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Introduction: Mediterranean forests are currently facing a surge in abiotic

stressors such as droughts and massive fires as a result of climate crisis and

human pressure. Susceptibility to biotic stressors has also increased, including

a variety of pests and pathogens capable of weakening and potentially killing

forest flora. Biodiversity of microbiome protects forests against declines as it

increases trees’ resilience and adaptability.

Objectives: With the objective of analyzing the relationship between health

status and fungal diversity, in the present work the mycobiota of declined and

healthy specimens of keystone Mediterranean tree species is described and

compared.

Methods: To this end, bark and wood from declining Spanish forests of

Castanea sativa (chestnut), Quercus ilex (holm oak), Quercus suber (cork

oak), and Quercus pyrenaica (pyrenean oak) were sampled and the Internal

Transcribed Spacer (ITS1) genomic region was sequenced.

Results: Results showed a predominance of Ascomycota, Basidiomycota,

and Mucoromycota in all samples. Alpha diversity at genus level was not

affected by health status and was characterized by uneven, poorly distributed

fungal communities dominated by a few genera. Differentially abundant (DA)

genera between healthy and declined samples were found in chestnut (15),

holm oak (6), and pyrenean oak (4) trees, but not in cork oak. Some genera

known for their plant protection potential, such as Trichoderma, were found

exclusively in healthy trees. Functional profiles revealed a predominance of

phytopathogens and saprobes in all tree species, irrespective of their health

status.

Discussion: This study emphasizes the importance of Mediterranean forests

as biodiversity refuges and highlights the value of above-ground tissues as a

valid approach to assess shifts in forests’ microbiome diversity in response to

biotic and abiotic stressors.
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1 Introduction

Forests are extremely valuable for the ecosystem services
they provide. Forests act as biodiversity refuges and serve as
important carbon sinks, but are experiencing severe degradation
worldwide that threatens their very existence (Trumbore et al.,
2015). Forest degradation is usually characterized by destruction
of stand structure, dysregulation of functionality, and lowered
productivity as a result of damaging human activities (Ghazoul
et al., 2015; Vásquez-Grandón et al., 2018). As a result, forest
resilience is heavily compromised. Forest decline can be listed
as an important factor contributing to forest degradation, and
encompasses reduction of growth rate and vigor of individual
trees, loss of soil fertility, and ultimately, permanent death of
trees (Zhu and Li, 2007).

Several factors contribute to forest decline, making it
difficult to pinpoint specific causes. A variety of models of tree
mortality have been conceptualized (Houston, 1981; Manion,
1991) and all of them share the idea that forest decline occurs
when environmental stress factors interact with various biotic
agents in forests at different stages of development. Declining
trees often exhibit reduced water transport as a result of reduced
radial growth, which creates an imbalance between the water-
demanding foliage and the water-providing roots (Manion,
2003). This leads to alterations in carbon balance and systemic
homeostasis and ends up increasing tree susceptibility to biotic
attacks and other stressors (McDowell et al., 2008; Wang et al.,
2012). This physiological disruption, alongside the continuous
pressure exerted by human action and climate crisis, triggers a
spiral of processes driven by interactions between abiotic and
biotic stress factors that predispose, incite and contribute to
stand-level decline (Manion, 1991; Amoroso et al., 2017).

Mediterranean forests rank among the terrestrial ecosystems
most threatened by climate crisis and loss of biodiversity caused
by changes in land use regime (Ochoa-Hueso et al., 2017;
Newbold et al., 2020). Meteorological predictions for Iberian
and Italian Peninsulas project severe decreases in precipitation,
changes in rain patterns and rising temperatures in the following
decades, which make the Mediterranean basin particularly
prone to long drought periods and large-scale wildfires (Camia
and Amatulli, 2009; Batllori et al., 2017; Turco et al., 2017).
Post-fire soil is exposed to erosive agents and its recovery
might be hindered if other extreme events, such as heavy
rainfall, occur within the window of disturbance period (Morán-
Ordóñez et al., 2020). Soil in Mediterranean forests is especially
vulnerable to this kind of disturbances, as dry summers are
followed by rain-intense autumns with 70–80% of the annual
precipitation (Shakesby, 2011; Panagos et al., 2015).

Thus, edaphic instability and high frequency of climatic
adversities impair the ability of Mediterranean trees to withstand
other challenges such as insect pests and fungal diseases,
which in turn contribute to the deterioration of tree health
status. Inciting factors can also be of biotic origin, such as the
Cerambyx welensii and Coraebus undatus beetles that create

tunnels in oak trees and other deciduous species and for
which neither preventive nor curative methods exist (Torres-
Vila et al., 2013; Tiberi et al., 2016). These stressors not only
affect tree health directly but also influence the composition of
forest microbiota (Bowd et al., 2022). Compositional changes
in the microbiome have a big influence on the severity of
diseases affecting the host plant (Wei et al., 2018). Before
decline starts, trees with higher microbial diversity pose more
resistance against external disturbances. In vitro experiments
have shown that several microbial communities can decrease
the invasion success of pathogens (Jones et al., 2021). Core
microbiome assemblies capable of buffering plants from extreme
environmental conditions have also been identified (Timm et al.,
2018). The relationship between trees and their microbiome is so
close that considering them as a holobiont - a ‘functional entity
formed by a macrobe and its long- and short-term associations
with microbes and viruses’ (Gordon et al., 2013) - has been
proposed as a necessity to combat forest decline (Bettenfeld
et al., 2020).

Within plants’ microbiome, fungal diversity (mycobiota) is
of particular interest in terrestrial ecosystems given that many
survival, nutrition, and interaction strategies depend on them.
Currently, the international LIFE MycoRestore consortium,
focused on Mediterranean forests from Spain, Italy, and
Portugal, seeks to utilize mycological biodiversity in order to
increase soil and tree health, leading to a greater forest resilience
to climate change, drought, forest fires, and pests. However,
fungi can also be pathogens responsible for some of the most
devastating diseases affecting trees, such as chestnut blight
caused by Cryphonectria parasitica and ink disease caused by
oomycetes of the Phytophthora genus. Metabarcoding studies
have shown that the diversity and composition of fungal and
oomycete soil communities are associated with the severity
of symptoms in declining oak dehesas (Ruiz Gómez et al.,
2019). In contrast, soil mycobiota of Castanea sativa trees
affected by Phytophthora cambivora have been found to be
particularly resilient to the pathogen (Venice et al., 2021).
Direct examination of plant material is also of great importance.
Root-associated fungi can be affected by pathogens, as shown
by the limited diversity of symbiotic ectomycorrhizas found
in Quercus ilex forests affected by Phytophthora cinnamomi
(Corcobado et al., 2014). Moreover, analysis of internal tissues
of trees allows the study of endophytic fungi, which commonly
act as antagonists to pathogens and enhancers of plant
immunity response (Busby et al., 2016b; Terhonen et al., 2019).
Endophytes can increase tree tolerance to abiotic stressors as
well, such as drought (Bae et al., 2009; Khan et al., 2016; Ferus
et al., 2019), salinity (Rodriguez et al., 2008), and heat (Redman
et al., 2002).

Therefore, the aim of the present work is to shed light
on the relationship between diversity of plant mycobiota and
health condition of Mediterranean forests, represented by four
key species: holm oak, cork oak, and chestnut, that are of
great economic importance in Iberian Peninsula ecosystems,
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and pyrenean oak, which is endemic to Spain. To this end, wood
and bark from healthy and declined specimens was sampled in
locations where insect pests and fungal diseases are known to be
prevalent. The mycobiota composition was assessed by means
of metabarcoding using the ITS1 region of ribosomal DNA.

2 Materials and methods

2.1 Sampling sites and procedure

Bark and wood samples were extracted from healthy and
declining trees of Castanea sativa (chestnut), Quercus suber
(cork oak), Quercus ilex (holm oak), and Quercus pyrenaica
(pyrenean oak) from Salamanca (Castile and Leon, Spain)
forests (Table 1 and Figure 1). Each site sampled corresponded
to a single tree species. Sampling was conducted for all four sites
in June and July 2020.

For all sampling sites, declining patches were defined as
areas with high percentage of declining trees (presence of
canker wounds or stem bleeds, >70% of trees with severe
dieback and foliage wilting). Tree diameter was measured at
breast height using calipers. Tree height was measured using
a Vertex hypsometer. Crown conditions (% mortality and
defoliation) were evaluated according to ICP Forests Manual
Part IV “Visual Assessment of Crown Condition and Damaging
Agents” (Eichhorn et al., 2016). Each sampling site had been
previously characterized by the occurrence of a putative biotic
stressor (Table 1), although sampled trees were not specifically
tested for their presence. All selected symptomatic trees were
alive at the moment of sampling and had variable although
comparable degree of decline. Dead or close-to-death trees were
not sampled to ensure that detected fungi belonged to microbial
communities present in physiologically active trees. Stands of
healthy trees were primarily composed of asymptomatic trees
free of dieback or crown transparency.

TABLE 1 Description of sampling sites.

Location Characteristics Sampled
species

Putative
biotic
stressor†

Main
criteria
for
decline

La
Alamedilla,
Spain

Elevation: 756 m
Rainfall: 600–854 mm

Quercus ilex Phytophthora
cinnamomi

Dead trees and
exudates

Linares de
Riofrío,
Spain

Elevation: 956 m
Rainfall: 700–900 mm

Castanea
sativa

Cryphonectria
parasitica

Dead trees and
cankers

Cubo de Don
Sancho,
Spain

Elevation: 736 m
Rainfall: 500–700 mm

Quercus
pyrenaica

Cerambyx
welensii

Dead trees,
dieback and
exit holes

Valdelosa,
Spain

Elevation: 842 m
Rainfall: 500–700 mm

Quercus
suber

Coraebus
undatus

Dieback and
crown
transparency

†Only well-characterized harmful agents known to be present at sampling sites.

Three plots of healthy trees and three with high degree of
decline were selected in each site. Material from five live trees
(North orientation) was sampled and pooled per plot. After
removing the external bark, one sample was taken per tree
from the main trunk at the height of 50 cm over the collar
to a depth of 2–3 cm. Only xylem and the internal bark layer
(phloem) were considered in the analysis. Six xylem-phloem
samples were obtained per tree species (two health conditions
× three plots), this totalling 24 samples. Samples were stored at
−20◦C prior to processing.

2.2 Sample processing

Samples were thawed and washed three times, first with
1 ml of 0.9% NaCl, then with 1 ml of 7% PVP and again with
1 ml of 0.9% NaCl. Following centrifugation for 5 min at 10000
rpm, the supernatant was discarded to remove polyphenols and
impurities. Samples were then pulverized by milling during for
5 min at 30 Hz (RETSCH MM 400) with 2 mm tungsten steel
beads. DNA was extracted from the wood powder using the
EZNA Tissue DNA kit (Omega Bio-tek, Norcross, GA, USA),
according to the manufacturer’s instructions. The yield and
purity of the DNA was measured by Qubit and then stored at
−20◦C until use.

2.3 Library preparation and sequencing

Samples were sent for molecular analysis to Biome Makers
Inc., (West Sacramento, CA, USA). Region 1 of fungal
Internal Transcribed Spacer 1 (ITS1) gene was amplified using
WineSeq R© custom primers according to Patent WO2017096385
(Becares and Fernandez, 2017). After quality control by gel
electrophoresis, each library was pooled in equimolar amount
and subsequently sequenced on an Illumina MiSeq instrument
(Illumina, San Diego, CA, USA) using 2 × 301 paired-
end reads. Sequencing data was analyzed through a QIIME-
based custom and in-house bioinformatics pipeline (Caporaso
et al., 2010; Becares and Fernandez, 2017). Illumina adapters
and chimeras were removed (Edgar et al., 2011) and reads
were quality-trimmed. ITS1 sequences were clustered into
non-singleton operational taxonomic units (OTUs) at a 97%
sequence similarity level. Taxonomy assignment and abundance
estimation were performed comparing OTUs against UNITE
database version 7.2 (Nilsson et al., 2019). Rarefaction curves
were used to evaluate the relationship between sequencing depth
and the number of OTUs.

2.4 Statistical analysis

Prior to the analysis, taking into consideration that only
ITS1 marker was used, OTUs’ raw reads were aggregated
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FIGURE 1

Location of sampling sites. (Left) Map of Spain’s provinces, the sampled Salamanca province is highlighted in red. (Right) Close up of Salamanca
province. Sampled municipalities are highlighted in yellow. Red dots correspond to sampling sites.

at genus level to have better confidence, and to avoid
misidentification of closely-related species (Yang et al., 2018).

Differences in height, diameter, crown mortality, and crown
defoliation were assessed using Wilcoxon test (p-value < 0.05
for statistical significance). P-values were adjusted for multiple
comparisons by means of Bonferroni correction. Differences
between mycobiome communities were evaluated in terms of
alpha and beta diversity. Alpha diversity was assessed using Hill
diversity indexes according to the equation.

D =

( S∑
i = 1

pi(ri)
l

)1/l

Where D is diversity, S is the number of taxa, pi is the
proportion of all individuals that belong to taxa i, ri is the
rarity of taxa i, defined as 1/pi, and l is the exponent that
determines the rarity scale and corresponds to richness (l = 1) or
equivalence-corrected versions of Shannon (l = 0) and Simpson
indexes (l = −1) (Roswell et al., 2021). Differences between
health conditions per tree species at l = [−1, 0, 1] were
contrasted using Wilcoxon’s rank test.

Beta diversity was evaluated in terms of differential
abundance taking into account that high-throughput
sequencing counts should be considered compositional data
(Gloor et al., 2017). Analyses followed anova-like differential
expression analysis (ALDEx) technique, which has been shown
to produce results very similar to the intersection of multiple
independent tools (Soneson and Delorenzi, 2013; Wallen,
2021). Reads were transformed to centered log-ratio (clr) values
and per-genus technical variation within each sample was
estimated using 1,000 Monte-Carlo instances drawn from the
Dirichlet distribution, which returns the posterior probability
of observing the counts given the data collected (Fernandes
et al., 2013). Effect size was then calculated as the median
standardized difference of clr values between groups. A genus
was deemed as differentially abundant if the estimated effect was
bigger than 1 (absolute value) and the 95% confidence interval
(95%CI) didn’t include 0.

All fungal genera were included in the functional analysis.
Each genus was assigned a functional guild according to the
“primary lifestyle” column obtained from FungalTraits database
V1.2 (Põlme et al., 2020). Raw read numbers of each guild were
summed per tree species and health condition and expressed as
log2 (guild abundance/total abundance).

All analyses were performed in R environment 4.1.3 (R
Core Team, 2022). Hill diversity analysis was performed
using the package MeanRarity (Roswell and Dushoff, 2022).
Compositional analysis was performed using the packages
ALDEx2 (Fernandes et al., 2014; Gloor et al., 2016), CoDaSeq
(Gloor and Reid, 2016), and zCompositions (Palarea-Albaladejo
and Martin-Fernandez, 2015). Plotting and data cleaning and
formatting were performed using the packages dplyr (Wickham
et al., 2022), doParallel (Microsoft Corporation and Weston,
2022), ggplot2 (Wickham, 2016), ggplotify (Guangchuang,
2021), ggpubr (Kassambara, 2020), ggVennDiagram (Gao, 2021),
openxlsx (Schauberger and Walker, 2021), and tidyr (Wickham
and Girlich, 2022).

3 Results

3.1 Characterization of decline

No differences in height and diameter were observed
between healthy and declined trees (Figure 2). Crown mortality
and defoliation were higher in declined samples of cork oak
and holm oak, while chestnut showed differences only in crown
mortality. Pyrenean oaks showed comparable levels of crown
mortality and defoliation regardless of health status.

3.2 Fungal community description

Sequencing after quality control yielded 38,421 (25,817–
66,879) reads on average (median and P25–75) and a total
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FIGURE 2

Dendrometric measurements. Boxplots correspond to 15 symptomatic and 15 asymptomatic individuals per tree species, later on pooled into 3
replicates of n = 5 (per health status) for metabarcoding analysis. Asterisks mark statistically significant differences (Wilcoxon tests, p < 0.05 after
Bonferroni correction).

of 483 OTUs clustered at genus level (97% similarity)
(Supplementary Tables 1, 2). In general, all samples had
sufficient reads to capture most of the diversity, as shown by
the plateauing rarefaction curves (Supplementary Figure 1).
The most common phyla corresponded to Ascomycota (∼74%),
Basidiomycota (∼19%), and Mucoromycota (∼6%) (Figure 3).
The same pattern was observed regardless of health condition
and ecosystem (Supplementary Figure 2).

3.3 Global comparison by health
condition

Presence/absence of fungal genera was assessed regardless of
tree species as a first approach to find commonalities associated
with health status. Some genera were exclusively present in

healthy (n = 8, ∼21.1%) or diseased (n = 4, ∼10.5%) samples,
although most genera were common to both (n = 26, ∼68.4%)
(Figure 4A). Dimensionality reduction analysis showed no
signs of clustering in terms of health condition or tree species
(Figure 4B).

3.4 Biodiversity analysis

Effect of health conditions on the biodiversity of fungal
communities was assessed separately per tree species. No
significant differences were found in terms of alpha diversity
(Figure 5). On average, healthy and diseased samples had
comparable estimators for richness, Hill–Shannon and Hill–
Simpson indexes. All samples had uneven, poorly distributed
fungal communities and were dominated by a few genera
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FIGURE 3

Taxonomic heat tree. Node size represents the number of OTUs and color scale represents the number of subtaxa. Dashed gray circles indicate
the following taxonomic levels: phylum (inner), class (middle), order (outer). NA, not assigned.

(usually 1 to 3, corresponding with Hill = −1). High variability
was found particularly in the richness estimation, as shown by
the widening of intervals as Hill’s index approaches 1 (with the
exception of holm oak samples).

Beta diversity was evaluated in terms of differences in
fungal composition using log ratio-transformed values of raw
reads. Differentially abundant (DA) genera between healthy and
diseased samples were found in chestnut (15), holm oak (6),
and pyrenean oak (4) trees, but not in cork oak (Figure 6).
Identities of DA genera, alongside the corresponding effect
estimator and 95%CI are shown in Figure 7. DA genera were
more prominently found in samples from declined trees of
chestnut and pyrenean oak, and in samples from healthy trees
of holm oak.

3.5 Functional profiles

Assignment of fungal genera to their primary lifestyle
was performed per tree species and health status (Figure 8).

Although plant pathogens and saprotrophs were the most
abundant guilds in all cases, there was no consistent relation
with health status. Plant pathogens were more abundant in
declined samples of holm oak and healthy samples of chestnut
and pyrenean oak, whereas the difference was non-existent
in cork oaks. Functional guilds with the biggest differences
in abundance per tree species were nectar/tap saprotroph in
chestnut, ectomycorrhizas in cork oak, animal parasite in holm
oak and wood saprotroph in pyrenean oak. Some guilds couldn’t
be found in both healthy and declined trees, such as sooty molds
(absent from healthy chestnuts, holm oaks and pyrenean oaks,
and declined cork oaks), and animal endosymbionts (absent
from declined chestnuts, holm oaks and pyrenean oaks, and
healthy cork oaks).

4 Discussion

Human action and climate crisis contribute to forest dieback
and increase the vulnerability of the surviving plants. That
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FIGURE 4

Overall effect of health status on mycobiota. (A) Venn’s diagram showing the number of common and exclusive genera between samples from
healthy (n = 12) and diseased (n = 12) trees. Only genera present in at least 10 out of 12 samples per condition are included. (B) Principal
components analysis (PCA) of presence/absence based on clr-transformed abundances. Gray dots correspond to genera. Colored dots
correspond to samples. Total variance explained by the first two dimensions is 35%.

FIGURE 5

Diversity profiles per tree species and health status. Curves represent the average diversity in samples from healthy and declined trees, in terms
of an imaginary assemblage with that same diversity, but in which all species are equally abundant (Jost, 2006; Roswell et al., 2021). The
horizontal axis represents the exponent l of Hill diversity, which can be interpreted as equivalence-corrected versions for richness (l = 1),
Shannon (l = 0), and Simpson (l = –1) diversity estimators. Shadowed intervals correspond to standard error. No significant differences were
found at l = [1, 0, –1] (Wilcoxon test, n = 3 per tree species and health condition, p > 0.05). Raw curves prior to averaging can be found in
Supplementary Figure 3.

way forests are led into a spiral of decline in which trees are
weakened and become susceptible to other abiotic and biotic
stressors, which ultimately places the health and existence of
the whole ecosystem at risk. Mycobiota of trees affected by
recent wildfires show increases in genetic diversity and shifts in
community structure and taxonomic composition (Huang et al.,
2016). Imbalances in microbiome diversity have been related to

severity of decline, as essential functions of the holobiont might
not be guaranteed, reducing its fitness (Moricca et al., 2012;
Bettenfeld et al., 2020; Lyu et al., 2021). Therefore, biodiversity
acts as a buffer that makes forests more resilient, minimizing the
damages caused by disturbances.

However, a majority of metabarcoding studies focus on
commercial crops and soil composition, making the studies on
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FIGURE 6

Effect plot of ALDEx differential abundance comparisons. Colored dots represent genera with effect size >1 (purple if more abundant in samples
from healthy trees and orange if more abundant in samples from declined trees); blue outline indicates differential abundance (zero not
included in 95% CI); rare (clr-transformed abundance < 0) non significant genera are shown in black and abundant (clr-transformed abundance
> 0) in grey, as represented in the Bland–Altmann plots in Supplementary Figure 4. Dotted gray lines show the effect = 1 isopleth. Vertical and
horizontal axes represent Median Log2 transformations of abundances’ difference (between samples variability) and dispersion (within samples
variability), respectively.

FIGURE 7

Differentially abundant (DA) genera detected by ALDEx analysis. Effect size point estimators and 95%CI are shown. Vertical gray lines indicate no
effect. Colored dots and intervals indicate differential abundance (zero line not crossed) for a given tree species. Only genera with effect >1
(absolute value) in at least one tree species are shown to facilitate visual comparisons. Absence of a genus in a plot indicates that its effect was
<1 (absolute value). Positive effect size favors healthy status and vice versa. Size of confidence intervals can be interpreted as a proxy of the
effect size estimation robustness (the smaller the better).

tree health in forest ecosystems very scarce. Even fewer studies
have dealt with above-ground microbiota and its composition
in tissues from declined and healthy trees. For example, it has
been shown that foliar fungi can decrease disease severity in
Populus trichocarpa and make the host more resistant against
the rust disease (Busby et al., 2016a). In addition, to the best
of our knowledge, only a handful of studies have attempted to

characterize the microbiota of ecosystems as sensitive to climate
change as Mediterranean forests are (Lasa et al., 2019; Maghnia
et al., 2019; Ruiz Gómez et al., 2019; Venice et al., 2021; Gómez-
Aparicio et al., 2022). These studies, however, only focused on a
single tree species or pathosystem, i.e., Quercus suber (Maghnia
et al., 2019; Gómez-Aparicio et al., 2022), Quercus pyrenaica
(Lasa et al., 2019), Quercus ilex (Ruiz Gómez et al., 2019), and
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FIGURE 8

Comparison of functional guilds between declined and healthy samples. Horizontal axis represents sum of abundances expressed as log2 (guild
abundance/total abundance). Connecting lines between two dots correspond to the difference between declined and healthy samples.

Castanea sativa (Venice et al., 2021), and none of them dealt
with above-ground tissues. Thus, the present work supplements
prior studies by describing mycobiota in above-ground tissues
of declined and healthy trees, belonging to key species in
Mediterranean ecosystems in Spain.

In our study no significant differences between the alpha
diversity of declined and healthy trees were found. Contrary to
this result, more diverse fungal communities have been found
in needles and sapwood of declining Picea abies and Pinus
sylvestris trees, respectively, as compared to tissues from healthy
specimens (Giordano et al., 2009; Millberg et al., 2015). Opposite
effect was found in ficus trees where a brown root rot fungus
decreased their microbial diversity (Liu et al., 2022). Water
stress can also reduce diversity of endophytic mycobiota in cork
oak (Linaldeddu et al., 2011). Nonetheless, in some cases the
correlation between alpha diversity and plant health status has
been found to be weak or non-existent as well (Lebreton et al.,
2019; Solís-García et al., 2021; Romeralo et al., 2022).

Some genera were only found in either declined or healthy
samples and could be identified as indicator genera. The
number of indicator genera was slightly higher in healthy trees
than in declined trees, as found in other studies (Hossain
et al., 2021). On the one hand, regarding genera exclusive

to healthy samples, Phoma and Periconia are known to have
a plant-pathogenic lifestyle. Other genera are considered to
be primarily saprotrophic, such as Stachybotrys, Humicola,
Zopfiella, and Podospora. Parasitic genera such as Trichoderma
(mycoparasite) and Purpureocillium (animal parasite) were
also only found in healthy samples and have been linked to
improved in plant health and resilience (Gong et al., 2017; Dutta
et al., 2022). On the other hand, genera exclusive to declined
samples were saprotrophs (Tetracladium, Preussia, Tausonia) or
animal parasites (Exophiala), although none of them have been
described as detrimental to plant health so far.

Within the genera present in both declined and healthy
plants, many were differentially abundant, with few genera
having significant differences. The chestnut ecosystem had the
highest amount of differentially abundant genera. The healthy
chestnuts had 4 differentially abundant genera; one of them,
Monocillium, was significantly different compared to declined
chestnuts and is known for having a saprotrophic lifestyle, with
some species being nematode parasites (Ashrafi et al., 2017).
Some genera that were more abundant in declined chestnuts also
have a saprotrophic lifestyle (Cystofilobasidium, Cladorrhinum,
Lophiostoma, Lophotrichus), and a few are well known as plant
pathogens. For example, Alternaria and Aspergillus have several

Frontiers in Forests and Global Change 09 frontiersin.org

https://doi.org/10.3389/ffgc.2022.1056980
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-05-1056980 December 16, 2022 Time: 15:16 # 10

Diez-Hermano et al. 10.3389/ffgc.2022.1056980

species that are either obligate or facultative pathogens. In cork
oak, no significant differences were found between declined
and healthy plants, neither in the alpha diversity nor in the
differential abundance. In other host species, fewer genera were
differentially abundant according to health condition.

Functional profiles revealed a predominance of genera
with pathogenic and saprobic primary lifestyles in all tree
species. This is in line with previous studies that showed high
percentage of endophytes with pathogenic potential in twigs
from declining Quercus species (Ragazzi et al., 2003). It has been
long hypothesized that weak pathogens that have an endophytic
state as part of their life cycle might play a role in the rapid
decline of stressed oak trees (Petrini and Fisher, 1990; Kehr
and Wulf, 1993; Ragazzi et al., 1995). Environmental adversities
such as drought can induce switches in the lifestyle of an
endophyte from neutral to pathogenic (Gonthier et al., 2006;
Moricca and Ragazzi, 2008; Porras-Alfaro and Bayman, 2011).
Type and abundance of functional guilds are also coincidental
with recent studies performed on soil mycobiota of declining
dehesas (Ruiz Gómez et al., 2019). This may be indicative of
an increased trafficking of soil-borne fungi to above-ground
tissues, taking into account that stressed trees show higher
colonization frequencies in comparison to healthy trees (Ragazzi
et al., 2003). However, differences in abundance of functional
guilds according to health status were not uniform among tree
species. It should also be noted that fungi might have different
lifestyles when inhabiting tree wood than when observed in soil,
which would add to the variability caused by host species and by
the different abiotic stressors affecting each sampling site more
severely.

There are some limitations to the present work that should
be taken into consideration when interpreting the results. First,
the study was performed after extracting total DNA and hence it
is not possible to check if the microbial communities detected
were living or dead. Pathogens are not likely to affect non-
active or dead communities present in the ecosystems, and
therefore, an RNA sequencing study (for example, studying
rRNA instead of rRNA genes) could help to understand
how pathogens affect active communities. Second, lack of
samples from other latitudes and environmental conditions
make it difficult to consider the potential environmental and
demographic effects on mycobiomes. It remains to be explored
how a combination of biotic and abiotic stress could affect the
mycobiome composition. Moreover, although the ITS regions
of ribosomal DNA are considered useful DNA barcodes for
fungi, in some genera, such as Fusarium, these regions are very
conserved across species, complicating OTU identification at
species level. We tried to avoid this problem by using data
up to the genus level to have better confidence. In turn, this
hinders inferences about the functional roles of fungi based
on their primary lifestyle because different species within a
genus can have very different roles. Nonetheless, the same
species can change its role depending on the host, making

in silico predictions of functional guilds noisy at any taxonomic
resolution level. Moreover, databases still offer partial collections
of functional traits, rendering functional analysis incomplete at
best. Finally, comparison between different ecosystems should
be taken with caution, given the limited sample size.

As a conclusion, in this work we show the resilience of
above-ground fungal mycobiota in four tree species located
in declining Mediterranean forests. Our study indicates that
beta diversity but not alpha diversity of fungal communities
was significantly affected by health status of the host trees.
Some indicator genera that were only present in either diseased
or healthy plants were also identified. These genera could be
valuable for assessing the plant’s health status and could be used
as predictors of the onset of declines.
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