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• Decline-affected and healthy pines har
bor distinct root-associated microbiota.

• Microbial networks of diseased trees are 
less complex than that of healthy ones.

• Root endosphere of healthy trees was 
enriched in ectomycorrhizal fungi.

• Metabolic analysis revealed distinct 
pro1les in healthy and decline-affected 
pines.

• The abundance of several metabolites 
and microorganisms were correlated.
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A B S T R A C T

Pinus pinaster Aiton (maritime pine) stands are suffering a generalized deterioration due to different decline 
episodes throughout all its distribution area. It is well known that external disturbances can alter the plant 
associated microbiota and metabolome, which ultimately can entail the disruption of the normal growth of the 
hosts. Notwithstanding, very little is known about the shifts in the microbiota and the metabolome in pine trees 
affected by decline. The aim of our work was to unravel whether bacterial and fungal communities inhabiting the 
rhizosphere and root endosphere of P. pinaster trees with symptoms of decline and affected by Matsucoccus 
feytaudi in the National Park of Sierra Nevada (Granada, Spain) showed alterations in the structure, taxonomical 
pro1les and associative patterns. We also aimed at deciphering potential changes in the rhizosphere and root 
metabolome. Trees infected by M. feytaudi and healthy individual harbored distinct microbial communities at 
both compositional and associative patterns. Unhealthy trees were enriched selectively in certain plant growth 
promoting microorganisms such as several ectomycorrhizal fungi (Clavulina) and Streptomyces, while other 
bene1cial microorganisms (Micromonospora) were more abundant in unaffected pines. The rhizosphere of un
healthy trees was richer in secondary metabolites involved in plant defense than healthy pines, while the 
opposite trend was detected in root samples. The abundance of certain microorganisms was signi1cantly 
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correlated with several antimicrobial metabolites, thus, being all of them worthy of further isolation and study of 
their role in forest decline.

1. Introduction

Maritime pine (Pinus pinaster Aiton) is the second most widely 
distributed coniferous species in Spain (Spanish Ministry for Ecological 
Transition and the Demographic Challenge, 2024), being also wide
spread in other western Mediterranean countries such as Portugal, 
southern France, western Italy as well as fragmented populations in 
northern Morocco, Algeria and Tunisia. This species is well known for its 
adaptive response to droughts (de María et al., 2020; López-Hinojosa 
et al., 2021; López-Hidalgo et al., 2023; Manjarrez et al., 2024), which 
makes it an excellent candidate for conservation and afforestation tasks, 
especially in the Mediterranean basin, where an increase in the tem
peratures and drought intensity and frequency are expected (Ali et al., 
2022). Despite that, a great decline of P. pinaster stands has been re
ported in the last decade in the Iberian Peninsula (Álvarez et al., 2015; 
Prieto-Recio et al., 2015; Gea-Izquierdo et al., 2019; Calama et al., 
2024).

Tree decline is a complex phenomenon affecting our forests world
wide (Allen et al., 2010). It results in crown dieback (yellowing and 
defoliation) and reduced tree growth, which can lead to death. Although 
there is no consensus on the main cause of forest decline, it is widely 
accepted that it is a multifactorial phenomenon in which biotic and 
abiotic stressors interact each other (Manion, 1991; Coyle et al., 2015). 
Much work has been devoted to understand the contribution of abiotic 
factors, among which drought events are considered the main drivers of 
forest decline (Carnicer et al., 2011; Madrigal-González and Zavala, 
2014; Calvão et al., 2019). In the case of P. pinaster, it has been 
demonstrated that certain pathogens and pests such as the insect Mat
sucoccus feytaudi are partially involved in decline episodes (Calvão et al., 
2019; Gea-Izquierdo et al., 2019; Azcárate et al., 2023). Indeed, 
M. feytaudi was identi1ed as the cause of maritime pines die-off episodes 
in 2017 in south France (120,000 ha affected) and decline episodes in 
the Natural Park of Sierra de Baza (2000 ha) and the National Park of 
Sierra Nevada, speci1cally, in Jérez del Marquesado (Granada, Spain) 
(Guzmán Álvarez et al., 2020).

Plant-associated microorganisms are considered the 1rst line of de
fense of their host as many of them are able to suppress plant pathogens, 
stimulate the host defense system, and deploy plant growth promoting 
abilities (Mannaa and Seo, 2021). As a result of an external disturbance 
(biotic and/or abiotic stress), plants can alter the composition of the root 
exudates and recruit speci1c microorganisms which aid in coping with 
this stressor. The speci1c metabolites that attract bene1cial microor
ganisms depend on the plant host, but what is common in many cases is 
that this microorganism-mediated response involves a change in the 
structure of the plant-associated microbial communities (Seybold et al., 
2020). Thus, recent works are considering plant diseases from a holistic 
perspective, integrating data of plant physiology, genomics, metab
olomics (Dove et al., 2022) and its associated microbiota (Fernández- 
González et al., 2020; Trivedi et al., 2020).

In the case of pine decline episodes, Proença et al. (2017) gave evi
dence for signi1cant shifts in the structure of wood endophytic bacteria 
of P. pinaster trees infected by the pine nematode (Bursaphelenchus 
xylophilus), and Lasa et al. (2024) uncovered the differences in the root 
microbiota of decline-affected and unaffected P. sylvestris trees. 
Concurrently, López-Hidalgo et al. (2023) deciphered distinct metabolic 
pro1les when P. pinaster trees were subjected to different intensities of 
heat and drought stresses, while Riquelme et al. (2023) registered the 
metabolic shifts in P. radiata individuals as a consequence of the infec
tion by the pathogenic wasp Sirex noctilio. Nevertheless, the knowledge 
about the metabolome of decline-affected pines is still fragmentary, and 
there are no works coupling the microbiota and metabolomics data in 

conifers. Hence, we aimed at unraveling the shifts in microbiome and 
metabolome of the rhizosphere and root endosphere of P. pinaster trees 
affected by forest decline and infected by the insect Matsucoccus feytaudi, 
located at the Sierra Nevada National Park (Granada, southeast Spain). 
Based on the microbiome and metabolome alterations reported previ
ously as a consequence of biotic and abiotic stressors, we hypothesized 
that differences in microbiota and metabolic pro1les between healthy 
and declining P. pinaster trees are coupled.

2. Material and methods

2.1. Experimental site

The experimental site is located in Jérez del Marquesado (Sierra 
Nevada National Park, Granada, Spain), covered by a Pinus pinaster 
forest. The coordinates and speci1c characteristics of the area under 
study are summarized in Table S1. 12 individuals of P. pinaster 
expressing symptoms of decline (yellowing of the crown, defoliation 
and/or reduced growth; NPD samples, Sierra Nevada P. pinaster Decline) 
were selected. Both sampling sites were <200 m apart (Fig. S1). It 
should be marked that NPD trees showed resin exudation and changes in 
bark consistency, due to the attack of Matsucoccus feytaudi. 12 trees of 
the same species with no symptoms of pine decline were chosen as 
control trees (NPH samples, Sierra Nevada P. pinaster Healthy). All of the 
selected trees were approximately of the same age.

2.2. Sample collection and processing

Rhizosphere soil and roots collection was performed in spring (April 
25, 2022) in both cases, when the vegetative growth of the trees is 
intense. The collection of rhizosphere soil was carried out according to 
Lasa et al., 2022b. BrieIy, the litter and topsoil were removed by digging 
(5–25 cm depth) in order to avoid the soil horizon rich in organic matter 
and the collection of the roots of herbaceous plants (Fig. S2). The main 
roots of the pines were followed until the young, non-suberi1ed roots 
were found, which are the most metabolically active and those with the 
greatest water and nutrient absorption capability. In order to take 
samples representative of each tree, the soil 1rmly attached to the roots 
was taken from two points of the root system by rubbing them manually 
(2 g approximately). Roots were also collected at the same two points 
and maintained at 4 ◦C until they were processed in the laboratory 
(within 24 h). Thus, for each tree two samples of roots and rhizosphere 
soil were taken for microbiome analyses (2 × 24 trees). For metab
olomics procedures, an additional sample of rhizosphere soil was 
collected per tree (1 g). In order to measure the physicochemical prop
erties of the soil, an extra sample (500 g) was collected near the selected 
roots of each tree at the same moment. Edaphic properties were 
measured by Laboratorio Analítico Bioclínico (Almería, Spain) by 
standardized procedures.

Collected roots were surface sterilized as described by Fernández- 
González et al. (2020). In brief, roots were washed with NaCl 0.8 % (w/ 
v) and immersed in an ethanol solution (70 %, v/v) and then in a NaClO 
solution (4 %, v/v) with Tween 20 (0.01 %, v/v). After rinsing the 
sterilized roots with sterile distilled water, they were stored at −80 ◦C. 
Roots were subsequently lyophilized at −45 ◦C (72 h) by means of the 
freeze dryer Thermo Savant Modulyo D-230 (Waltham, MA, United 
States) and ground in the grinder MM-400 (Retsch, Haan, Germany) 
with the help of one sterilized grinding ball (20 mm diameter), at 30 Hz 
for 1 min. Obtained root material was immediately processed.
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2.3. DNA extraction and sequencing

0.25 g and 0.1 g of rhizosphere soil and lyophilized root samples 
were used for DNA extraction, respectively. For that purpose, DNeasy® 
PowerSoil® Pro and DNeasy® Plant Pro Kits (Qiagen; Hilden, Germany) 
were employed, respectively, according to manufacturers' instructions. 
For both plant compartments (rhizosphere soil and root endosphere), 
DNA extracted from the same tree was mixed into a composite sample 
(Fig. S2). DNA yields were quanti1ed by means of the Iuorimeter Qubit 
3.0 (Life Technologies; Carlsbad, CA, United States).

DNA from each individual sample was sequenced by MiSeq Illumina 
platform at the Genomics Service of the Institute of Parasitology and 
Biomedicine López-Neyra (Granada, Spain). In particular, a 2 × 275 PE 
strategy was followed. The V3-V4 hypervariable regions of the bacterial 
16S rRNA gene were sequenced by using the primer pair Pro341F and 
Pro805R (Takahashi et al., 2014), while primers ITS4 (White et al., 
1990) and fITS7 (Ihrmark et al., 2012) were employed to amplify the 
fungal ITS2 region. In the case of root endosphere libraries, V3-V4 
amplicons were treated with PNA PCR clamps in order to diminish the 
ampli1cation of plastids and mitochondrial sequences (Lundberg et al., 
2013). In each sequencing run, three replicates of the mock-community 
ZymoBIOMICS Microbial Community Standard II (logarithmic distri
bution; ZYMO Research, Irvine, CA, United States) were included as 
sequencing controls.

2.4. Illumina data processing

All data processing was performed in R software v 4.2.3 (R Core 
Team, 2022) using the package DADA2 and its corresponding functions 
(Callahan et al., 2016) unless otherwise stated. Bacterial and fungal 
reads were processed in the same way except where indicated. After 
checking the quality of forward and reverse raw reads, Figaro bio
informatic tool (Sasada et al., 2020) was implemented just for the bac
terial dataset, in order to infer the best parameters for the subsequent 
trimming of the reads. A quality 1ltering step was carried out in which 
bacterial reads with ambiguities, shorter than 50 bp, and with higher 
expected errors than those proposed by Figaro were discarded from the 
analysis (=lterAndTrim function). Then, both bacterial and fungal 
primers were removed from the reads by running cutadapt tool (Martin, 
2011). In the case of fungal libraries, the 1ltering and trimming step was 
performed after the removal of primers. For both bacterial and fungal 
data, error rates were learnt by running the function learnErrors and 
subsequently forward and reverse reads were overlapped by means of 
the function mergePairs and default parameters. Obtained sequences 
were grouped into Amplicon Sequence Variants (ASVs) and chimeras 
were removed from the datasets (function removeBimeraDenovo). The 
resulting quality sequences were taxonomically classi1ed by comparing 
them to those held in the Ribosomal Database Project training set v.18 
(RDP-II, Cole et al., 2014) and UNITE v. 7.2 (Abarenkov et al., 2022) for 
bacterial and fungal libraries, respectively. We calculated the relative 
abundance of the most abundant ASV detected in the samples corre
sponding to the mock community but which are not part of the com
mercial community included in the sequencing run (0.00597 % of the 
total reads). Thus, ASVs below this detection limit were considered 
sequencing artifact and removed from the analyses. ASVs classi1ed as 
mitochondria, chloroplasts, unknown at kingdom level or Eukaryota (in 
the case of bacterial dataset) were not retained for further analyses.

2.5. Metabolomics procedures

Sample preparation, metabolomics analysis, compound identi1ca
tion and initial bioinformatics analyses were performed at oloBion 
company (Barcelona, Spain).

The soil and roots samples (0.25 g) were mixed independently with 1 
mL of cold MeOH:H2O (80:20) and 0.1 % formic acid solutions con
taining a mixture of internal standards, and then this mixture was 

homogenized with TissueLyzer II (Qiagen, Germany) for 5 min at 30 Hz 
with a steel bead. Then, the mixtures were centrifuged 5 min at 14000 
rpm and 1ltered through 0.2 μm RC 1lters (Phenomenex, Spain) and 
characterized by high-resolution mass spectrometry, using a 1290 In
1nity II ultra-high performance liquid chromatograph coupled to a 6560 
Ion Mobility Q-TOF mass spectrometer (Agilent Technologies, CA, USA). 
The extracts were separated at 45 ◦C on a Water Acquity UPLC BEH C18 
column (100 mm length x 2.1 mm id; 1.7 μm particle size) equipped with 
an additional Water Acquity VanGuard BEH C18 pre-column (5 mm ×
2.1 mm id; 1.7 μm particle size) using (A) water with 0.1 % formic acid 
and (B) acetonitrile with 0.1 % formic acid as A and B mobile phases 
respectively. Compound identi1cation was achieved using oloMAP 
(v1.0), a proprietary software that combines standard library MSMS 
identi1cation and retention time prediction using Retip (Bonini et al., 
2020).

2.6. Analysis of microbial communities

All the analyses regarding microbiota datasets were performed in R 
software v 4.2.3 by employing the packages and functions indicated 
below.

2.6.1. Rarefaction curves and alpha diversity
The function rarecurve included in the package vegan (Oksanen et al., 

2022) was employed to compute the rarefaction curves. Data were 
rare1ed to the smallest library size (function rarefy_even_depth, package 
phyloseq; McMurdie and Holmes, 2013) prior to alpha indices calcula
tion (function estimate_richness (package phyloseq) to avoid the biases 
associated to different library size.

2.6.2. Beta diversity analyses
Hereinafter, all the analyses were performed based on non-rare1ed 

dataset, as recommended McMurdie and Holmes (2014). Bacterial and 
fungal ASV counts were normalized by the Trimmed Means of M-value 
approach by applying the functions DGEList and calcNormFactors of the 
package edgeR (Robinson et al., 2010). Once normalized, Non-Metric 
Multidimensional Scaling (NMDS) analyses were carried out based on 
Weighted UniFrac distance and Bray-Curtis dissimilarity for bacterial 
and fungal communities, respectively (function ordinate, package phy
loseq). PERMDISP2 test was applied (function betadisper; package 
vegan) to test the homogeneity of variances of the two groups of sam
ples. Differences in the structure of the microbial communities between 
groups of samples were calculated by Permutational Analysis of Vari
ance (PERMANOVA) by running the function adonis2 (package vegan). 
The effect size of the differences was calculated by means of the function 
Adonis_OmegaSq (package MicEco; Russel, 2023).

2.6.3. Comparison of taxonomic pro=les
In order to compare the abundance of each microbial taxon between 

symptomatic and non-affected trees, the Analysis of Compositions of 
Microbes with Bias Correction (ANCOM-BC; Lin and Peddada, 2020) 
was applied by implementing the function ancombc2 of the package 
ANCOMBC developed by the abovementioned authors. Just taxa that 
were present in at least 90 % of the samples were kept for the analysis, 
setting the default parameters of the function.

2.6.4. Co-occurrence network construction and analysis
Microbial networks were calculated as described by Lasa et al. 

(2024) by using the Molecular Ecological Network Analysis Pipeline 
(MENAP) software (http://ieg4.rccc.ou.edu/mena/main.cgi). One 
network was constructed per plant compartment (rhizosphere, root 
endosphere) and per health status of the trees (NPD, NPH). In brief, ASV 
counts were centered log-transformed and similarity matrices based on 
Pearson (rhizosphere) and Spearman (endosphere) correlation co
ef1cients were constructed. Indirect interactions among ASVs were not 
taken into account, and module calculation was then performed. The 
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topological values of the co-occurrence networks were compared each 
other after a randomization step in which 100 random networks with the 
same number of nodes and edges as each empirical network were con
structed. For pairwise comparisons, the standard deviation of the 
random networks was considered and Student's t-tests were employed. 
Microbial ASVs were classi1ed into peripherals, connectors, module and 
network hubs according to Olesen et al. (2017).

For metabolite-ASV co-occurrence networks, the same software and 
procedure as for microbe-microbiome co-occurrence network con
struction was applied, although some modi1cations were made. In this 
case, just differentially abundant metabolites were included in the an
alyses, and one network per plant compartment was calculated, thus, 
joining NPD and NPH-signi1cantly enriched metabolites in the same 
network. Only those ASVs and metabolites detected in at least 50 % of 
the replicates of each group of samples were taken into account. 
Centered log-ratio transformation was applied to ASV and metabolite 
counts, as recommended by the developers for compositional datasets. 
For similarity matrices calculation, Spearman correlation coef1cient 
was selected, and indirect interactions were removed from the analyses.

For the plotting of microbiome-microbiome and microbiome- 
metabolome co-occurrence networks the software Cytoscape v.3.7.2 
(Shannon et al., 2003) was employed.

2.7. Metabolomics analysis

The analyses of the obtained data were conducted using the open- 
source software MetaboAnalyst 6.0 (Chong et al., 2018). Raw data un
derwent logarithmic transformation and Pareto scaling before being 
subjected to univariate analyses. Fold Change (FC) analysis was per
formed and combined with the results of univariate tests in volcano plots 
to select signi1cant features based on both biological and statistical 
signi1cance simultaneously, using a FC threshold of 1.5 and setting a 
threshold of q-value <0.05 from FDR (False Discovery Rate) correction. 
Heatmaps based on correlations along with a hierarchical clustering 
dendrogram employing the Euclidean distance measure and the Ward 
clustering algorithm were constructed. Furthermore, hierarchical clus
tering heatmaps were conducted to identify and compare differentially 
accumulated metabolites with unusually high/low values. In these an
alyses, the Euclidean distance measure and Ward clustering method 
were applied, focusing on the top 50 signi1cantly different metabolites.

2.8. Univariate statistical analyses

All the univariate statistical tests were calculated in R software, by 
means of the functions included in the package rstatix (Kassambara, 
2022) unless otherwise stated. Firstly, the assumption of normality and 
homoscedasticity was checked by means of Shapiro-Wilks and Levene 
tests, respectively (functions shapiro_test and levene_test). The presence of 
extreme outliers was addressed by the function identify.outliers.

In case of parametric data, the corresponding variables were 
compared between asymptomatic and affected trees by means of Stu
dent's t-test by applying the function t-test. When extreme outliers were 
found, two-sample Yuen robust t-test was applied after the trimming of 
20 % of the total observations (function YuenTTest, package DescTools; 
Signorell et al., 2022). The effect size was measured by calculating 
Cohen's d and Yuen's ξ for parametric and trimmed data by using the 
functions cohens_d and yuen.effect.ci (package WRS2; Mair and Wilcox, 
2020), respectively, and classi1ed as described Cohen (1988). Correla
tions among metabolites were addressed by calculating Pearson's cor
relation coef1cients. Con1dence levels >95 % (α = 0.05) were selected 
for all the analyses.

3. Results

3.1. Edaphic parameters

Several physicochemical properties showed statistically signi1cant 
differences between soils where healthy and affected trees were located. 
While NPH samples were signi1cantly richer in organic matter and clay 
content and showed higher values of carbon to nitrogen ratio than NPD 
samples, the percentage of sand was signi1cantly higher in the soil 
covered by unhealthy pines (Table S2).

3.2. General characteristic of the Illumina dataset

A total of 2,489,855 and 3,500,316 raw bacterial and fungal reads 
were retrieved from the Illumina platform, respectively, which resulted 
in 836,085 (bacteria) and 2,319,455 (fungi) quality sequences after the 
1ltering and trimming steps (Table S3). Four and one samples were 
removed from the bacterial and fungal libraries, respectively, due to the 
low number of quality sequences registered or to an unusually low 
richness of the samples. The rhizosphere bacterial community was 
composed by 1866 and 2100 ASVs (NPH and NPD, respectively, while 
the dataset corresponding to root endosphere of healthy and affected 
trees comprised 743 and 617 bacterial ASVs, respectively. In the 
rhizosphere soil, 393 and 456 fungal ASVs (NPH and NPD, respectively) 
were registered, detecting 267 and 225 fungal ASVs in the root endo
sphere of symptomatic and asymptomatic pines, respectively. As shown 
in Fig. S3, the sequencing effort were enough since almost all the rare
faction curves reached to the asymptote.

3.3. Unraveling the differences in the diversity and structure of microbiota 
associated to the roots of healthy and decline-affected trees

Bacterial and fungal communities inhabiting the rhizosphere of 
symptomatic trees were signi1cantly more diverse than that of healthy 
trees (Student’ t-test, p < 0.024), and the former were also signi1cantly 
evener (Yuen's t-test, p = 0.003). All these differences were classi1ed as 
large, according to Cohen (1988; Table S4). On the other hand, the 
richness of the bacterial community inhabiting the root endosphere of 
healthy trees was higher than that of decline-affected pines (Student's t- 
test, p = 0.046, Cohen's d = 0.907), while no differences for any of the 
alpha indices analyzed were recorded for fungal endophytic 
populations.

When analyzing the structure of microbial communities, we 
observed that the dispersion of the two groups of samples was homo
geneous for root endosphere bacteria and rhizosphere fungi (Table S5), 
while heteroscedasticity was detected for the samples corresponding to 
rhizosphere bacteria and endosphere fungal communities (PERMDISP2, 
prhizosphere

bacteria = 0.022; pendosphere
fungi = 0.045). Notwithstanding, samples cor

responding to rhizosphere bacteria and endosphere fungi of NPD and 
NPH pines were separated across the axis 1 of the NMDS (Fig. 1A and D), 
and statistically signi1cant differences were registered in the structure 
of both populations (Fig. 1A and D). As shown in the NMDS plot 
(Fig. 1B), the structure of bacterial populations dwelling in the root 
endosphere of both types of trees differed to a small extent (PERMA
NOVA, R2 

= 0.18, p = 0.003, ω2 
= 0.134).

Fungal communities dwelling in the root endosphere and rhizo
sphere soil showed signi1cant differences in the structure when healthy 
and diseased trees where compared each other (Fig. 1C and D). In both 
cases, these differences were statistically signi1cant albeit subtle (PER
MANOVA, Rhizosphere: R2 

= 0.16, p = 10−4, ω2 
= 0.12; Root endo

sphere: R2 
= 0.098, p = 10−4, ω2 

= 0.055).
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3.4. Deciphering the changes in the taxonomical pro=les of root- 
associated microbiota

Rhizosphere and root endosphere bacterial communities were 
comprised by 15 and 14 different phyla, respectively, although the latter 
were mainly dominated just by Actinobacteria and Proteobacteria, which 
accounted for >86 % of total sequences (Fig. S4A and B). In none of the 
cases archaeal sequences were detected. When NPD and NPH rhizo
sphere samples were compared to each other, signi1cant differences 
were detected in the abundance of Proteobacteria, Acidobacteria, Verru
comicrobia and Firmicutes, and the last three phyla were enriched in the 
affected trees (Table S6). The root endosphere of decline-affected trees 
was signi1cantly enriched in the phyla Actinobacteria and Firmicutes, 
being large the differences of the later phylum (Fig. S4B; ANCOM-BC, p 
= 2.5 ⋅ 10−6, W = 5.2).

Less taxonomical shifts were registered in the case of the mycobiome: 
among the most abundant phyla, just Mortierellomycota was signi1cantly 
less represented in the rhizosphere of healthy trees (ANCOM-BC, p =
7.74 ⋅ 10−5, W = 4.42; Fig. S4C), whilst all the phyla were equally 
distributed in the root endosphere of both types of pines (ANCOM-BC, p 
> 0.606).

At genus level, it should be underscored the high relative abundance 
of the genera Mycobacterium, Bradyrhizobium and acidobacterial Gp6 
and Gp4, which in sum accounted for >20 % of total sequences retrieved 
from the rhizosphere soils (both in NPD and NPH samples, Fig. 2A). 

Among them, just Mycobacterium and Gp4 were differently abundant 
(ANCOM-BC, p < 0.002; Table S6); the 1rst was signi1cantly more 
represented in the rhizosphere of healthy trees, whilst Gp4 followed the 
opposite trend (Fig. 2A). Other genera were also not equally distributed 
in the rhizosphere of both types of trees, although they were minor 
genera. Among them, genera Bacillus, Neobacillus, Peribacillus and 
Cytobacillus (family Bacillaceae_1) were more predominant in decline- 
affected trees (Table S6). Regarding the root endosphere, Streptomyces 
accounted for a higher percentage of sequences in symptomatic trees 
(20.4 ± 13.64 %) than in unaffected ones (7.8 ± 10.99 %, Fig. 2B), 
although this difference was not statistically signi1cant (ANCOM-BC, p 
= 1) and camouIaged due to the high dispersion of the data. Another 
actinobacterial genus, Micromonospora, reigned the inner part of the 
roots of healthy trees, accounting for an outstanding percentage of se
quences (c. 12 %; ANCOM-BC, p = 1.7 ⋅10−7; Fig. 2B). It should be 
emphasized that some genera were differentially abundant when 
comparing both types of trees, and they followed the same distribution 
pattern in the rhizosphere and in the root endosphere. This was the case 
of Bacillus, Cytobacillus, Neobacillus, Peribacillus (Family Bacillaceae_1), 
Nonomuraea and Actinokineospora (signi1cantly more abundant in 
diseased trees; ANCOM- BC, p < 0.049; Table S6), and Caballeronia and 
Derxia, enriched in unaffected maritime pines. Interestingly enough, the 
abundance of the family Bacillaceae_1 increased signi1cantly in 
diseased trees (ANCOM-BC, prhizosphere = 2.41 ⋅10−46, pendosphere = 6 
⋅10−18) when comparing to healthy individuals.

Fig. 1. Non-Metric Multidimensional Scaling (NMDS) of bacterial communities inhabiting the rhizosphere (A) and root endosphere (B), and fungal communities 
dwelling in the rhizosphere (C) and root endosphere (D) of healthy and decline-affected P. pinaster trees. NMDS of bacterial populations were calculated based on 
Weighted-UniFrac distances, while those of fungi were calculated based on Bray-Curtis dissimilarities.

A.V. Lasa et al.                                                                                                                                                                                                                                  Science of the Total Environment 963 (2025) 178486 

5 



Concerning the fungal communities, the rhizosphere of NPH and 
NPD trees were mainly dominated by Clavulina and Amphinema, which 
accounted >33 and 17 % of the total sequences, respectively (Fig. 2C). 
The former one, along with other abundant genera such as Cladophia
lophora, Solicoccozyma, Knu=a, Xenopolyscytalum and Capronia, showed 
a signi1cant increase in the rhizosphere of unaffected trees (ANCOM-BC, 
p < 4.2 ⋅ 10−4; Table S6). On the contrary, Inocybe and Gymnopus were 
more abundant in diseased than in healthy trees (Table S6). In the root 
endosphere, just 12 genera were differentially distributed in both types 
of trees. Among the most abundant genera (Fig. 2D), Xenopolyscytalum 
was signi1cantly enriched in the endosphere of unaffected pines, ac
cording to ANCOM-BC results (p = 6 ⋅ 10−4). It should be noted that 
diseased trees showed more abundance of Cadophora and Chrysosporium 
than healthy trees in both rhizosphere and root endosphere, whilst the 
opposite trend was detected for Capronia, Hyaloscypha, Phialochephala, 
Sagenomella, Xenopolyscytalum and the ectomycorrhizal fungi (ECM) 
Clavulina and Tylospora. Indeed, the relative abundance of the group 
formed by fungal genera classi1ed as ECMs was markedly higher in the 
root endosphere of NPH than in that of NPD pines (NPH: 7.9 %, NPD: 
2.4 %; Yuen's t-test, p = 0.037, ξ = 0.902). No differences were identi1ed 
in the abundance of ECM in the rhizosphere of NPD and NPH trees.

As summarized in Table S6, some potential pine pathogens such as 
the genera Cadophora, Giberella and Mycosphaerella were identi1ed, 
being all of them more abundant in the endosphere and/or the 

rhizosphere of diseased trees, although the latter did not show statisti
cally signi1cant differences.

3.5. Uncovering the assembly of root-associated microbiota

Co-occurrence network analyses revealed that microbial commu
nities assembled in a different way according to the health status of the 
pines; the same pattern was observed for both plant compartments. The 
root microbiota of healthy trees formed more compact and complex 
networks that of diseased individuals (Fig. S5, Fig. S6). These networks 
were comprised by a higher number of nodes and links and average 
degree (avgK), and the average cluster coef1cient (avgCC) was signi1
cantly higher than in the networks of affected trees (Table 1). By 
contrast, the geodesic distance (GD) was signi1cantly higher in the 
networks of diseased pines. Healthy and decline-affected trees also 
differed in the amount and taxonomy of the keystone members 
(Table S7). Fungal ASV01099 (belonging to the potentially pathogenic 
genus Mycosphaerella) was a peripheral node of the network corre
sponding to the endosphere of diseased trees.

3.6. Metabolic response to forest decline

Metabolic pro1les of root and rhizosphere samples revealed signi1
cant differences in both plant compartments between healthy and 

Fig. 2. Mean relative abundance of the main bacterial genera inhabiting the rhizosphere (A) and root endosphere (B) and fungal genera dwelling in the rhizosphere 
(C) and root endosphere (D) of healthy and decline-affected P. pinaster trees. Bars indicate the standard deviation of all the replicates. Just those genera accounting 
for most than 5 % of the total sequences of the corresponding dataset are shown. Green stars indicate genera signi1cantly enriched in the corresponding compartment 
of asymptomatic trees (NPH), while pink stars represent genera signi1cantly enriched in decline-affected trees (NPD) according to ANCOM-BC test.
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decline-affected individuals. Notably, metabolites were universally 
detected across all samples, exhibiting quantitative variations associated 
with the health status of the trees.

A total of 299 distinct compounds were quanti1ed in the roots of 
P. pinaster trees, 69 of which were successfully characterized, while the 
remaining 230 remained unidenti1ed. Based on fold-change analysis, a 
total of 12 compounds were signi1cantly enriched in the roots of 
symptomatic trees (log2FC ≥ 1.5; Table S8). Conversely, 30 compounds 
were signi1cantly more abundant in healthy trees (Fig. 3A; Table S8). 
Additionally, metabolic pathways were analyzed in both tree types 
(Table S8). Pathways enriched in decline-affected trees were associated 
with arginine metabolism, primarily involving degradation processes, 
whereas pathways enriched in healthy trees were closely linked to 
Iavonoid biosynthesis, particularly quercetins and their derivatives 
(Fig. 4).

Analysis of rhizosphere samples revealed 662 distinct compounds 
between symptomatic and asymptomatic trees, 368 of which were suc
cessfully identi1ed. A total of 282 and 255 compounds were signi1
cantly enriched in the rhizosphere of healthy and decline-affected trees, 
respectively (log2FC ≥ 1.5; Fig. 3B; Table S9). Examination of metab
olite pro1les in the rhizosphere of both tree types (Table S9) highlighted 
differences in both primary and secondary metabolism. Forest decline- 
affected trees exhibited a notable upregulation of metabolites associ
ated with defensive responses against biotic factors, highlighted by an 
accumulation of secondary metabolites, particularly Iavonoids (Fig. 5; 
Table S9). On the contrary, healthy pines accumulated signi1cantly 
more metabolites involved in primary metabolism such as lipids and 
organic acids in the rhizosphere (Fig. 5; Table S9).

Additionally, signi1cant differences in phytohormone metabolism 
were observed between healthy and decline-affected individuals. While 
non-affected pines exhibited a notable accumulation of gibberellins and 
jasmonic acids, unhealthy trees were enriched in methyl gibberellins, 
which are related to gibberellin catabolic processes (Table S9).

3.7. Connecting the P. pinaster root microbiome with the metabolome

We uncovered the potential interactions between metabolites and 
microorganisms in both rhizosphere soils and roots. In the former, 
several compounds which were signi1cantly more abundant in decline- 
affected trees correlated positively with ASV00055 (acidobacterial Gp4) 
and/or with ASV00618 (unclassi1ed genus, family Spartobacteria; 
Fig. 6A). On the other hand, the metabolite Choline sulfate (signi1cantly 
enriched in healthy trees) correlated positively with an ASV belonging to 
the genus Caballeronia. Regarding the roots, signi1cant negative corre
lations were detected among aminoacids and their derivatives (which 

were differentially enriched in diseased plants) and the ASV00004 
belonging to Bradyrhizobium. At the same time, this ASV correlated 
negatively with 5-Guanidino-2-oxopentanoate, a product of the deami
nation of L-arginine (Fig. 6B). Furthermore, an ASV belonging to Amy
colatopsis genus stablished a positive correlation with the compound 
Phomalichenone D signi1cantly more abundant in asymptomatic trees.

4. Discussion

Here we deciphered the composition of root microbial communities 
and metabolome of P. pinaster trees affected by decline in comparison to 
healthy individuals. Firstly, it should be underscored that the cause of 
the forest decline was not disentangled in the present study. We can 
neither con1rm whether the infection by Matsucoccus feytaudi induced 
tree decline, nor rule out a weakening of the affected trees (by other 
unmeasured factors) prior to the infection by the insect. Moreover, the 
implication of other factors in P. pinaster decline such as the observed 
shifts in microbial communities, the potential pathogens here detected, 
or abiotic factors (i.e., soil organic matter, carbon:nitrogen ratio, per
centage of sand and clay) can neither be validated nor ruled out.

Notwithstanding, we detected shifts in the alpha diversity and 
taxonomic pro1les of bacterial and fungal communities when 
comparing both types of trees. Certain taxa previously found to be 
abundant in the rhizosphere or roots of healthy Pinus spp. individuals 
such as the bacterial genera Micromonospora (Li et al., 2014), Myco
bacterium (Lasa et al., 2022a) or the fungal genera Clavulina (Harries, 
2021; Wang et al., 2022) and Xenopolyscytalum (Zhao et al., 2020), 
among others, were signi1cantly depleted in the rhizosphere soil or root 
endosphere of NPD (symptomatic) trees. These altered taxonomical 
pro1les were accompanied by changes in the assembly pattern of root- 
associated microbial communities. Indeed, the co-occurrence networks 
of unaffected trees were more complex, tight and connected than that of 
diseased individuals. Our results are in accordance with those of Gómez- 
Aparicio et al. (2022), who found that the co-occurrence networks of 
decline-affected Quercus suber infected by the pathogen Phytophthora 
cinnamomi were less complex than that of healthy trees. Complex mi
crobial networks are commonly linked to the suppression of plant dis
eases (Yang et al., 2017) and are expected to better cope with 
environmental disturbances (Berry and Widder, 2014), thus having an 
overall positive effect on the plant hosts (Tao et al., 2018; Wagg et al., 
2019). Although we cannot decipher whether the increased complexity 
of the network calculated for the asymptomatic trees prevented them 
from being affected by forest decline, we can con1rm that this phe
nomenon also alters the assembly of microbial communities. The one 
pathogen-one disease hypothesis is not enough to describe the disease 
processes in plants, according to Mannaa and Seo (2021). That out-dated 
appreciation is moving towards a more holistic paradigm, in which al
terations in the structure coupled with changes in the assembly of 
balanced microbial communities might lead to destabilization of the 
microbiota, contributing to the development of disease symptoms. 
Although we cannot address the cause of pine decline here observed, our 
results demonstrate that symptomatic trees harbored altered microbial 
communities at different levels (diversity, taxonomical pro1les and as
sembly patterns), which 1ts well with the disease model proposed by 
Mannaa and Seo (2021). On the other hand, it should be underscored 
that a signi1cant increase in the abundance of the genera Cadophora, 
Gibberella and Mycosphaerella – for which pathogenic species affecting 
pine trees have been previously described (Friel et al., 2007; Chen et al., 
2022a) – was detected for NPD trees. Further works should identify and 
characterize the potential involvement of these genera in forest decline.

We detected that several plant growth promoting microorganisms 
(PGPM) were enriched in the rhizosphere and/or root endosphere of 
decline-affected trees. Namely, Streptomyces (Viaene et al., 2016), 
several members of the family Bacillaceae_1, such as Neobacillus, Peri
bacillus and Bacillus (Rudrappa et al., 2008; Hernández-Pacheco et al., 
2021; Peng et al., 2021) and certain P. pinaster ECM, for instance 

Table 1 
Main topological properties of the microbial co-occurrence networks. Asterisk 
indicate signi1cant differences in the corresponding parameters between NPD 
and NPH trees (Student's t-test, p < 0.05).

Rhizosphere Root endosphere
NPD NPH NPD NPH

R2 a 0.935 0.936 0.745 0.7
Nodes 223 281 114 129
Links 235 444 132 169
PEPb (%) 27.66 42.57 6.06 3.55
Centralization of stress 
centrality (Cs)

0.742* 7.201* 0.617 0.573

Average Degree (avgK) 2.108 3.16 2.316 2.62
Average Clustering Coef1cient 
(avgCC)

0.006* 0.068* 0.026* 0.056*

Geodesic Distance (GD) 6.143* 5.569* 6.695* 5.876*
Modularityc 0.826 

(37)
0.721 
(36)

0.765 
(13)

0.761 
(15)

a R2, R2 of power law.
b PEP, Percentage of positive links.
c Modularity and the number of modules (in brackets).
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Fig. 3. Volcano plots of metabolic pro1les comparing differentially abundant metabolites in (A) roots and (B) rhizosphere soil of decline-affected (NPD) and healthy 
(NPH) P. pinaster trees. Metabolites signi1cantly more abundant in NPD trees are in red, while those signi1cantly more abundant in NPH trees are in blue (Log2FC <
−1.5 and Log2FC ≥1.5, respectively, p < 0.05). Metabolites that did not show signi1cant differences between NPD and NPH trees are colored in grey. The list of 
metabolites is provided in Table S10.
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Anphinema and Inocybe (Castaño et al., 2018). All these results suggest 
that unhealthy trees may have recruited certain PGPM selectively as a 
consequence of the decline episode, thus, following a cry-for-help strat
egy. Growing body of works have demonstrated that even woody plants 
affected by pathogens, pests or other stresses can attract different 
bene1cial microorganisms to alleviate the negative effects of the dis
turbances (Berendsen et al., 2018; Liu et al., 2021; Wu et al., 2021). 
However, it should be marked that potentially bene1cial microorgan
isms were detected in the roots of both decline-affected and unaffected 
pines, suggesting a selective recruitment of speci1c microorganisms, 
probably mediated by different mechanisms or host metabolites.

The aboveground pest or pathogen infections may lead to alterations 

in the belowground microbiota (which is in line with our results), 
including the recruitment of plant bene1cial microorganisms (Yuan 
et al., 2018; Rizaulin et al., 2021). This attraction or cry-for-help strategy 
is commonly mediated by the excretion of speci1c metabolites in the 
root exudates. The differences here observed in the root metabolic 
pro1les between healthy and affected pine trees partially endorse the 
idea of a selective microbial recruitment by decline-affected trees. In the 
case of rhizosphere soil samples, an enrichment in defensive secondary 
metabolites mainly associated with the metabolism of tricines, myr
icetins, luteolins, and anthraquinones (Lam et al., 2021; Rong et al., 
2023; Wang et al., 2023) was observed in affected trees, while in healthy 
individuals, there was a signi1cantly greater accumulation of 

Fig. 4. Heat map derived from hierarchical clustering analysis of the metabolomics pro1le of root samples from healthy (NPH) and decline-affected (NPD) P. pinaster 
trees. Heatmap was obtained using normalized concentrations of the top 50 metabolites from t-test (Euclidean distance measure, Ward clustering method). The color 
code is presented on a logarithmic scale. List of the abbreviations is included in Table S10.
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compounds associated with primary metabolism. Some authors have 
reported that defensive secondary metabolites released by the plant 
roots upon an insect attack can recruit bene1cial bacteria and fungi 
(reviewed by Rizaulin et al., 2021). On the other hand, differences were 
also recorded between the rhizosphere of both types of trees in the levels 
of regulatory phytohormones triggering plant defense. While multiple 
compounds related to the catabolism of gibberellins were identi1ed in 
NPD trees, healthy plants showed an enrichment in compounds involved 
in gibberellin and jasmonic acid biosynthesis. Yuan et al. (2018)
demonstrated that plants grown in preconditioned soils rich in jasmonic 
acid showed increased resistance levels against a bacterial 
phytopathogen.

We also detected signi1cant correlations between microorganisms 
and metabolites, which could aid in deciphering potential microbial- 

plant interactions. For instance, we registered negative correlations 
between aminoacids and peptides enriched in affected plants, and the 
ASV00004 belonging to Bradyrhizobium, which also established a 
negative correlation with 5-Guanidino-2-oxopentanoate. That amino
acid derivative has previously been identi1ed as a product of the 
deamination of L-Arg in Pseudomonas aeruginosa (Ohshima et al., 2022). 
Hence, ASV00004 could be involved somewhat in the L-Arg metabolism. 
It should be considered that Bradyrhizobium is an already known nitro
gen 1xing bacteria as well, thus, a member involved in the nitrogen 
cycle and in the metabolism of aminoacids. On the other hand, we 
detected a positive correlation between this ASV and Phomalichenone D 
(signi1cantly enriched in healthy trees), and also between that metab
olite and the ASV00043. Other phomalichenones are already known by 
their antibacterial activity in vitro (Chen et al., 2022b). Considering that 

Fig. 5. Heat map derived from hierarchical clustering analysis of the metabolomics pro1le of rhizosphere samples from healthy (NPH) and decline-affected (NPD) 
P. pinaster trees. Heatmap was obtained using normalized concentrations of the top 50 metabolites from t-test (Euclidean distance measure, Ward clustering method). 
The color code is presented on a logarithmic scale. List of the abbreviations is included in Table S10.
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the latter ASV belongs to the genus Amycolatopsis which is known for its 
proli1c secondary metabolite production (many of them with antibac
terial activities, Kisil et al., 2021), it may be involved in the biosynthesis 
of that inhibitory compound, and therefore, in the asymptomatic status 
of healthy trees. Notwithstanding, it is worth mentioning that positive 
correlations between two nodes just implies that the abundance of both 
of them increased in the same way, thus, the presence of that ASV may 
suppose an enrichment in the metabolite (or vice versa). In the same line 
of reasoning we suggest that the increase in the abundance of 

ASV000055 (Acidobacteria Gp4) and ASV00618 (class Spartobacteria) 
could ultimately entail an increase of many different compounds such as 
Marinocyanin D and E, Inoscavin D, derivatives of quercetagetins and 
Daphnoretin in the rhizosphere of unhealthy pines, for which antimi
crobial effect have already been described (Cottigli et al., 2001; Asolkar 
et al., 2017; Avigliano et al., 2019). Although we cannot decipher 
whether these metabolites were produced by both bacteria or excreted 
by the plant, their role in the plant defense against stresses should be 
studied in the future.

Fig. 6. Microorganisms-metabolites co-occurrence networks of rhizosphere soil (A) and root samples (B). Red and green lines indicate statistically signi1cant 
negative and positive links, respectively, among fungi, bacteria and metabolites. *. Circles represent bacterial ASVs, square denotes a fungal ASV, and triangles 
represent metabolites. The colors of circles and square summarize the bacterial and fungal phyla to which the corresponding ASV belongs, respectively. The colors of 
the triangles indicate the condition of the tree in which the corresponding metabolite is enriched. NPD: P. pinaster trees affected by decline, NPH: unaffected trees. * 
Benzoxacyclotertradecin: 13-bromo-7,8,9,16-tetrahydroxy-14-methoxy-3-methyl-3,4,7,8,9,10-hexahydro-2-benzoxacyclotetradecin-1-one; **Pyranoisochromen: 3- 
[2-(3,4-dihydroxyphenyl)ethenyl]-8,9-dihydroxy-6-methoxy-6 h-pyrano[4,3-c]isochromen-1-one; **Ethaminic acid: n-(4,5-dihydroxy-2-{[1-hydroxy-1-(4-hydroxy- 
2-imino-5,6,7,8-tetrahydro-1 h-pteridin-6-yl)propan-2-y]oxy}-6-(hydroxymethyl)oxan-3-yl)ethaminidic acid.
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Overall, our results show not only that pine decline and/or the insect 
attack have a clear effect on the root microbiome and metabolic pro1les 
but also shed light on the mechanisms underlying plant response. We 
cannot unravel the speci1c involvement of the microorganisms that are 
signi1cantly correlated with differentially enriched metabolites, how
ever, here we lay the groundwork for the microorganisms that could be 
important in the response to P. pinaster decline. Furthermore, our results 
demonstrate that this phenomenon should be looked at from a holistic 
perspective, including both tree-associated microbiota and the metab
olome. More research is needed to corroborate whether the results here 
obtained are common in other forests worldwide subjected to different 
environmental conditions and applicable to other pine species.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2025.178486.
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Poloczanska, E.S., Mintenbeck, K., et al. (Eds.), Climate Change 2022: Impacts, 
Adaptation and Vulnerability. Contribution of Working Group II to the Sixth 
Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge 
University Press, Cambridge and New York, pp. 2233–2272.

Allen, C.D., Macalady, A.K., Chenchouni, H., Bachelet, D., McDowell, N., et al., 2010. 
A global overview of drought and heat-induced tree mortality reveals emerging 
climate change risks for forests. For. Ecol. Manage. 29, 660–684. https://doi.org/ 
10.1016/j.foreco.2009.09.001.
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Guzmán Álvarez, J.R., Gómez de Dios, M.A., Muñoz Risueño, A., Alguacil Picón, F., 
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2022a. Bacteriome dataset from the rhizosphere of trees in a Pinus pinaster and Pinus 
halepensis dominated forest subjected to drought conditions. Data Brief 46, 108805. 
https://doi.org/10.1016/j.dib.2022.108805.

Lasa, A.V., Guevara, M.A., Villadas, P.J., Vélez, M.D., Fernández-González, A.J., et al., 
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analysis reveals the effect of Sirex noctilio infestation on the lipid metabolism in Pinus 
radiate needles. Plant Sci. 33, 111858. https://doi.org/10.1016/j. 
plantsci.2023.111858.

Rizaulin, M.S., Stopnisek, N., Raaijmarkers, J.M., Garbeva, P., 2021. The chemistry of 
stress: understanding the ‘cry for help’ of plant roots. Metabolites 11, 357. https:// 
doi.org/10.3390/metabo11060357.

Robinson, M.D., McCarthy, D.J., Smyth, G.K., 2010. edgeR: a Bioconductor package for 
differential expression analysis of digital gene expression data. Bioinformatics 26, 
139–140. https://doi.org/10.1093/bioinformatics/btp616.

Rong, J., Fu, F., Han, C., Wu, Y., Xia, Q., et al., 2023. Tectorigenin: a review of its 
sources, pharmacology, toxicity, and pharmacokinetics. Molecules 28, 5904. https:// 
doi.org/10.3390/molecules28155904.

Rudrappa, T., Czymmek, K.J., Paré, P.W., Bais, H.P., 2008. Root-secreted malic acid 
recruits bene1cial soil bacteria. Plant Physiol. 148, 1547–1556. https://doi.org/ 
10.1104/pp.108.127613.

Russel, J., 2023. MicEco: various functions for microbial community data. R package 
version 0.9.19.

Sasada, R., Weinstein, M., Prem, A., Jin, M., Bhasin, J., 2020. FIGARO: an ef1cient and 
objective tool for optimizing microbiome rRNA gene trimming parameters. 
J. Biomol. Tech. 31, S2. https://doi.org/10.1101/610394.

Seybold, H., Demetrowitsch, T.J., Hassani, M.A., Szymczak, S., Reim, E., et al., 2020. 
A fungal pathogen induces systemic susceptibility and systemic shifts in wheat 
metabolome and microbiome composition. Nat. Commun. 11, 190. https://doi.org/ 
10.1038/s41467-020-15633-x.

Shannon, P., Markiel, A., Ozier, O., Baliga, N.S., Wang, J.T., et al., 2003. Cytoscape: a 
software environment for integrated models of biomolecular interaction networks. 
Genome Res. 13, 2498–2504. https://doi.org/10.1101/gr.1239303.

Signorell, A., Aho, K., Alfons, A., Anderegg, N., Aragon, T., et al., 2022. DescTools: tools 
for descriptive statistics. https://cran.r-project.org/package=DescTools.

Spanish Ministry for Ecological Transition and the Demographic Challenge, 2024. htt 
ps://www.miteco.gob.es/es/biodiversidad/temas/inventarios-nacionales/invent 
ario-forestal-nacional/index.html. Last accessed: 26/02/2024. 

Takahashi, S., Tomita, J., Nishioka, K., Hisada, T., Nishijima, M., 2014. Development of a 
prokaryotic universal primer for simultaneous analysis of bacteria and archaea using 
next-generation sequencing. PloS One 9, 8. https://doi.org/10.1371/journal. 
pone.0105592.

Tao, J., Meng, D., Qin, C., Liu, X., Liang, Y., et al., 2018. Integrated network analysis 
reveals the importance of microbial interactions for maize growth. Environ. 
Microbiol. 102, 3805–3818. https://doi.org/10.1007/s00253-018-8837-4.

Trivedi, P., Leach, J.E., Tringe, S.G., Sa, T., Singh, B.K., 2020. Plant-microbiome 
interactions: from community assembly to plant health. Nature Reviews 18, 
607–621. https://doi.org/10.1038/s41579-020-0412-1.

Viaene, T., Langendries, S., Beirinckx, S., Maes, M., Goormachtig, S., 2016. Streptomyces 
as plant’s best friend? FEMS Microbiol. Ecol. 92, 1w119. https://doi.org/10.1093/ 
femsec/1w119.

Wagg, C., Schlaeppi, K., Banerjee, S., Kuramae, E.E., van der Heijden, M.G.A., 2019. 
Fungal-bacterial diversity and microbiome complexity predict ecosystem 
functioning. Nat. Commun. 10, 4841. https://doi.org/10.1038/s41467-019-12798- 
y.

Wang, J., Han, S., Wang, C., Li, M.H., 2022. Long-term nitrogen-addition-induced shifts 
in the ectomycorrhizal fungal community are associated with changes in 1ne root 
traits and soil properties in a mixed Pinus koraiensis forest. Eur. J. Soil Biol. 112, 
103431. https://doi.org/10.1016/j.ejsobi.2022.103431.

Wang, P., Wei, J., Hua, X., Dong, G., Dziedzic, K., et al., 2023. Plant anthraquinones: 
classi1cation, distribution, biosynthesis, and regulation. J. Cell. Physiol. 31063. 
https://doi.org/10.1002/jcp.31063.

White, T.J., Bruns, T.D., Lee, S.B., Taylor, J.W., 1990. Ampli1cation and direct 
sequencing of fungal ribosomal RNA genes for phylogenetics. In: Innis, M.A., 
Gelfand, D.H., Sninsky, J.J., White, T.J. (Eds.), PCR Protocols: A Guide to Methods 
and Applications. Academics Press, San Diego, pp. 315–322.

Wu, C., Wang, F., Ge, A., Zhang, H., Chen, G., et al., 2021. Enrichment of microbial taxa 
after the onset of wheat yellow mosaic disease. Agric. Ecosyst. Environ. 322, 107651. 
https://doi.org/10.1016/j.agee.2021.107651.

Yang, H., Li, J., Xiao, Y., Gu, Y., Liu, H., et al., 2017. An integrated insight into the 
relationship between soil microbial community and tobacco bacterial wilt disease. 
Front. Microbiol. 8, 2179. https://doi.org/10.3389/fmicb.2017.02179.

Yuan, J., Zhao, J., Wen, T., Zhao, M., Li, R., et al., 2018. Root exudates drive the soil- 
borne legacy of aboveground pathogen infection. Microbiome 6, 156. https://doi. 
org/10.1186/s40168-018-0537-x.

Zhao, P.S., Guo, M.S., Gao, G.L., Zhang, Y., Ding, G.D., et al., 2020. Community structure 
and functional group of root-associated Fungi of Pinus sylvestris var. mongolica across 
stand ages in the Mu Us Desert. Ecol. Evol. 10, 3032–3042. https://doi.org/10.1002/ 
ece3.6119.

A.V. Lasa et al.                                                                                                                                                                                                                                  Science of the Total Environment 963 (2025) 178486 

13 

https://doi.org/10.1016/j.crmicr.2021.100028
https://doi.org/10.1016/j.crmicr.2021.100028
https://doi.org/10.1111/j.1574-6941.2012.01437.x
https://doi.org/10.1111/j.1574-6941.2012.01437.x
https://CRAN.R-project.org/package=rstatix
https://doi.org/10.3390/antibiotics10101254
https://doi.org/10.3389/fpls.2021.733198
https://doi.org/10.3389/fpls.2021.733198
https://doi.org/10.1016/j.dib.2022.108805
https://doi.org/10.1016/j.scitotenv.2022.155007
https://doi.org/10.1016/j.scitotenv.2024.171858
https://doi.org/10.1016/j.scitotenv.2024.171858
https://doi.org/10.1007/s10482-013-0096-x
https://doi.org/10.1038/s41467-020-17041-7
https://doi.org/10.1111/nph.17057
https://doi.org/10.1016/j.envexpbot.2023.105261
https://doi.org/10.1038/s41598-021-90672-y
https://doi.org/10.1038/nmeth.2634
https://doi.org/10.1016/j.agrformet.2014.02.011
https://doi.org/10.1016/j.agrformet.2014.02.011
https://doi.org/10.3758/s13428-019-01246-w
http://refhub.elsevier.com/S0048-9697(25)00120-2/rf0230
http://refhub.elsevier.com/S0048-9697(25)00120-2/rf0230
https://doi.org/10.3390/plants13121644
https://doi.org/10.3390/plants13121644
https://doi.org/10.3390/plants10010125
https://doi.org/10.1002/ece3.6613
https://doi.org/10.1002/ece3.6613
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pcbi.1003531
https://doi.org/10.1371/journal.pcbi.1003531
https://doi.org/10.1016/j.pep.2022.106135
https://doi.org/10.1016/j.pep.2022.106135
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1073/pnas.0706375104
https://doi.org/10.1073/pnas.0706375104
https://doi.org/10.1186/s13213-021-01650-8
https://doi.org/10.1016/j.foreco.2015.07.033
https://doi.org/10.1016/j.foreco.2015.07.033
https://doi.org/10.1038/s41598-017-04141-6
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1016/j.plantsci.2023.111858
https://doi.org/10.1016/j.plantsci.2023.111858
https://doi.org/10.3390/metabo11060357
https://doi.org/10.3390/metabo11060357
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.3390/molecules28155904
https://doi.org/10.3390/molecules28155904
https://doi.org/10.1104/pp.108.127613
https://doi.org/10.1104/pp.108.127613
http://refhub.elsevier.com/S0048-9697(25)00120-2/rf0325
http://refhub.elsevier.com/S0048-9697(25)00120-2/rf0325
https://doi.org/10.1101/610394
https://doi.org/10.1038/s41467-020-15633-x
https://doi.org/10.1038/s41467-020-15633-x
https://doi.org/10.1101/gr.1239303
https://cran.r-project.org/package=DescTools
https://www.miteco.gob.es/es/biodiversidad/temas/inventarios-nacionales/inventario-forestal-nacional/index.html
https://www.miteco.gob.es/es/biodiversidad/temas/inventarios-nacionales/inventario-forestal-nacional/index.html
https://www.miteco.gob.es/es/biodiversidad/temas/inventarios-nacionales/inventario-forestal-nacional/index.html
https://doi.org/10.1371/journal.pone.0105592
https://doi.org/10.1371/journal.pone.0105592
https://doi.org/10.1007/s00253-018-8837-4
https://doi.org/10.1038/s41579-020-0412-1
https://doi.org/10.1093/femsec/fiw119
https://doi.org/10.1093/femsec/fiw119
https://doi.org/10.1038/s41467-019-12798-y
https://doi.org/10.1038/s41467-019-12798-y
https://doi.org/10.1016/j.ejsobi.2022.103431
https://doi.org/10.1002/jcp.31063
http://refhub.elsevier.com/S0048-9697(25)00120-2/rf0390
http://refhub.elsevier.com/S0048-9697(25)00120-2/rf0390
http://refhub.elsevier.com/S0048-9697(25)00120-2/rf0390
http://refhub.elsevier.com/S0048-9697(25)00120-2/rf0390
https://doi.org/10.1016/j.agee.2021.107651
https://doi.org/10.3389/fmicb.2017.02179
https://doi.org/10.1186/s40168-018-0537-x
https://doi.org/10.1186/s40168-018-0537-x
https://doi.org/10.1002/ece3.6119
https://doi.org/10.1002/ece3.6119

	Unraveling the shifts in the belowground microbiota and metabolome of Pinus pinaster trees affected by forest decline
	1 Introduction
	2 Material and methods
	2.1 Experimental site
	2.2 Sample collection and processing
	2.3 DNA extraction and sequencing
	2.4 Illumina data processing
	2.5 Metabolomics procedures
	2.6 Analysis of microbial communities
	2.6.1 Rarefaction curves and alpha diversity
	2.6.2 Beta diversity analyses
	2.6.3 Comparison of taxonomic profiles
	2.6.4 Co-occurrence network construction and analysis

	2.7 Metabolomics analysis
	2.8 Univariate statistical analyses

	3 Results
	3.1 Edaphic parameters
	3.2 General characteristic of the Illumina dataset
	3.3 Unraveling the differences in the diversity and structure of microbiota associated to the roots of healthy and decline- ...
	3.4 Deciphering the changes in the taxonomical profiles of root-associated microbiota
	3.5 Uncovering the assembly of root-associated microbiota
	3.6 Metabolic response to forest decline
	3.7 Connecting the P. pinaster root microbiome with the metabolome

	4 Discussion
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Data availability
	References


