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Forest Microhabitat Affects Succession of Fungal Communities on Decomposing Fine Tree Roots
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Belowground litter derived from tree roots has been shown as a principal source of soil organic matter in coniferous forests. Fate of tree root necromass depends on fungal communities developing on the decaying roots. Local environmental conditions which affect composition of tree root mycobiome may also influence fungal communities developing on decaying tree roots. Here, we assessed fungal communities associated with decaying roots of Picea abies decomposing in three microhabitats: soil with no vegetation, soil with ericoid shrubs cover, and P. abies deadwood, for a 2-year period. Forest microhabitat showed stronger effect on structuring fungal communities associated with decaying roots compared to living roots. Some ericoid mycorrhizal fungi showed higher relative abundance on decaying roots in soils under ericoid shrub cover, while saprotrophic fungi had higher relative abundance in roots decomposing inside deadwood. Regardless of the studied microhabitat, we observed decline of ectomycorrhizal fungi and increase of endophytic fungi during root decomposition. Interestingly, we found substantially more fungal taxa with unknown ecology in late stages of root decomposition, indicating that highly decomposed roots may represent so far overlooked niche for soil fungi. Our study shows the importance of microhabitats on the fate of the decomposing spruce roots.
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INTRODUCTION

Soil organic matter (SOM) represents an important pool of carbon and nutrients. Globally, SOM contains more than three times as much carbon as either the atmosphere or terrestrial vegetation (Schmidt et al., 2011). SOM is created during accumulation and decomposition of wood and leaf litter on the soil surface and root litter within soil, as well as during translocation of currently photosynthesized organic compounds belowground by living plants (Litton et al., 2007). Large part of the belowground translocated carbon (C) enables to establish and maintain the root microbiome, which largely affects the physiology of the host plant. Belowground litter derived from roots and root-associated microorganisms has been shown as a principal source of SOM in ecosystems dominated by coniferous forests with understory vegetation dominated by ericoid dwarf shrubs (Clemmensen et al., 2013).

The tree root microbiome is comprised of a variety of mutualistic, endophytic, and parasitic microorganisms. Ectomycorrhizal fungi (EcMF) are recognized as one of the most important ecological groups. Although saprotrophic capabilities of the EcMF significantly decreased during their evolution (Kohler et al., 2015), some of them still produce enzymes, which might have the potential to decompose nutrient-rich and carbon-rich biopolymers, such as celluloses, hemicelluloses, lignin, etc. (Talbot et al., 2008). However, these lignocellulose-degrading capabilities are often considered to be rather limited (Baldrian, 2009) and vary widely across EcMF taxa (Bödeker et al., 2014; Kohler et al., 2015). Some EcMF take part in the oxidative decomposition of SOM such as the humic acids, which leads to mobilization of organic N and makes organic matter available for further degradation by other saprotrophic microorganisms (Lindahl and Tunlid, 2015; Shah et al., 2016).

Besides mycorrhizal fungi, tree roots harbor diverse communities of endophytic fungi (Jumpponen and Trappe, 1998). Compared to mycorrhizal fungi, the effect of fungal endophytes on host plant physiology is less clear and may range from positive to negative (Newsham, 2011; Reininger et al., 2012; Lukešová et al., 2015). Endophytic lifestyle is known among fungi from most of the fungal phyla. The endophytic communities associated with roots of trees in temperate and boreal regions are mainly dominated by the so-called dark septate endophytes (DSE) from Phialocephala fortinii–Acephala applanata complex (Grünig et al., 2008). Interestingly, the ability to endophytically colonize tree roots is also possessed by several ericoid mycorrhizal fungi (Chambers et al., 2008; Vohník et al., 2013), which primarily form mycorrhizal association with ericoid dwarf shrubs, such as Vaccinium myrtillus, commonly occurring on the forest floor (Smith and Read, 2008). Compared to EcMF, endophytic and ericoid mycorrhizal fungi (ErMF) generally feature greater enzymatic capabilities for degradation of complex organic compounds (Schlegel et al., 2016; Martino et al., 2018; Perotto et al., 2018).

Current research on decomposition of litter largely focuses on the aboveground component of plants and much less attention is paid to the root litter decomposition, partly because of the technical challenges (Langley et al., 2006; Li et al., 2015). However, decaying roots represent an important C source for microbial communities (Rasse et al., 2005) and play an important role in plant-soil feedback (Freschet et al., 2013). Because of a lower nutrient concentration and higher content of less degradable structural polymers, such as lignin, roots are considered to be more recalcitrant than aboveground litter and this might have an effect on their degradability by microorganisms (Jacobs et al., 2018).

Compared to decomposing leaf litter, where fungal communities undergo rapid succession with dramatic changes in the composition and often early decomposing taxa are completely replaced by late decomposers (Voříšková and Baldrian, 2013), fungal communities develop gradually on decomposing roots (Kohout et al., 2018; Otsing et al., 2018; Herzog et al., 2019). In fact, many fungal taxa, which are involved in tree root decomposition, are already present in living root tissue (Kohout et al., 2018). Therefore, composition of the fungal communities associated with living tree roots can subsequently affect succession of fungal communities on root necromass as well as root decomposition processes themselves. During early stages of the decomposition, a colonization priority effect can provide a competitive advantage to root endophytes or ErMF (Kohout et al., 2018), despite possessing lower copy numbers of genes encoding lignocellulose degrading enzymes than saprotrophic lignocellulose-decomposing fungi (Kohler et al., 2015; Schlegel et al., 2016; Martino et al., 2018).

It is widely acknowledged that a variety of environmental conditions, such as soil chemistry, climate, or host plant identity (Kolaříková et al., 2017; Põlme et al., 2018; van der Linde et al., 2018; Větrovský et al., 2019), can affect the composition of tree root-associated fungal communities. Forest microhabitats represent a natural source of such environmental variability in mature forest stands. Several studies documented that different tree root fungal communities are associated with different forest microhabitats (Iwański and Rudawska, 2007; Tedersoo et al., 2008). Decomposing tree trunks (termed coarse woody debris, CWD) may harbor less fungal pathogens and more wood decomposers compared to the forest floor soil (O’Hanlon-Manners and Kotanen, 2004). In addition, dead wood has higher capacity to retain moisture (DeLong et al., 1997) that may significantly affect germination and regeneration of tree seedlings (Veblen, 1989) as well as fungal communities associated with the roots of those trees that proliferate on CWD. Ericoid dwarf shrubs represent another factor that may affect the composition of fungal communities on tree roots (Kohout et al., 2011). Ericoid mycorrhizal fungi may act as endophytes in neighboring tree roots (Vohník et al., 2013; Sietiö et al., 2018). Due to the capability of ericoid mycorrhizal fungi to degrade recalcitrant compounds of plant cell walls (Vohník et al., 2012; Martino et al., 2018), decomposition of tree roots in ericoid shrubs can also differ from other forest microhabitats.

The main aim of our study was to compare the development of root-associated fungal communities during the decomposition of roots of Picea abies seedlings in three different forest microhabitats within a P. abies-dominated temperate forest: (i) bare forest soil, (ii) soil covered with ericoid shrubs (Vaccinium myrtillus), and (iii) coarse woody debris of P. abies. Considering that many fungal species that act in early phases of root decomposition possess endophytic or ericoid mycorrhizal lifestyle (Kohout et al., 2018), we hypothesized that the spruce roots decomposing in ericoid shrubs will harbor fungal communities enriched by ErMF. Besides that, we also expected that fungal communities associated with decomposing spruce roots in CWD microhabitats will contain a relatively higher amount of wood decomposing, saprotrophic fungi.



MATERIALS AND METHODS


Study Site and Sampling Design

Study was conducted in a 1-ha, >100-years-old unmanaged spruce forest stand in the Bohemian Forest National Park, Czechia (longitude 49.0426N, latitude 13.618E; 1,190 m a.s.l.). Besides dominating spruce, only a few isolated Fagus sylvatica and Sorbus aucuparia trees occur in the study area. Forest floor was mostly covered with dense patches of shrubby vegetation comprised mostly by Vaccinium myrtillus and few bushes of V. vitis-idaea. Understory vegetation also included numerous naturally regenerating spruce seedling and several graminoid species (such as Avenella flexuosa and Deschampsia cespitosa). Besides the understory vegetation, the forest floor also included decomposing spruce logs. Naturally regenerating spruce seedlings were mostly observed on brown-rotten spruce logs of decay classes IV and V (based on Renvall, 1995). Therefore, forest floor was comprised of mosaic of different microhabitats, where spruce seedlings were regenerating.

To determine changes in fungal communities associated with decomposition processes of spruce roots in different forest microhabitats, we decided to study decomposing roots without disconnecting the root–soil interface. We believe that this practice will help us to determine naturally developing fungal communities associated with decomposing roots in the natural context, avoiding soil disturbance, and introduction of allochthonous material that would be required if root litter bags are used. In June 2015, more than 50 healthy-looking spruce seedlings of approximately same age (4–6 years old) were selected, in spatially random design, from (i) bare forest soil, (ii) soil covered by the ericoid shrubs of Vaccinium myrtillus, and (iii) CWD, approximately 150 seedlings in total. The seedlings were decapitated, i.e., cut off few centimeters aboveground, so that the remaining stem part remained visible and clearly marked. Roots of these decapitated spruce seedlings were subsequently sampled at four sampling times (2, 4, 10, and 15 months after the decapitation) to identify fungal communities developing on spruce roots. Besides the decapitated spruce seedlings, we also sampled “control” plants from the same microhabitats during all sampling times as well as in June 2015 during the time of experiment establishment. These control plants were selected based on the same criteria as the decapitated seedlings, also in spatially random design. Incorporation of the control plants into the study helped us to distinguish changes in fungal community composition during the spruce roots decomposition from shifts caused by tree aging and seasonal effects. At each sampling time, we collected eight decapitated and eight control spruce seedlings within each microhabitat which resulted in 48 samples per sampling time in total. Sampled seedlings were at least 5 m apart. Altogether, 216 samples were collected in this study. No samples were pooled. When sampled, decapitated and control seedlings were carefully pulled out of soil or decomposing wood. Only roots attached to spruce seedling stem were collected. Root samples were transported into lab within 3 h and stored in 5°C in plastic bags for up to 1 day until processed. Root systems were carefully washed under running tap water until no soil remained attached to them and then they were cut into 5 cm fragments. Ten fragments of fine roots (<2 mm diameter) per sample (approximately 0.25 g of fresh weight) were frozen and stored at −20°C for subsequent DNA isolation. These roots contained the ectomycorrhizal roots tips as well as the basal roots without the mycorrhizal colonization. Remaining fine roots were dried at 50°C and used for analyses of cellulose and lignin concentration.



Molecular Analyses

All frozen root samples were disrupted in the tissue lyzer. Subsequently, DNA was extracted using the NucleoSpin PlantII Kit (Macherey-Nagel, Germany) according to the manufacturer’s instructions and eluted in 100 μl double distilled water (ddH2O). The fungal internal transcribed spacer 2 of the rDNA (ITS2) was amplified in triplicate to reduce PCR bias using fungal specific combination of primers fITS7 (Ihrmark et al., 2012) and ITS4 (White et al., 1990). Both primers were tagged with 10-base molecular identifiers (MID). Approximately 5 μl of DNA extract was used as template in PCR. The PCRs were conducted with Taq Pfu DNA Polymerase (Thermo Scientific) with final concentrations of 1x Pfu buffer, 2 mM MgSO4, 200 μM of each dNTP, and 0.5 μm of each primer in a total volume of 20 or 25 μl. The PCR conditions were as follows: initial denaturation at 95°C for 5 min, followed by 50 cycles with 95°C for 1 min, 61°C for 45 s, and 72°C for 2 min, concluded by a final elongation at 72°C for 10 min. PCR products were visualized on a 1% agarose gel. Successfully amplified samples were loaded on a 1% agarose gel and bands of the expected size were cut from the gel and processed with the Zymoclean Gel DNA recovery kit (Zymoclean). The DNA concentration in the eluates was measured using a Qubit 2.0 fluorometer with the HS kit and products were equimolarly pooled. Negative control with ddH2O instead of template DNA was produced with a specific identifier in the same way as the experimental samples and sequenced together with them. Genomic DNA of PhiX virus was used as a positive control for the Illumina MiSeq run. Sequencing was performed using 250-bp paired-end chemistry on an Illumina MiSeq system. The obtained data were deposited in NCBI SRA (PRJNA634919).



Bioinformatical Analyses

SEED pipeline version 2.0 (Větrovský et al., 2018) was used for filtering and trimming the reads obtained from Illumina MiSeq. The reads were merged into paired end sequences with at least 30 bp overlap and maximum difference 10% (Aronesty, 2011). All sequences with ambiguous bases and average base quality scores lower than 38 were removed from the dataset. Sequences without primers and identifiers as well as sequences with mismatched identifiers were also removed. Remaining sequences were sorted into samples according to the MID sequences. Duplicates were removed prior to ITS2 extraction by ITSx (Bengtsson-Palme et al., 2013). The non-fungal ITS2 sequences were removed from the dataset and fungal ITS2 sequences were clustered using UPARSE (Edgar, 2013) implementation in VSEARCH version 1.11.2 on 98.5% similarity level. All global singletons, doubletons, and chimeric sequences were excluded. From each cluster, the most abundant sequence was selected as a representative sequence for subsequent analysis. BLAST search (Camacho et al., 2009) of the representative sequences was performed against local ITS database (UNITE repository, 08/22/2018 release). Representative sequences of fungal OTUs were assigned to closest species hypothesis (SH; Kõljalg et al., 2013) on 98.5% similarity level. The taxonomy of fungi follows Index Fungorum1.

The fungal OTUs were assigned to ecophysiological categories using FUNGuild (Nguyen et al., 2016) with subsequent manual corrections as follows: OTUs with sequence similarity to an INSD fungal sequence lower than 94% as well as assignments with confidence ranking “possible” were considered as unassigned. Besides that, we also corrected some ambiguous assignments based on our best knowledge. For example, Meliniomyces variabilis was considered as ericoid mycorrhizal, while other Meliniomyces spp. were treated as endophytic. Final fungal community matrix and taxonomy is provided in Supplementary Tables 1, 2.



Determination of Root Tissue Chemistry

Part of the dried fine spruce roots was milled and subjected to determination of cellulose and lignin contents. Root lignin and cellulose contents were determined after milling and homogenizing dry root mass. Root lignin content was assessed from a 0.03 g root dry mass sample by thioglycolate solubilization (Lange et al., 1995) and then determined spectrophotometrically at a wavelength of 280 nm using hydrolytic lignin (Aldrich Chemical Company, United States) as a standard. Root cellulose content was analyzed based on Loader et al. (1997) from pellets after lignin extraction, which was repeatedly washed with 17% NaOH, dried and related to original dry weight, thus, the values are informative for comparison of different treatments.



Statistical Analyses

All statistical analyses were conducted in R v. 3.2.3 (R Core Team, 2020). In most cases, differences at P < 0.05 were considered statistically significant. The only exception represented indicative species analysis, where differences at P < 0.01 were considered statistically significant. Differences in plant structural polymer (cellulose and lignin) concentrations among microhabitats and sampling times were tested using analysis of variance (ANOVA). The assumptions of ANOVA (homogeneity of variances and normal distribution) were tested prior to the analysis, and logarithmic transformation was applied when needed. Post hoc comparisons among means were conducted using Tukey HSD test.

Prior to subsequent analyses of fungal community composition, the number of sequences per sample was subsampled to median number of sequences per sample. Subsampling to the median rather than the minimum number appeared to improve beta diversity analysis since it retains higher resolution where possible (de Cárcer et al., 2011). Lowest number of sequences per sample was 4,959 in our study. Then, fungal OTU abundances were standardized using Hellinger transformation. Bray–Curtis dissimilarity was used to construct a fungal community dissimilarity matrix. To address the relative importance of microhabitat type and sampling time (time after seedling decapitation) and microhabitat × sampling time interaction on structure of the fungal communities and relative abundance of fungal ecophysiological categories associated with spruce seedling roots, we used a PERMANOVA as implemented in the adonis routine of the Vegan package of R (Oksanen et al., 2012). Post hoc test represented by pairwise PERMANOVA with 99,999 permutations was performed for fungal communities and fungal ecophysiological categories between sampling timepoints and between microhabitats to test the equality of group means (for sampling timepoints: 2, 4, 10, and 15 months and for microhabitats: forest bare soil, ericoid shrubs, and coarse woody debris). Bonferroni correction was used to calculate the corrected P-value determined by the pairwise PERMANOVA analysis. Indicator fungal OTUs for different microhabitat types and sampling times were determined using “indVal” function of the labdsv package of R (Roberts, 2015), where the significance of indicator values is determined based on a permutation test (only OTUs found in more than four samples were included in the analysis).



RESULTS


Shifts in Cellulose and Lignin Concentrations in Decomposing Spruce Seedling Roots

Spruce seedling decapitation was associated with shifts in cellulose and lignin concentrations in root biomass. We observed significant increase in cellulose and lignin concentrations in decomposing spruce roots 4 months after the decapitation in all studied microhabitats. While cellulose concentration remained unchanged after the first significant increase, the lignin concentration in decomposing roots was gradually increasing during the whole experiment (Figure 1). Neither cellulose nor lignin concentration in root biomass was significantly affected by microhabitat type and microhabitat × time interaction. Consistent effect of sampling time on lignin and cellulose concentrations was not observed in control samples (Supplementary Figure 1).
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FIGURE 1. Concentrations of two plant structural biopolymers lignin (A) and cellulose (B) in root dry mass of Picea abies seedlings in the three studied microhabitats before (month 0) and after decapitation (months 2–15). Bars indicate means (n = 8) and whiskers represent standard errors. Different letters indicate significant differences among different sampling times within the same microhabitat. The values of cellulose are only indicative of relative differences among treatments, not corresponding to absolute values due to the method used.




Shift in Fungal Ecophysiological Categories on Decomposing Spruce Seedling Roots

The fungal communities associated with roots of living (control) P. abies seedlings were dominated by EcMF (62%), followed by saprotrophs (15%), ErMF (8%), and root endophytes (7%). Composition of fungal ecophysiological categories on roots of control plants was not significantly changing with time or among the studied microhabitats (Table 1). Therefore, we consider seasonality to have a minor effect on the composition of fungal ecophysiological categories of spruces seedlings on our study site. On the contrary, time after decapitation had strongly significant effect on relative abundance of fungal ecophysiological categories on spruce decaying roots (Table 1). The first significant difference in relative abundance of fungal ecophysiological categories between decaying roots and living roots was observed 10 months after the decapitation in all studied microhabitats (Figure 2). Subsequently, the proportions of fungal ecophysiological categories on decomposing roots changed gradually during succession. In general, we observed decline in relative abundance of EcMF, while root endophytes and ErMF tended to increase. Fifteen months after the decapitation, the decomposing roots of P. abies seedlings contained mostly sequences of endophytes (32%), followed by saprotrophs (20%), EcMF (18%), and ErMF (17%). Composition of fungal ecophysiological categories on decaying spruce roots was not significantly affected by microhabitat.


TABLE 1. Results of PERMANOVA analysis of sampling time and microhabitat and their interaction affecting relative abundance of fungal ecophysiological categories on decaying or living fine roots of Picea abies seedlings.
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FIGURE 2. Relative numbers of sequences of major fungal ecophysiological categories on roots of Picea abies seedlings before (month 0) and after decapitation (month 2–15). Values represent means (n = 8) of the relative abundances of ITS2 amplicons expressed as percentages. Different letters indicate significant differences among sampling times within the same microhabitat.




Succession of Fungal Communities on Decomposing Spruce Seedling Roots

The fungal communities associated with roots of control P. abies seedlings were dominated by EcMF genera Tylospora (22% of fungal sequences), Piloderma (19%), and endophytic Meliniomyces spp. (12%). Surprisingly, we did not observe any effect of time on composition of fungal communities associated with control plants what indicates a negligible seasonality of fungal communities at our study site (Table 2). Therefore, we assume that all shifts in composition of fungal communities on decomposing spruce roots are associated with seedlings decapitation. Indeed, the time after decapitation structured fungal communities developing on the decomposing spruce roots (Table 2). The significant shift in fungal community composition was observed 10–15 months after the spruce seedlings decapitation (Figure 3). Indicative species analysis identified several OTUs of ErMF more frequently occurring on spruce roots after the spruce seedlings decapitation. Interestingly, we also observed a positive relationship between time after decapitation and number of indicative fungal taxa with endophytic and unknown ecologies (Table 3). OTUs with high affinity to the Ascomycota phylum prevailed among the indicative fungi with unknown ecology.


TABLE 2. Results of PERMANOVA analysis of sampling time and microhabitat and their interaction affecting composition of fungal communities associated with decaying or living fine roots of Picea abies in the studied microhabitats.
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FIGURE 3. Relative abundance of major fungal genera on Picea abies seedling roots before (month 0) and after decapitation (month 2–15). Values represent means (n = 8) of the relative abundances of ITS2 amplicon reads expressed as percentages. Different letters indicate significant differences in fungal community composition among sampling times (A-B).



TABLE 3. Significant relations between sampling time (month 0 refers to the control sampling before decapitation) and the occurrence of fungal OTUs associated with decapitated spruce roots, with classification into fungal species hypothesis on 98.5% similarity level.
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Contrary to time effect, we detected significant effect of microhabitat on composition of fungal communities associated with control plants. However, the effect of microhabitat was more significant and explained two times more variability of fungal communities associated with decomposing spruce seedling roots compared to the control plants (Table 2). We did not identified significant effect of microhabitat × sampling time interaction on composition of root associated fungal communities. Post hoc comparison test identified significant differences in composition of fungal communities among all studied forest microhabitats. Numerous fungal OTUs associated with decomposing spruce roots showed significant affinity to one or two of the studied microhabitats (Table 4). Saprotrophic fungi such as Mycena sp. (OTU1377; SH1542291.08FU), Chalara sp. (OTU5132; SH1522496.08FU), and Gyoerffyella sp. (OTU5036; SH1509517.08FU) were predominantly found on spruce roots decomposing on CWD, particularly in early stages of the decomposition process. On the contrary, fungi with endophytic life strategy were more frequent on decomposing spruce roots in the ericoid shrubs. Interestingly, we identified clear segregation of two closely related endophytic fungi Phialocephala sp. (OTU374; SH1647307.08FU) and Acephala sp. (OTU551; SH2102217.08FU), also known as dark septate endophytes (DSE), among the studied microhabitats. While Phialocephala sp. dominated on decomposing spruce roots in ericoid shrubs, Acephala sp. was predominantly found in the other two microhabitats.


TABLE 4. Indicative fungal OTUs associated with roots of decapitated Picea abies seedlings across forest microhabitats 2–15 months after decapitation, with classification into fungal species hypothesis on 98.5% similarity level.
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DISCUSSION

In our study, we identified differences in composition of fungal communities associated with decomposing roots of P. abies seedlings in three different forest microhabitats. To get unbiased results, we decided to study fungal communities developing on decomposing roots of decapitated spruce seedlings rather than to use common bags filled with collected root biomass (e.g., Otsing et al., 2018; Barel et al., 2019). Due to nylon mesh or other fabric surrounding the decomposing roots, the interconnectivity with soil (the source of potential root decomposers) is limited, which can bias development of the fungal communities. Even more importantly, the collection of roots for litterbags destroys the context of decomposition since the roots are taken from their place. Our approach solves the above problems, but as a trade-off, it makes determination of root mass loss practically impossible. To overcome this obstacle, we used lignin and cellulose concentrations in decomposing root tissues as a proxy of decomposition. Because less recalcitrant compounds, such as proteins, hemicelluloses, pectin, etc., are utilized first during decomposition (Šnajdr et al., 2011), we considered a significant increase in lignin and cellulose concentrations in decomposing root tissue compared to control (living spruce roots) as indicator of decomposition processes. Based on our results, it seems that significant decomposition processes of root tissue started between 2 and 4 months after the seedlings decapitation regardless of the studied microhabitat.

Since we were interested in only trend-indicative values of cellulose concentration during the decomposition process, we used a spectrophotometrical method of determination of lignin and cellulose concentrations. The method was primarily derived for lignin determination (Lange et al., 1995) and in this method, cellulose content can be then determined from the same samples as lignin after repeated washing of the pellets after lignin extractions (Loader et al., 1997), what makes the method quite inexpensive though less precise for determination of absolute values. Thus, it should be mentioned that while the values of the lignin concentrations were found to be comparable with other studies, e.g., Hobbie et al. (2010), the values of cellulose concentrations in our study were found to be lower (only 20% of dry mass) and should be regarded as only trend-indicative values for comparison among treatments in the present study.


Succession of Fungal Communities on Decaying Spruce Roots

To determine natural temporal changes of composition of fungal communities, we also sampled living spruce seedlings besides the decapitated ones during each sampling time. Sampling of these control plants revealed no effect of the sampling time on the fungal communities. Previous research conducted on the same sampling site (Žifčáková et al., 2016, 2017) also documented no significant change in fungal community composition among seasons, although the seasonal transcriptional activity differed among taxa.

Regardless of a forest microhabitat, we observed a clear shift in relative abundances of different fungal ecophysiological categories during succession of fungal communities on decomposing roots. Decapitation of the spruce seedling associated with termination of photosynthetic assimilates and other organic compound transport to root and adjacent soil resulted in a gradual decrease in relative abundance of EcMF. Although this observation corresponds to previously reported changes in fungal communities after disruption of belowground C transport induced by tree girdling (Högberg et al., 2001; Kaiser et al., 2010), clearcutting (Kohout et al., 2018; Parladé et al., 2019), defoliation (Parker et al., 2017), or bark beetle outbreaks (Štursová et al., 2014; Pec et al., 2017), we can identify some interesting differences among the studies. Previously, Štursová et al. (2014) documented the decrease in relative abundance of EcMF in the soils of spruce forests from 41% to less than 10% during 1 year after the dieback of all mature trees following a bark beetle outbreak. Similarly, relative abundance of ectomycorrhizal fungi declined from 55 to less than 5% 10 months after forest clearcutting (Kohout et al., 2018). On the contrary, in our experiment, the relative abundance of EcMF decreased from 65% before spruce seedlings decapitation to 40% 10 months after seedlings decapitation. Compared to the above mentioned reports, our experimental design only affected selected spruce seedlings, not mature trees. Therefore, the forest stands retained the same primary productivity and the major transport pathway of photosynthetic assimilates to mycelial network of EcMF on the study site was not disrupted. Our results indicate that the EcMF can persist on roots of decapitated seedlings longer in case that the common mycelial network is maintained by adjacent photosynthetically active host plants. The longer persistence of EcMF on decomposing fine roots may slow the decomposition processes as previously indicated by Langley et al. (2006). If the persisting EcMF suppress the rate of root decomposition by competition for the substrate with saprotrophs (Fernandez and Kennedy, 2016) or utilize some of the less recalcitrant compounds of decomposing plant tissue remains an open question.

According to our analysis, it seems that EcMF differ in their ability to persist on decaying host plant roots. Interestingly, Russula sp. and Cortinarius sp. were able to survive or even increase their relative abundance after the spruce seedlings decapitation. High relative abundance of Russula spp. after substantial decline of photosynthetic compound production has already been reported after moth outbreak (Saravesi et al., 2015) or bark beetle outbreak (Štursová et al., 2014; Treu et al., 2014). Russula spp. were also among the very few EcMF able to maintain their relative abundances on decomposing roots as well as in adjacent soil for some time after forest stand clearcutting as opposed to other EcMF species, e.g., Amanita spp. that disappeared very soon (Kohout et al., 2018). The ability to persist in soil or on host plant roots after termination or significant decrease of C flow from the host plants is likely not caused by slower decomposition of Russula’s biomass, because its decomposition rate was comparable with numerous other tested EcMF (Brabcová et al., 2018). We rather hypothesize that Russula’s mycelial network radiating from roots of mature living spruce was potentially able to mobilize nutrients from decomposing plant biomass due to lignocellulose degrading enzymes (Štursová et al., 2012; Miyauchi et al., 2020). The ability to decompose organic matter was also ascribed to the second recalcitrant genus found in our study, Cortinarius (Bödeker et al., 2014). The ability of Russula spp. and Cortinarius spp. to persist on the decomposing roots may lead to direct competition for resources with saprotrophs and result in an overall decrease in decomposition rate (Fernandez and Kennedy, 2016).

As previously documented (Kohout et al., 2018; Gray and Kernaghan, 2019), the proportion of endophytic fungi in decaying spruce seedling roots increased. These communities were dominated by endophytic Meliniomyces spp. previously reported as common co-colonizers of spruce ectomycorrhizas (Vohník et al., 2013). Besides the endophytes, some ErMF also increased their relative abundance in decaying roots. Ericoid mycorrhizal fungi may also act as endophytic colonizers of roots of non-ericoid plants (Chambers et al., 2008; Kohout et al., 2013) and compared to EcMF, they generally feature greater enzymatic capabilities involved in decay of lignin and cellulose (Vohník et al., 2012; Martino et al., 2018). Therefore, we suggest that besides endophytic fungi, ErMF play a role in decomposition of spruce roots.

Interestingly, a number of fungi, with unknown ecology indicative for different sampling times increased during the root decomposition, reached a maximum at the last sampling point. Although aboveground woody tissues in later stages of decomposition are usually colonized by brown-rot or white-rot fungi from Basidiomycota, these fungi were relatively scarce on decomposing P. abies tissues here as well as in a previous study (Kohout et al., 2018). The vast majority of the fungi with unknown ecology indicative for later stages of decomposition showed taxonomic affinity to Ascomycota. Clearly, decomposing roots represent so far overlooked niche for new fungal species that may play an important role in mineralization of belowground plant litter.



Role of Microhabitat on Composition of Fungal Communities Associated With Decaying Spruce Roots

Although forest microhabitats differ in their biotic and abiotic conditions (St Hilaire and Leopold, 1995) and distinct EcMF communities were documented for the same host from different microhabitats (Iwański and Rudawska, 2007; Tedersoo et al., 2008), we found only small differences of fungal communities associated with living spruce seedling roots among microhabitats in a temperate mountainous spruce forest. Similarly, little effect of different microhabitats on EcMF communities was documented in high elevation spruce forest (Walker and Jones, 2013). Lack of the microhabitat effect on the composition of root associated fungal communities indicates that the spruce seedlings may tend to actively select similar fungal consortia in different forest microhabitats under some circumstances.

On the contrary, fungal communities on decaying spruce roots were more strongly structured by microhabitats, compared to fungal communities associated with living spruce roots. Effect of environmental conditions on decomposition rate as well as composition of fungal communities was previously documented for aboveground plant litter (Dang et al., 2009; Asplund et al., 2018) and fungal necromass (Maillard et al., 2020). Although our experimental approach did not allow us to determine root mass loss during the decomposition, we found substantial differences in composition of fungal communities associated with decaying roots among the studied microhabitats.

Although relative abundance of endophytic fungi in decaying roots increased across all studied microhabitats, we found a clear niche partitioning between P. fortinii s. l. and A. applanata, the two most well-known dark septate endophytes (Grünig et al., 2008). While P. fortinii s. l. associated preferentially with decomposing spruce seedling roots in the ericoid shrub context, A. applanata was almost completely missing in this microhabitat while it dominated on decomposing spruce roots in other two microhabitats. A. applanata was previously almost exclusively isolated from P. abies roots, whereas P. fortinii s. l. showed preference for roots of ericoid plants, but occurred also on spruce roots (Grünig et al., 2008). Therefore, ericoid plants may act as refuge for P. fortinii s. l. which may preferentially colonize roots spruce roots compare to A. applanata.

As hypothesized, we identified saprotrophic fungi, namely, Mycena sp., to be indicative for spruce roots decomposing on CWD, although the relative increase of Mycena sp. during the sampling time was observed in other microhabitats as well. Similarly, significantly greater relative abundance of saprotrophic fungi was recently documented on fungal necromass decomposing in course woody debris microhabitat than in bare forest soil (Maillard et al., 2020). Mycena spp. are known to be white-rot decomposers and they were also previously identified as dominant component of fungal communities in later stages of decomposing roots (Kohout et al., 2018) or deadwood (Baldrian et al., 2016). Considering that Mycena spp. possess greater enzymatic capabilities to degrade components of plant cell wall such as cellulose or lignin compared to EcMF or endophytic fungi (Miyauchi et al., 2020), our results indicate that its higher relative abundance in CWD microhabitat can stimulate decomposition of the root biomass.

On the contrary to our hypothesis, ErMF showed higher affinity to spruce roots decomposing in bare soil and CWD microhabitats. Ericoid mycorrhizal fungi possess the ability to form endophytic association with non-ericoid mycorrhizal plants (Chambers et al., 2008; Kohout et al., 2013). Therefore, the ericoid plant shrubs do not represent the only suitable habitat for ErMF. Why some ErMF preferentially colonize decomposing spruce roots remains an open question.

To conclude, our results indicate that the ectomycorrhizal fungi can persist on decaying roots of spruce seedlings longer in case that the common mycelial network is maintained by adjacent photosynthetically active host plants. We also identified stronger effect of forest microhabitat on structuring fungal communities associated with decaying compare to living roots of spruce seedlings. The difference was particularly expressed in endophytic fungi. Some ericoid mycorrhizal fungi showed higher relative abundance on decaying roots in soils under ericoid shrub cover, while saprotrophic fungi had higher relative abundance in roots decomposing inside deadwood.
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Supplementary Table 2 | Fungal community matrix (read numbers of fungal OTUs in each sample in a dataset downsampled to a median of 16,024 reads). Each row represents an OTU, each column represents a sample. T0 = control sampling before decapitation, T1, T2, T3, and T4 = samplings at 2, 4, 10, and 15 months after decapitation, respectively, C, control spruce seedlings sampled 2–15 months after decapitation; B, bare forest soil; W, coase woody debris; Z, ericoid shrubs.


FOOTNOTES

1
www.indexfungorum.org


REFERENCES

Aronesty, E. (2011). ea-utils: Command-line Tools for Processing Biological Sequencing Data. Available online at: http://code.google.com/p/ea-utils (accessed November 19, 2019).

Asplund, J., Kauserud, H., Bokhorst, S., Lie, M. H., Ohlson, M., and Nybakken, L. (2018). Fungal communities influence decomposition rates of plant litter from two dominant tree species. Fungal Ecol. 32, 1–8. doi: 10.1016/j.funeco.2017.11.003

Baldrian, P. (2009). Ectomycorrhizal fungi and their enzymes in soils: is there enough evidence for their role as facultative soil saprotrophs? Oecologia 161, 657–660. doi: 10.1007/s00442-009-1433-1437

Baldrian, P., Zrøustová, P., Tláskal, V., Davidová, A., Merhautová, V., and Vrška, T. (2016). Fungi associated with decomposing deadwood in a natural beech-dominated forest. Fungal Ecol. 23, 109–122. doi: 10.1016/j.funeco.2016.07.001

Barel, J. M., Kuyper, T. W., de Boer, W., and De Deyn, G. B. (2019). Plant presence reduces root and shoot litter decomposition rates of crops and wild relatives. Plant Soil 438, 313–327. doi: 10.1007/s11104-019-03981-3987

Bengtsson-Palme, J., Ryberg, M., Hartmann, M., Branco, S., Wang, Z., Godhe, A., et al. (2013). Improved software detection and extraction of ITS1 and ITS2 from ribosomal ITS sequences of fungi and other eukaryotes for analysis of environmental sequencing data. Methods Ecol. Evol. 4, 914–919. doi: 10.1111/2041-210X.12073

Bödeker, I. T. M., Clemmensen, K. E., de Boer, W., Martin, F., and Olson, Å, and Lindahl, B. D. (2014). Ectomycorrhizal Cortinarius species participate in enzymatic oxidation of humus in northern forest ecosystems. New Phytol. 203, 245–256. doi: 10.1111/nph.12791

Brabcová, V., Štursová, M., and Baldrian, P. (2018). Nutrient content affects the turnover of fungal biomass in forest topsoil and the composition of associated microbial communities. Soil Biol. Biochem. 118, 187–198. doi: 10.1016/j.soilbio.2017.12.012

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., et al. (2009). BLAST+: architecture and applications. BMC Bioinform. 10:421. doi: 10.1186/1471-2105-10-421

Chambers, S. M., Curlevski, N. J. A., and Cairney, J. W. G. (2008). Ericoid mycorrhizal fungi are common root inhabitants of non-Ericaceae plants in a south-eastern Australian sclerophyll forest. FEMS Microbiol. Ecol. 65, 263–270. doi: 10.1111/j.1574-6941.2008.00481.x

Clemmensen, K. E., Bahr, A., Ovaskainen, O., Dahlberg, A., Ekblad, A., Wallander, H., et al. (2013). Roots and associated fungi drive long-term carbon sequestration in boreal forest. Science 339, 1615–1618. doi: 10.1126/science.1231923

Dang, C. K., Schindler, M., Chauvet, E., and Gessner, M. O. (2009). Temperature oscillation coupled with fungal community shifts pi can modulate warming effects on litter decomposition. Ecology 90, 122–131. doi: 10.1890/07-1974.1

de Cárcer, D. A., Denman, S. E., McSweeney, C., and Morrison, M. (2011). Evaluation of subsampling-based normalization strategies for tagged high-throughput sequencing data sets from gut microbiomes. Appl. Environ. Microbiol. 77, 8795–8798. doi: 10.1128/AEM.05491-5411

DeLong, H. B., Lieffers, V. J., and Blenis, P. V. (1997). Microsite effects on first-year establishment and overwinter survival of white spruce in aspen-dominated boreal mixedwoods. Can. J. For. Res. 27, 1452–1457. doi: 10.1139/x97-109

Edgar, R. C. (2013). UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 10, 996–998. doi: 10.1038/nmeth.2604

Fernandez, C. W., and Kennedy, P. G. (2016). Revisiting the ‘Gadgil effect’: do interguild fungal interactions control carbon cycling in forest soils? New Phytol. 209, 1382–1394. doi: 10.1111/nph.13648

Freschet, G. T., Cornwell, W. K., Wardle, D. A., Elumeeva, T. G., Liu, W., Jackson, B. G., et al. (2013). Linking litter decomposition of above- and below-ground organs to plant-soil feedbacks worldwide. J. Ecol. 101, 943–952. doi: 10.1111/1365-2745.12092

Gray, L., and Kernaghan, G. (2019). Fungal succession during the decomposition of ectomycorrhizal fine roots. Microb. Ecol. 79, 271–284. doi: 10.1007/s00248-019-01418-1413

Grünig, C. R., Queloz, V., Sieber, T. N., and Holdenrieder, O. (2008). Dark septate endophytes (DSE) of the Phialocephala fortinii s.l. – Acephala applanata species complex in tree roots: classification, population biology, and ecology. Botany 86, 1355–1369. doi: 10.1139/B08-108

Herzog, C., Hartmann, M., Frey, B., Stierli, B., Rumpel, C., Buchmann, N., et al. (2019). Microbial succession on decomposing root litter in a drought-prone Scots pine forest. ISME J. 13, 2346–2362. doi: 10.1038/s41396-019-0436-436

Hobbie, S. E., Oleksyn, J., Eissenstat, D. M., and Reich, P. B. (2010). Fine root decomposition rates do not mirror those of leaf litter among temperate tree species. Oecologia 162, 505–513. doi: 10.1007/s00442-009-1479-6

Högberg, P., Nordgren, A., Buchmann, N., Taylor, A. F. S., Ekblad, A., Högberg, M. N., et al. (2001). Large-scale forest girdling shows that current photosynthesis drives soil respiration. Nature 411, 789–792. doi: 10.1038/35081058

Ihrmark, K., Bödeker, I. T. M., Cruz-Martinez, K., Friberg, H., Kubartova, A., Schenck, J., et al. (2012). New primers to amplify the fungal ITS2 region - evaluation by 454-sequencing of artificial and natural communities. FEMS Microbiol. Ecol. 82, 666–677. doi: 10.1111/j.1574-6941.2012.01437.x

Iwański, M., and Rudawska, M. (2007). Ectomycorrhizal colonization of naturally regenerating Pinus sylvestris L. seedlings growing in different micro-habitats in boreal forest. Mycorrhiza 17, 461–467. doi: 10.1007/s00572-007-0132-137

Jacobs, L. M., Sulman, B. N., Brzostek, E. R., Feighery, J. J., Phillips, R. P., and Richard Phillips, C. P. (2018). Interactions among decaying leaf litter, root litter and soil organic matter vary with mycorrhizal type. J. Ecol. 106, 502–513. doi: 10.1111/1365-2745.12921

Jumpponen, A., and Trappe, J. M. (1998). Dark septate endophytes: a review of facultative biotrophic root-colonizing fungi. New Phytol. 140, 295–310. doi: 10.1046/j.1469-8137.1998.00265.x

Kaiser, C., Koranda, M., Kitzler, B., Fuchslueger, L., Schnecker, J., Schweiger, P., et al. (2010). Belowground carbon allocation by trees drives seasonal patterns of extracellular enzyme activities by altering microbial community composition in a beech forest soil. New Phytol. 187, 843–858. doi: 10.1111/j.1469-8137.2010.03321.x

Kohler, A., Kuo, A., Nagy, L. G., Morin, E., Barry, K. W., Buscot, F., et al. (2015). Convergent losses of decay mechanisms and rapid turnover of symbiosis genes in mycorrhizal mutualists. Nat. Genet. 47, 410–415. doi: 10.1038/ng.3223

Kohout, P., Charvátová, M., Štursová, M., Mašínová, T., Tomšovský, M., and Baldrian, P. (2018). Clearcutting alters decomposition processes and initiates complex restructuring of fungal communities in soil and tree roots. ISME J. 12, 692–703. doi: 10.1038/s41396-017-0027-23

Kohout, P., Sýkorová, Z., Bahram, M., Hadincová, V., Albrechtová, J., Tedersoo, L., et al. (2011). Ericaceous dwarf shrubs affect ectomycorrhizal fungal community of the invasive Pinus strobus and native Pinus sylvestris in a pot experiment. Mycorrhiza 21, 403–412. doi: 10.1007/s00572-010-0350-352

Kohout, P., Těšitelová, T., Roy, M., Vohník, M., and Jersáková, J. (2013). A diverse fungal community associated with Pseudorchis albida (Orchidaceae) roots. Fungal Ecol. 6, 50–64. doi: 10.1016/j.funeco.2012.08.005

Kolaříková, Z., Kohout, P., Krüger, C., Janoušková, M., Mrnka, L., and Rydlová, J. (2017). Root-associated fungal communities along a primary succession on a mine spoil: distinct ecological guilds assemble differently. Soil Biol. Biochem. 113, 143–152. doi: 10.1016/j.soilbio.2017.06.004

Kõljalg, U., Nilsson, R. H., Abarenkov, K., Tedersoo, L., Taylor, A. F. S., and Bahram, M. (2013). Towards a unified paradigm for sequence-based identification of fungi. Mol. Ecol. 22, 5271–5277. doi: 10.1111/mec.12481

Lange, B. M., Lapierre, C., and Sandermann, H. (1995). Elicitor-induced spruce stress lignin: structural similarity to early developmental lignins. Plant Physiol. 108, 1277–1287. doi: 10.1104/pp.108.3.1277

Langley, A. J., Chapman, S. K., and Hungate, B. A. (2006). Ectomycorrhizal colonization slows root decomposition: the post-mortem fungal legacy. Ecol. Lett. 9, 955–959. doi: 10.1111/j.1461-0248.2006.00948.x

Li, A., Fahey, T. J., Pawlowska, T. E., Fisk, M. C., and Burtis, J. (2015). Fine root decomposition, nutrient mobilization and fungal communities in a pine forest ecosystem. Soil Biol. Biochem. 83, 76–83. doi: 10.1016/j.soilbio.2015.01.019

Lindahl, B. D., and Tunlid, A. (2015). Ectomycorrhizal fungi - potential organic matter decomposers, yet not saprotrophs. New Phytol. 205, 1443–1447. doi: 10.1111/nph.13201

Litton, C. M., Raich, J. W., and Ryan, M. G. (2007). Carbon allocation in forest ecosystems. Glob. Chang. Biol. 13, 2089–2109. doi: 10.1111/j.1365-2486.2007.01420.x

Loader, N. J., Robertson, I., Barker, A. C., Switsur, V. R., and Waterhouse, J. S. (1997). An improved technique for the batch processing of small wholewood samples to α-cellulose. Chem. Geol. 136, 313–317. doi: 10.1016/S0009-2541(96)00133-137

Lukešová, T., Kohout, P., Větrovský, T., and Vohník, M. (2015). The potential of dark septate endophytes to form root symbioses with ectomycorrhizal and ericoid mycorrhizal middle european forest plants. PLoS One 10:e0124752. doi: 10.1371/journal.pone.0124752

Maillard, F., Schilling, J., Andrews, E., Schreiner, K. M., and Kennedy, P. (2020). Functional convergence in the decomposition of fungal necromass in soil and wood. FEMS Microbiol. Ecol. 96:fiz209. doi: 10.1093/femsec/fiz209

Martino, E., Morin, E., Grelet, G.-A., Kuo, A., Kohler, A., Daghino, S., et al. (2018). Comparative genomics and transcriptomics depict ericoid mycorrhizal fungi as versatile saprotrophs and plant mutualists. New Phytol. 217, 1213–1229. doi: 10.1111/nph.14974

Miyauchi, S., Kiss, E., Kuo, A., Drula, E., Kohler, A., Sánchez-García, M., et al. (2020). Large-scale genome sequencing of mycorrhizal fungi provides insights into the early evolution of symbiotic traits. Nat. Commun. 11:5125.

Newsham, K. K. (2011). A meta-analysis of plant responses to dark septate root endophytes. New Phytol. 190, 783–793. doi: 10.1111/j.1469-8137.2010.03611.x

Nguyen, N. H., Song, Z., Bates, S. T., Branco, S., Tedersoo, L., Menke, J., et al. (2016). FUNGuild: an open annotation tool for parsing fungal community datasets by ecological guild. Fungal Ecol. 20, 241–248. doi: 10.1016/j.funeco.2015.06.006

O’Hanlon-Manners, D. L., and Kotanen, P. M. (2004). Logs as refuges from fungal pathogens for seeds of eastern hemlock (Tsuga canadensis). Ecology 85, 284–289. doi: 10.1890/03-3030

Oksanen, A. J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P. R., O’Hara, R. B., et al. (2012). Vegan: Community ecology package. R package version 2.0–10.

Otsing, E., Barantal, S., Anslan, S., Koricheva, J., and Tedersoo, L. (2018). Litter species richness and composition effects on fungal richness and community structure in decomposing foliar and root litter. Soil Biol. Biochem. 125, 328–339. doi: 10.1016/j.soilbio.2018.08.006

Parker, T. C., Sadowsky, J., Dunleavy, H., Subke, J.-A., Frey, S. D., and Wookey, P. A. (2017). Slowed biogeochemical cycling in sub-arctic birch forest linked to reduced mycorrhizal growth and community change after a defoliation event. Ecosystems 20, 316–330. doi: 10.1007/s10021-016-0026-27

Parladé, J., Queralt, M., Pera, J., Bonet, J. A., Castaño, C., Martínez-Peña, F., et al. (2019). Temporal dynamics of soil fungal communities after partial and total clear-cutting in a managed Pinus sylvestris stand. For. Ecol. Manage. 449:117456. doi: 10.1016/j.foreco.2019.117456

Pec, G. J., Karst, J., Taylor, D. L., Cigan, P. W., Erbilgin, N., Cooke, J. E. K., et al. (2017). Change in soil fungal community structure driven by a decline in ectomycorrhizal fungi following a mountain pine beetle (Dendroctonus ponderosae) outbreak. New Phytol. 213, 864–873. doi: 10.1111/nph.14195

Perotto, S., Daghino, S., and Martino, E. (2018). Ericoid mycorrhizal fungi and their genomes: another side to the mycorrhizal symbiosis? New Phytol. 220, 1141–1147. doi: 10.1111/nph.15218

Põlme, S., Bahram, M., Jacquemyn, H., Kennedy, P., Kohout, P., Moora, M., et al. (2018). Host preference and network properties in biotrophic plant-fungal associations. New Phytol. 217, 1230–1239. doi: 10.1111/nph.14895

R Core Team (2020). R: A Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing. Available online at: https://www.R-project.org/

Rasse, D. P., Rumpel, C., and Dignac, M. F. (2005). Is soil carbon mostly root carbon? mechanisms for a specific stabilisation. Plant Soil 269, 341–356. doi: 10.1007/s11104-004-0907-y

Reininger, V., Grünig, C. R., and Sieber, T. N. (2012). Host species and strain combination determine growth reduction of spruce and birch seedlings colonized by root-associated dark septate endophytes. Environ. Microbiol. 14, 1064–1076. doi: 10.1111/j.1462-2920.2011.02686.x

Renvall, P. (1995). Community structure and dynamics of wood-rotting Basidiomycetes on decomposing conifer trunks in northern Finland. Karstenia 35, 1–51.

Roberts, D. (2015). Labdsv: Ordination and Multivariate Analysis for Ecology. R package version 1.6.

Saravesi, K., Aikio, S., Wäli, P. R., Ruotsalainen, A. L., Kaukonen, M., Huusko, K., et al. (2015). Moth outbreaks alter root-associated fungal communities in subarctic mountain birch forests. Microb. Ecol. 69, 788–797. doi: 10.1007/s00248-015-0577-578

Schlegel, M., Münsterkötter, M., Güldener, U., Bruggmann, R., Duò, A., Hainaut, M., et al. (2016). Globally distributed root endophyte Phialocephala subalpina links pathogenic and saprophytic lifestyles. BMC Genom. 17:1015. doi: 10.1186/s12864-016-3369-3368

Schmidt, M. W. I., Torn, M. S., Abiven, S., Dittmar, T., Guggenberger, G., Janssens, I. A., et al. (2011). Persistence of soil organic matter as an ecosystem property. Nature 478, 49–56. doi: 10.1038/nature10386

Shah, F., Nicolás, C., Bentzer, J., Ellström, M., Smits, M., Rineau, F., et al. (2016). Ectomycorrhizal fungi decompose soil organic matter using oxidative mechanisms adapted from saprotrophic ancestors. New Phytol. 209, 1705–1719. doi: 10.1111/nph.13722

Sietiö, O.-M., Tuomivirta, T., Santalahti, M., Kiheri, H., Timonen, S., Sun, H., et al. (2018). Ericoid plant species and Pinus sylvestris shape fungal communities in their roots and surrounding soil. New Phytol. 218, 738–751. doi: 10.1111/nph.15040

Smith, S. E., and Read, D. J. (2008). Mycorrhizal Symbiosis. London: Academic Press.

Šnajdr, J., Cajthaml, T., Valášková, V., Merhautová, V., Petránková, M., Spetz, P., et al. (2011). Transformation of Quercus petraea litter: successive changes in litter chemistry are reflected in differential enzyme activity and changes in the microbial community composition. FEMS Microbiol. Ecol. 75, 291–303. doi: 10.1111/j.1574-6941.2010.00999.x

St Hilaire, L. R., and Leopold, D. J. (1995). Conifer seedling distribution in relation to microsite conditions in a central New York forested minerotrophic peatland. Can. J. For. Res. 25, 261–269. doi: 10.1139/x95-031

Štursová, M., Šnajdr, J., Cajthaml, T., Bárta, J., Šantrùèková, H., and Baldrian, P. (2014). When the forest dies: the response of forest soil fungi to a bark beetle-induced tree dieback. ISME J. 8, 1920–1931. doi: 10.1038/ismej.2014.37

Štursová, M., Žifčáková, L., Leigh, M. B., Burgess, R., and Baldrian, P. (2012). Cellulose utilization in forest litter and soil: Identification of bacterial and fungal decomposers. FEMS Microbiol. Ecol. 80, 735–746. doi: 10.1111/j.1574-6941.2012.01343.x

Talbot, J. M., Allison, S. D., and Treseder, K. K. (2008). Decomposers in disguise: mycorrhizal fungi as regulators of soil C dynamics in ecosystems under global change. Funct. Ecol. 22, 955–963. doi: 10.1111/j.1365-2435.2008.01402.x

Tedersoo, L., Suvi, T., Jairus, T., and Kõljalg, U. (2008). Forest microsite effects on community composition of ectomycorrhizal fungi on seedlings of Picea abies and Betula pendula. Environ. Microbiol. 10, 1189–1201. doi: 10.1111/j.1462-2920.2007.01535.x

Treu, R., Karst, J., Randall, M., Pec, G. J., Cigan, P. W., Simard, S. W., et al. (2014). Decline of ectomycorrhizal fungi following a mountain pine beetle epidemic. Ecology 95, 1096–1103. doi: 10.1890/13-1233.1

van der Linde, S., Suz, L. M., Orme, C. D. L., Cox, F., Andreae, H., Asi, E., et al. (2018). Environment and host as large-scale controls of ectomycorrhizal fungi. Nature 558, 243–248. doi: 10.1038/s41586-018-0189-189

Veblen, T. T. (1989). Tree regeneration responses to gaps along a transandean gradient. Ecology 70, 541–543. doi: 10.2307/1940197

Větrovský, T., Baldrian, P., and Morais, D. (2018). SEED 2: a user-friendly platform for amplicon high-throughput sequencing data analyses. Bioinformatics 34, 2292–2294. doi: 10.1093/bioinformatics/bty071

Větrovský, T., Kohout, P., Kopecký, M., Machac, A., Man, M., Bahnmann, B. D., et al. (2019). A meta-analysis of global fungal distribution reveals climate-driven patterns. Nat. Commun. 10:5142. doi: 10.1038/s41467-019-13164-13168

Vohník, M., Mrnka, L., Lukešová, T., Bruzone, M. C., Kohout, P., and Fehrer, J. (2013). The cultivable endophytic community of Norway spruce ectomycorrhizas from microhabitats lacking ericaceous hosts is dominated by ericoid mycorrhizal Meliniomyces variabilis. Fungal Ecol. 6, 281–292. doi: 10.1016/j.funeco.2013.03.006

Vohník, M., Sadowsky, J. J., Kohout, P., Lhotáková, Z., Nestby, R., and Kolaøík, M. (2012). Novel root-fungus symbiosis in ericaceae: sheathed ericoid mycorrhiza formed by a hitherto undescribed basidiomycete with affinities to Trechisporales. PLoS One 7:e39524. doi: 10.1371/journal.pone.0039524

Voříšková, J., and Baldrian, P. (2013). Fungal community on decomposing leaf litter undergoes rapid successional changes. ISME J. 7, 477–486. doi: 10.1038/ismej.2012.116

Walker, J. K. M., and Jones, M. D. (2013). Little evidence for niche partitioning among ectomycorrhizal fungi on spruce seedlings planted in decayed wood versus mineral soil microsites. Oecologia 173, 1499–1511. doi: 10.1007/s00442-013-2713-2719

White, T. J., Bruns, T. D., Lee, S. B., and Taylor, J. W. (1990). “Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenetics,” in PCR - Protocols and Applications - A Laboratory Manual, eds M. A. Innis, D. H. Gelfand, J. J. Sninsky, and T. J. White (New York, NY: Academic Press).

Žifčáková, L., Větrovský, T., Howe, A., and Baldrian, P. (2016). Microbial activity in forest soil reflects the changes in ecosystem properties between summer and winter. Environ. Microbiol. 18, 288–301. doi: 10.1111/1462-2920.13026

Žifčáková, L., Větrovský, T., Lombard, V., Henrissat, B., Howe, A., and Baldrian, P. (2017). Feed in summer, rest in winter: microbial carbon utilization in forest topsoil. Microbiome 5:122. doi: 10.1186/s40168-017-0340-340


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Kohout, Sudová, Brabcová, Vosolsobě, Baldrian and Albrechtová. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-12-541583-t003.jpg
Species hypothesis Taxonomy Ecology! Indicative for sampling time (month)?
2 4 10 15

OoTU768 SH190469.07FU Russula EcM * * * *
OTU200 SH212614.07FU Hygrophorus EcM * * *
OTU2079 SH196824.07FU Piloderma EcM
OTU113 SH188507.07FU Cortinarius EcM *
OTU74 SH213927.07FU Tylospora EcM * * *
OTU102 SH214267.07FU Meliniomyces Endophyte * *
OTU53 SH181102.07FU Rhizoscyphus Endophyte #
OTU502 SH203693.07FU Cadophora Endophyte G % G
OTU531 SH201720.07FU Leptodontidium Endophyte L %
OTU5829 SH181085.07FU Meliniomyces Endophyte % # i
OTU428 SH181102.07FU Rhizoscyphus Endophyte i o r i
OTU34 SH204990.07FU Phialocephala Endophyte i
OTU101 SH214267.07FU Meliniomyces Endophyte * *
OTU299 SH214272.07FU Meliniomyces Endophyte * * *
OoTU138 SH275913.07FU Acephala Endophyte * *
OTUB855 SH029393.07FU Oidiodendron ErM *
OTU70 SH181078.07FU Meliniomyces ErM * * * *
OTU554 SH216991.07FU Oidiodendron ErM * # #
OTU3661 SH191149.07FU Verticillium Pathogen * * * *
OTUB998 SH495464.07FU Arachnopeziza Saprotroph L L
OTU4567 SH025039.07FU Cryptodiscus Saprotroph "
OTU1748 SH220728.07FU Mycena Saprotroph %
OTU19 SH176953.07FU Galerina Saprotroph & i
OTU569 SH180492.07FU Archaeorhizomyces Saprotroph *
OTuUs61 SH180493.07FU Archaeorhizomyces Saprotroph *
OTuU1797 SH176939.07FU Galerina Saprotroph *
OTU4373 SH193238.07FU Cladophialophora Saprotroph * * * *
OTU5290 SH491946.07FU Fungi Unknown *
0OTU2345 SH469369.07FU Fungi Unknown *
OTU5023 SH181579.07FU Chaetosphaeria Unknown * * * *
OTU5150 SH201644.07FU Hyaloscyphaceae Unknown * #
OTUB953 SH204499.07FU Rozellomycota Unknown * #
OTU4639 SH217841.07FU Herpotrichiellaceae Unknown * * %
OTU4972 SH215043.07FU Lecanoromycetes Unknown * * * %
OTU3976 SH495485.07FU Fungi Unknown 4
OTU4919 SH201649.07FU Helotiales Unknown *
OTU5850 SH201636.07FU Dermateaceae Unknown * * *
oTU4442 SH193235.07FU Herpotrichiellaceae Unknown * * * *
OTU4416 SH012608.07FU Chaetothyriales Unknown * *
OTU13 SH211718.07FU Helotiales Unknown *
OTU4614 SH458421.07FU Herpotrichiellaceae Unknown *

Fungal ecophysiological categories: ectomycorrhizal (EcM), ericoid mycorrhizal (ErM). ?Asterisks refer to significant relationship between sampling time and the

occurrence of fungal out. All OTUs recorded from less than four samples were excluded from the indicative species analysis.





OPS/images/fmicb-12-541583-t004.jpg
Sampling time oTuU SH Taxonomy Ecology’ Indicative for microhabitat?
Bare forest soil Ericoid shrubs Coarse woody debris
2 OTU3392 SH213927.07FU Tylospora EcM *
OTU3394 SH213927.07FU Tylospora EcM *
QOTU200 SH212614.07FU Hygrophorus EcM * *
OTU3359 SH213927.07FU Tylospora EcM * *
OoTu48 SH181078.07FU Meliniomyces ErM *
OTuU510 SH181093.07FU Meliniomyces Endophyte *
OoTu1377 SH220720.07FU Mycena Saprotroph
OoTuU5132 SH202706.07FU Chalara Saprotroph
OTU5036 SH184432.07FU Gyoerffyella Saprotroph
OTU4615 SH217841.07FU Herpotrichiellaceae Unknown * #
4 OTU555 SH216991.07FU Oidiodendron ErM *
OTU535 SH216987.07FU Oidiodendron ErM *
OoTu4715 SH203224.07FU Leptodontidium Endophyte *
OTuU532 SH214267.07FU Meliniomyces Endophyte * *
OTuU510 SH181093.07FU Meliniomyces Endophyte *
OoTu1377 SH220720.07FU Mycena Saprotroph
OTU5036 SH184432.07FU Gyoerffyella Saprotroph
OTU412 SH020043.07FU Collophora Unknown #
OTU4640 SH217841.07FU Herpotrichiellaceae Unknown *
OTU4498 SH219622.07FU Fungi Unknown %
10 oTu264 SH211718.07FU Helotiales Unknown %
15 OoTuU374 SH214294.07FU Phialocephala Endophyte #
OTU551 SH275913.07FU Acephala Endophyte *

" Fungal ecophysiological categories: ectomycorrhizal (EcM), ericoid mycorrhizal (ErM). 2Asterisks refer to significant relationship between forest microhabitats and the
occurrence of fungal OTU. All OTUs recorded from less than four samples were excluded from the indicative species analysis.





OPS/images/fmicb-12-541583-t001.jpg
Picea abies roots

Decaying roots
(decapitated P, abies
seedlings)

Living roots (control)

Tested variable

Sampling time

Microhabitat
Interaction
Sampling time
Microhabitat
Interaction

R2

0.227

n.d.
n.d.
n.d.
n.d.
n.d.

P-value

<0.001

0.532
0.487
0.527
0.822
0.125

Significant results are in a bold. R? values were not determined (n.d.) for non-

significant variables.





OPS/images/fmicb-12-541583-t002.jpg
Picea abies roots Tested variable R2 P-value

Decaying roots Sampling time 0.086 <0.001
(decapitated P, abies
seedlings)
Microhabitat 0.045 <0.001
Interaction n.d. <0.103
Living roots (control) Sampling time n.d. 0.117
Microhabitat 0.022 0.014
Interaction n.d. 0.585

Significant results are in a bold. R? values were not determined (n.d.) for non-
significant variables.





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Forest Microhabitat Affects Succession of Fungal Communities on Decomposing Fine Tree Roots



		INTRODUCTION



		MATERIALS AND METHODS



		Study Site and Sampling Design



		Molecular Analyses



		Bioinformatical Analyses



		Determination of Root Tissue Chemistry



		Statistical Analyses







		RESULTS



		Shifts in Cellulose and Lignin Concentrations in Decomposing Spruce Seedling Roots



		Shift in Fungal Ecophysiological Categories on Decomposing Spruce Seedling Roots



		Succession of Fungal Communities on Decomposing Spruce Seedling Roots







		DISCUSSION



		Succession of Fungal Communities on Decaying Spruce Roots



		Role of Microhabitat on Composition of Fungal Communities Associated With Decaying Spruce Roots







		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIALS



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
’ frontiers
in Microbiology

Forest MicrohabitatAffects
Succession of Fungal
Communities on Decomposing
Fine Tree Roots









OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-12-541583-g001.jpg
50 -

Lignin (%)

10 -

0 -
Time (month)

Microhabitat

B 16
14

L 12
o 10
S s
= 6
S 4
2

0

Time (month)

Microhabitat

40 -

30 -

20 -

2 4 10 15

Bare forest soil

2 4 10 15

Bare forest soil

0

0

2 4 10 15

Ericoid shrubs

2 4 10 15

Ericoid shrubs

0O 2 4 10 15

Coarse woody debris

0 2 4 10 15

Coarse woody debris






OPS/images/fmicb-12-541583-g002.jpg
Sequencing reads (%)

Sequencing reads (%)

Sequencing reads (%)

100

o]
o

(=2}
o

40

N
o

100

(o]
o

60

40

20

100

80

60

40

20

COARSE WOODY DEBRIS

A AB AB B B Wood saprotroph
M Plant pathogen

@ Saprotroph

M Ericoid mycorrhizal
E Endophyte

M Ectomycorrhizal

0 2 4 10
ERICOID SHRUBS
A A AB B

0 2 4 10

BARE FOREST SOIL
A AB ABC BC

0 2 4 10 15

Time (month)





OPS/images/fmicb-12-541583-g003.jpg
Sequencing reads (%)

Sequencing reads (%)

Sequencing reads (%)

100 -

90 -

80

70

60 -

50 -

40

30 -

20

10 -

100 -

90

80 -

70 -

60 -

50 +

40 -

30 -

20 -

10 -

100 -

90 -

80 -

70 -

60 -

50 -

40 -

30 -

20 -

10 -

COARSE WOODY DEBRIS

A AB B

@ Unidentified

m Others

| Venturia

O Lecanicillium

B Odontia

O Luellia

B Cladophialophora
OHyphodontia

@ Hyaloscypha

O Galerina

B Mycena

W Arrchaeorhizomyces
W Pezoloma

B Oidiodendron
® Mollisia

O Leptodontidium
E Rhizoscyphus
OAcephala

O Phialocephala
@ Meliniomyces
Tomentella

B Amanita

@ Pseudotomentella
OHebeloma
m/mleria

DO Elaphomyces

O Cenococcum
OAmphinema
Hydrophorus

W Lactarius

m Cortinarius
mRussula

B Piloderma

W Tylospora

4 10
ERICOID SHRUBS
A A AB

b
2 4 10
BARE FOREST SOIL
A A AB B

4 10
Time (month)





