time_point).
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R? (representing the strength of the factors on the samples) and p-values (significant at o < 0.05) resulting from PERMANOVA analysis for the tissue types and the
significant variables. Betadisper column reports the p-values (significant at a < 0.05) from the test of homogeneity of dispersion of the groups for single variables. *The
model used to calculate the PERMANQOVA for each tissue type. *adonis(tissue.data~sampling_site*time_point*susceptibility*clone, data = tissue.metadata, perm = 999,
strata = tissue.metadata$time_point).
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Susceptibility class Clone ID

Resistant 8 51 57 62 65 85 89
Intermediate 382 56 79 81 82 83 86
Susceptible 32 53 642 732

The clone numbers reported in the table correspond to those assessed and ranked
by Stener (2007, 2013). @Samples collected from Snogeholm only.





