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Abstract: Understanding whether the occurrences of ectomycorrhizal species in a given tree host are
phylogenetically determined can help in assessing different conservational needs for each fungal
species. In this study, we characterized ectomycorrhizal phylogenetic composition and phylogenetic
structure in 42 plots with five different Mediterranean pine forests: i.e., pure forests dominated by P.
nigra, P. halepensis, and P. sylvestris, and mixed forests of P. nigra-P. halepensis and P. nigra-P. sylvestris,
and tested whether the phylogenetic structure of ectomycorrhizal communities differs among these.
We found that ectomycorrhizal communities were not different among pine tree hosts neither in
phylogenetic composition nor in structure and phylogenetic diversity. Moreover, we detected a weak
abiotic filtering effect (4%), with pH being the only significant variable influencing the phylogenetic
ectomycorrhizal community, while the phylogenetic structure was slightly influenced by the shared
effect of stand structure, soil, and geographic distance. However, the phylogenetic community
similarity increased at lower pH values, supporting that fewer, closely related species were found at
lower pH values. Also, no phylogenetic signal was detected among exploration types, although short
and contact were the most abundant types in these forest ecosystems. Our results demonstrate that
pH but not tree host, acts as a strong abiotic filter on ectomycorrhizal phylogenetic communities in
Mediterranean pine forests at a local scale. Finally, our study shed light on dominant ectomycorrhizal
foraging strategies in drought-prone ecosystems such as Mediterranean forests.
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1. Introduction

published maps and institutional affil-

Ectomycorrhizal fungi are essential organisms in forests, as they form symbiotic
relations with trees providing them nutrients in exchange for photosynthetic carbon [1–3].
Some ectomycorrhizal fungi are host specific [3–6] and are influenced by tree species
as well as by soil abiotic factors such as pH and nutrient availability [7–10]. Therefore,
host effect and abiotic soil parameters are often fundamental drivers of ectomycorrhizal
community assembly [11–16]. Moreover, previous studies showed that ectomycorrhizal
taxonomic community composition does not significantly change between Mediterranean
congeneric pine species [17]. Nevertheless, how ectomycorrhizal fungi are phylogenetically
structured among Mediterranean pine host species and whether at both taxonomic and
phylogenetic level respond to similar abiotic factors has not been assessed yet. Previous
studies showed that ectomycorrhizal responses to climate warming are modulated by host
plant performance and nutrient availability [18–20]. Therefore, it is crucial to disentangle
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whether these drivers influence ectomycorrhizal phylogenetic composition and structure,
to better understand forest ecosystem functioning [21].
Phylogenetic analyses are useful tools to estimate the relative importance of evolutionary and ecological forces structuring communities [12,22,23]. In this regard, phylogenetic
indices have been implemented to calculate the phylogenetic relatedness of an observed
community and compare the value to expectations of community assembly under neutral processes from a regional species pool [24]. Therefore, these indices enable us to
characterize whether communities are more phylogenetically related (phylogenetic clustering) or less phylogenetically related (phylogenetic overdispersion) than expected by
chance [22–24]. In general, habitat filtering is the dominant assembly process when closely
related species that share similar traits are selected to coexist within the community (i.e.,
phylogenetic clustering). In contrast, competition processes occur when distantly related
species with dissimilar traits are selected to co-occur within a community (i.e., phylogenetic
overdispersion [22], while the random phylogenetic structure is detected when none of the
above processes are inferred [22–25]. For example [26], observed phylogenetic clustering
of Agaricomycotina communities (including mycorrhizal and saprotrophs) and observed
that xeric oak-dominated forests acted as a filter for these communities. Likewise [27],
found phylogenetically clustered arbuscular mycorrhizal communities along an altitudinal
gradient and observed that environment was the primary ecological factor structuring
these communities, either via changes in host plant or fungal niches. Although the ecological processes filtering communities have recently received criticism [28], investigating
the communities’ phylogenetic responses to the environment in different ecosystems is
fundamental to understand the mechanisms that structure communities [29,30]. However,
how ectomycorrhizal communities are phylogenetic structured in Mediterranean pine
forests has not been studied yet.
The description of phylogenetic relations between ectomycorrhizal fungi might help
to understand the evolutionary ecology of traits, species, and entire communities [31]. In
this regard, exploration types of ectomycorrhizal fungi represent an important group of
functional traits, which are defined according to the hyphal morphology, i.e., long distance,
medium distance, medium distance fringe, short distance, or contact exploration types [32].
The hyphal morphology determines access to distinct nutrient sources, for example, nitrogen (N) [33–35]. Ectomycorrhizal species with short, contact, and medium smooth distance
exploration types may preferentially use soluble inorganic forms of N close to the host roots
due to the lack the enzymes to access organic N forms [33,36]. Conversely, some fungi have
enzymes (i.e., fenton peroxidase) to access insoluble N substrates such as organic substrates
and they usually show medium mat and long-distance exploration types [35–37]. However,
long and medium fringe exploration types might demand higher carbon cost on the host
than shorter distance exploration types [18,32], therefore species with shorter exploration
types may be favored under stressful conditions [18,38]. In this regard, several studies have
addressed ectomycorrhizal exploration types’ responses to environmental drivers [39–42],
however, the phylogenetic pattern of the trait in Mediterranean ecosystems has rarely been
assessed. Thus, understanding the phylogenetic relationships between ectomycorrhizal
species and the evolution of hyphal morphologies in the current climate change context
might shed light on the future impacts on Mediterranean ecosystem functioning.
In this study, we aim to characterize the ectomycorrhizal phylogenetic composition
and phylogenetic structure in 42 plots of five different Mediterranean pine forests: i.e., pure
forests dominated by P. nigra, P. halepensis, and P. sylvestris, and mixed forests of P. nigra-P.
halepensis and P. nigra-P. sylvestris. In line with the above premises, we hypothesized that:

•

•

Considering that P. halepensis, P. nigra, and P. sylvestris are phylogenetically closely
related [43–45], we expect that ectomycorrhizal phylogenetic composition, structure,
and diversity will not be different among them due to co-evolutionary processes [46].
Previous studies have identified that ectomycorrhizal taxonomic composition is influenced by soil parameters followed by geographical distance [27,47] Thus, we hypothesized that soil physico-chemistry will act as the main habitat filter on ectomycorrhizal
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•

phylogenetic composition [48]. Finally, among abiotic filters pH, P, and CN ratio
strongly influenced ectomycorrhizal taxonomic community composition [17]. Here,
we tested if these filters would act similarly over ectomycorrhizal phylogenetic composition.
In Mediterranean ecosystems, soil N might not be limited due to warmer temperatures
which may enhance N mineralization by increasing decomposition of the organic matter [17,49]. Therefore, short exploration types could uptake nutrients close to the host
roots. Here, we expected that short and contact exploration types will be dominant,
thus, both traits will be overrepresented and dispersed across the ectomycorrhizal
phylogenetic tree in comparison with medium and long-term exploration types.

2. Materials and Methods
2.1. Sites Selection
The study was conducted in the mountainous pre-Pyrenees region of Catalonia,
North-eastern Spain (Figure S1) in a set of long-term monitoring plots in which fungal
fruiting has been recorded for ~20 years [50]. The region is under the influence of the
Mediterranean climate, with a summer drought period from June to August and mean
annual temperatures from 6 to 9 ◦ C with most of the precipitation occurring in spring and
autumn [51]. The 42 pine forests were randomly selected from the 579 sites included in
the Forest Ecological Inventory of Catalonia carried out by Centre de Recerca Ecològica i
Aplicacions Forestals (CREAF, Barcelona, Spain, 1992), trying to preserve even-aged forest.
From the total 42 forests, 32 correspond to pure pine forests, with 14 plots corresponding
to P. nigra and P. sylvestris species and 4 to P. halepensis, whilst 10 plots were mixed plots
(7 mixed plots of P. sylvestris and P. nigra species and 3 plots dominated by P. nigra and P.
halepensis). The main features of the study plots are summarized in Table 1 and Table S1.
Table 1. Table summarizing the main features of the study plots: BA (Basal area), Number of trees
per hectare, Altitude, Slope, pH, CN ratio and P (Phosphorus). Ps: P. sylvestris, Pn: P. nigra, Ph: P.
halepensis, Ps-Pn: P. sylvestris-nigra, Pn-Ph: P. nigra-halepensis.
Forest
Type

Range

BA, m2 ha−1

N. of Tree
Per Hectare

Ps

Min.

18.0

681

854

(14)

Mean

29.8

1362

Max.

41.5

Pn

Min.

(14)

Altitude,
Slope, %
m a.s.l

pH

CN
Ratio

P

4

4.8

6.9

2

1197

22

7.2

12.4

5.8

1517

1615

37

8.3

19.5

9

16.1

638

397

5

8.0

4.0

3

Mean

27.7

1692

763

16

8.2

14.4

5.0

Max.

39.1

2838

1040

32

8.4

21.3

9

Ph

Min.

24.0

1006

520

10

8.2

12.5

3

(4)

Mean

28.8

2093

612

16

8.3

13.6

4.8

Max.

33.6

3088

661

34

8.4

14.8

6

Ps–Pn

Min.

11.5

477

1030

8

6.6

12.1

2

(7)

Mean

23.5

1161

1085

24

7.7

14.5

3.3

Max.

31.8

2870

1148

31

8.3

19.8

5

Pn–Ph

Min.

17.6

1229

390

9

8.2

11.1

2

(3)

Mean

19.7

1806

469

12

8.3

13.2

4.0

Max.

20.9

2761

577

13

8.4

15.4

5

2.2. Soil Sampling
Soils were sampled during the Autumn season (October and November) in 2009. In
each of the selected forest stands, a 10 m × 10 m plot was established in the center for
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long-term monitoring of fungal fruiting [51]. In each plot, we took four soil subsamples,
i.e., one per plot-side [52], with a rectangular steel drill (a 30 cm depth and a 6 × 4.5 cm
width). The four soil subsamples were pooled in the field and around 1 kg of the mixed
sample was placed on ice and taken to the laboratory for fungal DNA extraction. A similar
procedure was followed for soil samples to determine soil physico-chemical parameters.
2.3. Soil Analysis
Soil samples were analyzed using the methodology described in [53]. Each sample
was air-dried, sieved (≤2 mm mesh), and soil texture (clay, sand, and lime proportions) was
analyzed using the Bouyoucos—method [54]. Soil pH and electrical conductivity (EC) using
a conductivity meter in a 1:2.5 soil:deionized water slurry [55]. Total nitrogen concentration
using the Kjeldahl method [56]. Moreover, available phosphorus concentration using the
Olsen method [57]; total organic matter and total carbon concentration using the WalkleyBlack method [58]. Finally, exchangeable cations such as sodium (Na), potassium (K+)
and magnesium (Mg2+) with atomic absorption spectroscopy after extraction with 1 N
ammonium acetate (pH 7; [55–59]).
2.4. Fungal Community and Bioinformatic Analysis
Fungal DNA was extracted from 0.5 g of homogenized soil using the NucleoSpin®
NSP soil kit (Macherey-Nagel, Duren, Germany) following the manufacturer’s protocol. Fungal internal transcribed spacer 2 (ITS2) region was amplified in a 2720 Thermal
Cycler (Life Technologies, Carlsbad, CA, USA) using the primers gITS7 [60], ITS4, and
ITS4A [61,62]. We optimized the number of PCR cycles in each sample aiming for weak
to medium PCR bands at the agarose gels, which was achieved in most of the samples by
using 21–26 cycles. The final concentrations in the PCR reactions, PCR conditions, DNA
purification and sequencing, and bioinformatics analyses were as explained by Adamo
et al. (2021). Sequence data are archived at NCBI’s Sequence Read Archive under accession
number PRJNA641823 (www.ncbi.nlm.nih.gov/sra, accessed on 25 June 2020).
2.5. Taxonomic and Functional Identification
We taxonomically identified the 600 most abundant OTUs, which represented 93%
of the total sequences. We selected the most abundant sequence from each OTU for
taxonomic identification, using PROTAX software [63] implemented in PlutoF, using a
50% probability of correct classification (called “plausible identifications”) [63]. These
identifications were confirmed and some of them improved using massBLASTer in PlutoF
against the UNITE [64]. Taxonomic identities at species level were assigned based on >98.5%
similarity with database references, or to other lower levels using the next criteria: genus
on >97%, family on >95%, order on >92%, and phylum on >90% similarity. OTUs were
assigned to the following functional guilds: (a) root-associated basidiomycetes, (b) rootassociated ascomycetes, (c) molds, (d) yeasts, (e) litter-associated basidiomycetes, (f) litterassociated ascomycetes, (g) pathogens, (h) moss-associated fungi, (i) soil saprotrophs
(saprotrophic taxa commonly found in N-rich mineral soils), (j) unknown function, based
on the UNITE database, DEEMY (www.deemy.de) or FUNGuild [65]. ECM species were
assigned to exploration types according to the DEEMY database [66,67].
2.6. Phylogenetic and Statistical Analyses
The ghost-tree approach [68], which allows sequence data to be integrated into a
single tree, was used to reconstruct the fungal phylogenetic tree. Foundation phylogeny
at the family level was derived by (Treebase ID S20837) [69], following methodology and
was based on the sequences of six genes 18sS rRNA, 28S rRNA, 5.8S rRNA, translation
elongation factor 1-α (tef1α), and RNA polymerase II (two subunits: RPB1 and RPB2) [70].
Statistical analyses were implemented in the R software environment (version 3.6.1,
R Development Core Team 2019). The ape package was used to load and manipulate the
phylogenetic tree in newick format [71], while the phyloseq package was used to import
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and handle OTU counts [72], taxonomic assignments, and associated phylogenetic tree.
The philR package was used to analyze compositional data using the phylogenetic tree
information [73]. The picante package was used to calculate the ectomycorrhizal phylogenetic structure indices (NRI and NTI) and Faith’s phylogenetic diversity [74,75]. The vegan
package was used for the multivariate analyses [76].
For all compositional analyses, the ectomycorrhizal species abundance matrix was previously filtered to exclude the taxa that were not seen in at least 10% of samples to eliminate
random noise. We analyzed ectomycorrhizal phylogenetic community composition using
philR which enables us to transform compositional data into an orthogonal unconstrained
space with phylogenetic and evolutionary interpretation [73]. First, PhilR Isometric Log
Ratio transformations were built from the phylogenetic tree utilizing a weighted reference [73], then a Euclidean distance matrix was built from the philR transformed data. After
that, Redundancy analysis, (RDA function “rda”) was used to visualize ectomycorrhizal
phylogenetic compositional differences between tree host species. Moreover, ectomycorrhizal phylogenetic differences between tree host species were tested using permutational
multivariate analyses of variance (PMAV, function “adonis”) on the Euclidean dissimilarity
matrix based on the philR transformed data. To test the phylogenetic structure of ectomycorrhizal communities between tree host species were calculated the standardized effect
size of mean pairwise distances and mean nearest taxon distances using ses.mpd (Standardized effect of mean pairwise distances in communities) and ses.mntd (Standardized
effect of nearest taxon index in communities) functions from picante. In each stand type,
we compared the MPD and MNTD values with the MPD and MNTD distributions of random communities in order to identify whether communities were more over-dispersed or
under-dispersed than expected by chance. We used the independentswap null model, which
randomizes community data matrix with the independent swap algorithm maintaining
species occurrence frequency and sample species richness, to construct from 9999 randomly
assembled communities [77]. After calculating SES.MPD and SES.MNTD, the values were
multiplied by −1 as these values are equivalent to −1 times NRI (net relatedness index)
and NTI (nearest taxon index), respectively. Importantly, an increase in the NRI value
indicates increasing phylogenetic clustering (or decreasing overall relatedness) of a set
of species relative to the source pool [25]. On the other hand, the nearest taxon index
(NTI) is a standardized measure of the mean phylogenetic distance to the nearest taxon
in each sample/community [25]. The NRI measures the standardized effect size of the
mean phylogenetic distance (MPD), which estimates the average phylogenetic relatedness
between all possible pairs of taxa in a community. The NTI calculates the mean nearest
phylogenetic neighbor among the individuals in a community. The ectomycorrhizal phylogenetic diversity comparisons between tree host species were done using Faith’s PD
phylogenetic diversity index with the function pd. Moreover, to assess the phylogenetic
relationships among species change across space, we computed multiple-site phylogenetic
turnover, nestedness, and phylo-beta diversity (Sorensen similarity index) per tree host
species using “phylo.beta.multi” function in the betapart package [78].
Second, variation partitioning (function “varpart”) was used to test the relative importance as variation sources of geographical distances, soil parameters, and stand structure
in ectomycorrhizal phylogenetic composition (philR transformed data) and structure (NRI,
NTI). To avoid multicollinearity before variation partitioning analysis highly correlated
environmental variables were removed (r > 0.7). The geographical distances included
were previously evaluated using principal coordinates of neighbors’ matrices spatial eigenvectors (PCNM, pcnm function) based on UTM coordinates of the sampled stands with
Euclidean distances. Thus, significant spatial eigenvectors were forward selected and the selected spatial eigenvectors were used as explanatory variables in the variation partitioning,
together with soil (Sand content, K, Mg, organic matter, Na, N, P, water pH, and CN ratio)
and stand structural variables (Tree species, Altitude, Slope, Trees per hectare, and Basal
Area). The significance of each partition was tested using multivariate ANOVAs. Moreover,
to evaluate the effect of pH, CN, and P on the ectomycorrhizal phylogenetic composition
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we conducted a redundancy analysis (rda function). In addition, the sm.density.compare
(n of permutations = 999) from the sm package was used to randomly assign pH values
between the five tree hosts and estimate how different the densities were using a permutational test of density equality [79]. Lastly, to visualize if the ectomycorrhizal phylogenetic
communities were clustering across the pH gradient, we performed a hierarchical cluster
analysis on the ectomycorrhizal phylogenetic compositional data based on the Euclidian
distance matrix using the function hclust in the stats package.
Finally, a binary data matrix was compiled with ectomycorrhizal exploration traits
(contact, short, medium smooth, medium mat, medium-fringe, and long). Then, we
calculated the trait ses.mpd and ses.mntd using the independentswap null model to assess
trait structure following the same methodology for communities. Finally, to test for a
phylogenetic signal to exploration types, K’ Blomberg statistics were calculated for the
presence of the traits using the function MultiPhylosignal in the picante package [74,80].
Moreover, the traits were visualized on the phylogenetic tree by plotting the exploration
types at the tips of the phylogenetic tree following [74].
3. Results
3.1. Ectomycorrhizal Phylogenetic Description
The hybrid phylogenetic tree of ectomycorrhizal fungi was consistent with Mikryukov
et al. (2020) (Figure 1). The families Sebacinaceae, Clavulinaceae, and Hydnaceae clearly
formed a monophyletic group, while Bankeraceae Thelephoraceae, Russulaceae, and
Albatrellaceae formed two distinct clades (Figure 1). Moreover, two other family groups
were identified, one including Atheliaceae, Sclerodermataceae, Boletaceae, Gomphidiaceae,
and Suillaceae, and the other including Tricholomataceae, Amanitaceae, Hydnangiaceae,
Cortinariaceae, Hymenogastraceae, and Inocybaceae (Figure 1). Finally, the most abundant
species in each tree host were indicated in Table S2.
3.2. Ectomycorrhizal Phylogenetic Composition, Structure, and Diversity
There were no significant differences in the ectomycorrhizal phylogenetic composition
among tree host species (r2 = 0.10, F(4,41) = 1.12, p = 0.281). The RDA and the sd-ellipses
based on the philR Euclidean distance matrix clearly showed that all forest types were
overlapping at the ordination center (Figure 2). Redundancy analyses resulted in two
main axes that explained together 22% of the variance. However, P. halepensis-nigra, P.
halepensis, and P. nigra communities were less spread (homogeneous), while, P. sylvestris
and P. sylvestris-nigra communities were more overdispersed in the ordination space (heterogeneous). Regarding ectomycorrhizal phylogenetic structure, no significant difference
was detected for NRI (F(4,41) = 0.26, p = 0.901) between tree host species. Positive mean
values of NRI were detected in P. halepensis (0.51 ± 0.09), indicating ectomycorrhizal higher
phylogenetic clustering. P. nigra-halepensis (0.14 ± 0.83), P. sylvestris-nigra (0.06 ± 0.25) and
P. sylvestris (0.05 ± 0.27), and P. nigra (−0.02 ± 0.26) showed dispersion of NRI values positive and negative around 0 (Figure 3a). However, we detected significant differences in NTI
values (F(4,41) = 2.96, p = 0.031) between tree host species. Mean positive NTI values were
detected across all tree host species, except in P. sylvestris-nigra (−0.46 ± 0.37), indicating
ectomycorrhizal phylogenetic clustering in P. halepensis, P. nigra-halepenesis, while P. nigra,
P. sylvestris were not clearly defined, with values around 0, and a marginal phylogenetic
overdispersion was detected in P. sylvestris-nigra (Figure 3b).
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towards lower pH values (Figure S2). The hierarchical clustering of the ectomycorrhizal
phylogenetic composition showed that communities were clustered into two main groups
(Figure S3), Here, the group composed of P. halepensis, P. sylvestris, and P. sylvestris-nigra
communities clustered at lower pH values (<7), while P. nigra and P. nigra-halepensis
communities only occurred at higher pH values (>7) (Figure S3).
3.4. Trait Evolution of the Exploration Types
When the exploration traits were visualized on the phylogenetic tree, 59 OTUs out of
184 had short exploration types, up to 53 had contact exploration types, while 39 OTUs and
25 OTUs had medium fringe and medium smooth exploration types. Conversely, medium
mat and long exploration types were the least abundant with 9 and 8 OTUs, respectively.
Finally, we did not find any phylogenetic signal for any exploration type (0.25 < K < 0.77,
p > 0.05), as exploration types were dispersed across the phylogenetic tree (Figure 5).
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4.1. Ectomycorrhizal Phylogenetic Description
Our study allowed us to investigate the phylogenetic relationships between 256 OTUs
using a multiple gene tree at family level as a foundation tree which allows us to build a
better-supported tree (Figure 1a) [70]. Also, we were able to identify monophyletic groups
of families, such as Sebacinaceae, Clavulinaceae, and Hydnaceae, and Atheliaceae, Sclerodermataceae, Boletaceae, Gomphidiaceae, and Suillaceae, however, this last clade formed
a paraphyletic group with Russulaceae and Albatrellaceae. Moreover, two other family
groups were identified, one including Bankeraceae, Thelephoraceae, Sclerodermataceae,
Boletaceae, Gomphidiaceae, and Suillaceae, and the other including Tricholomataceae,
Amanitaceae, Hydnangiaceae, Cortinariaceae, Hymenogastraceae, and Inocybaceae. Therefore, the resolved phylogenetic tree resulted in a strong backbone for the downstream
analyses as the level of resolution allows us to perform reliable phylogenetic diversity analyses [81]. Finally, disentangling the ectomycorrhizal phylogenetic community structure in
our study region, where the current climate change may lead to changes in ecosystems functioning, is crucial to predict the impacts on ectomycorrhizal taxonomic and phylogenetic
community composition and diversity [82].
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4.2. Ectomycorrhizal Phylogenetic Composition, Structure, and Diversity
Our results demonstrated that ectomycorrhizal phylogenetic community and diversity
were not significantly different among pine tree host species or in NRI values, although
there were differences in NTI values between P. sylvestris-nigra and P. nigra-halepensis.
These results are in accordance with previous taxonomical studies on ectomycorrhizal
communities between congeneric tree hosts [9,83], in which a lack of phylogenetic differences was observed. Similarly, ectomycorrhizal community composition was not different
between phylogenetically related pines in China [84]. In contrast, several studies reported
taxonomical differences between ectomycorrhizal communities between hosts of different
families or genera [7,85]. Thus, it seems that at both taxonomic and phylogenetic levels,
ectomycorrhizal communities are not varying significantly among phylogenetically close
related tree hosts [14].
Similar phylogenetic studies detected phylogenetic clustering of Agaromycotina communities in xeric oak-dominated forests and concluded that oak acted as the main habitat
filter [26]. Here, our results showed an opposite trend, with no significant differences in
ectomycorrhizal phylogenetic structure and diversity between pine tree hosts. However,
we observed significant differences in phylogenetic dispersion among habitats with distinct
pines hosts. For example, ectomycorrhizal species in P. halepensis-nigra forest resulted in
phylogenetic clusters, while in P. sylvestris-nigra were slightly more overdispersed at the tip
of the phylogeny (Figure 3a), probably due to the low number of P. nigra-halepensis sites
which may have caused underestimation of the differences between phylogenetic taxa. In
this regard, the three P. nigra-halepensis sites showed similar soil properties (i.e., values
range from pH: 8.18–8.38, CN: 11–151, P: 2–5, N: 0.12–0.16), which may have resulted in
the occurrence of closely related species that are adapted to these similar abiotic conditions.
These results may imply that Mediterranean pine host tree species are weak habitat filters
for ectomycorrhizal fungi, probably due to a lack of host specificity among congeneric
hosts. Thus, our results are in agreement with the hypothesis that the lack of phylogenetic
composition, structure, and diversity between pine host species may be partially explained
by possible conserved symbiosis between Pinus and ectomycorrhizal fungi [86].
Finally, we found high and similar turnover values in all the tree host species forest,
while nestedness was significantly lower, except in the case of P. nigra-halepensis forest. It
seems that both environmental filtering by soil and dispersal limitation may, to a certain
extent, promote species replacement among sites [87]. However, in P. nigra-halepensis forest
higher nestedness might indicate local species loss probably due to its soil site conditions
that resulted in the occurrence of a locally adapted subset of species.
4.3. Main Drivers of Ectomycorrhizal Phylogenetic Composition and Structure
In this study, we observed that soil parameters influenced ectomycorrhizal phylogenetic composition, while phylogenetic structure variation was primarily influenced by
the shared effect of the three environmental filters. However, these three fractions were
not significant and explained a residual amount of variation, thus, the second hypothesis
is not accepted. Although previous studies have identified that soil parameters are the
main drivers of taxonomic ectomycorrhizal community variation in Mediterranean pine
forest [17], here, soil parameters were marginally important in driving ectomycorrhizal
phylogenetic composition. This may imply that at the phylogenetic level, the lack of strong
abiotic gradients results in the occurrence of non-closely related species which are adapted
to heterogeneous but not specific environmental conditions [88].
Soil properties have been widely described as a strong abiotic filter on taxonomic
fungal communities at different spatial scales [14,62,89,90]. In contrast, we observed a weak
abiotic filtering effect of soil physico-chemistry on phylogenetic community composition,
with pH resulting in the only significant variable. The importance of pH as an influential
variable over ectomycorrhizal community composition at local and regional scales has
been widely described [87,90,91]. However, in view of our results, it seems that pH acts
as an abiotic filter at both taxonomic and phylogenetic levels [87,92,93]. In addition, our
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results showed that a left tail of P. sylvestris and P. sylvestris-nigra in the distribution of the
pH values resulting in a wider niche for species adapted to low pH values (Figure S2).
In this regard, phylogenetic fungal communities were more clustered at lower values of
pH (<7), thus, it seems that lower pH values might result in the occurrence of only adapted
fungal species that can grow and maintain cellular function in acidic environments [94],
causing higher phylogenetic similarity [87,95,96].
Regarding phylogenetic structure, stand structure alone explained a proportion of
its variation although this was not significant. However, stand structure, soil physicochemistry, and geographic distance shared an important proportion of variance. In Mediterranean ecosystems, the influence of stand structural variables on fungi has already been
assessed over mushroom yields with important effects [81]. Although weakly, differences
in stand structural variables may result in the occurrence of different less phylogenetically
related fungal species that are better adapted to certain local forest conditions. In view
of our results, we argue that ectomycorrhizal phylogenetic structure is more importantly
influenced by the combined effect of all environmental variables. Hence, phylogenetic
relatedness between species decreases with increasing geographic distance, differences
in stand structure, and soil conditions. Finally, we hypothesize that there may be other
processes influencing the ectomycorrhizal phylogenetic community, such as competition
for space and resources [30]. that were not directly tested, therefore further studies are
needed to further disentangle whether other processes influence phylogenetic structure in
these ecosystems.
4.4. Trait Evolution of the Exploration Types
We observed that 51% of the ectomycorrhizal species had short and contact exploration types, 21% and 13% of the species had medium fringe and medium exploration
types, respectively, and only 4% of the species had long exploration types. Similarly, [38]
found that in P. pinaster-dominated Mediterranean forests, long distance were the least
abundant exploration types, while short and contact types were dominating the community. Moreover, our results showed that traits were dispersed across the phylogenetic tree
(Figure 5). Thus, the third hypothesis is accepted. In this regard, the dispersion of traits
across the phylogenetic tree suggests that even more distant related species showed the
same exploration type, resulting in a random trait pattern with a lack of phylogenetic
signal. In addition, [38] found that mycorrhizal species with long distance exploration
types were less abundant under drier conditions, whereas short-distance and contact type
species increased. Recent studies suggest that drier conditions may favor short-contact
types [18,38]. Similarly, based on our results, we argue that dispersion of short and contact
exploration types might be an adaptation to the Mediterranean stress conditions where the
limiting factor is water and not nutrients. Therefore, having medium mat and long exploration types might be a disadvantage due to their higher C demand on the host [18,32,38].
At the same time, in northern and temperate ecosystems, soil N is a limiting nutrient [81],
and previous studies have shown that species with long medium mat exploration occurs
in soils where N is limiting and patchily distributed [37,42], while short exploration types
are more efficient in up-taking soluble inorganic N [36]. However, despite these observed
trends and since exploration types of mycorrhizae represent a distinct set of fungal traits,
the use of exploration types to study fungal trait responses to environmental changes can
be often misleading, and further research should be addressed. In any case, previous work
in this area showed a lack of N effect on mycorrhizal communities in Mediterranean pine
forests [17], therefore, as N is not limiting it can be easily captured by ectomycorrhizal
fungi close to the host with no need of investing in high biomass exploration types.
Finally, we acknowledge the accuracy of the ITS2 region in species identification
and resolution [97], but also its limitation in phylogenetic applications due to its high
variability [70,98]. However, the use of a backbone phylogenetic tree at family level
constructed from multiple gene sequences provides a sufficient taxonomic resolution, thus
can be an accurate predictor of phylogenetic diversity metrics [99]. Moreover, it is known
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that the identification of basidiomycetes through ITS2 amplification is more efficient than
in other taxa (i.e., Ascomycetes) [100]. Therefore, future studies aiming to disentangle
fungal phylogenetic patterns in community structure should include a robust backbone
phylogenetic tree and at least the whole ITS region.
5. Conclusions
In this study, we found no differences neither in ectomycorrhizal phylogenetic community composition nor structure and diversity, indicating that ectomycorrhizal communities
at both phylogenetic and taxonomic levels do not change among phylogenetically closely
related tree hosts. Moreover, soil parameters only had a marginal filtering effect on ectomycorrhizal phylogenetic variation as pH resulted in the only significant driver of the
phylogenetic community. In this regard, our results showed that pH acts as the broadest
abiotic filter of ectomycorrhizal communities at a local scale.
Conversely, the ectomycorrhizal phylogenetic structure was marginally influenced
by the combined effect of soil, stand structure, and geographic distance, indicating that
phylogenetic structure is mainly influenced by their combined effect.
Finally, short and contact distance were the dominant exploration types, as they may
be favored under drought stress conditions but also under high nutrient availability. Our
results shed light on the drivers of ectomycorrhizal phylogenetic community variation
in Mediterranean pine forests, being fundamental to get a better insight on the drivers
of community assembly and ecosystem functioning. Nevertheless, further research on
ectomycorrhizal phylogenetic communities is needed to better understand how changes
in deterministic processes will affect ectomycorrhizal communities and forest ecosystems’
functioning.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jof7100793/s1, Figure S1: Catalonia map displaying the location of the 42 plots, Figure S2:
Density curves of pH values of the five tree hosts from the permutational test of density equality,
Figure S3: Hierarchical clustering of ectomycorrhizal phylogenetic compositional data based on a
Euclidean distance matrix, Table S1: Table summarizing the main texture and moisture properties of
the study plots, Table S2: Most abundant ectomycorrhizal species detected in pure and mixed stands
of Pinus spp., Table S3: Phylogenetic species turnover, nestedness and total beta diversity values
across host tree species stands.
Author Contributions: C.C. (Carlos Colinas), J.A.B., J.M.d.A. and J.G.A. planned and designed the
fungal research. J.M.d.A. sampled the soils and together with C.C. (Carlos Colinas), measured the
environmental variables. C.C. (Carles Castaño) performed the lab works and the bioinformatic
analyses. I.A. analysed the data and wrote the manuscript, with inputs of J.G.A. and C.C. (Carles
Castaño). All authors provided inputs on the last version. All authors have read and agreed to the
published version of the manuscript.
Funding: This project has received funding from the European Union’s H2020 research and innovation programme under Marie Sklodowska-Curie grant agreement No 801586. This work was partially
supported by the Spanish Ministry of Science, Innovation and Universities, grants RTI2018-099315A-I00. I.A. was supported by a H2020-Marie Slodowska Curie Action Cofund fellowship (801596),
J.G.A. was supported by Ramon y Cajal fellowship (RYC-2016-20528) and J.A.B. benefitted from a
Serra-Húnter Fellowship provided by the Generalitat of Catalunya.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Available upon reasonable request.
Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationships that could have appeared to influence the work reported in this paper.

J. Fungi 2021, 7, 793

14 of 17

References
1.
2.
3.
4.
5.
6.
7.
8.

9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

21.
22.
23.
24.
25.
26.
27.
28.
29.

Allen, M.F. Mycorrhizal Fungi: Highways for Water and Nutrients in Arid Soils. Vadose Zone J. 2007, 6, 291–297. [CrossRef]
Van Der Heijden, M.G.A.; Bardgett, R.D.; Van Straalen, N.M. The unseen majority: Soil microbes as drivers of plant diversity and
productivity in terrestrial ecosystems. Ecol. Lett. 2008, 11, 296–310. [CrossRef] [PubMed]
Smith, S.E.; Read, D.J. Mycorrhizal Symbiosis, 3rd ed.; Academic Press: San Diego, CA, USA, 2008.
Ishida, T.A.; Nara, K.; Hogetsu, T. Host effects on ectomycorrhizal fungal communities: Insight from eight host species in mixed
conifer-broadleaf forests. New Phytol. 2007, 174, 430–440. [CrossRef] [PubMed]
Urbanová, M.; Šnajdr, J.; Baldrian, P. Composition of fungal and bacterial communities in forest litter and soil is largely determined
by dominant trees. Soil Biol. Biochem. 2015, 84, 53–64. [CrossRef]
Van der Linde, S.; Suz, L.M.; Orme, C.D.L.; Cox, F.; Andreae, H.; Asi, E.; Atkinson, B.; Benham, S.; Carroll, C.; Cools, N.; et al.
Environment and host as large-scale controls of ectomycorrhizal fungi. Nature 2018, 558, 243–248. [CrossRef] [PubMed]
Suz, L.M.; Kallow, S.; Reed, K.; Bidartondo, M.; Barsoum, N. Pine mycorrhizal communities in pure and mixed pine-oak forests:
Abiotic environment trumps neighboring oak host effects. For. Ecol. Manag. 2017, 406, 370–380. [CrossRef]
Glassman, S.I.; Peay, K.; Talbot, J.M.; Smith, D.P.; Chung, J.A.; Taylor, J.W.; Vilgalys, R.; Bruns, T.D. A continental view of
pine-associated ectomycorrhizal fungal spore banks: A quiescent functional guild with a strong biogeographic pattern. New
Phytol. 2015, 205, 1619–1631. [CrossRef]
Erlandson, S.R.; Savage, J.A.; Cavender-Bares, J.M.; Peay, K.G. Soil moisture and chemistry influence diversity of ectomycorrhizal
fungal communities associating with willow along an hydrologic gradient. FEMS Microbiol. Ecol. 2016, 92, fiv148. [CrossRef]
Kyaschenko, J.; Clemmensen, K.E.; Karltun, E.; Lindahl, B.D. Below-ground organic matter accumulation along a boreal forest
fertility gradient relates to guild interaction within fungal communities. Ecol. Lett. 2017, 20, 1546–1555. [CrossRef]
Dumbrell, A.J.; Nelson, M.; Helgason, T.; Dytham, C.; Fitter, A.H. Relative roles of niche and neutral processes in structuring a
soil microbial community. ISME J. 2009, 4, 337–345. [CrossRef]
Peay, K.G.; Garbelotto, M.; Bruns, T.D. Evidence of dispersal limitation in soil microorganisms: Isolation reduces species richness
on mycorrhizal tree islands. Ecology 2010, 91, 3631–3640. [CrossRef] [PubMed]
Powell, J.R.; Bennett, A.E. Unpredictable assembly of arbuscular mycorrhizal fungal communities. Pedobiologia 2016, 59, 11–15.
[CrossRef]
Tedersoo, L.; Bahram, M.; Põlme, S.; Kõljalg, U.; Yorou, N.S.; Wijesundera, R.L.C.; Ruiz, L.V.; Vasco-Palacios, A.M.; Thu, P.Q.;
Suija, A.; et al. Global diversity and geography of soil fungi. Science 2014, 346, 1256688. [CrossRef] [PubMed]
Boeraeve, M.; Honnay, O.; Jacquemyn, H. Effects of host species, environmental filtering and forest age on community assembly
of ectomycorrhizal fungi in fragmented forests. Fungal Ecol. 2018, 36, 89–98. [CrossRef]
Pérez-Izquierdo, L.; Zabal-Aguirre, M.; González-Martínez, S.C.; Buée, M.; Verdú, M.; Rincón, A.; Goberna, M. Plant intraspecific
variation modulates nutrient cycling through its below ground rhizospheric microbiome. J. Ecol. 2019, 107, 1594–1605. [CrossRef]
Adamo, I.; Castaño, C.; Bonet, J.A.; Colinas, C.; de Aragón, J.M.; Alday, J.G. Soil physico-chemical properties have a greater effect
on soil fungi than host species in Mediterranean pure and mixed pine forests. Soil Biol. Biochem. 2021, 160, 108320. [CrossRef]
Fernandez, C.W.; Kennedy, P.G. Revisiting the “Gadgil effect”: Do interguild fungal interactions control carbon cycling in forest
soils? New Phytol. 2016, 209, 1382–1394. [CrossRef]
Hartmann, M.; Brunner, I.; Hagedorn, F.; Bardgett, R.D.; Stierli, B.; Herzog, C.; Chen, X.; Zingg, A.; Graf-Pannatier, E.; Rigling, A.;
et al. A decade of irrigation transforms the soil microbiome of a semi-arid pine forest. Mol. Ecol. 2017, 26, 1190–1206. [CrossRef]
Mohan, J.E.; Cowden, C.C.; Baas, P.; Dawadi, A.; Frankson, P.T.; Helmick, K.; Hughes, E.; Khan, S.; Lang, A.; Machmuller, M.;
et al. Mycorrhizal fungi mediation of terrestrial ecosystem responses to global change: Mini-review. Fungal Ecol. 2014, 10, 3–19.
[CrossRef]
Sardans, J.; Peñuelas, J. Plant-soil interactions in Mediterranean forest and shrublands: Impacts of climatic change. Plant Soil 2013,
365, 1–33. [CrossRef]
Webb, C.O.; Ackerly, D.D.; McPeek, M.A.; Donoghue, M.J. Phylogenies and community ecology. Annu. Rev. Ecol. Syst. 2002, 33,
475–505. [CrossRef]
Maherali, H.; Klironomos, J.N. Influence of Phylogeny on Fungal Community Assembly and Ecosystem Functioning. Science
2007, 316, 1746–1748. [CrossRef]
Webb, C.O. Exploring the phylogenetic structure of ecological communities: An example for rain forest trees. Am. Nat. 2000, 156,
2. [CrossRef]
Vamosi, S.M.; Heard, S.B.; Vamosi, J.C.; Webb, C.O. Emerging patterns in the comparative analysis of phylogenetic community
structure. Mol. Ecol. 2009, 18, 572–592. [CrossRef]
Edwards, I.P.; Zak, D.R. Phylogenetic similarity and structure of Agaricomycotina communities across a forested landscape. Mol.
Ecol. 2010, 19, 1469–1482. [CrossRef]
Egan, C.P.; Callaway, R.M.; Hart, M.M.; Pither, J.; Klironomos, J. Phylogenetic structure of arbuscular mycorrhizal fungal
communities along an elevation gradient. Mycorrhiza 2016, 27, 273–282. [CrossRef] [PubMed]
Kraft, N.J.B.; Adler, P.B.; Godoy, O.; James, E.C.; Fuller, S.; Levine, J.M. Community assembly, coexistence and the environmental
filtering metaphor. Funct. Ecol. 2015, 29, 592–599. [CrossRef]
Emerson, B.C.; Gillespie, R.G. Phylogenetic analysis of community assembly and structure over space and time. Trends Ecol. Evol.
2008, 23, 619–630. [CrossRef]

J. Fungi 2021, 7, 793

30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.

42.

43.
44.
45.
46.
47.
48.
49.
50.

51.
52.

53.
54.
55.
56.
57.
58.

15 of 17

Tucker, C.M.; Cadotte, M.W.; Carvalho, S.; Davies, T.J.; Ferrier, S.; Fritz, S.; Grenyer, R.; Helmus, M.; Jin, L.S.; Mooers, A.O.; et al.
A guide to phylogenetic metrics for conservation, community ecology and macroecology. Biol. Rev. 2016, 92, 698–715. [CrossRef]
Weber, M.G.; Agrawal, A.A. Phylogeny, ecology, and the coupling of comparative and experimental approaches. Trends Ecol. Evol.
2012, 27, 394–403. [CrossRef] [PubMed]
Agerer, R. Exploration types of ectomycorrhizae. Mycorrhiza 2001, 11, 107–114. [CrossRef]
Hobbie, E.A.; Agerer, R. Nitrogen isotopes in ectomycorrhizal sporocarps correspond to belowground exploration types. Plant
Soil 2010, 327, 71–83. [CrossRef]
Pena, R.; Tejedor, J.; Zeller, B.; Dannemann, M.; Polle, A. Interspecific temporal and spatial differences in the acquisition by
litter-derived Nitrogen by ectomycorrhizal assemblages. New Phytol. 2013, 199, 520–528. [CrossRef] [PubMed]
Tedersoo, L.; Smith, M.E. Lineages of ectomycorrhizal fungi revisited: Foraging strategies and novel lineages revealed by
sequences from belowground. Fungal Biol. Rev. 2013, 27, 83–99. [CrossRef]
Lilleskov, E.A.; Fahey, T.J.; Horton, T.R.; Lovett, G.M. Belowground ectomycorrhizal fungal community change over a nitrogen
deposition gradient in alaska. Ecology 2002, 83, 104–115. [CrossRef]
Koide, R.T.; Fernandez, C.; Malcolm, G. Determining place and process: Functional traits of ectomycorrhizal fungi that affect
both community structure and ecosystem function. New Phytol. 2014, 201, 433–439. [CrossRef] [PubMed]
Castaño, C.; Lindahl, B.D.; Alday, J.G.; Hagenbo, A.; de Aragón, J.M.; Parladé, J.; Pera, J.; Bonet, J.A. Soil microclimate changes
affect soil fungal communities in a Mediterranean pine forest. New Phytol. 2018, 220, 1211–1221. [CrossRef]
Lilleskov, E.A.; Hobbie, E.A.; Horton, T.R. Conservation of ectomycorrhizal fungi: Exploring the linkages between functional and
taxonomic responses to anthropogenic N deposition. Fungal Ecol. 2011, 4, 174–183. [CrossRef]
Moeller, H.V.; Peay, K.G.; Fukami, T. Ectomycorrhizal fungal traits reflect environmental conditions along a coastal California
edaphic gradient. FEMS Microbiol. Ecol. 2014, 87, 797–806. [CrossRef]
Pena, R.; Lang, C.; Lohaus, G.; Boch, S.; Schall, P.; Schöning, I.; Ammer, C.; Fischer, M.; Polle, A. Phylogenetic and functional traits
of ectomycorrhizal assemblages in top soil from different biogeographic regions and forest types. Mycorrhiza 2017, 27, 233–245.
[CrossRef] [PubMed]
Defrenne, C.E.; Philpott, T.J.; Guichon, S.H.A.; Roach, W.J.; Pickles, B.J.; Simard, S.W. Shifts in Ectomycorrhizal Fungal Communities and Exploration Types Relate to the Environment and Fine-Root Traits Across Interior Douglas-Fir Forests of Western
Canada. Front. Plant Sci. 2019, 10, 643. [CrossRef]
Liston, A.; Robinson, W.A.; Piñero, D.; Alvarez-Buylla, E.R. Phylogenetics ofPinus(Pinaceae) Based on Nuclear Ribosomal DNA
Internal Transcribed Spacer Region Sequences. Mol. Phylogenet. Evol. 1999, 11, 95–109. [CrossRef]
Gernandt, D.S.; Geada López, G.; Ortiz García, S.; Liston, A. Phylogeny and classification of Pinus. Taxon 2005, 54, 29–42.
[CrossRef]
Saladin, B.; Leslie, A.B.; Wüest, R.O.; Litsios, G.; Conti, E.; Salamin, N.; Zimmermann, N.E. Fossils matter: Improved estimates of
divergence times in Pinus reveal older diversification. BMC Evol. Biol. 2017, 17, 95. [CrossRef]
Cavender-Bares, J.; Kozak, K.H.; Fine, P.V.A.; Kembel, S.W. The merging of community ecology and phylogenetic biology. Ecol.
Lett. 2009, 12, 693–715. [CrossRef]
Narwani, A.; Matthews, B.; Fox, J.; Venail, P. Using phylogenetics in community assembly and ecosystem functioning research.
Funct. Ecol. 2015, 29, 589–591. [CrossRef]
Pérez-Valera, E.; Verdú, M.; Navarro-Cano, J.A.; Goberna, M. Resilience to fire of phylogenetic diversity across biological domains.
Mol. Ecol. 2018, 27, 2896–2908. [CrossRef] [PubMed]
Guo, J.; Ling, N.; Chen, Z.; Xue, C.; Li, L.; Liu, L.; Gao, L.; Wang, M.; Ruan, J.; Guo, S.; et al. Soil fungal assemblage complexity is
dependent on soil fertility and dominated by deterministic processes. New Phytol. 2019, 226, 232–243. [CrossRef]
Martínez de Aragón, J.; Bonet, J.A.; Fischer, C.R.; Colinas, C. Productivity of ectomycorrhizal and selected edible saprotrophic
fungi in pine forests of the pre-Pyrenees mountains, Spain: Predictive equations for forest management of mycological resources.
For. Ecol. Manag. 2007, 252, 239–256. [CrossRef]
Alday, J.G.; Martínez De Aragón, J.; De-Miguel, S.; Bonet, J.A. Mushroom biomass and diversity are driven by different
spatio-Temporal scales along Mediterranean elevation gradients. Sci. Rep. 2017, 7, 45824. [CrossRef]
Adamo, I.; Piñuela, Y.; Bonet, J.A.; Castaño, C.; de Aragón, J.M.; Parladé, J.; Pera, J.; Alday, J.G. Sampling forest soils to describe
fungal diversity and composition. Which is the optimal sampling size in mediterranean pure and mixed pine oak forests? Fungal
Biol. 2021, 125, 469–476. [CrossRef]
Alday, J.G.; Marrs, R.H.; Martínez-Ruiz, C. Soil and vegetation development during early succession on restored coal wastes: A
six-year permanent plot study. Plant Soil 2012, 352, 305–320. [CrossRef]
Day, P.R. Particle fractionation and particle-size analysis. In Methods of Soil Analysis Part 1. Agronomy No. 9; Black, C.A., Ed.;
American Society of Agronomy: Madison, WI, USA, 1965.
Allen, S.E. Chemical Analysis of Ecological Materials; Blackwell’s: Oxford, UK, 1989.
Bremner, J.M.; Mulvaney, C.S. Nitrogen total. In Methods of Soil Analysis, 2nd ed.; Miller, A.L., Keeney, D.R., Eds.; American
Society of Agronomy: Madison, WI, USA, 1982; pp. 595–624.
Olsen, S.R.; Sommers, L. Phosphorus. In Methods of Soil Analysis; Miller, A.L., Keeney, D.R., Eds.; American Society of Agronomy:
Madison, WI, USA, 1982; pp. 403–427.
Walkley, A. A critical examination of rapid method for determining organic carbon in soils. Soil Sci. 1947, 63, 251–254. [CrossRef]

J. Fungi 2021, 7, 793

59.
60.

61.
62.
63.
64.

65.
66.

67.
68.
69.

70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.

82.
83.

84.
85.
86.

16 of 17

Anderson, J.M.; Ingram, J.S.I. Tropical Soil Biology and Fertility: A Handbook of Methods, 2nd ed.; C.A.B. International: Wallingford,
UK, 1993.
Ihrmark, K.; Bödeker, I.T.; Cruz-Martinez, K.; Friberg, H.; Kubartova, A.; Schenck, J.; Strid, Y.; Stenlid, J.; Brandström-Durling, M.;
Clemmensen, K.; et al. New primers to amplify the fungal ITS2 region—Evaluation by 454-sequencing of artificial and natural
communities. FEMS Microbiol. Ecol. 2012, 82, 666–677. [CrossRef]
White, T.J.; Bruns, T.; Lee, S.; Taylor, J. Amplification and direct sequencing of fungal ribosomal RNA genes for phylogenetics. In
PCR Protocols; Academic Press: San Diego, CA, USA, 1990; pp. 315–322. [CrossRef]
Sterkenburg, E.; Clemmensen, K.; Ekblad, A.; Finlay, R.D.; Lindahl, B.D. Contrasting effects of ectomycorrhizal fungi on early and
late stage decomposition in a boreal forest. ISME J. 2018, 12, 2187–2197. [CrossRef] [PubMed]
Somervuo, P.; Koskela, S.; Pennanen, J.; Nilsson, R.H.; Ovaskainen, O. Unbiased probabilistic taxonomic classification for DNA
barcoding. Bioinformatics 2016, 32, 2920–2927. [CrossRef] [PubMed]
Abarenkov, K.; Nilsson, H.; Larsson, K.; Alexander, I.J.; Eberhardt, U.; Erland, S.; Høiland, K.; Kjøller, R.; Larsson, E.; Pennanen,
T.; et al. The UNITE database for molecular identification of fungi—Recent updates and future perspectives. New Phytol. 2010,
186, 281–285. [CrossRef] [PubMed]
Nguyen, N.H.; Song, Z.; Bates, S.T.; Branco, S.; Tedersoo, L.; Menke, J.; Schilling, J.S.; Kennedy, P.G. FUNGuild: An open
annotation tool for parsing fungal community datasets by ecological guild. Fungal Ecol. 2016, 20, 241–248. [CrossRef]
Suz, L.M.; Barsoum, N.; Benham, S.; Dietrich, H.-P.; Fetzer, K.D.; Fischer, R.; García, P.; Gehrman, J.; Kristöfel, F.; Manninger, M.;
et al. Environmental drivers of ectomycorrhizal communities in Europe’s temperate oak forests. Mol. Ecol. 2014, 23, 5628–5644.
[CrossRef] [PubMed]
Agerer, R.; Rambold, G. DEEMY—An Information System for the Characterization and Determination of Ectomycorrhizae; LudwigMaximilians-Universität München: Munchen, Germany; Available online: www.deemy.de (accessed on 4 July 2021).
Fouquier, J.; Rideout, J.R.; Bolyen, E.; Chase, J.; Shiffer, A.; McDonald, D.; Knight, R.; Caporaso, J.G.; Kelley, S.T. Ghost-tree:
Creating hybrid-gene phylogenetic trees for diversity analyses. Microbiome 2016, 4, 11. [CrossRef] [PubMed]
Zhao, R.-L.; Li, G.-J.; Sanchez-Ramirez, S.; Stata, M.; Yang, Z.-L.; Wu, G.; Dai, Y.-C.; He, S.-H.; Cui, B.; Zhou, J.-L.; et al. A six-gene
phylogenetic overview of Basidiomycota and allied phyla with estimated divergence times of higher taxa and a phyloproteomics
perspective. Fungal Divers. 2017, 84, 43–74. [CrossRef]
Mikryukov, V.S.; Dulya, O.V.; Modorov, M.V. Phylogenetic signature of fungal response to long-term chemical pollution. Soil Biol.
Biochem. 2020, 140, 107644. [CrossRef]
Paradis, E.; Claude, J.; Strimmer, K. APE: Analyses of phylogenetics and evolution in R language. Bioinformatics 2004, 20, 289–290.
[CrossRef]
McMurdie, P.J.; Holmes, S. Phyloseq: An R Package for Reproducible Interactive Analysis and Graphics of Microbiome Census
Data. PLoS ONE 2013, 8, e611217. [CrossRef]
Silverman, J.D.; Washburne, A.D.; Mukherjee, S.; David, L.A. A phylogenetic transform enhances analysis of compositional
microbiota data. Elife 2017, 6, e21887. [CrossRef] [PubMed]
Kembel, S.W.; Cowan, P.D.; Helmus, M.; Cornwell, W.; Morlon, H.; Ackerly, D.; Blomberg, S.; Webb, C. Picante: R tools for
integrating phylogenies and ecology. Bioinformatics 2010, 26, 1463–1564. [CrossRef] [PubMed]
Faith, D.P. Conservation evaluation and phylogenetic diversity. Biol. Conserv. 1992, 61, 1–10. [CrossRef]
Oksanen, J.; Blanchet, F.G.; Friendly, M.; Kindt, R.; Legendre, P.; Mcglinn, D.; Minchin, P.R.; O’Hara, R.B.; Simposon, G.L.;
Solymos, P. Package “Vegan”. 2018. Available online: https://cran.r-project.org (accessed on 4 July 2021).
Gotelli, N.J. Null model analysis of species co-occurrence patterns. Ecology 2000, 81, 2606–2621. [CrossRef]
Baselga, A.; Orme, C.D.L. Betapart: An R package for the study of beta diversity. Methods Ecol. Evol. 2012, 3, 808–812. [CrossRef]
Bowman, A.W.; Azzalini, A. R Package “sm: Non-Parametric Smoothing Methods. 2018. Available online: https://cran.r-project.
org (accessed on 4 July 2021).
Blomberg, S.P.; Garland, T.; Ives, A.R. Testing for phylogenetic signal in comparative data: Behavioral traits are more labile.
Evolution 2003, 57, 717–745. [CrossRef] [PubMed]
Tomao, A.; Antonio Bonet, J.; Castaño, C.; de-Miguel, S. How does forest management affect fungal diversity and community
composition? Current knowledge and future perspectives for the conservation of forest fungi. For. Ecol. Manag. 2020, 457, 117678.
[CrossRef]
Winter, M.; Devictor, V.; Schweiger, O. Phylogenetic diversity and nature conservation: Where are we? Trends Ecol. Evol. 2013, 28,
199–204. [CrossRef]
Arraiano-Castilho, R.; Bidartondo, M.; Niskanen, T.; Zimmermann, S.; Frey, B.; Brunner, I.; Senn-Irlet, B.; Hörandl, E.; Gramlich,
S.; Suz, L.M. Plant-fungal interactions in hybrid zones: Ectomycorrhizal communities of willows (Salix) in an alpine glacier
forefield. Fungal Ecol. 2020, 45, 100936. [CrossRef]
Ning, C.; Mueller, G.M.; Egerton-Warburton, L.M.; Xiang, W.; Yan, W. Host phylogenetic relatedness and soil nutrients shape
ectomycorrhizal community composition in native and exotic pine plantations. Forests 2019, 10, 263. [CrossRef]
Nagati, M.; Roy, M.; Manzi, S.; Richard, F.; Desrochers, A.; Gardes, M.; Bergeron, Y. Impact of local forest composition on soil
fungal communities in a mixed boreal forest. Plant Soil 2018, 432, 345–357. [CrossRef]
Tedersoo, L.; Brundrett, M.C. Evolution of Ectomycorrhizal Symbiosis in Plants. In Biogeography of Mycorrhizal Symbiosis; Springer:
Cham, Switzerland, 2017. [CrossRef]

J. Fungi 2021, 7, 793

87.

17 of 17

Glassman, S.I.; Wang, I.J.; Bruns, T.D. Environmental filtering by pH and soil nutrients drives community assembly in fungi at
fine spatial scales. Mol. Ecol. 2017, 26, 6960–6973. [CrossRef] [PubMed]
88. Pescador, D.S.; de Bello, F.; López-Angulo Je Valladares, F.; Escudero, A. Spatial Scale Dependence of Ecological Factors That
Regulate Functional and Phylogenetic Assembly in a Mediterranean High Mountain Grassland. Front. Ecol. Evol. 2021, 9, 482.
[CrossRef]
89. Lekberg, Y.; Koide, R.T.; Rohr, J.R.; Aldrich-Wolfe, L.; Morton, J.B. Role of niche restrictions and dispersal in the composition of
arbuscular mycorrhizal fungal communities. J. Ecol. 2007, 95, 95–105. [CrossRef]
90. Lladó, S.; López-Mondéjar, R.; Baldrian, P. Forest Soil Bacteria: Diversity, Involvement in Ecosystem Processes, and Response to
Global Change. Microbiol. Mol. Biol. Rev. 2017, 81, e0063-16. [CrossRef]
91. Kivlin, S.N.; Winston, G.C.; Goulden, M.; Treseder, K. Environmental filtering affects soil fungal community composition more
than dispersal limitation at regional scales. Fungal Ecol. 2014, 12, 14–25. [CrossRef]
92. Rousk, J.; Bååth, E.; Brookes, P.C.; Lauber, C.L.; Lozupone, C.; Caporaso, J.G.; Knight, R.; Fierer, N. Soil bacterial and fungal
communities across a pH gradient in an arable soil. ISME J. 2010, 4, 1340–1351. [CrossRef] [PubMed]
93. Carrino-Kyker, S.R.; Kluber, L.; Petersen, S.M.; Coyle, K.P.; Hewins, C.R.; De Forest, J.; Smemo, K.A.; Burke, D.J. Mycorrhizal
fungal communities respond to experimental elevation of soil pH and P availability in temperate hardwood forests. FEMS
Microbiol. Ecol. 2016, 92, fiw024. [CrossRef] [PubMed]
94. Lauber, C.L.; Hamady, L.; Knight, R.; Fierer, N. Pyrosequencing-based assesment of pH as a predictor of soil bacterial community
structure at continental scale. Appl. Environ. Microbiol. 2009, 75, 5111–5120. [CrossRef] [PubMed]
95. Goldmann, K.; Schöning, I.; Buscot, F.; Wubet, T. Forest management type influences diversity and community composition of
soil fungi across temperate forest ecosystems. Front. Microbiol. 2015, 6, 1300. [CrossRef]
96. Zhang, T.; Wang, N.-F.; Liu, H.-Y.; Zhang, Y.-Q.; Yu, L.-Y. Soil pH is a Key Determinant of Soil Fungal Community Composition in
the Ny-Ålesund Region, Svalbard (High Arctic). Front. Microbiol. 2016, 7, 227. [CrossRef]
97. Read, D.J.; Perez-Moreno, J. Mycorrhizas and nutrient cycling in ecosystems—A journey towards relevance? New Phytol. 2003,
157, 475–492. [CrossRef]
98. Sundersan, N.; Kumar, S.A.; Ganeshan, E.J.; Pandi, M. Evaluation of ITS molecular morphometrics effectiveness in species
delimitation of Ascomycota—A pilot study. Fungal Biol. 2019, 123, 517–527. [CrossRef]
99. Liu, J.; Liu, J.; Shan, Y.; Ge, X.; Burgess, K. The use of DNA barcodes to estimate phylogenetic diversity in forest communities of
Southern China. Ecol. Evol. 2019, 9, 5372–5379. [CrossRef]
100. Badotti, F.; de Oliveira, F.S.; Garcia, C.F. Effectiveness of ITS and sub-regions as DNA barcode markers for the identification of
Basidiomycota. BMC Microbiol. 2017, 17, 42. [CrossRef] [PubMed]

