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The factors shaping the composition of microbial communities in trees remain poorly understood. We evaluated
whether the core and satellite fungal communities in five pine species (Pinus radiata, Pinus pinaster, Pinus syl-
vestris, Pinus nigra, and Pinus uncinata) were shaped by the host species identity. Because the trees had earlier
been inoculated with a fungal pathogen (Fusarium circinatum), we also explored the possibilities to detect its
presence and potential co-occurrence networks. We found interspecific variation in the fungal community
composition and abundance among the different tree species and the existence of a core microbiome that was
independent of the host species. The presence of F. circinatum was confirmed in some samples through qPCR but
the pathogen did not co-occur with a specific fungal community. The results highlight the importance of host
species as a determinant of microbiome assembly in common environments.

1. Introduction

Plants are no longer considered as stand-alone entities but are rather
seen as meta-organisms or holobionts, i.e., ecological units consisting of
both the plant cells and tissues and their associated microorganisms
(microbiota) (Sanchez-Canizares et al., 2017; Berg et al., 2020). The
associated microbiome of a plant is composed of endophytic (internal)
and epiphytic (external) microbes, mainly bacteria and fungi (Christian
et al., 2015). These microorganisms can significantly influence the
phenotype of the plants, including plant growth, survival, and their
resistance to biotic and abiotic stresses (Partida-Martinez and Heil 2011;
Vandenkoornhuyse et al., 2015; Castrillo et al., 2017). Currently, the
microbiome (i.e., the complete genetic content of the microbiota (Bor-
denstein and Theis, 2015) is understood as an extended phenotype of the

plant genome, with the potential to strengthen the capacity of plants to
cope with environmental stressors (Gehring et al., 2017). Especially in
perennial plant parts (Dastogeer et al., 2020) and species such as the
forest trees, the importance of the microbiome for the phenotypic traits
such as stress and pest resistance may be pronounced (Witzell and
Martin 2018). Therefore, in-depth knowledge about the diverse
composition of the microbiome could support sustainable forestry in the
future, when the trees are expected to be exposed to increased stress due
to climate change and the growing threat of pests (Trumbore et al.,
2015; Lehmann et al., 2020).

The structural and functional diversity of the plant-associated
microbiome is likely to be modulated by multiple interacting drivers,
including abiotic factors, such as soil properties, nutrient status, and
climatic conditions but also host-plant specific, selective factors such as
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plant age, plant species, and physiological status (Berg et al., 2016;
Dastogeer et al., 2020). For example, the features of the surface of the
plant (stomata, trichomes, incident ultraviolet radiation, water avail-
ability, etc.) will determine the composition of the epiphytes while the
internal, apoplast conditions like nutrient availability and especially
plant defenses will define the endophyte community (Vorholt 2012;
Hacquard et al., 2017). Several common garden experiments, often with
fast-growing deciduous tree species such as poplars and aspen (Populus
spp.), or birch (Betula spp.) have revealed the importance of host ge-
notype as a determinant of endophytic communities (Elamo et al., 1999;
Lamit et al., 2014; Albrectsen et al., 2018). Yet, the sensitivity of the
microbiome to the genotypic traits of the hosts may be limited, e.g.,
Korkama-Rajala et al. (2007) found no difference in needle inhabiting
endophytes among genotypes of Norway spruce (Picea abies). Recently,
the concept of the core microbiome, i.e., the microbial consortia sys-
tematically associated with a given feature: similar habitats, or plant
species or genotype regardless of the environment, has received
increasing interest in research (Shade and Handelsman 2012; Toju et al.,
2013; Berg et al., 2020). These consistently occurring organisms may
profoundly influence the function of the host and changes in their
composition can determine the community responses to perturbation
(Shade and Handelsman 2012; Toju et al., 2018). The underlying
assumption is that the composition of the microbial core community is
established through evolutionary selection and carries genes essential
for plant fitness (Toju et al., 2013, 2018). However, Lemanceau et al.
(2017) have questioned the relevance of taxonomic core microbiota and
instead emphasized the functional similarity as an important trait of the
core microbiome.

Once the microbes have overcome the plant immune system, the
interaction with the other microorganisms (co-occurrence patterns or
microbial networks) shapes the structure of the endophytic microbial
community (Cardinale et al., 2015). These interactions can involve
different forms of competition or mutualism (Heydari and Pessarakli
2010). However, it has become increasingly clear that the order and
timing of species arrival during community assembly have long-term
effects on its composition, a phenomenon called priority effects
(Fukami 2015; Carlstrom et al., 2019). For example, Hoffmann et al.
(2021) found that the order of co-cultivation of Fusarium, Alternaria and
Pseudomonas species on wheat plants influenced the outcome showing
that the first inoculated species reduced the growth rate of the subse-
quent ones. While the established microbiome may act as a barrier or
facilitator for colonization by an incoming microbe, the latter can also
cause shifts in the dynamics and composition of the established micro-
biome and have consequences for the health of the host organisms
(Pascale et al., 2020; Xu et al., 2020). Co-occurrence analyses (Barberan
et al., 2012) provide a means to identify the taxa that may have an
influential position in microbial networks (Hassani et al., 2018). An
interesting experimental approach to gain insights into the nature of
microbial interactions is also to study the response of microbial net-
works when the native microbiome is exposed to an introduced fungal
pathogen.

The aim of our study was to increase our understanding of the drivers
behind fungal communities in forest trees. Specifically, we hypothesized
that the composition of fungal communities would vary among conge-
neric tree species growing in a shared environment, indicating that the
species identity (that translates to substratum quality) is a strong
determinant of the community composition. On the other hand, we
expected that a limited number of taxa would form a stable core com-
munity shared by all species in the same environment. We focused on
pines (Pinus spp.), a genus of trees with high economic and ecological
importance worldwide, and approached the study of the fungal com-
munity through culture-independent next-generation sequencing (NGS),
i.e. metabarcoding of the ITS region, which enables the detection of
unculturable, slow-growing or rare species, which are underrepresented
using traditional isolation techniques (Bullington and Larkin, 2015;
Dissanayake et al., 2018; Glynou et al., 2018). Because the pines in the
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experimental area had been inoculated with an introduced fungal
pathogen, Fusarium circinatum, we were also interested in checking
whether this pathogen could be detected as a component of the com-
munities. Fusarium circinatum causes Pine Pitch Canker (PPC) disease,
which leads to reduced growth of adult trees in forest plantations,
resinous bleeding cankers on trunks and large branches, and death of
trees due to girdling (Martin-Rodrigues et al., 2013), also causing
detrimental effects in nurseries (Wingfield et al., 2002).

2. Material and methods
2.1. Experimental site and sampling

The experimental area was located in northern Spain (Santibanez,
Cantabria, coordinates UTM 398672, 4792705). The site has a northern
exposure, an altitude of 340 m a.s.l. and a 35% slope. The climatic
features of the plot area are as follows: annual rainfall of 1133 mm,
mean temperature of 13 °C, maximum mean temperature of 18 °C and
minimum mean temperature of 8 °C (Ninyerola et al., 2005). The plot
was part of a trial to test the susceptibility of 13 conifer species against
F. circinatum (Martinez-Alvarez et al., 2014) in the field and to find an
alternative species to replace Monterey pine (Pinus radiata) plantations.
Twelve 2-year-old seedlings per species were manually planted in a grid
with a 2 x 2 m planting distance in June of 2009. The plot was later
fenced to prevent damage from animals. In November of 2010, the trees
were inoculated using a local F. circinatum isolate obtained from the
nearest diseased pine growing outside the plot to avoid the introduction
of new fungal material. Trees were inoculated in the stems by wounding
with a scalpel and pipetting 10 pl of a spore suspension (concentration
10° spores mL™1) and then covering the wound with Parafilm© (Mar-
tinez-Alvarez et al., 2014). In May 2018, a total of 20 samples were
collected from five different pine species (4 samples per tree species)
(Pinus nigra, Pinus pinaster, Pinus radiata, Pinus sylvestris, and Pinus
uncinata) which differed in their phenotypic susceptibility to the path-
ogen (Martinez-Alvarez et al., 2014) at 15 cm height from the ground
(approx. the inoculation point). At the time of sampling, all the selected
trees (10-year-old) showed clear, visible signs of pathogen infection, i.e.,
defoliation and presence of red twigs although individuals of P. uncinata
exhibited fewer symptoms. The external part of the bark was manually
removed to reduce the number of fungal propagules randomly present
on the trunk surface. One sample (approx. 2 x 2 cm) per tree of phloem
and xylem was collected using a blade. After each cut, the tool was
disinfected with 2% w/v sodium hypochlorite to avoid contamination
between the samples. The samples were immediately placed in a paper
envelope and refrigerated at 4 °C until further processing.

2.2. Sample processing and bioinformatics pipeline

The samples were sliced, freeze-dried for 48 h, and then milled into a
homogenous powder using tungsten beads in a MM301 ball mill (Retsch
GmbH, Germany). Total DNA was extracted using the kit PowerSoil®
DNA Powerlyzer (Qiagen, Germany) and purified by using Dneasy
Powerlyzer power soil kit (Qiagen, Germany). The fungal internal
transcribed spacer region (ITS) was amplified with several personalized
WineSeq® primers (see Patent No.: W02017096385; Becares and
Fernandez, 2017). The readings were generated using pairs of sequences
of 2 x 301 bp (base pairs) with the Illumina MiSeq platform (Illumina
Next Generation Sequencing, 2018). We used a customized bioinfor-
matics pipeline to process the sequencing data (Becares and Fernandez
2017) with the QIIME software (Caporaso et al., 2010). In brief, se-
quences were renamed to add sample labels and merged into a single
FASTQ file, then we eliminate the adapters and chimeras. After that, the
reads were quality-trimmed, and fungal internal transcribed spacer (ITS)
sequences were clustered into non-singletons operational taxonomic
units (OTUs) at a 97% sequence similarity level. Taxonomy assignation
and abundance estimation were obtained by comparing the clusters of
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the OTUs registered in the UNITE, GenBank, and WineSeq® (Patent
WO02017096385) taxonomic databases.

2.3. Detection of Fusarium circinatum

To confirm the presence of the pathogen in the host tissue, quanti-
tative real-time PCR (qPCR) reactions were performed with a Quant-
Studio 6 Flex Real-Time PCR System (Life Technologies, USA).
Amplifications were carried out in 20-pl reaction volume using the
FastGene Probe 2x No Rox qPCR Universal Mix (Nippon Genetics,
Japan) and specific primers and probe for F. circinatum (FCIR-F, FCIR-R,
FCIR-P, loos et al., 2009). For each sample, the reaction mix included
0.6 pl of respective forward and reverse primers (0.3 pM) (FCIR-F
5-TCGATGTGTCGTCTCTGGAC-3/, FCIR-R 5-CGATCCTCAAATCGAC
CAAGA-3'), 0.2 pl of a dual-labeled probe in a concentration of 0.1 pM
(FCIR-P, 5’-/56-FAM/CGAGTCTGGCGGGACTTTGTGC/3BHQ_1/-3'), 2
ul of template DNA, 10.0 pl of qPCR Universal Mix and 6.6 pl of sterile
distilled water (SDW). DNA concentration was estimated by gel elec-
trophoresis. Since bands were strong and further PCRs were not suc-
cessful, we diluted the DNA. Therefore, quantitative PCR assays were
carried out with samples in three different concentrations including
original DNA, dilution 1/100, and 1/1000. In addition, to improve the
possibilities of detecting F. circinatum a nested PCR with the same spe-
cific primers (FCIR-F, FCIR-R) was performed amplifying PCR products
obtained in the conventional PCR (adapted protocol of Ioos et al.
(2009)) in a qPCR assay. The quantitative PCR cycling conditions
included an initial denaturation step at 95 °C for 10 min followed by 40
cycles of denaturation for 15 s at 95 °C and annealing-elongation for 55 s
at 70 °C. The Ct value for each reaction was determined automatically
by the software QuantStudioTM 6 Flex Real-Time PCR. Samples that
presented a Ct value < 20 followed by an amplification curve with an
exponential shape were judged as positive (named FC+) in relation to
the presence of F. circinatum based on previous protocols (International
Plant Protection Convention, 2017) otherwise considered negative
(FC-).

2.4. Diversity and statistical analyses

All statistical analyses were performed in R environment v. 4.0.3 (R
Development Core Team, 2020). Prior to the analysis, OTUs represent-
ing <0.005% of the data set and OTUs that only appeared once were
removed to prevent inflated estimates of diversity as a result of erro-
neous reads (Bokulich and Mills 2013). In order to comprehensively
evaluate the community, diversity was measured by taxonomic or
ecological diversity (a- and p-diversity) and functional diversity (Mor-
eno et al., 2018).

Taxonomic diversity of the fungal endophytic community of every
tree was measured by the alfa diversity by the following indexes and
estimators: observed taxonomic richness (S), Shannon diversity index
(H), Simpson (Simp), Evenness (J) (i.e., species equitability or abun-
dance of each species with Pielou) and diversity (invsimp) calculated
with vegan package (v. 2.5.7; Oksanen et al., 2020). To evaluate the
effect of the species on the ecological diversity indexes, an analysis of
variance was calculated followed by a Tukey HSD multiple comparison
test (residuals were checked for normality, homoscedasticity, and line-
arity). When the data did not meet these requirements, a robust ANOVA
based on trimmed means using a percentile t bootstrap method (with
599 bootstrap samples) was calculated with tIwaybt function from the
WRS2 package (v 1.1.0; Mair and Wilcox 2020) followed by a post hoc
test with mcppb20 function. The species richness values were employed
to create sample-size-based rarefaction (interpolation) and extrapola-
tion (prediction) curve (Colwell et al., 2012; Chao et al., 2014) with an
endpoint of 30 individuals and 100 bootstrap repetitions. The curves
were generated with iNEXT package (v 2.0.20; Hsieh et al., 2020) and
visualized with ggiNEXT, the ggplot2 extension for iNEXT. The relative
abundances of the most abundant OTUs (present in at least 50% of the
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samples) were visualized using a heatmap in the heatmap function.

Beta diversity of the fungal community was explored by analysing
differences in OTUs richness among plant species and were visualized by
a robust unconstrained ordination (non-metric multidimensional
scaling, NMDS) on the basis of Bray-Curtis distance (Anderson and Willis
2003). In order to evaluate the effect of plant species on the community
composition of fungi, permutational multivariate analysis of variance
(PerMANOVA) was carried out, using the adonis command in the vegan
package, based on 999 permutations and Bray-Curtis distance. Besides
the analysis of the data altogether, to separate core OTUs from satellite
OTUs we used a persistence threshold methodology (Barnes et al., 2016;
Unterseher et al., 2012). The persistence of each OTUs (i.e., the number
of samples where it was found in) was plotted against relative abun-
dance. Thus, the OTUs found in >75% of the samples were considered
core taxa in our study, and those found in <75% were classified as
satellite (low abundance and persistence).

The eulerr package (v 6.1.0; Larrson 2020) was used to visualize the
shared and specific (indicator) species for the pine species with help of
Euler and Venn diagrams. Furthermore, we aimed to identify specific
taxonomic groups that were principally responsible for the significant
differences in microbial community composition observed among pine
species. Two statistical approaches were used for this purpose. The first
one was to calculate the partition of the average Bray-Curtis dissimi-
larity between groups of samples, into components from different taxa,
using SIMilarity PERcentage breakdown or SIMPER (Clarke 1993) using
the simper function in vegan package. This allowed identification of taxa
that were most important in creating observed patterns in dissimilarity.
The second approach was the indicator value (IndVal) analysis (Dufrene
and Legendre 1997) that identifies species based on their specificity (i.e.,
uniqueness) to a particular habitat or factor and their frequency. The
fungal OTUs with an indicator value > 0.25 and a significant P-value (P
< 0.05) were considered indicator species. IndVal was performed using
999 permutations with the function multipatt from indicspecies package
(v 1.7.9; De Caceres and Jansen 2016).

The functional diversity of the samples was evaluated by assigning a
trophic mode of each OTUs based on available information on FUNGuild
and checking the functional diversity of fungi. FUNGuild is a flat data-
base hosted by GitHub that assigns a trophic mode to the fungal species
investigated (Nguyen et al., 2016). The fungi are categorized as patho-
troph, saprotroph, or symbiotroph based on the existing information
present in the database (Nguyen et al., 2016). Fungal taxa belonging to
putative contaminations from sample handling were removed from the
original database in order to identify plant-associated fungi. Relative
abundances of trophic modes were calculated for each sample and ca-
nonical correspondence analysis (CCA) was employed to analyse and
visualize the data using cca function followed by anova.cca with 999
permutations in vegan package.

2.5. Microbial co-occurrence analysis

Co-occurrence analysis of fungal assembling by pine species was
performed using the package cooccur (v 1.3; Griffith et al., 2016).
Datasets were separated by pine species and converted in 0-1 binary
matrices (i.e., 0 and 1 respectively mean absence or presence of a single
taxon in the corresponding dataset). Co-occurrence matrices included F.
circinatum as present whenever real-time PCRs resulted in positive
amplification. The function cooccur was used to calculate the expected
(Fexp) and observed (Fobs) number of samples where each pair of taxa
co-occur. The effect of underrepresented taxa was controlled by filtering
those pairs of taxa for which Fobs was less than 1 (threshold). Hyper-
geometric distribution was applied to calculate the probability of Fobs
being lower or higher than Fexp (Plt and Pgt, respectively). The
ecological meaning of each pairwise association was assigned as nega-
tive (Fobs < Fexp and Plt<0.05), positive (Fobs > Fexp and Pgt<0.05),
or random in the rest of the cases. Maximal deviation of Fexp allowed for
classifying any association as random was defined as rc: 0.25 * total
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number of samples in the matrix (Veech 2013).
3. Results
3.1. Overview of fungal diversity and detection of F. circinatum

A total of 541 OTUs representing six phyla, 27 classes, and 273 or-
ders were recovered from the samples from different tree species. The
sequence datasets generated during the current study are available at
NCBI Sequence Read Archive (SRA) Bioproject ID PRJINA704936. The
fungal OTUs belonged to phyla Ascomycota (71.96%), Basidiomycota
(23.48%), Mucoromycota (1.70%), Mortierellomycota (1.89%), Glomer-
omycota (0.75%) and Kickxellomycota (0.18%). At class level, fungal
OTUs were dominated by Dothideomycetes (18%), Sordariomycetes
(18%), Eurotiomycetes (17%), Agaricomycetes (11%) and Leotiomycetes
(6%) (Fig. 1). The NGS analysis did not detect F. circinatum but the other
six species of Fusarium (F. acutatum, F. oxysporum, F. keratoplasticum, F.
delphinoides, F. equiseti, and F. pseudensiforme.) and Fusarium sp. were
present in all pine species (Supplementary Table 1). According to qPCR,
however, 11 samples were considered positive for F. circinatum presence
(Ct < 20 and exponential-shape of the amplification curve) as seen in
Table 1. The best amplification curves resulted from the nested PCR
(Supplementary Fig. 1). With the exception of P. pinaster, F. circinatum
was amplified from tissues of all pine species.

3.2. Evaluation of alfa diversity and OTUs richness

Results from alpha diversity indexes are shown in Fig. 2. The Shan-
non diversity index values did not differ between the samples from the
different host species (ANOVA, F = 1.38, p = 0.286). Simpson index
(robust ANOVA) was significantly different between P. pinaster and all
the other species: P. radiata (p = 0.016), P. nigra (p = 0.000) and P.
uncinata (p = 0.000). Species richness was significantly higher (robust
ANOVA) in P. uncinata than in P. nigra (p = 0.000), P. radiata (p = 0.003)
and P. sylvestris (p = 0.043), whereas P. nigra was different than P.
pinaster (p = 0.000) and P. radiata (p = 0.026). Evenness was signifi-
cantly different (robust ANOVA) among P. uncinata and P. pinaster (p =
0.01). Lastly, diversity measured by invsimp index showed significant
differences (robust ANOVA) among P. pinaster and P. radiata (p = 0.023),
P. nigra (p = 0.006) and P. uncinata (p = 0.000). Individual-based
rarefaction curves calculated for each of the tested pine species (Sup-
plementary Fig. 2) showed that the OTUs abundance was not saturated
in the samples and did not reach asymptotes, suggesting that further
sampling would provide more information about missing OTUs.

The heatmap showed that 23 OTUs, (present in at least 50% of the
samples) represented 46% of the relative abundance of the total OTUs.
The heatmap revealed that the occurrence of some relatively abundant
fungal OTUs was very similar among pine species (Fig. 3a). The core
fungal microbiome (Supplementary Fig. 3) based on the threshold of
abundance (found in >75% of the biological samples) was composed of

Pine species

100 —
3 5 B Agaricomycetes
g W Dothideomycetes
- W Eurotiomycetes
< B Exobasidiomycetes
_g B Leotiomycetes
o B Microbotryomycetes
® O | W Mortierellomycetes
> 50 2 | M Saccharomycetes
g |y B 5
° Tremellomycetes
i Wallemiomycetes

Others
2 .
0
Pinus nigra  Pinus pinaster  Pinus radiata Pinus sylvestris Pinus uncinata
Fig. 1. Relative abundance of fungi at class level in the different pine species.
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Table 1

Cycle threshold values obtained in a quantitative polymerase chain reaction
(gPCR). * Samples were considered as positive with Ct < 20 (International Plant
Protection Convention, 2017). n.a.: no amplification.

Species Ct value Presence of F.
no 1/ 1/ Nested circinatum
dilution* 100* 1000* PCR

P. radiata n.a. - - n.a. absent

P. radiata >20 >20 - 29.633 absent

P. radiata n.a. - - 6.344 present

P. radiata 7.638 >20 n.a. 9.025 present

P. pinaster >20 >20 - n.a. absent

P. pinaster n.a. - - >20 absent

P. pinaster 15.026 >20 n.a. n.a. absent

P. pinaster >20 n.a. n.a. n.a. absent

P. sylvestris n.a. - - n.a. absent

P. sylvestris >20 n.a. - n.a. absent

P. sylvestris 15.636 n.a. n.a. 11.023 present

P. sylvestris >20 n.a. - 13.405 present

P. nigra 16.083 n.a. n.a. 17.857 present

P. nigra 16.599 17.623 na. >20 absent

P. nigra >20 n.a. - 4.629 present

P. nigra n.a. - - 13.407 present

P. uncinata n.a. - - >20 absent

P. uncinata n.a. - - 6.777 present

P. uncinata n.a. - - >20 absent

P. uncinata 14.653 n.a. - 6.256 present

Positive 24.148 >20 >20 <4 (n.a.) present

control

Positive 25.622 18.691 - <4 (n.a.) present

control

9 OTUs: Alternaria alternata, Aureobasidium pullulans, Botrytis cinerea,
Cladosporium cladosporioides, Cladosporium halotolerans, Cladosporium
herbarum, Cladosporium sphaerospermum, Cryptococcus terreus, and Pleo-
spora herbarum. The core microbiome based on 100% of occupancy
(shared among all samples) was composed by Alternaria alternata and
Pleospora herbarum. All pine species hosted similar numbers of unique
OTUs except P. uncinata that had the highest number of OTUs (Sup-
plementary Fig. 4). Results from the PERMANOVA showed that the core
fungal microbiome was stable across the samples, and was not depen-
dent on the pine species (R = 0.09, p = 0.097). However, the satellite
microbiome was dependent on pine species (R = 0.214, p = 0.01). We
found dissimilarities between the satellite community composition of P.
pinaster and P. sylvestris (p = 0.021) and P. pinaster and P. uncinata (p =
0.033) (Supplementary Fig. 5).

3.3. Beta diversity of fungal communities in different pine species

The relative abundance of fungal communities was significantly
different among pine species (p = 0.035) (Fig. 4). The pairwise com-
parison showed that significant differences were found between fungal
communities from P. pinaster vs P. sylvestris (p = 0.028), P. pinaster vs. P
nigra (p = 0.033), and between P. sylvestris vs P. nigra (p = 0.036). The
SIMPER analyses identified the OTUs that explained most of the dis-
similarities within pine species. For example, the fungal taxa Alternaria
alternata, Cryptococcus terreus, Lachnum virgineum, Pleospora herbarum,
and Cladosporium ramotenellum accounted for 35% of the dissimilarities
between P. sylvestris and P. nigra. Complementary, IndVal analyses were
conducted to detect OTUs significantly associated with the different pine
species (Table 2). A total of 13 OTUs were identified, 3 OTUs as in-
dicators for P. nigra, 5 for P. pinaster, 4 for P. uncinata, and 1 was shared
among P. nigra and P. sylvestris.

3.4. Co-occurrence analysis and functional guilds

The co-occurrence analysis revealed that all association in the
analyzed fungal communities were random with no specific co-
occurrences between F. circinatum and other fungal OTUs. More
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pine species.

specifically, 76.95% species co-occurrences were discarded by threshold
use in P. nigra samples resulting in 4586 analyzed co-occurrences. The
total number of analyzed co-occurrences in P. pinaster, P. radiata, P.
sylvestris, and P. uncinata datasets were 6691 (66.38%), 4942 (70.32%),

3125 (76.62%), and 23511 (64.61%), respectively (numbers in brackets
denote the percentage of pairs removed after threshold use). The anal-
ysis was run also without threshold use showing complete random as-
sociations in each dataset.
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Fig. 4. Non-metric multidimensional scaling (NMDS) ordination plots of fungal

communities based on Bray—Curtis dissimilarity matrix representing different

pine species.

Table 2
Indicator Value (IndVal) analyses, relative abundance of each fungal taxon (%),
Indval value and p-values.

Species Indicator fungal taxa  Relative Indval P
abundance (%) value value
Pinus nigra Pichia kluyveri 5.54 0.707 0.0149
Cladosporium 2.40 0.656 0.0229
cladosporioides
Fusarium equiseti 2.44 0.644 0.0203
Pinus pinaster Mortierella 0.42 0.754 0.0181
clonocystis
Cryptococcus 2.42 0.738 0.0026
podzolicus
Aspergillus piperis 1.02 0.692 0.0124
Metschnikowia sp. 0.98 0.611 0.0183
Pinus radiata Trechispora cohaerens ~ 2.79 0.654 0.0479
Pinus uncinata Pilidium concavum 10.7 0.586 0.0348
Chrysosporium 0.07 0.554 0.0171
lobatum
Nakazawaea ernobii 0.27 0.503 0.0171
Acremonium 0.31 0.467 0.0177
alcalophilum
Pinus nigra + Cladosporium 7.26 0.634 0.0412
Pinus sphaerospermum
sylvestris

Pine species and Fusarium re-isolation (Fc+ and Fc-samples)
exhibited no effects on the relative abundance of each fungal func-
tional guild (Fig. 5) based on the permutational test (cca.anova). The
canonical correspondence analysis produced eigenvalues (i.e. the
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amount of the original variance explained by each of the axes) of 0.087,
0.078, 0.036, and 0.003 for axes 1,2,3, and 4 respectively from total
inertia of 0.68, (i.e. total variance explained) indicating that no associ-
ation was found between our variables. However, based on graphical
visualization, Pinus uncinata showed a positive effect on pathotroph-
saprotroph and P. sylvestris a negative one on pathotroph-saprotroph-
symbiotroph (Supplementary Fig. 6).

4. Discussion

Our results indicate that the fungal community of pine trees growing
in a common environment shows host species-specific structures. The
finding is in agreement with several earlier studies, in which host species
has been identified as one of the major factors shaping the mycobiome of
plants (Schulz and Boyle 2005; Stone et al., 2000) and providing se-
lective pressure during community assembly (Lebeis 2014). The high
dissimilarity of communities between P. pinaster, P. sylvestris, and P.
nigra may reflect the differential quality of the pine species as a sub-
stratum for fungi (Wang et al., 2019). The species used in the study
belong also to different pine clades: P. sylvestris, P. nigra, and P. uncinata
corresponding to section Pinus, subsection Pinus; P. pinaster to subsection
Pinaster and P. radiata to section Trifoliae, subsection Australes (Eckert
and Hall, 2006; Gernandt et al., 2005). These species differ in several
features, such as chemical composition (e.g. secondary metabolites) and
anatomical characters (Camarero et al., 1998; Ferreira-Santos et al.,
2020) as a result of an evolutionary adaptation to different habitats.
Species-specific traits such as leaf length, water, and nitrogen content or
stomatal conductance (among others) have been found to shape the
phyllosphere microbial community among Picea species in a common
garden experiment (Li et al., 2018). Variability in microbial commu-
nities has also been related to genotypes (Cregger et al., 2018; Terhonen
etal., 2019; Leopold and Busby, 2020) and to the developmental stage of
the host (Skaltsas et al., 2019). More detailed studies would, however,
be needed to unravel the importance of the specific host traits and mi-
crobial community composition in the studied pines.

We examined the partitioning of fungal communities into core
(common, stable, and well-adapted) and satellite (more rare and sto-
chastically present) fractions. The core-satellite hypothesis predicts that
core taxa have the largest impact on the ecosystem (Unterseher et al.,
2012; Berg et al., 2020). In our study, the fungal core microbiome was
composed of nine OTUs with high persistence (>75%), mainly ubiqui-
tous fungi, and not genus-specific. The functional role of the core com-
munity in pines is therefore difficult to evaluate. Some of the identified
core species such as Cladosporium spp. could be beneficial for the host
since they have been described as plant growth-promoting endophytes
(Hamayun et al., 2009), or inducers of systemic resistance in plants
(Naznin et al., 2014). Other fungi have been shown to be antagonists
(Alternaria spp.) of F. circinatum on infected pine seedlings (Marti-
nez-Alvarez et al., 2016) or pathogens on other plant species, such as
Botrytis spp. (Li et al., 2018). Nevertheless, the interpretation of the
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functional role of the core community could be challenging because
many fungal species can change from several types of symbiosis with the
host depending on the different factors. For instance, a reduced defen-
sive capacity of a tree can trigger a shift of an endophyte to a pathogenic
phase (Sieber 2007). In our study, the fungal satellite species composi-
tion in P. pinaster seemed to be different from that in P. sylvestris and P.
uncinata, but whether this finding has a link to the disease susceptibility
of the species is unclear. Both SIMPER and Indicator species analysis
indicated that only a few species were responsible for the dissimilarities
between species.

The use of NGS in fungal community studies has been discussed
previously since these studies give a detailed picture in terms of diversity
and community composition (Tedersoo et al., 2019; Lucaciu et al.,
2019). A major advantage of the amplicon-NGS culture-independent
approach is the ability to detect slow-growing microbes and microor-
ganisms that cannot grow on artificial culture media (Blumenstein et al.,
2021). However, both active and inactive fungal taxa are detected by
amplicon sequencing since they do not differentiate live from dead cells
(Lebeis, 2014). Therefore, analyzing microbial communities based on
rRNA instead of their rRNA genes is assumed to reflect the physiologi-
cally active microbiota in a sample (Knief, 2014). However, for a func-
tional description of a microbial community, the Illumina sequencing
platform is considered a good choice that allows sequencing to high
depth in order to gain as much information as possible, especially from
less-dominant microorganisms that may nevertheless play important
roles for ecosystem functioning (Knief, 2014).

We are also aware that the use of relative abundance data can lead to
misinterpretations of microbial community structures, as the increase of
one taxon leads to the concurrent decrease of the other(s) (Jian et al.,
2020). A putative solution for this could be combining real-time PCR
and next-generation DNA sequencing to provide absolute concentration
and quantitative comparisons of fungal populations as previously seen
accurate estimation of absolute taxon abundances from NGS data
(Dannemiller et al., 2014; Jian et al., 2020).

In our study, rarefaction curves did not reach the plateau, suggesting
that more sampling effort could provide a more accurate description of
the fungal biota. This is a common problem in microbiome studies and
emphasizes the general need for a larger sampling effort in these kinds of
studies (Bullington et al., 2021). However, this approach is a good proxy
for identifying the members of microbial communities or comparing
their composition in different samples. Diversity studies are usually
based on the ITS region (Knief, 2014), which is used as a standard so-
lution in many recent publications and has been described as a universal
marker of fungi (Schoch et al., 2012; Koljalg et al., 2013). In spite of this,
the data from the high-throughput sequencing using ITS primers showed
the absence of F. circinatum in the samples. The use of alternative
markers with proven specificity at the species level in the genus Fusarium
(e.g. region of the translation elongation factor 1-alpha (EF-Ialpha)
gene, International Plant Protection Convention, 2017) could have
clarified the identification of the pathogen. However, there were some
technical limitations in Illumina that make the use of such markers
difficult because the amplicon sizes of these markers do not fit with the
requirements of the sequencing platform (Blumenstein et al., 2021).
Therefore, while the universal barcode ITS is very useful for fungi in
general, for Fusarium genus it is not sufficiently polymorphic for species
that are closely related (International Plant Protection Convention,
2017). Thus, both quantitative and nested PCR appear as good tools to
detect F. circinatum in plant samples.

Plant infection by pathogenic microbes often correlates with mi-
crobial community shifts (Bullington et al., 2018; Hassani et al., 2018),
but contrary to our expectations, the detection of F. circinatum in the
samples did not seem to be accompanied by a different co-occurrence of
fungal assemblage. The presence of the pathogen was not related either
to the relative abundance or any trophic mode. This may reflect the
difficulty of capturing the spatial and temporal patterns of fungal net-
works through a sampling effort that is limited due to practical reasons
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(Bullington et al., 2021). Based on earlier studies (Iturritxa et al., 2012,
2013), P. radiata and P. uncinata were expected to be the most suscep-
tible of the studied species and P. sylvestris the lowest (Martinez-Alvarez
et al., 2014). However, the analyses did not suggest either a higher
presence of F. circinatum or a higher presence of symbiotic mutualists in
the samples collected from these trees. The patchiness of spatial varia-
tion in colonization is a problem in most tree microbiome studies, and
thus a specific target taxon could escape detection that is based on a
small amount of biomass. Nevertheless, we standardized our sampling
procedure in order to acquire comparable data. In our study, the samples
were collected 8 y after the inoculation and the trees were growing in the
field; thus, the impact of the environment and the sampling time may
have modified the outcome of the tree-pathogen interaction.
Isolate-specific differences in resistance (Iturritxa et al., 2013) or dif-
ferences in growth conditions, inoculation method, or timing of the
sampling may also explain this discrepancy. Further studies in
controlled conditions are recommended to overcome these limitations.

5. Conclusions

Our study provided evidence for the relative importance of the host
species as a selective determinant of the endophytic communities in
pines. The capacity of host species to drive the microbial community was
evidenced and explained by the fact that they provide different habitats
and resources. Further analyses examining the host phenotypic char-
acteristics and their impacts on the microbiome are still needed to
explain the species-specific patterns. Similar to many other microbiome
studies our sampling effort covered only a small spatial fraction of the
plants, which limits broader generalizations based on the collected data.
Further studies are warranted to evaluate possibilities to unravel the
growth and health of the trees using a holobiome approach.

Acknowledgments

We thank M. Rey for field and laboratory assistance. The study was
funded by the Spanish Government (projects AGL2015-69370-R and
PID2019-110459RB-100 funded by MICINN), Castilla and Ledn regional
Goverment (project VA208P20), the European COST Action FP1406
PINESTRENGTH, the Interreg Sudoe PLURIFOR (FEDER), by MSCA-IF
from the EU’s Horizon 2020 research and innovation programme
(grant agreement No 845419) to CR, and by a grant from the Swedish
Research Council Formas (nr 2016-00907) to JW. The sequence datasets
generated during the current study are available at NCBI Sequence Read
Archive (SRA) Bioproject ID PRINA704936. The metadata can be found
in the Zenodo Repository 10.5281/zenodo.4505100.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.funeco.2021.101137.

References

Albrectsen, B.R., Siddique, A.B., Decker, V.H.G., Unterseher, M., Robinson, K.M., 2018.
Both plant genotype and herbivory shape aspen endophyte communities. Oecologia
187, 535-545. https://doi.org/10.1007/s00442-018-4097-3.

Anderson, M.J., Willis, T.J., 2003. Canonical analysis of principal coordinates: a useful
method of constrained ordination for ecology. Ecology 84, 511-525. https://doi.
org/10.1890/0012-9658(2003)084[0511:CAOPCA]2.0.CO;2.

Barberan, A., Bates, S.T., Casamayor, E.O., Fierer, N., 2012. Using network analysis to
explore co-occurrence patterns in soil microbial communities. ISME J. 6, 343-351.
https://doi.org/10.1038/ismej.2011.119.

Barnes, C.J., Burns, C.A., van der Gast, C.J., McNamara, N.P., Bending, G.D., 2016.
Spatio-temporal variation of core and satellite arbuscular mycorrhizal fungus
communities in Miscanthus giganteus. Front. Microbiol. 7, 1278. https://www.front
iersin.org/article/10.3389/fmicb.2016.01278.

Becares, A., Fernandez, A., 2017. Microbiome based identification, monitoring and
enhancement of fermentation processes and products. WO 2017/096385Al. htt
ps://patents.google.com/patent/US20180363031A1/en.


https://doi.org/10.1016/j.funeco.2021.101137
https://doi.org/10.1016/j.funeco.2021.101137
https://doi.org/10.1007/s00442-018-4097-3
https://doi.org/10.1890/0012-9658(2003)084[0511:CAOPCA]2.0.CO;2
https://doi.org/10.1890/0012-9658(2003)084[0511:CAOPCA]2.0.CO;2
https://doi.org/10.1038/ismej.2011.119
https://www.frontiersin.org/article/10.3389/fmicb.2016.01278
https://www.frontiersin.org/article/10.3389/fmicb.2016.01278
https://patents.google.com/patent/US20180363031A1/en
https://patents.google.com/patent/US20180363031A1/en

C. Romeralo et al.

Berg, G., Rybakova, D., Fischer, D., Cernava, T., Verges, M.C.C., Charles, T., Chen, X.,
Cocolin, L., Eversole, K., Corral, G.H., Kazou, M., Kinkel, L., Lange, L., Lima, N.,
Loy, A., Macklin, J.A., Maguin, E., Mauchline, T., McClure, R., Mitter, B., Ryan, M.,
Sarand, I., Smidt, H., Schelkle, B., Roume, H., Kiran, G.S., Selvin, J., de Souza, R.S.C.,
Van Overbeek, L., Singh, B.K., Wagner, M., Walsh, A., Sessitsch, A., Schloter, M.,
2020. Microbiome definition re-visited: old concepts and new challenges.
Microbiome 8, 1-22.

Berg, M., Zhou, X.Y., Shapira, M., 2016. Host-specific functional significance of
Caenorhabditis gut commensals. Front. Microbiol. 7, 1622. https://www.frontiersin.
org/article/10.3389/fmicb.2016.01622.

Blumenstein, K., Terhonen, E., Sun, H., Asiegbu, F.O., 2021. Chapter 3 - methods for
studying the forest tree microbiome. In: Asiegbu, F.O., Kovalchuk, A.B.T.-F.M.
(Eds.), Forest Microbiology. Academic Press, pp. 35-58. https://doi.org/10.1016/
B978-0-12-822542-4.00016-4.

Bokulich, N.A., Mills, D.A., 2013. Improved selection of internal transcribed spacer-
specific primers enables quantitative, ultra-high-throughput profiling of fungal
communities. Appl. Environ. Microbiol. 79, 2519-2526. https://doi.org/10.1128/
AEM.03870-12.

Bordenstein, S.R., Theis, K.R., 2015. Host biology in light of the microbiome: ten
principles of holobionts and hologenomes. PLoS Biol. 13, e1002226.

Bullington, L.S., Larkin, B.G., 2015. Using direct amplification and next-generation
sequencing technology to explore foliar endophyte communities in experimentally
inoculated western white pines. Fungal Ecol. 17, 170-178. https://doi.org/10.1016/
j.funeco.2015.07.005.

Bullington, L.S., Lekberg, Y., Larkin, B.G., 2021. Insufficient sampling constrains our
characterization of plant microbiomes. Sci. Rep. 11, 3645. https://doi.org/10.1038/
s41598-021-83153-9.

Bullington, L.S., Lekberg, Y., Sniezko, R., Larkin, B., 2018. The influence of genetics,
defensive chemistry and the fungal microbiome on disease outcome in whitebark
pine trees. Mol. Plant Pathol. 19, 1847-1858. https://doi.org/10.1111/mpp.12663.

Camarero, J.J., Guerrero-Campo, J., Gutiérrez, E, 1998. Tree- ring growth and structure
of Pinus uncinata and Pinus sylvestris in the Central Spanish Pyrenees. Arct. Alp. Res.
30 (1), 1-10. https://doi.org/10.1080,/00040851.1998.12002869.

Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D., Costello, E.K.,
Fierer, N., Pefia, A.G., Goodrich, J.K., Gordon, J.I., Huttley, G.A., Kelley, S.T.,
Knights, D., Koenig, J.E., Ley, R.E., Lozupone, C.A., McDonald, D., Muegge, B.D.,
Pirrung, M., Reeder, J., Sevinsky, J.R., Turnbaugh, P.J., Walters, W.A., Widmann, J.,
Yatsunenko, T., Zaneveld, J., Knight, R., 2010. QIIME allows analysis of high-
throughput community sequencing data. Nat. Methods 7, 335-336. https://doi.org/
10.1038/nmeth.f.303.

Cardinale, M., Grube, M., Erlacher, A., Quehenberger, J., Berg, G., 2015. Bacterial
networks and co-occurrence relationships in the lettuce root microbiota. Environ.
Microbiol. 17, 239-252. https://doi.org/10.1111/1462-2920.12686.

Carlstrom, C.I., Field, C.M., Bortfeld-Miller, M., Miiller, B., Sunagawa, S., Vorholt, J.A.,
2019. Synthetic microbiota reveal priority effects and keystone strains in the
Arabidopsis phyllosphere. Nat. Ecol. Evol. 3, 1445-1454. https://doi.org/10.1038/
541559-019-0994-z.

Castrillo, G., Teixeira, P.J.P.L., Paredes, S.H., Law, T.F., de Lorenzo, L., Feltcher, M.E.,
Finkel, O.M., Breakfield, N.W., Mieczkowski, P., Jones, C.D., Paz-Ares, J., Dangl, J.
L., 2017. Root microbiota drive direct integration of phosphate stress and immunity.
Nature 543, 513-518. https://doi.org/10.1038/nature21417.

Chao, A., Gotelli, N.J., Hsieh, T.C., Sander, E.L., Ma, K.H., Colwell, R.K., Ellison, A.M.,
2014. Rarefaction and extrapolation with Hill numbers: a framework for sampling
and estimation in species diversity studies. Ecol. Monogr. 84, 45-67. https://doi.
org/10.1890/13-0133.1.

Christian, N., Whitaker, B., Clay, K., 2015. Microbiomes: unifying animal and plant
systems through the lens of community ecology theory. Front. Microbiol. 6, 869. htt
ps://www.frontiersin.org/article/10.3389/fmicb.2015.00869.

Clarke, K.R., 1993. Non-parametric multivariate analyses of changes in community
structure. Aust. J. Ecol. 18, 117-143. https://doi.org/10.1111/j.1442-9993.1993.
tb00438.x.

Colwell, R.K., Chao, A., Gotelli, N.J., Lin, S.-Y., Mao, C.X., Chazdon, R.L., Longino, J.T.,
2012. Models and estimators linking individual-based and sample-based rarefaction,
extrapolation and comparison of assemblages. J. Plant Ecol. 5, 3-21. https://doi.
org/10.1093/jpe/rtr044.

Cregger, M.A., Veach, A.M,, Yang, Z.K., Crouch, M.J., Vilgalys, R., Tuskan, G.A.,
Schadt, C.W., 2018. The Populus holobiont: dissecting the effects of plant niches and
genotype on the microbiome. Microbiome 6, 1-14. https://doi.org/10.1186/
s40168-018-0413-8.

Dannemiller, K.C., Lang-Yona, N., Yamamoto, N., Rudich, Y., Peccia, J., 2014.
Combining real-time PCR and next-generation DNA sequencing to provide
quantitative comparisons of fungal aerosol populations. Atmos. Environ. 84,
113-121. https://doi.org/10.1016/j.atmosenv.2013.11.036.

Dastogeer, K.M.G., Tumpa, F.H., Sultana, A., Akter, M.A., Chakraborty, A., 2020. Plant
microbiome-an account of the factors that shape community composition and
diversity. Curr. Plant Biol. 23, 100161. https://doi.org/10.1016/j.cpb.2020.100161.

De Caceres, M., Jansen, F., 2016. Indicspecies-package. Studying the statistical
relationship between species and groups of sites. https://rdrr.io/cran/indicspecies/
man/indicspecies-package.html.

Dissanayake, A.J., Purahong, W., Wubet, T., Hyde, K.D., Zhang, W., Xu, H., Zhang, G.,
Fu, C., Liu, M., Xing, Q., Li, X., Yan, J., 2018. Direct comparison of culture-
dependent and culture-independent molecular approaches reveal the diversity of
fungal endophytic communities in stems of grapevine (Vitis vinifera). Fungal Divers.
90, 85-107. https://doi.org/10.1007/s13225-018-0399-3.

Fungal Ecology 56 (2022) 101137

Dufréne, M., Legendre, P., 1997. Species assemblages and indicator species: the need for
a flexible asymmetrical approach. Ecol. Monogr. 67, 345-366. https://doi.org/
10.1890/0012-9615(1997)067[0345:SAAIST]2.0.CO;2.

Eckert, A.J., Hall, B.D., 2006. Phylogeny, historical biogeography, and patterns of
diversification for Pinus (Pinaceae): phylogenetic tests of fossil-based hypotheses.
Mol. Phylogenet. Evol. 40, 166-182. https://doi.org/10.1016/j.ympev.2006.03.009.

Elamo, P., Helander, M.L., Saloniemi, I., Neuvonen, S., 1999. Birch family and
environmental conditions affect endophytic fungi in leaves. Oecologia 118,
151-156.

Ferreira-Santos, P., Zanuso, E., Genisheva, Z., Rocha, C.M.R., Teixeira, J.A., 2020. Green
and sustainable valorization of bioactive phenolic compounds from pinus by-
products. Molecules 25. https://doi.org/10.3390/molecules25122931.

Fukami, T., 2015. Historical contingency in community assembly: integrating niches,
species pools, and priority effects. Annu. Rev. Ecol. Evol. Syst. 46, 1-23. https://doi.
org/10.1146/annurev-ecolsys-110411-160340.

Gehring, C.A., Sthultz, C.M., Flores-Renteria, L., Whipple, A.V., Whitham, T.G., 2017.
Tree genetics defines fungal partner communities that may confer drought tolerance.
Proc. Natl. Acad. Sci. Unit. States Am. 114, 11169. https://doi.org/10.1073/
pnas.1704022114. LP - 11174.

Gernandt, D.S., Geada Lopez, G., Ortiz Garcia, S., Liston, A., 2005. Phylogeny and
classification of pinus. Taxon 54, 29-42. https://doi.org/10.2307/25065300.

Glynou, K., Nam, B., Thines, M., Macia-Vicente, J.G., 2018. Facultative root-colonizing
fungi dominate endophytic assemblages in roots of nonmycorrhizal Microthlaspi
species. New Phytol. 217, 1190-1202. https://doi.org/10.1111/nph.14873.

Griffith, D.M., Veech, J.A., Marsh, C.J., 2016. Cooccur: probabilistic species Co-
occurrence analysis in R. J. Stat. Software 69, 1-17.

Hacquard, S., Spaepen, S., Garrido-Oter, R., Schulze-Lefert, P., 2017. Interplay between
innate immunity and the plant microbiota. Annu. Rev. Phytopathol. 55, 565-589.
https://doi.org/10.1146/annurev-phyto-080516-035623.

Hamayun, M., Afzal Khan, S., Ahmad, N., Tang, D.-S., Kang, S.-M., Na, C.-I., Sohn, E.-Y.,
Hwang, Y.-H., Shin, D.-H., Lee, B.-H., Kim, J.-G., Lee, L.-J., 2009. Cladosporium
sphaerospermum as a new plant growth-promoting endophyte from the roots of
Glycine max (L.) Merr. World J. Microbiol. Biotechnol. 25, 627-632. https://doi.org/
10.1007/511274-009-9982-9.

Hassani, M.A., Durén, P., Hacquard, S., 2018. Microbial interactions within the plant
holobiont. Microbiome 6, 58. https://doi.org/10.1186/540168-018-0445-0.

Heydari, A., Pessarakli, M., 2010. A review on biological control of fungal plant
pathogens using microbial antagonists. J. Biol. Sci. 10, 273-290.

Hoffmann, A., Lischeid, G., Koch, M., Lentzsch, P., Sommerfeld, T., Miiller, M.E.H., 2021.
Co-cultivation of Fusarium, Alternaria, and Pseudomonas on wheat-ears affects
microbial growth and mycotoxin production. Microorganisms 9, 443. https://doi.
org/10.3390/microorganisms9020443.

Hsieh, T.C., Ma, K.H., Chao, A., 2020. iNEXT: iNterpolation and EXTrapolation for
species diversity. R package version 2.0.20. http://chao.stat.nthu.edu.tw/wordpress
/software-download,/.

Illumina next generation sequencing. Available at. https://www.illumina.com/content
/dam/illuminamarketing/documents/products/illumina_sequencing_introduction.
pdf.

International Plant Protection Convention, 2017. Diagnostic protocols: Fusarium
circinatum DP22. International Standard for Phytosanitary measures 27, 1-17.

Ioos, R., Fourrier, C., Iancu, G., Gordon, T.R., 2009. Sensitive detection of Fusarium
circinatum in pine seed by combining an enrichment procedure with a real-time
polymerase chain reaction using dual-labeled probe chemistry. Phytopathology 99,
582-590. https://doi.org/10.1094/PHYTO-99-5-0582.

Iturritxa, E., Ganley, R.J., Raposo, R., Garcia-Serna, I., Mesanza, N., Kirkpatrick, S.C.,
Gordon, T.R., 2013. Resistance levels of Spanish conifers against Fusarium circinatum
and Diplodia pinea. For. Pathol. 43, 488-495. https://doi.org/10.1111/efp.12061.

Tturritxa, E., Mesanza, N., Elvira-Recuenco, M., Serrano, Y., Quintana, E., Raposo, R.,
2012. Evaluation of genetic resistance in Pinus to pitch canker in Spain. Australas.
Plant Pathol. 41, 601-607. https://doi.org/10.1007/s13313-012-0160-4.

Jian, C., Luukkonen, P., Yki-Jarvinen, H., Salonen, A., Korpela, K., 2020. Quantitative
PCR provides a simple and accessible method for quantitative microbiota profiling.
PLoS One 15, e0227285.

Knief, C., 2014. Analysis of plant microbe interactions in the era of next generation
sequencing technologies. Front. Plant Sci. 5, 216. https://doi.org/10.3389/
fpls.2014.00216.

Koljalg, U., Nilsson, R.H., Abarenkov, K., Tedersoo, L., Taylor, A.F.S., Bahram, M.,
Bates, S.T., Bruns, T.D., Bengtsson-Palme, J., Callaghan, T.M., Douglas, B.,
Drenkhan, T., Eberhardt, U., Duenas, M., Grebenc, T., Griffith, G.W., Hartmann, M.,
Kirk, P.M., Kohout, P., Larsson, E., Lindahl, B.D., Liicking, R., Martin, M.P.,
Matheny, P.B., Nguyen, N.H., Niskanen, T., Oja, J., Peay, K.G., Peintner, U.,
Peterson, M., Poldmaa, K., Saag, L., Saar, L., SchiiBler, A., Scott, J.A., Senés, C.,
Smith, M.E., Suija, A., Taylor, D.L., Telleria, M.T., Weiss, M., Larsson, K.H., 2013.
Towards a unified paradigm for sequence-based identification of fungi. Mol. Ecol.
22, 5271-5277. https://doi.org/10.1111/mec.12481.

Korkama-Rajala, T., Miiller, M.M., Pennanen, T., 2007. Decomposition and fungi of
needle litter from slow- and fast-growing Norway spruce (Picea abies) clones. Microb.
Ecol. 56, 76. https://doi.org/10.1007/500248-007-9326-y.

Lamit, L.J., Lau, M.K., Sthultz, C.M., Wooley, S.C., Whitham, T.G., Gehring, C.A., 2014.
Tree genotype and genetically based growth traits structure twig endophyte
communities. Am. J. Bot. 101, 467-478. https://doi.org/10.3732/ajb.1400034.

Larrson, J., 2020. Area-proportional euler and Venn diagrams with ellipses_. R package
version 6.1.0. https://cran.r-project.org/package—eulerr.

Lebeis, S.L., 2014. The potential for give and take in plant-microbiome relationships.
Front. Plant Sci. 5, 1-6. https://doi.org/10.3389/fpls.2014.00287.


http://refhub.elsevier.com/S1754-5048(21)00099-4/sref7
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref7
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref7
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref7
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref7
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref7
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref7
https://www.frontiersin.org/article/10.3389/fmicb.2016.01622
https://www.frontiersin.org/article/10.3389/fmicb.2016.01622
https://doi.org/10.1016/B978-0-12-822542-4.00016-4
https://doi.org/10.1016/B978-0-12-822542-4.00016-4
https://doi.org/10.1128/AEM.03870-12
https://doi.org/10.1128/AEM.03870-12
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref11
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref11
https://doi.org/10.1016/j.funeco.2015.07.005
https://doi.org/10.1016/j.funeco.2015.07.005
https://doi.org/10.1038/s41598-021-83153-9
https://doi.org/10.1038/s41598-021-83153-9
https://doi.org/10.1111/mpp.12663
https://doi.org/10.1080/00040851.1998.12002869
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1111/1462-2920.12686
https://doi.org/10.1038/s41559-019-0994-z
https://doi.org/10.1038/s41559-019-0994-z
https://doi.org/10.1038/nature21417
https://doi.org/10.1890/13-0133.1
https://doi.org/10.1890/13-0133.1
https://www.frontiersin.org/article/10.3389/fmicb.2015.00869
https://www.frontiersin.org/article/10.3389/fmicb.2015.00869
https://doi.org/10.1111/j.1442-9993.1993.tb00438.x
https://doi.org/10.1111/j.1442-9993.1993.tb00438.x
https://doi.org/10.1093/jpe/rtr044
https://doi.org/10.1093/jpe/rtr044
https://doi.org/10.1186/s40168-018-0413-8
https://doi.org/10.1186/s40168-018-0413-8
https://doi.org/10.1016/j.atmosenv.2013.11.036
https://doi.org/10.1016/j.cpb.2020.100161
https://rdrr.io/cran/indicspecies/man/indicspecies-package.html
https://rdrr.io/cran/indicspecies/man/indicspecies-package.html
https://doi.org/10.1007/s13225-018-0399-3
https://doi.org/10.1890/0012-9615(1997)067[0345:SAAIST]2.0.CO;2
https://doi.org/10.1890/0012-9615(1997)067[0345:SAAIST]2.0.CO;2
https://doi.org/10.1016/j.ympev.2006.03.009
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref28
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref28
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref28
https://doi.org/10.3390/molecules25122931
https://doi.org/10.1146/annurev-ecolsys-110411-160340
https://doi.org/10.1146/annurev-ecolsys-110411-160340
https://doi.org/10.1073/pnas.1704022114
https://doi.org/10.1073/pnas.1704022114
https://doi.org/10.2307/25065300
https://doi.org/10.1111/nph.14873
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref33
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref33
https://doi.org/10.1146/annurev-phyto-080516-035623
https://doi.org/10.1007/s11274-009-9982-9
https://doi.org/10.1007/s11274-009-9982-9
https://doi.org/10.1186/s40168-018-0445-0
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref37
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref37
https://doi.org/10.3390/microorganisms9020443
https://doi.org/10.3390/microorganisms9020443
http://chao.stat.nthu.edu.tw/wordpress/software-download/
http://chao.stat.nthu.edu.tw/wordpress/software-download/
https://www.illumina.com/content/dam/illuminamarketing/documents/products/illumina_sequencing_introduction.pdf
https://www.illumina.com/content/dam/illuminamarketing/documents/products/illumina_sequencing_introduction.pdf
https://www.illumina.com/content/dam/illuminamarketing/documents/products/illumina_sequencing_introduction.pdf
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref41
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref41
https://doi.org/10.1094/PHYTO-99-5-0582
https://doi.org/10.1111/efp.12061
https://doi.org/10.1007/s13313-012-0160-4
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref45
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref45
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref45
https://doi.org/10.3389/fpls.2014.00216
https://doi.org/10.3389/fpls.2014.00216
https://doi.org/10.1111/mec.12481
https://doi.org/10.1007/s00248-007-9326-y
https://doi.org/10.3732/ajb.1400034
https://cran.r-project.org/package=eulerr
https://doi.org/10.3389/fpls.2014.00287

C. Romeralo et al.

Lehmann, P., Ammunét, T., Barton, M., Battisti, A., Eigenbrode, S.D., Jepsen, J.U.,
Kalinkat, G., Neuvonen, S., Niemela, P., Terblanche, J.S., @kland, B., Bjorkman, C.,
2020. Complex responses of global insect pests to climate warming. Front. Ecol.
Environ. 18, 141-150. https://doi.org/10.1002/fee.2160.

Lemanceau, P., Blouin, M., Muller, D., Moénne-Loccoz, Y., 2017. Let the core microbiota
Be functional. Trends Plant Sci. 22, 583-595. https://doi.org/10.1016/j.
tplants.2017.04.008.

Leopold, D.R., Busby, P.E., 2020. Host genotype and colonist arrival order jointly govern
plant microbiome composition and function. Curr. Biol. 30, 3260-3266. https://doi.
org/10.1016/j.cub.2020.06.011 e5.

Li, Y., Wu, X., Chen, T., Wang, W., Liu, G., Zhang, W., Li, S., Wang, M., Zhao, C.,
Zhou, H., Zhang, G., 2018. Plant phenotypic traits eventually shape its microbiota: a
common garden test. Front. Microbiol. 9, 1-13. https://doi.org/10.3389/
fmicb.2018.02479.

Lucaciu, R., Pelikan, C., Gerner, S.M., Zioutis, C., Kostlbacher, S., Marx, H., Herbold, C.
W., Schmidt, H., Rattei, T., 2019. A bioinformatics guide to plant microbiome
analysis. Front. Plant Sci. 10, 1-18. https://doi.org/10.3389/fpls.2019.01313.

Mair, P., Wilcox, R.R., 2020. Robust statistical methods in R using the WRS2 package.
Behav. Res. Methods 52, 464-488.

Martin-Rodrigues, N., Espinel, S., Sanchez-Zabala, J., Ortiz, A., Gonzalez-Murua, C.,
Dunabeitia, M.K., 2013. Spatial and temporal dynamics of the colonization of Pinus
radiata by Fusarium circinatum, of conidiophora development in the pith and of
traumatic resin duct formation. New Phytol. 198, 1215-1227. https://doi.org/
10.1111/nph.12222.

Martinez-Alvarez, P., Ferniandez-Gonzélez, R.A., Sanz-Ros, A.V., Pando, V., Diez, J.J.,
2016. Two fungal endophytes reduce the severity of pitch canker disease in Pinus
radiata seedlings. Biol. Control 94, 1-10. https://doi.org/10.1016/j.
biocontrol.2015.11.011.

Martinez-Alvarez, P., Pando, V., Diez, J.J., 2014. Alternative species to replace Monterey
pine plantations affected by pitch canker caused by Fusarium circinatum in northern
Spain. Plant Pathol. 63, 1086-1094. https://doi.org/10.1111/ppa.12187.

Moreno, C.E., Calder6n-Patrén, J.M., Martin-Regalado, N., Martinez-Falcén, A.P.,
Ortega-Martinez, 1.J., Rios-Diaz, C.L., Rosas, F., 2018. Measuring species diversity in
the tropics: a review of methodological approaches and framework for future
studies. Biotropica 50, 929-941. https://doi.org/10.1111/btp.12607.

Naznin, H.A., Kiyohara, D., Kimura, M., Miyazawa, M., Shimizu, M., Hyakumachi, M.,
2014. Systemic resistance induced by volatile organic compounds emitted by plant
growth-promoting fungi in Arabidopsis thaliana. PLoS One 9, e86882.

Nguyen, N.H., Song, Z., Bates, S.T., Branco, S., Tedersoo, L., Menke, J., Schilling, J.S.,
Kennedy, P.G., 2016. FUNGuild: an open annotation tool for parsing fungal
community datasets by ecological guild. Fungal Ecol 20, 241-248. https://doi.org/
10.1016/j.funeco.2015.06.006.

Ninyerola, M., Pons, X., Roure, J.M., 2005. Atlas Climatico Digital de la Peninsula
Ibérica. Metodologia y aplicaciones en bioclimatologia y geobotanica. Bellaterra:
Universidad Auténoma de Barcelona., Barcelona. ISBN 932860-8-7.

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D.,
Minchin, P.R., O’Hara, R.B., Simpson, L.G., Peter Solymos, M., Henry, H., Stevens, E.
S., Wagner, H., 2020. Vegan: Community Ecology Package. R Package Version 2,
pp. 5-7.

Partida-Martinez, L.P., Heil, M., 2011. The microbe-free plant: fact or artifact? Front.
Plant Sci. 2, 100. https://www.frontiersin.org/article/10.3389/fpls.2011.00100.

Pascale, A., Proietti, S., Pantelides, 1.S., Stringlis, I.A., 2020. Modulation of the root
microbiome by plant molecules: the basis for targeted disease suppression and plant
growth promotion. Front. Plant Sci. 10 https://doi.org/10.3389/fpls.2019.01741.

R Development Core Team, 2020. R: A Language and Environment for Statistical
Computing.

Sanchez-Canizares, C., Jorrin, B., Poole, P.S., Tkacz, A., 2017. Understanding the
holobiont: the interdependence of plants and their microbiome. Curr. Opin.
Microbiol. 38, 188-196. https://doi.org/10.1016/j.mib.2017.07.001.

Schoch, C.L., Seifert, K.A., Huhndorf, S., Robert, V., Spouge, J.L., Levesque, C.A.,
Chen, W., Consortium, F.B., 2012. Nuclear ribosomal internal transcribed spacer

Fungal Ecology 56 (2022) 101137

(ITS) region as a universal DNA barcode marker for Fungi. Proc. Natl. Acad. Sci.
Unit. States Am. 109, 6241. https://doi.org/10.1073/pnas.1117018109. LP — 6246.

Schulz, B., Boyle, C., 2005. The endophytic continuum. Mycol. Res. 109, 661-686.
https://doi.org/10.1017/5095375620500273X.

Shade, A., Handelsman, J., 2012. Beyond the Venn diagram: the hunt for a core
microbiome. Environ. Microbiol. 14, 4-12. https://doi.org/10.1111/j.1462-
2920.2011.02585.x.

Sieber, T.N., 2007. Endophytic fungi in forest trees: are they mutualists? Fungal Biol.
Rev. 21, 75-89. https://doi.org/10.1016/].fbr.2007.05.004.

Skaltsas, D.N., Badotti, F., Vaz, A.B.M., da Silva, F.F., Gazis, R., Wurdack, K.,
Castlebury, L., Gées-Neto, A., Chaverri, P., 2019. Exploration of stem endophytic
communities revealed developmental stage as one of the drivers of fungal
endophytic community assemblages in two Amazonian hardwood genera. Sci. Rep.
9, 1-14. https://doi.org/10.1038/541598-019-48943-2.

Stone, JK, Bacon, CW, White Jr., JF, 2000. An overview of endophytic microbes:
endophytism defined. Microbial Endophytes. Marcel Dekker, Inc., New York, USA,
pp- 3-29.

Tedersoo, L., Drenkhan, R., Anslan, S., Morales-Rodriguez, C., Cleary, M., 2019. High-
throughput identification and diagnostics of pathogens and pests: overview and
practical recommendations. Mol. Ecol. Resour. 19, 47-76. https://doi.org/10.1111/
1755-0998.12959.

Terhonen, E., Blumenstein, K., Kovalchuk, A., Asiegbu, F.O., 2019. Forest tree
microbiomes and associated fungal endophytes: functional roles and impact on
forest health. Forests 10, 1-32. https://doi.org/10.3390/f10010042.

Toju, H., Peay, K.G., Yamamichi, M., Narisawa, K., Hiruma, K., Naito, K., Fukuda, S.,
Ushio, M., Nakaoka, S., Onoda, Y., Yoshida, K., Schlaeppi, K., Bai, Y., Sugiura, R.,
Ichihashi, Y., Minamisawa, K., Kiers, E.T., 2018. Core microbiomes for sustainable
agroecosystems. Native Plants 4, 247-257. https://doi.org/10.1038/s41477-018-
0139-4.

Toju, H., Yamamoto, S., Sato, H., Tanabe, A.S., 2013. Sharing of diverse mycorrhizal and
root-endophytic fungi among plant species in an oak-dominated cool-temperate
forest. PLoS One 8, €78248.

Trumbore, S., Brando, P., Hartmann, H., 2015. Forest health and global change. Science
349, 814-818. https://doi.org/10.1126/science.aac6759. LP.

Unterseher, M., Westphal, B., Amelang, N., Jansen, F., 2012. 3,000 species and no end -
species richness and community pattern of woodland macrofungi in Mecklenburg-
Western Pomerania, Germany. Mycol. Prog. 11, 543-554. https://doi.org/10.1007/
s11557-011-0769-7.

Vandenkoornhuyse, P., Quaiser, A., Duhamel, M., Le Van, A., Dufresne, A., 2015. The
importance of the microbiome of the plant holobiont. New Phytol. 206, 1196-1206.
https://doi.org/10.1111/nph.13312.

Veech, J.A., 2013. A probabilistic model for analysing species co-occurrence. Global
Ecol. Biogeogr. 22, 252-260. https://doi.org/10.1111/j.1466-8238.2012.00789.x.

Vorholt, J.A., 2012. Microbial life in the phyllosphere. Nat. Rev. Microbiol. 10, 828-840.
https://doi.org/10.1038/nrmicro2910.

Wang, L., Ren, L., Li, C., Gao, C., Liu, X., Wang, M., Luo, Y., 2019. Effects of endophytic
fungi diversity in different coniferous species on the colonization of Sirex noctilio
(Hymenoptera: siricidae). Sci. Rep. 9, 5077. https://doi.org/10.1038/s41598-019-
41419-3.

Wingfield, M.J., Jacobs, A., Coutinho, T.A., Ahumada, R., Wingfield, B.D., 2002. First
report of the pitch canker fungus, Fusarium circinatum, on pines in Chile. Plant
Pathol. 51, 397, 397.

Witzell, J., Martin, J.A., 2018. In: Pirttild, A.M., Frank, A.C. (Eds.), Endophytes and
Forest Health BT - Endophytes of Forest Trees: Biology and Applications. Springer
International Publishing, Cham, pp. 261-282. https://doi.org/10.1007/978-3-319-
89833-9_12.

Xu, H., Yang, Y., Tian, Y., Xu, R., Zhong, Y., Liao, H., 2020. Rhizobium inoculation drives
the shifting of rhizosphere fungal community in a host genotype dependent manner.
Front. Microbiol. 10, 3135. https://www.frontiersin.org/article/10.3389/fmicb.2
019.03135.


https://doi.org/10.1002/fee.2160
https://doi.org/10.1016/j.tplants.2017.04.008
https://doi.org/10.1016/j.tplants.2017.04.008
https://doi.org/10.1016/j.cub.2020.06.011
https://doi.org/10.1016/j.cub.2020.06.011
https://doi.org/10.3389/fmicb.2018.02479
https://doi.org/10.3389/fmicb.2018.02479
https://doi.org/10.3389/fpls.2019.01313
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref57
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref57
https://doi.org/10.1111/nph.12222
https://doi.org/10.1111/nph.12222
https://doi.org/10.1016/j.biocontrol.2015.11.011
https://doi.org/10.1016/j.biocontrol.2015.11.011
https://doi.org/10.1111/ppa.12187
https://doi.org/10.1111/btp.12607
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref62
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref62
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref62
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.1016/j.funeco.2015.06.006
http://refhub.elsevier.com/S1754-5048(21)00099-4/optFEuHGntidV
http://refhub.elsevier.com/S1754-5048(21)00099-4/optFEuHGntidV
http://refhub.elsevier.com/S1754-5048(21)00099-4/optFEuHGntidV
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref64
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref64
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref64
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref64
https://www.frontiersin.org/article/10.3389/fpls.2011.00100
https://doi.org/10.3389/fpls.2019.01741
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref67
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref67
https://doi.org/10.1016/j.mib.2017.07.001
https://doi.org/10.1073/pnas.1117018109
https://doi.org/10.1017/S095375620500273X
https://doi.org/10.1111/j.1462-2920.2011.02585.x
https://doi.org/10.1111/j.1462-2920.2011.02585.x
https://doi.org/10.1016/j.fbr.2007.05.004
https://doi.org/10.1038/s41598-019-48943-2
http://refhub.elsevier.com/S1754-5048(21)00099-4/optphpWjrSaCu
http://refhub.elsevier.com/S1754-5048(21)00099-4/optphpWjrSaCu
http://refhub.elsevier.com/S1754-5048(21)00099-4/optphpWjrSaCu
https://doi.org/10.1111/1755-0998.12959
https://doi.org/10.1111/1755-0998.12959
https://doi.org/10.3390/f10010042
https://doi.org/10.1038/s41477-018-0139-4
https://doi.org/10.1038/s41477-018-0139-4
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref77
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref77
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref77
https://doi.org/10.1126/science.aac6759
https://doi.org/10.1007/s11557-011-0769-7
https://doi.org/10.1007/s11557-011-0769-7
https://doi.org/10.1111/nph.13312
https://doi.org/10.1111/j.1466-8238.2012.00789.x
https://doi.org/10.1038/nrmicro2910
https://doi.org/10.1038/s41598-019-41419-3
https://doi.org/10.1038/s41598-019-41419-3
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref84
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref84
http://refhub.elsevier.com/S1754-5048(21)00099-4/sref84
https://doi.org/10.1007/978-3-319-89833-9_12
https://doi.org/10.1007/978-3-319-89833-9_12
https://www.frontiersin.org/article/10.3389/fmicb.2019.03135
https://www.frontiersin.org/article/10.3389/fmicb.2019.03135

	Pine species determine fungal microbiome composition in a common garden experiment
	1 Introduction
	2 Material and methods
	2.1 Experimental site and sampling
	2.2 Sample processing and bioinformatics pipeline
	2.3 Detection of Fusarium circinatum
	2.4 Diversity and statistical analyses
	2.5 Microbial co-occurrence analysis

	3 Results
	3.1 Overview of fungal diversity and detection of F. circinatum
	3.2 Evaluation of alfa diversity and OTUs richness
	3.3 Beta diversity of fungal communities in different pine species
	3.4 Co-occurrence analysis and functional guilds

	4 Discussion
	5 Conclusions
	Acknowledgments
	Appendix A Supplementary data
	References


