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Root-associated fungal communities are important components in ecosystem
processes, impacting plant growth and vigor by influencing the quality, direction, and
flow of nutrients and water between plants and fungi. Linkages of plant phenological
characteristics with belowground root-associated fungal communities have rarely been
investigated, and thus our aim was to search for an interplay between contrasting
phenology of host ectomycorrhizal trees from the same location and root-associated
fungal communities (ectomycorrhizal, endophytic, saprotrophic and pathogenic root-
associated fungi) in young and in adult silver fir trees. The study was performed
in a managed silver fir forest site. Twenty-four soil samples collected under two
phenologically contrasting silver fir groups were analyzed for differences in root-
associated fungal communities using Illumina sequencing of a total root-associated
fungal community. Significant differences in beta diversity and in mean alpha diversity
were confirmed for overall community of ectomycorrhizal root-associated fungi, whereas
for ecologically different non-ectomycorrhizal root-associated fungal communities the
differences were significant only for beta diversity and not for mean alpha diversity.
At genus level root-associated fungal communities differed significantly between early
and late flushing young and adult silver fir trees. We discuss the interactions through
which the phenology of host plants either drives or is driven by the root-associated
fungal communities in conditions of a sustainably co-naturally managed silver fir forest.

Keywords: host phenology, stand age, root-associated fungi, silver fir, fungal community

INTRODUCTION

In forest ecosystems, tree roots are colonized by various ecto- and/or endo-mycorrhizal fungi as
well as by other root-associated fungi. Ecto- and endomycorrhizal fungi in particular are recognized
as potential drivers of nutrient mobilization processes and hormonal regulation of the mycorrhizal
plants (Gogala, 1991; Kraigher et al., 1991, 2008; Toju et al., 2013). There are two main functional
groups of fungi in forest soils: (1) free-living saprotrophic fungi and (2) fungi that are symbiotically
associated with plant roots (Smith and Read, 2008). The root-associated fungal symbiosis is of key
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importance as fungi influence plant productivity and plant
community diversity, protect roots from grazing and pathogens,
as well as connect plants belowground via a hyphal network
allowing the movement of resources among coexisting plants
(van der Heijden et al., 2015).

In general, ectomycorrhizal (ECM) fungi enhance the
growth and survival of their host plant through improving
nutrient uptake in exchange for photosynthetically derived
carbon (Kraigher, 1996). Although mycorrhizal fungi associate
with a majority of plants, each individual plant benefits
most from a unique root-associated fungal community (Smith
and Gianinazzi-Pearson, 1988). The functional compatibility
depends on the species and strain of the fungus, and
the species and population of the host (Gianinazzi-Pearson,
1984). Consequently, changes in the mycorrhizal community
composition may influence plant nutrient status, growth and
development (Wardle et al., 2004). Different factors can
influence ECM community structure, including host plant
species composition, stand age, habitat conditions, and edaphic
factors (Smith et al., 2002). Several authors have observed a
strong effect of tree age on fungal communities, as litter quality
and understory vegetation in young stands differ markedly from
older stands (Last et al., 1987). Younger stands also differ
in nutrient and water dynamics, soil microclimate and litter
quantity and quality (Kyaschenko et al., 2017). Due to rapid
growth in early developmental stages, young trees generally have
the potential to sequester a larger amount of carbon (Croft et al.,
2014), mainly because of carbon allocation to ECM root tips
(Wallander et al., 2010).

Besides ectomycorrhizal fungi, root tips are also frequently
associated with endophytic fungi, which indicates possible
competitive colonization of roots between endophytic and
ectomycorrhizal fungi (Jumpponen and Trappe, 1998). However,
while ECM fungi generally associate with a narrow range of
hosts (Sato et al., 2007), root-endophytic fungi are not as host-
specific and have a broader host range (Walker et al., 2011).
The first report about another type of root colonization by
septate endophytes was reported by Gallaud (1905) on Allium
sphaerocephalum L. and Ruscus aculeatus L. Subsequently named
dark septate entophytes (DSE), the DSE have only recently
received more attention, and there is still much uncertainty about
the roles of DSE. Although the interfaces formed by DSE differ
from the conventional types of interfaces observed in mycorrhizal
symbiosis, some studies (Jumpponen et al., 1998; Newsham,
1999; Barrow and Aaltonen, 2001) have shown that under some
environmental conditions, DSE can enhance host growth and
nutrient uptake; however, it remains unanswered as to whether
DSE can increase hosts’ fitness in the long term (Jumpponen,
2001). Although it has been suggested that some DSE genera are
mycorrhizal (Jumpponen, 2001), due to unusual fungal structures
and lack of demonstration of host nutritional benefit from the
symbiosis DSE associations have not been considered to be
mycorrhizal (Jumpponen, 2001; Lukešova et al., 2015).

Host-symbiont relationships may be among others directly
influenced by the phenology of hosts. It has been suggested that
the host’s phenology affects the activity of ECM fungi through the
seasonal photosynthate allocation to the roots, and throughout

seasonal changes of carbohydrate availability (Egli et al., 2010;
Sato et al., 2012; Hupperts et al., 2017). Conversely, mycorrhizal
fungi may affect host phenology through providing the carbon
at a time when demand is high and photoassimilates are not yet
available (Courty et al., 2010). The composition and turnover
of ECM fungi may affect the set of functions performed by an
ECM community, which can generate feedback on changes in
host phenology (Hupperts et al., 2017).

As processes in host and ECM fungi phenology need further
clarification, we are going to anticipate the relations in our study
solely as an interplay between the host tree phenology and age and
the root-associated fungal community. In this study, we describe
the community composition structure of root-associated fungi in
a silver-fir dominated forest, in terms of (1) tree host phenology,
(2) tree age and (3) a combination of phenology and tree age.
We hypothesize that ECM and other root-associated fungal
species richness (alpha diversity) differ based on phenological
characteristics and tree age, and is expected to be higher in
association with adult and earlier flushing silver fir trees. For
adult stands it has been reported to be associated with more
diverse and species richer fungal communities compared to
young stands, while for earlier flushing silver fir tree we expect
to find higher fungal species richness due to earlier availability of
photosynthates (Hypothesis 1). As plant and microbial processes
vary throughout the season, which has a strong impact on
carbon and nitrogen availability, we suspect that ECM and
other non-ECM root-associated fungal community structure will
have significantly different species turnover among trees with
contrasting phenology and based on tree age (Hypothesis 2), and
that consequently we will observe a significant difference in ECM
and other non-ECM root-associated fungal genera abundances
among the four analyzed groups.

MATERIALS AND METHODS

Description of Study Site and Sampling
The study was performed in 16.47 hectares of a forest site at
Lehen na Pohorju (Pohorje, Slovenia, 46.33N 15.20E, 469-611
m a.s.l.). dominated by native silver fir (Abies alba Mill.), with
the age range of trees surrounding the plots between 35 and
120 years. The last major harvest at the study site took place
between 1985 and 1992. Phenology stages of each individual tree
or seedling in natural regenerating centers were assessed based
on a standardized protocol (LIFEGENMON protocols; in prep),
where the time of budbreak and flowering date were monitored
consecutively in 2017. Individual trees with extreme phenologies
(earliest/latest budbreak and flowering, the difference being from
3 to 5 weeks in a single year) were selected and further separated
into a group of adult (dominant trees, at least 80 years old, with a
minimum diameter at breast height of 31 cm) and young trees (in
understory/shade, maximum 50 years old and with a maximum
diameter at breast height of 5 cm). Six silver fir trees and six soil
samples for each phenology × age combination were analyzed,
resulting in a total of 24 soil samples in total collected according
to the sampling protocol described in Kraigher (1996). All soil
samples with silver fir fine roots were sampled in August 2017.
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To avoid sampling of roots from other adult trees, the soil samples
were collected approximately 1 m from the trunk, whereas
individual silver fir trees were at least 5–7 m apart to minimize
sampling in the same common mycorrhizal network (sensu Baar
et al., 1999; Taylor and Bruns, 1999; Varela-Cervero et al., 2015;
Chen et al., 2016). Plots of young silver fir seedlings were selected
at a distance of at least 8–10 m. Soil samples were taken to
20 cm deep (including organic layers) using soil corers. Individual
samples were placed in plastic bags and stored at 6◦C before
processing. From each sample all roots were removed from soil
and gently washed to remove all the remaining soil particles
attached to the roots. For further processing, roots with diameter
less than 2 mm (e. g., fine roots sensu Železnik et al., 2007, 2016)
were selected and freeze dried at −92◦C for 48 h. After freeze
drying, roots were homogenized into a fine powder using a Retsch
mixer mill (Retsch, Haan, Germany).

Molecular Analyses
DNA was extracted from 50 mg of individual soil sample
root powder using Reagent DNeasy Plant Mini Kit (Qiagen,
Hilden, Germany) following manufacturer’s instructions.
Additional DNA purification was done with Geneclean Turbo
Kit (MP Biomedicals, Solon, OH, United States). Twenty-four
differentially barcoded gITS7 forward primer and ITS4 reverse
primer (Ihrmark et al., 2012) were used to amplify the ITS2
region of fungal ribosomal DNA. PCR mix contained 2.5 µl
10× polymerase buffer, 1.5 µl bovine serum albumin, 0.5 µl
of PCR Nucleotide Mix (10 mM), 1 µl of each primer, 0.75 µl
of polymerase (2 U µl−1; Pfu DNA polymerase: Dynazyme
DNA polymerase, 1:24) and 1 µl of template DNA. PCRs were
carried out in three replicates per sample, using the following
thermocycling conditions: initial 5 min at 94◦C, followed by
30 cycles at 94◦C for 30 s, 56◦C for 30 s, 72◦C for 30 s and final
cycle of 7 min at 72◦C. To confirm the success of amplification,
each PCR product was run on 1% agarose gel. Triplicates from
the same root sample were then merged and purified with
MinElute PCR Purification Kit (Qiagen, Hilden, Germany).
Finally, the DNA concentration was determined by Qubit 2.0.
Fluorometer (Life Technologies, Carlsbad, CA, United States)
and equimolar concentrations were sequenced on Ilumina MiSeq
(300 bp paired end).

Bioinformatics
The sequencing data generated from MiSeq run was processed
using the pipeline SEED v2.0 (Větrovský and Baldrian, 2013).
Pair-end reads were merged using FASTQ-join (Aronesty,
2011). The ITS2 region was further extracted with ITSx 1.0.11
(Bengtsson-Palme et al., 2013). Chimeric sequencing among
the amplicons pool was removed using USEARCH (Edgar,
2013). Sequences were clustered at 97% similarity threshold
using VSEARCH (Rognes et al., 2016), aligned using MAFFT
7.222 (Katoh et al., 2009) and blasted against UNITE (Kõljalg
et al., 2013) and NCBI1 databases for ITS-based classification.
Sequences identified as non-fungal were discarded, as well as
sequences that remained unclassified at a kingdom or family

1https://www.ncbi.nlm.nih.gov/

level. Finally, the following criteria for a database match were
applied: sequence similarity >92%, which represent approximate
cut-off value at genus level (Porras-Alfaro et al., 2014) and a
BLAST e-value <1e-40. ECM OTUs were separated from non-
ECM fungi based on the genus status using the references
Rinaldi et al. (2008) and Tedersoo et al. (2010), while non-ECM
fungi were further grouped based on their ecology described in
literature (Sigler et al., 2000; Ganley et al., 2004; Geml et al., 2005;
Hambleton and Sigler, 2005; Crous et al., 2007; Voriškova and
Baldrian, 2013; Lodge et al., 2014; Hilszczanska, 2016; Bödeker
et al., 2016; Vaz et al., 2017) into endophytes, saprotrophs
and pathogens (Supplementary Table S1). None of the fungi
remained unassigned.

Diversity and Statistical Analysis
To check for the possible effect of variable sequences sampling
depth on analyzed groups of silver fir, differences in number
of fungal sequences per individual group were tested using
the Kruskal-Wallis test from statistical package “stats” (R Core
Team, 2016), which revealed no significant differences in fungal
sequences number among all four analyzed groups (P = 0.5641).
Spatial patterns of diversity were examined by alpha diversity
indices (assessed by Hill’s numbers; Hill, 1973) to determine
whether the fungal community was correlated with age and
phenology of trees. We used the most commonly used diversity
indices: OTU richness, inverse Simpson’s index, which calculates
the proportional abundance of each species and is interpreted
as equivalent to OTU evenness, and inverse Berger-Perker
index, which calculates the proportional abundance of the most
abundant species and can be interpreted as OTU dominance.

Observed differences in fungal community composition
between sites (beta diversity) were quantified with a pairwise
permutational multivariate analysis of variance (pairwise
PERMANOVA) based on the Bray-Curtis distance matrix.
Differences in overall fungal community composition were
visualized using non-metric multidimensional scaling analysis
(NMDS) ordinations using the Bray-Curtis distance matrix.

One-way ANOVA with Tukey contrasts was used to examine
the difference in alpha diversity among the four groups (adult late
and early flushing trees and young late and early flushing trees).
The homogeneity of variance assumptions was checked with a
Levene test (P = 0.102).

Multivariate generalized linear models (MV-GLMs; Wang
et al., 2012) were used to examine the differences in ECM
and endophytic, saprophytic and pathogenic genera abundances
between phenologically different adult and young silver fir trees.
Multivariate and unadjusted univariate P-values were obtained
by Wald tests, both using 10,000 Monte Carlo permutations. For
visualization of MV-GLM results, endophytic, saprotrophic and
pathogenic fungal genera with abundance higher than 1% were
included in the plot.

All statistical, diversity and community analyses were
conducted on a normalized number of OTUs using R
statistical language version 3.4.4 with standard R libraries
(R Core Team, 2016). The community analyses were performed
with PERMANOVA on the Bray-Curtis distance matrix, and
visualized with NMDS on the Bray-Curtis distance, using
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the specific package ‘vegan’ (Oksanen et al., 2018). One-way
ANOVA with Tukey contrasts for alpha diversity analysis was
performed using statistical package ‘stats’ (R Core Team, 2016)
and MV-GLMs with the package ‘mvabund’ (Wang et al., 2012).
Differences in ECM, endophytic, saprotrophic and pathogenic
abundances between phenologically different adult and young
silver fir trees was visualized using the statistical package
“ggplot2” (Wickham, 2016).

RESULTS

Fungal Community Structure Varies
With Phenology in the Young but
Not in the Old Trees
The overall analysis was based on a total of 367,294 fungal
ITS2 sequences that remained after the removal of non-fungal
sequences and unclassified sequences at a kingdom or family level
and length trimming following the Illumina MiSeq sequencing.
The overall dataset was divided into ECM OTUs and endophytic,
saprotrophic and pathogenic root-associated fungal OTUs.

The NMDS showed significantly different ECM communities
between early and late flushing young trees (PERMANOVA,
P = 0.003), while ECM communities of adult silver trees partially
overlapped, with no significant differences between early and late
flushing trees (PERMANOVA, P = 0.991) (Figure 1).

Also, in the case of ecologically different non-ECM root
fungal communities (Figure 2), NMDS showed significantly
different endophytic (PERMANOVA, P = 0.006), saprotrophic

FIGURE 1 | Ectomycorrhizal (ECM) fungal community ordination plot based
on communities from early/late flushing and adult/young silver fir trees,
calculated on a Bray-Curtis distance with a non-metric multidimensional
scaling analysis (NMDS) ordination. Presented are centroids of each groups of
samples. The ECM community significantly differs between early and late
flushing young silver fir trees (PERMANOVA, P = 0.003), but not between early
and late flushing adult silver fir trees (PERMANOVA. P = 0.9910).

(PERMANOVA, P = 0.004) and pathogenic root fungal
communities (PERMANOVA, P = 0.004) between early and late
flushing young silver fir trees, while all three groups of non-
ECM fungal communities of adult silver fir trees overlapped,
with no significant differences between early and late flushing
trees (PERMANOVA endophytes, P = 0.532; PERMANOVA
saprotrophs, P = 0.401; PERMANOVA pathogens, P = 0.935).

Alpha diversity results coincide with differences in ECM
observed in NMDS plots and supported with PERMANOVA.
One-way ANOVA with Tukey contrasts conducted on mean
alpha diversity among four groups of samples revealed
significantly higher ECM fungal richness (Figure 3) in late
flushing young silver fir trees compared to earlier flushing
young trees (ANOVA, P = 0.0336), whereas for ECM fungal
richness of adult silver fir trees only the influence of interaction
between phenology and age was observed. We did not observe
significant differences in mean evenness in ECM communities
(ANOVA, P > 0.063), whereas the ECM community sampled
from late flushing young silver fir trees showed significantly
less dominance compared to late flushing adult silver fir trees
(ANOVA, P = 0.030).

There was no significant difference (P > 0.106) in mean
alpha diversity of the endophytic, saprotrophic or pathogenic
root-associated fungal community.

Genus-Level Diversity
Among the 3,753 ECM fungal OTUs found in 24 root samples,
2772 (73.8%) were identified to genus and 2150 (57.2%)
to species level. Among the 1681 non-ECM root-associated
fungal OTUs found, 1316 (78.2%) were identified to genus
and 706 (41.9%) to species. In order of abundance, the most
abundant ECM fungi were assigned to genera Russula, Lactarius,
Elaphomyces, Tylospora and Cenococcum, and represented 50.5%
of all sequences. For the non-ECM community, in order of
abundance, endophytic fungi assigned to genera Meliniomyces,
Oidiodendron Phialocephala and saprophytic fungi Luellia were
among the most abundant root-associated fungi and represented
27.5% of all sequences.

For adult silver fir trees, MV-GLM showed significant
more abundant (Supplementary Table S1) ECM fungal genera
Amanita, Cenococcum, Clavulina, Lactifluus, Sebacina and
unclassified genera assigned to the order Entolomataceae
(MV-GLM, P < 0.037) with early flushing adult silver fir
trees compared to late flushing adult trees (Figure 4). In the
case of young silver fir trees, we observed significantly more
abundant ECM genera Amphinema, Cortinarius, Elaphomyces
and unclassified genera assigned to Tricholomataceae (MV-GLM,
P < 0.037) with early flushing silver fir trees, in contrast to genera
Cenococcum, Clavulina, and Tylospora (MV-GLM, P < 0.011)
which were significantly more abundant in association with late
flushing silver fir trees.

In the case of non-ECM root-associated fungal genera
(Figure 5) associated with adult silver fir trees, MV-GLM showed
significant differences in abundances of endophytic fungal
genera, namely Cryptosporiopsis, Oidiodendron, Phialocephala
and of unclassified genera from the order Helotiaceae (MV-GLM,
P < 0.049) (Supplementary Table S1). For young silver fir trees,
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FIGURE 2 | Endophytic (A), saprotrophic (B) and pathogenic (C) fungal community ordination plots based on communities from early/late flushing and adult/young
silver fir trees, calculated on a Bray-Curtis distance with a non-metric multidimensional scaling analysis (NMDS) ordination. Presented are centroids of each groups of
samples. (A) Endophytic fungal community significantly differs between early and late flushing young silver fir trees (PERMANOVA, P = 0.006), but not between early
and late flushing adult silver fir trees (PERMANOVA, P = 0.532). (B) The saprotrophic fungal community also significantly differed between early and late flushing
young silver fir trees (PERMANOVA, P = 0.004), but not between early and late flushing adult silver fir trees (PERMANOVA, P = 0.401). (C) The same was revealed
for the pathogenic fungal community, which significantly differed between early and late flushing young silver firs (PERMANOVA, P = 0.004), but not between early
and late flushing adult silver fir trees (PERMANOVA, P = 0.935).

MV-GLM revealed significant differences in endophytic root-
associated fungal genera Oidiodendron, Phialocephala, and
Rhizoscyphus, and the saprophytic root-associated fungal genus
Luellia and in unclassified genera assigned to Myxontrichaceae,
whose abundance was higher in early flushing young trees.
Compared to those, the endophytic genus Meliniomyces
and unclassified genera from endophytic Helotiaceae and
saprotrophic Hyaloscyphaceae (MV-GLM, P < 0.043) were
significantly more abundant in association with late flushing
silver fir trees. Root-associated fungi assigned to unclassified
Venturiaceae were the only pathogenic fungi with abundance
higher than 1% and with significant differences between early
and late flushing young silver fir trees (MV-GLM, P = 0.025).

DISCUSSION

Correlation of aboveground plant phenological characteristics
with belowground root-associated fungal communities in
natural forest ecosystems has rarely been tested in scientific
studies mainly due to expected complex interactions in the
rhizosphere and complicated assessment of potential effects
between above- and belowground parts of symbionts (Igiehon
and Babalola, 2018). We have confirmed the potential interplay
of tree phenology and the ectomycorrhiza (ECM), endophytic,
saprophytic and pathogenic fungal community belowground
as the community on young trees differed between earliest
and latest flushing trees from the same location. This only
partially confirms the hypothesis on the significant interplay

between aboveground plant phenological characteristics with
belowground root-associated fungal communities. The non-
significant interplay between the phenology of adult silver fir
trees and the ECM fungal community could be a consequence of
more equal carbon capture of mature trees, and of carbohydrates
exchange through already well-established common mycelial
networks, which reduce mycorrhizal community composition
turnover (Fernandez-Toiran et al., 2006; Simard, 2009; Croft
et al., 2014; Kyaschenko et al., 2017).

The age of the stand was the second factor expected to
significantly affect the ectomycorrhizal and non-ECM root-
associated fungal genera on silver fir under uniform site
conditions. We expected higher abundance of ECM and
endophytic root fungi OTUs in older silver fir trees, as many
authors have noted lower-diversity ECM and with ECM fungi
associated endophytic fungal community on younger seedlings,
which increases as the root systems and stands develop (Peter
et al., 2001; Korkama et al., 2006; Fernandez-Toiran et al., 2006;
Twieg et al., 2007). The outcome of the community comparison
between young and old silver fir trees from natural stands
was the opposite of that expected. Many fungi were present
throughout forest stand development although their abundance
and dominance changed with time or disturbance. We expected
to find higher richness of ECM OTUs in early flushing silver
fir trees, as due to the earlier availability of photosynthates and
carbon allocation to the roots ectomycorrhizas may become
active earlier. Counter to this hypothesis, we found significant
higher diversity of ECM OTUs in late flushing silver fir trees.
A significant difference was also revealed in ECM dominance

Frontiers in Plant Science | www.frontiersin.org 5 March 2019 | Volume 10 | Article 214

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-10-00214 March 4, 2019 Time: 17:16 # 6

Unuk et al. Silver Fir Root-Associated Fungi

FIGURE 3 | Mean alpha diversity with +/− standard deviation of root-associated fungi as displayed as richness, evenness and dominance (Hill, 1973) of
ectomycorrhizal (ECM) fungi, based on community analyses from early/late flushing and young/adult trees. There is a significant difference in OTU richness between
early and late flushing young silver fir trees (ANOVA, P = 0.033) and in dominance of the ECM fungal community between late flushing young silver fir trees and late
flushing adult trees (ANOVA, P = 0.030). Different letters mark significantly different results (Tukey HSD test, P < 0.05).

for late flushing silver fir trees, whereas late flushing adult silver
fir trees had higher dominance of OTUs than late flushing
young silver fir trees, suggesting that “faster” or “earlier” ECM
species prevail in flushing adult trees, preventing other species
from colonizing roots, and that the production of signaling
molecules, such as phytohormones, influences the onset of an
earlier bud-bursting. We also expected to find higher abundances
of endophytic and saprotrophic fungi in association with younger
silver fir trees, as was the case for non-ECM root-associated
fungal communities reported to show a higher species richness
in younger seedlings, suggesting that especially endophytic root-
associated fungi may be pioneering colonizers of young tree
seedlings in the studied conditions (Mandyam and Jumpponen,
2005), whereas we found no significant difference in mean alpha
diversity of the endophytic, saprophytic and pathogenic root-
associated fungal community.

The significant ECM community differences between early
and late flushing young silver fir trees were also reflected in
abundances of ECM at the genus level. In association with
early flushing young silver fir trees, Elaphomyces dominated with
a significant difference from late flushing trees. On the other
hand, in late flushing young silver firs, Cenoccocum, Clavulina,
Russula and Tylospora co-dominated with similar abundances. In
general, occurrence of Tylospora in late flushing adult trees was
unexpected, as this genus associates more frequently with young
trees, as recoded by Korkama et al. (2006), Wallander et al. (2010),

and Kyaschenko et al. (2017), who suggested that Tylospora
might be a fast-growing species whose abundance declines when
forests mature, and when other ECM fungi become dominant.
We might explain the observed shifts in ECM community
composition of young silver fir trees based on phenology by
linking it to carbon cycling processes, as proposed by Kaiser
et al. (2010), Clemmensen et al. (2014), and Hupperts et al.
(2017). Shifts in ECM community structure between early and
late flushing trees may also be a result of a direct link between
ECM fungi and host photosynthetic activity (Pena et al., 2010).
In phenologically different adult trees, although some significant
differences in abundances of ECM genera have been observed,
early and late flushing adult trees still show similar overall
ECM community structure, with no significant community
composition turnover, and with dominance of Elaphomyces,
Lactarius and Russula.

Ectomycorrhiza on silver fir has been frequently studied in
recent decades (Agerer, 2008). The abundant ECM fungal OTUs
identified in this study are generally known as common members
of fungal communities of temperate and boreal forest in Europe,
including members of the genera Cenoccocum, Russula, Lactarius,
etc. (Rudawska et al., 2016). Besides the already listed genera,
members of the genera Clavulina, Elaphomyces, Amanita, Boletus,
Sebacina and Tylospora were already found to be associated
and typical in silver fir stands (Comandini et al., 1998; Wazny,
2014; Rudawska et al., 2016; Arguelles-Moyao et al., 2017;
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FIGURE 4 | Abundances of individual ectomycorrhizal (ECM) fungal genera on silver fir in relation to phenology and age. Different signs mark significantly higher
genera abundances between early and late flushing trees separately for adult and young silver fir trees (Multivariate generalized linear models, ∗∗∗P < 0.001;
∗∗P < 0.01; ∗P < 0.05). For all genera abundances results, see Supplementary Table S1.

Ważny and Kowalski, 2017). Yet their exact role in framing the
plant partner phenology remains unexplored.

Our study also revealed a pattern of community changes for
non-ECM fungi with different ecology (endophytic, saprotrophic
and pathogenic root-associated fungi) in a silver fir dominated
forest, similar to that of the ECM community. Significant
interplay between tree phenology and all non-ECM ecological
groups of root-associated fungal community was confirmed only
for young silver fir trees, but not also for adult silver fir trees,
whereas despite some significant differences in individual genera

abundances, overall no significant difference in non-ECM root-
associated fungal community composition between these two
groups was observed. In contrast to the ECM fungal community
of early flushing young silver fir trees where Elaphomyces
dominated, several non-ECM genera with similar abundances
prevailed, for example endophytic fungi assigned to genera
Oidiodendron, Rhizoscyphus, and Phialocephala and saprophytic
root-associated fungi assigned to Luellia and unclassified genera
assigned to Myxontrichaceae. In association with late flushing
young trees Meliniomyces stood out with a significantly higher
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FIGURE 5 | Abundances of individual endophytic, saprophytic and pathogenic root-associated fungal genera of silver fir in relation to phenology and age;
operational taxonomic units with abundance lower than 1% were included in analysis and statistics but excluded from the plots. Different signs mark significantly
higher genera abundances between early and late flushing trees separately for adult and young silver fir trees (Multivariate generalized linear models, ∗∗∗P < 0.001;
∗∗P < 0.01; ∗P < 0.05). For all genera abundances results, see Supplementary Table S1.

abundance compared to other non-ECM root-associated fungi.
Most of the detected non-ECM root-associated fungal genera
associated with silver fir roots were classified as endophytic
fungi, for which co-occurrence with mycorrhizal fungi has
already been reported (i.e., by Kernaghan and Patriquin, 2011;
Porras-Alfaro and Bayman, 2011; Toju et al., 2013). Abies
species are known to associate with endophytic fungi from

Helotiales (Sieber, 2007), whereas Kernaghan and Patriquin
(2011) also recorded Phialocephala, Oidiodendron, Meliniomyces,
host-specific Cryptosporiopsis, genera from the Helotiaceae
family and the saprophytic fungal genera Penicillium and
Mycena. Those findings coincide with our results, whereas the
mentioned endophytic genera were among the most abundant
non-ECM fungi isolated from root samples of silver fir analyzed
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in this study. The revealed pattern of co-occurrence of ECM fungi
and root endophytes suggests that ECM and root endophytes may
have an array of possible ecological interactions in roots, which
may be mutualistic or commensal rather than completely neutral
(Toju et al., 2013).

The significant interplay between the host tree phenology
and root-associated fungal community was confirmed for young
silver fir trees, but not for adult trees. All four analyzed groups
of root-associated fungal communities significantly differed
between early and late flushing young silver fir trees, which
only partly confirmed Hypothesis 1, as there was no significant
difference in root-associated communities of phenologically
contrasting adult silver fir trees. There was also no significant
difference in root-associated fungal communities between adult
and young silver fir trees in general, as we hypothesized. Mean
alpha diversity analysis confirmed significant difference in fungal
richness and dominance only for the ECM fungal community
of silver fir trees, whereas there was no significant difference
in mean alpha diversity for the other three groups of non-
ECM root-associated fungal communities. At the genus level,
significant differences of some ECM, endophytic, saprophytic
and pathogenic fungal genera between phenologically contrasting
adult and young silver fir trees were confirmed, which is in
line with previously cited results. This study is one of the
few in which root-associated fungal communities are linked
to the host tree phenology, which gave us interesting results
and an insight into the possible effect of root-associated fungi
on host phenology and vice versa, since a significant interplay
between root-associated fungal communities and phenologically
contrasting host trees was confirmed.

DATA AVAILABILITY

The analyzed dataset for this study can be found in the MG-RAST
public database, under ID number mgm4821901.3 (Link: https:
//www.mg-rast.org/linkin.cgi?metagenome=mgm4821901.3).

AUTHOR CONTRIBUTIONS

This work is a part of the Ph.D. thesis of TU, under the
mentorship of TG. TU, TG, and HK set up the experiments.
TU done the laboratory analyses, performed the NGS with the
assistance of TM, contributed to site selection and site parameters
assessed by DF, and performed the statistical analysis with the
contribution of NŠ. TU prepared the manuscript. TM, DF, NŠ,
TG, and HK refined the manuscript.

FUNDING

The study was funded by the Young Researcher Scheme
(Slovenian Research Agency) and co-financed by The Research
Programme P4-0107 Forest Biology, Ecology, and Technology
(Slovenian Research Agency), The LIFEGENMON project (LIFE
ENV/SI/000148) and a Short-Term Scientific Mission (STSM)
granted by COST action FP1305 (BioLink).

ACKNOWLEDGMENTS

The authors acknowledge help in fieldwork from Miran
Praznik (Slovenia Forest Service, Regional Unit Maribor)
and lab assistance from Barbara Štupar and Melita
Hrenko (SFI). Reviewers are acknowledged for their
contribution to improvement of the manuscript in the
revision process.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2019.00214/
full#supplementary-material

REFERENCES
Agerer, R. (2008). Colour Atlas of Ectomycorrhizae, 1st–12th Edn. Schwäbisch

Gmünd: Einhorn-Verlag.
Arguelles-Moyao, A., Garibay-Orijel, R., Marquez-Valdelamar, L. M., and

Arellano-Torres, E. (2017). Clavulina-Membranomyces is the most important
lineage within the highly diverse ectomycorrhizal fungal community
of Abies religiosa. Mycorrhiza 27, 53–65. doi: 10.1007/s00572-016-
0724-1

Aronesty, E. (2011). ea-utils: Command-Line Tools for Processing Biologi-
cal Sequencing Data. Available from: https://github.com/ExpressionAnalysis/
ea-utils.

Baar, J., Horton, T. R., Kretzer, A. M., and Bruns, T. D. (1999). Mycorrhizal
colonization of Pinus muricata from resistant propagules after a stand-
replacing fire. New Phytol. 143, 409–418. doi: 10.1046/j.1469-8137.1999.
00452.x

Barrow, J. R., and Aaltonen, R. E. (2001). Evaluation of the internal colonization of
Atriplex canescens (Pursh) Nutt. Roots by dark septate fungi and the influence
of host physiological activity. Mycorrhiza 11, 177–185.

Bengtsson-Palme, J., Veldre, V., Ryberg, M., Hartmann, M., Branco, S., Wang, Z.,
et al. (2013). ITSx: improved software detection and extraction of ITS1 and

ITS2 from ribosomal ITS sequences of fungi and other eukaryotes for use in
environmental sequencing. Methods Ecol. Evol. 4, 914–919.

Bödeker, I. T. M., Lindahl, B. D., Olson, Å., and Clemmensen, K. E. (2016).
Mycorrhizal and saprotrophic fungal guild compete for the same organic
substrates but affect decomposition differently. Funct. Ecol. 30, 1967–1978.
doi: 10.1111/1365-2435.12677

Chen, W., Koide, R. T., Adams, T. S., DeForest, J. L., Cheng, L., and Eissenstat,
D. M. (2016). Root morphology and mycorrhizal symbiosis together shape
nutrient foraging strategies of temperate trees. Proc. Natl. Acad. Sci. U.S.A. 113,
8741–8746. doi: 10.1073/pnas.1601006113

Clemmensen, K., Finlay, R. D., Dahlberg, A., Stenlid, J., Wardle, D. A., and
Lindhal, B. D. (2014). Carbon sequestration is related to mycorrhizal fungal
community shifts during long-term succession in boreal forests. New Phytol.
205, 1525–1536. doi: 10.1111/nph.13208

Comandini, O., Pacioni, G., and Rinaldi, A. C. (1998). Fungi in ectomycorrhizal
associations of silver fir (Abies alba Miller) in Central Italy. Mycorrhiza 7,
323–328. doi: 10.1007/s005720050

Courty, P.-E., Buee, M., Diedhiou, A. G., Frey-Klett, P., Le Tacon, F., Rineau, F.,
et al. (2010). The role of ectomycorrhizal communities in forest ecosystem
processes: new perspectives and emerging concepts. Soil Biol. Biochem. 42,
679–698. doi: 10.1016/j.soilbio.2009.12.006

Frontiers in Plant Science | www.frontiersin.org 9 March 2019 | Volume 10 | Article 214

https://www.mg-rast.org/linkin.cgi?metagenome=mgm4821901.3
https://www.mg-rast.org/linkin.cgi?metagenome=mgm4821901.3
https://www.frontiersin.org/articles/10.3389/fpls.2019.00214/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2019.00214/full#supplementary-material
https://doi.org/10.1007/s00572-016-0724-1
https://doi.org/10.1007/s00572-016-0724-1
https://github.com/ExpressionAnalysis/ea-utils
https://github.com/ExpressionAnalysis/ea-utils
https://doi.org/10.1046/j.1469-8137.1999.00452.x
https://doi.org/10.1046/j.1469-8137.1999.00452.x
https://doi.org/10.1111/1365-2435.12677
https://doi.org/10.1073/pnas.1601006113
https://doi.org/10.1111/nph.13208
https://doi.org/10.1007/s005720050
https://doi.org/10.1016/j.soilbio.2009.12.006
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-10-00214 March 4, 2019 Time: 17:16 # 10

Unuk et al. Silver Fir Root-Associated Fungi

Croft, H., Chen, J. M., and Noland, T. L. (2014). Stand age effects on boreal forest
physiology using a long time-series of satellite data. For. Ecol. Manag. 328,
202–208. doi: 10.1016/j.foreco.2014.05.023

Crous, P. W., Schubert, K., Braun, U., de Hoog, G. S., Hocking, A. D.,
Shin, H. D., et al. (2007). Opportunistic, human-pathogenic species in the
Herpotrichiellaceae are phenotypically similar to saprobic or phytopathogenic
species in the Venturiaceae. Stud. Mycol. 58, 185–217. doi: 10.3114/sim.2007.
58.07

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

Egli, S., Ayer, F., Peter, M., Eilmann, B., and Rigling, A. (2010). Is forest mushroom
productivity driven by tree growth? Results from a thinning experiment. Ann.
For. Sci. 67, 509–509. doi: 10.1051/forest/2010011

Fernandez-Toiran, L. M., Agreda, T., and Olano, J. M. (2006). Stand age and
sampling year effect on the fungal fruit body community in Pinus pinaster
forests in central Spain. Can. J. Bot. 84, 1249–1258. doi: 10.1139/B06-087

Gallaud, I. (1905). Études sur les mycorrhizas endotrophes. Rev. Gén. Bot. 17, 5–48,
66–83, 123–136, 223–239, 313–325, 425–433, 479–500.

Ganley, R. J., Brunsfeld, S. J., and Newcombe, G. (2004). A community of unknown,
endophytic fungi in western white pine. Proc. Natl. Acad. Sci. U.S.A. 101,
10107–10112. doi: 10.1073/pnas.0401513101

Geml, J., Davis, D. D., and Geiser, D. M. (2005). Systematics of the genus
Sphaerobolus based on molecular and morphological data, with the description
of Sphaerobolus ingoldii sp. nov. Mycologia 97, 680–694. doi: 10.1080/15572536.
2006.11832798

Gianinazzi-Pearson, V. (1984). “Host-Fungus Specificity, Recognition and
Compatibility in Mycorrhizae,” in Genes Involved in Microbe-Plant Interactions.
Plant Gene Research (Basic Knowledge and Application), eds D. P. S. Verma and
T. Hohn (Vienna: Springer-Verlag), 225–254.

Gogala, N. (1991). Regulation of mycorrhizal infection by hormonal factors
produced by hosts and fungi. Experientia 47, 331–340. doi: 10.1007/
BF01972074

Hambleton, S., and Sigler, L. (2005). Meliniomyces, a new anamorph genus
for root-associated fungi with phylogenetic affinities to Rhizoscyphus ericae
( = Hymenoscyphus ericae), Leotimycetes. Stud. Mycol. 53, 1–27. doi: 10.3114/
sim.53.1.1

Hill, M. O. (1973). Diversity and evenness: a unifying notation and its
consequences. Ecology 54, 427–473. doi: 10.2307/1934352

Hilszczanska, D. (2016). Endophytes – characteristics and possibilities of
application in forest management. For. Res. Papers 77, 276–282. doi: 10.1515/
frp-2016-0029

Hupperts, S. F., Karst, J., Pritsch, K., and Landhausser, S. M. (2017). Host phenology
and potential saprotrophism of ectomycorrhizal fungi in boreal forests. Funct.
Ecol. 31, 116–126. doi: 10.1111/1365-2435.12695

Igiehon, N. O., and Babalola, O. O. (2018). Below-ground-above-ground plant-
microbial interactions: focusing on soybean, rhizobacteria and mycorrhizal
fungi. Open Microbiol. J. 12, 261–279. doi: 10.2174/1874285801812010261

Ihrmark, K., Bödeker, I. T., 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

Jumpponen, A. (2001). Dark septate endophytes – are they mycorrhizal?
Mycorrhiza 11, 207–211. doi: 10.1007/s005720100112

Jumpponen, A., Mattson, K. G., and Trappe, J. M. (1998). Mycorrhizal functioning
of Phialocephala fortinii with Pinus contorta on glacier forefront soil:
interactions with soil nitrogen and organic matter. Mycorrhiza 7, 261–265.
doi: 10.1007/s005720050190

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

Katoh, K., Asimenos, G., and Toh, H. (2009). “Multiple alignment of DNA
sequences with MAFFT,” in Bioinformatics for DNA Sequence Analysis, ed. D.
Posada (New Jersey, NJ: Humana Press), 39. doi: 10.1007/978-1-59745-251-9_3

Kernaghan, G., and Patriquin, G. (2011). Host associations between fungal root
endophytes and boreal trees. Microb. Ecol. 62, 460–473. doi: 10.1007/s00248-
011-9851-6

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

Korkama, T., Pakkanen, A., and Pennanen, T. (2006). Ectomycorrhizal community
structure varies among Norway spruce (Picea abies) clones. New Phytol. 171,
815–824. doi: 10.1111/j.1469-8137.2006.01786.x

Kraigher, H. (1996). Types of ectomycorrhizae – their taxonomy, role and
application. Acta Silvae et Ligni. 49, 33–66.

Kraigher, H., Grayling, A., Wang, T. L., and Hanke, D. E. (1991). Cytokinin
production by two ectomycorrhizal fungi in liquid culture. Phytochemistry 30,
2249–2254. doi: 10.1016/0031-9422(91)83623-S

Kraigher, H., Grebenc, T., and Hanke, D. (2008). “Ozone stress and
ectomycorrhizal root-shoot signaling,” in Mycorrhiza, ed. A. Varma (Berlin:
Springer).

Kyaschenko, J., Clemmensen, K. E., Hagenbo, A., Karltun, E., and Lindahl, B. D.
(2017). - Shift in fungal communities and associated enzyme activities along
an age gradient of managed Pinus sylvestris stands. ISME J. 11, 863–874. doi:
10.1038/ismej.2016.184

Last, F. T., Dighton, J., and Mason, P. A. (1987). Successions of sheathing
mycorrhizal fungi. Trends Ecol. Evol. 2, 157–161. doi: 10.1016/0169-5347(87)
90066-8

Lodge, D. J., Padamsee, M., Matheny, P. B., Aime, M. C., Cantrell, S. A.,
Boertmann, D., et al. (2014). Molecular phylogeny, morphology, pigment
chemistry and ecology in Hygrophoraceae (Agaricales). Fung. Diver 64, 1–99.
doi: 10.1007/s13225-013-0259-0

Lukešova, T., Kohout, P., Vetrovsky, T., and Vohnik, 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

Mandyam, K., and Jumpponen, A. (2005). Seeking the elusive function of the
root-colonising dark septate endophytic fungi. Stud. Mycol. 53, 173–189. doi:
10.3114/sim.53.1.173

Newsham, K. K. (1999). Phialophora graminicola, a dark septate fungus, is a
beneficial associate of the grass Vulpia ciliata spp. ambiqua. New Phytol. 144,
517–524. doi: 10.1046/j.1469-8137.1999.00537.x

Oksanen, J. F., Blanchet, G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., et al.
(2018). vegan: Community Ecology Package. R Package Version 2.4-6. Available
at: https://CRAN.R-project.org/package=vegan.

Pena, R., Offermann, C., Simon, J., Neumann, P. S., Geßler, A., Holst, J.,
et al. (2010). Girdling affects ectomycorrhizal fungal (EMF) diversity
and reveals functional differences in EMF community composition in a
beech forest. Appl. Environ. Microbiol. 76, 1831–1841. doi: 10.1128/AEM.01
703-09

Peter, M., Ayer, F., Egli, S., and Honegger, R. (2001). Above- and below-ground
community structure of ectomycorrhizal fungi in three Norway spruce (Picea
abies) stands in Switzerland. Can. J. Bot. 79, 1134–1151. doi: 10.1139/cjb-79-
10-1134

Porras-Alfaro, A., and Bayman, P. (2011). Hidden fungi, emergent properties:
endophytes and microbiomes. Annu. Rev. Phytopathol. 49, 291–315. doi: 10.
1146/annurev-phyto-080508-081831

Porras-Alfaro, A., Liu, K. L., Kuske, C. R., and Xie, G. (2014). From genus to
phylum: large-subunit and internal transcribed spacer rRNA operon regions
show similar classification accuracies influenced by database composition. Appl.
Environ. Microbiol. 80, 829–840. doi: 10.1128/AEM.02894-13

R Core Team (2016). R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing.

Rinaldi, A. C., Comandini, O., and Kuyper, T. W. (2008). Ectomycorrhizal fungal
diversity: separating the wheat from the chaff. Fungal Divers. 33, 1–45.

Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahé, F. (2016). VSEARCH: a
versatile open source tool for metagenomics. PeerJ 4:e2584. doi: 10.7717/peerj.
2584

Rudawska, M., Pietras, M., Smutek, I., Strzelinski, P., and Leski, T. (2016).
Ectomycorrhizal fungal assemblages of Abies alba Mill. Outside its
native range in Poland. Mycorrhiza 26, 57–65. doi: 10.1007/s00572-015-
0646-3

Frontiers in Plant Science | www.frontiersin.org 10 March 2019 | Volume 10 | Article 214

https://doi.org/10.1016/j.foreco.2014.05.023
https://doi.org/10.3114/sim.2007.58.07
https://doi.org/10.3114/sim.2007.58.07
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1051/forest/2010011
https://doi.org/10.1139/B06-087
https://doi.org/10.1073/pnas.0401513101
https://doi.org/10.1080/15572536.2006.11832798
https://doi.org/10.1080/15572536.2006.11832798
https://doi.org/10.1007/BF01972074
https://doi.org/10.1007/BF01972074
https://doi.org/10.3114/sim.53.1.1
https://doi.org/10.3114/sim.53.1.1
https://doi.org/10.2307/1934352
https://doi.org/10.1515/frp-2016-0029
https://doi.org/10.1515/frp-2016-0029
https://doi.org/10.1111/1365-2435.12695
https://doi.org/10.2174/1874285801812010261
https://doi.org/10.1111/j.1574-6941.2012.01437.x
https://doi.org/10.1007/s005720100112
https://doi.org/10.1007/s005720050190
https://doi.org/10.1046/j.1469-8137.1998.00265.x
https://doi.org/10.1046/j.1469-8137.1998.00265.x
https://doi.org/10.1111/j.1469-8137.2010.03321.x
https://doi.org/10.1111/j.1469-8137.2010.03321.x
https://doi.org/10.1007/978-1-59745-251-9_3
https://doi.org/10.1007/s00248-011-9851-6
https://doi.org/10.1007/s00248-011-9851-6
https://doi.org/10.1111/mec.12481
https://doi.org/10.1111/j.1469-8137.2006.01786.x
https://doi.org/10.1016/0031-9422(91)83623-S
https://doi.org/10.1038/ismej.2016.184
https://doi.org/10.1038/ismej.2016.184
https://doi.org/10.1016/0169-5347(87)90066-8
https://doi.org/10.1016/0169-5347(87)90066-8
https://doi.org/10.1007/s13225-013-0259-0
https://doi.org/10.1371/journal.pone.0124752
https://doi.org/10.3114/sim.53.1.173
https://doi.org/10.3114/sim.53.1.173
https://doi.org/10.1046/j.1469-8137.1999.00537.x
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1128/AEM.01703-09
https://doi.org/10.1128/AEM.01703-09
https://doi.org/10.1139/cjb-79-10-1134
https://doi.org/10.1139/cjb-79-10-1134
https://doi.org/10.1146/annurev-phyto-080508-081831
https://doi.org/10.1146/annurev-phyto-080508-081831
https://doi.org/10.1128/AEM.02894-13
https://doi.org/10.7717/peerj.2584
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1007/s00572-015-0646-3
https://doi.org/10.1007/s00572-015-0646-3
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-10-00214 March 4, 2019 Time: 17:16 # 11

Unuk et al. Silver Fir Root-Associated Fungi

Sato, H., Morimoto, S., and Hattori, T. (2012). A thirty-year survey reveals that
ecosystem function of fungi predicts phenology of mushroom fruiting. PLoS
One 7:e49777. doi: 10.1371/journal.pone.0049777

Sato, H., Yumoto, T., and Murakami, N. (2007). Cryptic species and host specificity
in the ectomycorrhizal genus Strobilomyces (Strobilomycetaceae). Am. J. Bot.
94, 1630–1641. doi: 10.3732/ajb.94.10.1630

Sieber, T. N. (2007). Endophytic fungi in forest trees. Are they mutualists? Fungal
Biol. Rev. 21, 75–89. doi: 10.1016/j.fbr.2007.05.004

Sigler, L., Lumley, T. C., and Currah, R. S. (2000). New species and records of
saprophytic ascomycetes (Myxotrichaceae) from decaying logs in the boreal
forest. Mycoscience 41, 495–502. doi: 10.1007/BF02461670

Simard, S. W. (2009). The foundational role of mycorrhizal networks in self-
organization of interior Douglas-fir forests. For. Ecol. Manage. 258, S95–S107.
doi: 10.1016/j.foreco.2009.05.001

Smith, J. E., Molina, R., Huso, M. M., Luoma, D. L., McKay, D., Castellano, M. A.,
et al. (2002). Species richness, abundance, and composition of hypogeous and
epigeous ectomycorrhizal fungal sporocarps in young, rotation-age, and old-
growth stands of Douglas-fir (Pseudotsuga menziesii) in the cascade range of
oregon, U.S.A. Can. J. Bot. 80, 186–204. doi: 10.1139/b02-003

Smith, S. E., and Gianinazzi-Pearson, V. (1988). Physiological interactions between
symbionts in vesicular-arbuscular mycorrhizal plants. Ann. Rev. Plant Physiol.
Plant Mol. Biol. 39, 221–244. doi: 10.1146/annurev.pp.39.060188.001253

Smith, S. E., and Read, D. J. (2008). Mycorrhizal Symbiosis, 3 Edn. London:
Academic Press.

Taylor, D. L., and Bruns, T. D. (1999). Community structure of ectomycorrhizal
fungi in a Pinus muricata forest: minimal overlap between the mature forest
and resistant propagule communities. Mol. Ecol. 8, 1837–1850. doi: 10.1046/j.
1365-294x.1999.00773.x

Tedersoo, L., May, T. W., and Smith, M. E. (2010). Ectomycorrhizal lifestyle in
fungi: global diversity, distribution, and evolution of phylogenetic lineages.
Mycorrhiza 20, 217–263. doi: 10.1007/s00572-009-0274-x

Toju, H., Yamamoto, S., Sato, H., Tanabe, A. S., Gilbert, G. S., and Kadowaki, K.
(2013). Community composition of root-associated fungi in a quercus-
dominated temperate forests: “codominance” of mycorrhizal and root-
endophytic fungi. Ecol. Evol. 3, 1281–1293. doi: 10.1002/ece3.546

Twieg, B. D., Durall, D. M., and Simard, S. W. (2007). Ectomycorrhizal fungal
succession in mixed temperate forests. New Phytol. 176, 437–447. doi: 10.1111/
j.1469-8137.2007.02173.x

van der Heijden, M. G. A., Martin, F. M., Selosse, M.-A., and Sanders, I. R. (2015).
Mycorrhizal ecology and evolution: the pas, the present, and the future. New
Phytol. 205, 1406–1423. doi: 10.1111/nph.13288

Varela-Cervero, S., Vasar, M., Davison, J., Barea, J. M., Opik, M., and Azcon-
Aguilar, C. (2015). The composition of arbuscular mycorrhizal fungal
communities differs among the roots, spores and extraradical mycelia
associated with five mediterranean plant species. Environ. Microbiol. 17, 2882–
2895. doi: 10.1111/1462-2920.12810

Vaz, A. B. M., Fonseca, P. L. C., Leite, L. R., Badotti, F., Salim, A. C. M., Araujo,
F. M. G., et al. (2017). Using Next-Generation Sequencing (NGS) to uncover
diversity of wood-decaying fungi in neotropical Atlantic forests. Phytotaxa 1,
1–21. doi: 10.11646/phytotaxa
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