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Root-associated microbiota of 
decline-affected and asymptomatic 
Pinus sylvestris trees
Ana V. Lasa1,3 ✉, Antonio J. Pérez-Luque   2,3 & Manuel Fernández-López   1 ✉

Forest decline is a worldwide phenomenon affecting many species such as Pinus sylvestris. Although it is 
driven by multiple stressors, the role of tree associated microorganisms remains still unclear. To reduce 
this knowledge gap we obtained amplicon sequences of the microbiota inhabiting the rhizosphere 
soil and root endosphere (bacterial 16S rRNA and fungal ITS2) of decline-affected and asymptomatic 
P. sylvestris trees in spring and summer. The dataset comprised a total of 384 samples from three 
mountainous areas which yielded an average of 59,592.3 ± 7,371 and 56,894.3 ± 12,983.5 (spring 
and summer) bacterial and 74,827.9 ± 12,095.4 and 85,363.9 ± 14,199.3 (spring and summer) fungal 
raw reads, resulting in 23,982.4 ± 11,312.4 (spring) and 17,921.8 ± 10,802.7 (summer) bacterial and 
50,571.1 ± 10,499.5 (spring) and 49,509.4 ± 12,673.8 (summer) fungal quality-filtered sequences. 
These data and the corresponding metadata could be used to identify pine decline bioindicators, to 
develop novel diagnosis tools of specific microorganisms and could serve as reference against which to 
compare other microbial communities.

Background & Summary
In the last decades, forests are suffering a generalized deterioration due to decline episodes1. This phenomenon 
results in a reduced growth of the trees, commonly accompanied by the yellowing and defoliation of the crown, 
and can even lead to the tree death. High tree mortality rates have been reported worldwide, however, the cause 
of forest decline remains still an open question1–3. Forest decline is thought to be driven by multiple interacting 
factors, whose weight may vary along the time4. Consequently, understanding and predicting decline episodes 
remains a challenging task. Manion (1981)5 proposed a model to describe this complex phenomenon: long-term 
stressors known as predisposing factors e.g., high tree density) affect negatively the trees. Subsequently, inciting 
factors such as droughts or other short-term extreme weather events further stress the trees, making them more 
vulnerable. Eventually, contributing factors like pathogens or pests overcome the resistance of affected hosts, 
potentially leading to tree mortality. Therefore, for a better understanding of tree mortality and forest decline, 
multidisciplinary approaches that integrate different and complementary spatiotemporal scales are required6. 
Such approaches will provide deeper insights into the processes driving forest decline.

Pinus sylvestris L. (Scots pine) is a widely distributed boreo-alpine species that is undergoing severe decline 
episodes7–9, especially in the southeast of the Iberian Peninsula10, its southernmost limit of distribution. So 
much so that 314.8 ha of the National Park of Sierra Nevada (Granada and Almeria, SE Spain) covered by P. 
sylvestris stands were affected by decline in 201711. Populations located in the southernmost limit of their dis-
tribution, i.e. rear-edge populations are of great interest due to their ecological and evolutionary significance12.
Studying the ecological dynamics at species range margins offers valuable insights into their potential to adapt 
and respond to climate change13. Rear-edge populations, located at the low-latitude extremes, often harbour 
unique genetic diversity essential for species conservation, management, and long-term resilience12,14. Climatic 
scenarios at rear-edge sites can act as natural laboratories for understanding how northern populations might 
respond under future climate conditions15,16. Therefore, examining the drivers of decline in P. sylvestris forests 
at the rear-edge in the southeast Iberian Peninsula could be helpful in developing preventive forestry tasks17,18.
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Although the model proposed by Manion (1981)5 included biotic stressors, very little is known about the host 
tree-associated microbiota. Most of the works have focused on the role of several pests such as the pinewood 
nematode19 and its interaction with abiotic factors20, pine processionary moth (Thaumetopoea pityocampa21), 
even parasitic plants such as mistletoe22, demonstrating all of them the positive correlation between the presence 
of such stressors and decline symptoms. Notwithstanding the above, shifts in the plant host-associated microor-
ganisms have been almost overlooked so far. It is well-known that plant microbiota deploys essential functions 
in plant nutrition and defense against (a)biotic stresses23. To the best to our knowledge, we addressed for the 
first time the diversity, composition and structure of the microbial communities (bacteria and fungi) associated 
to the roots of P. sylvestris trees affected by forest decline11. Metabarcoding approaches based on amplicons of 
the bacterial 16S rRNA and fungal ITS2 sequences were employed in that study to analyze both rhizosphere 
and root endosphere microbial populations of decline-affected and asymptomatic Scots pines just during the 
spring. These data were deposited and are publicly available in two repositories: NCBI SRA (National Center 
for Biotechnology Information Sequence Read Archive) and GBIF (Global Biodiversity Information Facility). 
Furthermore, here we describe for the first time the dataset corresponding to the microbial communities dwell-
ing in the rhizosphere soil and root endosphere of exactly the same trees as the previous work11, under summer 
conditions. Both spring and summer datasets could provide valuable information about potential microbial 
bioindicators of pine decline. In addition, this dataset can serve as a valuable resource for other researchers seek-
ing to identify specific microorganisms, even employ the specific sequences to develop DNA-based diagnosis 
methods of specific microorganisms, for instance, by developing probes targeting specific microorganisms for 
TaqMan qPCR approaches. Beyond diagnostics, the dataset may support the identification of microbial indica-
tors linked to forest health or stress, providing a foundation for early-warning systems. Moreover, the data can 
offer insights into potential interactions with biotic and abiotic components of forest ecosystems, contributing 
to a better understanding of ecosystem functioning. Furthermore, the data and the corresponding metadata 
could be useful in developing integrated forest management and ecological restoration strategies, especially in 
the context of environmental change.

Methods
Experimental design.  Three mountainous regions were selected for sample collection: Sierra de Almijara, 
Tejeda and Alhama (Sierra de Almijara hereinafter), Sierra Nevada and Sierra the Baza, all of them located in 
Granada (Andalusia, southeast Spain) (Fig. 1). In Sierra de Almijara, 12 unaffected P. sylvestris trees were chosen 
and marked (ASH01-12), while just decline-affected Scots pines were found in Sierra de Baza, and 12 individuals 
were also selected (BSD01-12). In contrast, 12 asymptomatic and 12 affected P. sylvestris trees were considered 
for the analyses in Sierra Nevada, which were named NSH and NSD, respectively. Those trees showing stunted 
growth, yellowing of the crown and/or defoliation were classified as symptomatic. Samplings were performed in 
summer 2021 and spring of 2022 (Table 1), selecting exactly the same trees in both seasons.

In each experimental area, rhizosphere soil samples and young roots were collected from two different points 
of the root system of the same tree, and processed in parallel as described below. Both rhizosphere and root sam-
ples coming from the same trees were mixed in further steps, obtaining a total of 192 bacterial and 192 fungal 
libraries [12 replicates × 2 plant compartments × 4 plant conditions (NSH, NSD, ASH, BSD) × 2 seasons = 192 
samples]. Table 1 summarizes the main characteristics of the samples, while the experimental design is depicted 
in Fig. 2.

Sample collection and processing.  At a distance of less than 50 cm from the trunk of the trees, the topsoil 
(25–50 cm) was removed by digging, in order to avoid the soil horizon rich in organic matter degrading fungi 
and small roots of herbaceous plants. Then, the main roots of the selected tree were followed until young poorly 
suberized roots were found. The soil closely adhered to these roots was collected by rubbing them manually. These 
roots were also collected, and both rhizosphere soil and the roots were kept at 4 °C until they were processed in 
the laboratory. It should be marked that two samples of rhizosphere soil and roots were taken from two differ-
ent parts of the same root system of each tree (2 × 48 trees). 500 g of the soil close to the roots of each tree was 
also collected just in spring in order measure soil physico-chemical parameters. Soil samples were analyzed by 
Laboratorio Analítico Bioclínico (Almería, Spain) following standardized procedures, applying electrometric, 
ICP-MS (Inductively Coupled Plasma Mass Spectrometry), ion chromatographic, volumetric, spectrophotomet-
ric or densimetric methods.

Once in the laboratory, the roots were surface sterilized. For that purpose, roots were washed twice with 
20 mL NaCl solution 0.8% (w/v). Then, they were rinsed five times with distilled water so that soil particles 
closely attached to the roots were removed. Roots were immersed in 50 mL an ethanol solution 70% (v/v) for five 
minutes, and then immersed in a solution (50 mL) composed of NaClO (4%, w/v) and Tween20 (0.01%, v/v) for 
three minutes. Roots were rinsed twice with distilled sterilized water for one minute each, and 100 µL water from 
the last rinse were plated onto LB (Luria Bertani) and TSA (Trypto-Casein Soy Agar) media containing plates. 
They were incubated at 30 °C for 14 days and visually evaluated periodically in order to check the sterilization 
efficiency.

Sterilized roots were then lyophilized at −45 °C until they were completely dehydrated, by employing the 
lyophilizer Thermo Savant Modulyo D-230 (Waltham, United States). Subsequently, root material was ground 
in the grinder MM-400 (Retsch, Germany) for 1 min at 30 Hz with the help of sterilized grinding balls of 20 mm 
diameter.

DNA extraction and sequencing.  Total DNA was extracted from 0.1 g of sterilized root material and 0.25 
of rhizosphere soil by means of the DNeasy® Plant Pro and DNeasy® PowerSoil® Pro kits (Qiagen, Germany), 
respectively, following the manufacturer’s instructions. DNA extracted from the same trees was then pooled into 
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a composite sample, for both rhizosphere soil and root endosphere samples. Thus, a total of 48 rhizosphere soil 
and 48 root endosphere composite samples were obtained in each season. DNA yields were determined by means 
of the fluorometer Qubit 3.0 (Life Technologies, Unites States).

DNA from each individual sample was sequenced by Illumina MiSeq platform at the genomics service of 
the Institute of Parasitology and Biomedicine López-Neyra (CSIC, Granada, Spain). The hypervariable regions 
V3-V4 of the bacterial 16S rRNA were sequenced by using the Pro341F (CCTACGGGNBGCASCAG) and 
Pro805R (GACTACNVGGGTATCTAATCC) primers24. Prior to the sequencing step, amplicons obtained 
from root endosphere were treated with PNA PCR clamps25 so that the amplification of plant plastidic and 
mitochondrial DNA was diminished. For fungal dataset, primers ITS426 (GTGARTCATCGAATCTTTG) and 

Fig. 1  General (a,b) and detailed (c) view of the study site’s locations. Circles and triangles indicate 
asymptomatic and symptomatic, respectively, P. sylvestris plots. Green symbols indicate Sierra de Baza plot, 
purple corresponds with Sierra Nevada plots, and blue represents Sierra de Almijara plot.
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fiTS727 (TCCTCCGCTTATTGATATGC) were employed for the sequencing of the fungal ITS2 region. In each 
sequencing run, three replicates of the mock community ZymoBIOMICS Microbial Community Standard II 
(logarithmic distribution; ZYMO Research, United States) were included as quality control of the sequencing 
process. It should be mentioned that 2 × 275 and 2 × 300 Paired-end (PE) sequencing strategy were followed 
(runs corresponding to spring and summer samples, respectively).

Bioinformatic processing of the sequencing data.  Sequencing reads were processed in our previous 
work as described there11. Raw reads obtained by high-throughput sequencing were fully processed in R soft-
ware v. 4.2.3.28. Unless otherwise stated, both fungal and bacterial reads were processed in the same way (Fig. 2). 
Firstly, Figaro software29 was employed just for bacterial libraries with the aim of stablishing the best parameters 
of the following filtering step. The function filterAndTrim included in the package DADA230 was computed in 
order to remove low quality reads and those with ambiguities, by indicating the parameters selected previously 
with Figaro tool. Both primers were removed from the reads by employing Cutadapt bioinformatics tool31, and 
in the case of the fungal library, the filter and trimming step was performed at this point. For both bacterial and 
fungal datasets, modelling of parametric errors and their correction was performed my means of the function 
learnErrors of package DADA2. Sample inference was then performed (function dada of the same package). 
In both cases, forward and reverse reads were merged (function mergePairs of the package DADA2, keeping 
the default parameters). Then, ASV (Amplicon Sequence Variant) tables were constructed for each sequencing 
run, and ASV tables corresponding to the runs of spring and summer samplings were merged in this work by 
using the function mergeSequenceTables. Chimeric sequences were then removed from the dataset by running the 
function removeBimeraDenovo, package DADA2. High-quality bacterial and fungal sequences were taxonomi-
cally classified by comparing them with those held in the Ribosomal Database Project (training set v. 1832 and 
UNITE v. 7.233 databases, respectively. For that purpose, the function assignTaxonomy of the package DADA2 
was implemented. Once sequences were classified, the sequencing detection limit was stablished. In this case, we 
checked the taxonomical composition of the samples corresponding to the mock communities. We found ASVs 
in that samples that were not part of the commercial mock community (whose composition is already known), 
and the relative abundance of these ASVs was considered the detection limit (here, 0.0018%). Hence, those ASVs 
which accounted for less than the established detection limit were removed from the dataset, as they may be 
potential biases of the sequencing process. Those bacterial sequences identified as Cyanobacteria/Chloroplast 
were compared to those held in GenBank database by BLASTn and removed in case there were identified as 
eukaryotic. Eventually, ASVs classified as mitochondria, chloroplasts, not classified at Kingdom level or identified 
as Eukaryota (just in the bacterial libraries) were not retained for further analyses.

Data Records
Data obtained from high-throughput sequencing platform were deposited and are publicly available at the NCBI 
SRA repository34. Compressed files which include raw forward and reverse reads (.fastq.gz) were deposited for 
each tree replicate, both for root endosphere and rhizosphere soil samples, both for fungi and bacteria, both 
for spring and summer sampling points. Thus, 792 fastq files are publicly available under the BioProject ID 
PRJNA993625. Supplementary Table 1 specifies the accessions that are unique to this work and those which 
were already reported in our previous work11

, and the specific metadata.

Integration in the global biodiversity information facility.  The datasets were also accommodated to 
fulfill the Darwin Core Standard35–37 with “occurrence” and “measurement or Facts” extensions (GBIF 2018). We 
used Darwin Core Archive Validator tool (http://tools.gbif.org/dwca-validator/) to check whether the dataset met 
Darwin Core specifications. Then, the dataset was deposited and published through the Integrated Publishing 
Toolkit (IPT v2.3.6)38 of the Spanish node of the Global Biodiversity Information Facility (GBIF) (http://ipt.gbif.es).  
A version of the dataset is available at GBIF39.

Structure of the darwin core archive (DwC-A).  The structure of the Darwin Core Archive (DwC-A) 
encompasses comprehensive sampling event data40 consisting of “event-type” data, “occurrence” data and “meas-
urement or fact” type data (Supplementary Figure 1). This structure is organised based on a hierarchical frame-
work for sampling events. The event file contains a total of 288 records distributed as follows: 48 events (parent 
events) that describe the spatial coverage of the sampled trees (see Table 1); 48 events corresponding to the soil 

ASH (n = 12)a BSD (n = 12)a NSH (n = 12)a NSD (n = 12)a

Experimental area Sierra de Almijara Sierra de Baza Sierra Nevada

Coordinates 36° 52′ 53″ N 03° 55′ 31.4″ W 37° 17′ 20.7″ N 02° 42′ 20.0″ W 37° 08′ 07.1″ N 03° 03′ 00.3″ W 37° 08′ 06.3″ N 03° 07’ 03.2″ W

Decline symptoms No Yes No Yes

Replicates 01–12

Sampling date
Spring April 20th, 2022 April 27th, 2022 May 11th, 2022

Summer July 12th, 2021 July 26th, 2021 July 19th, 2021

Plant compartments Root endosphere and rhizosphere soil

Microorganisms under study Bacterial and fungal communities

Table 1.  Main characteristics of all the groups of samples analyzed. a12 trees were sampled each sampling 
campaign (12 in summer and 12 in spring; the same trees were selected in both seasons).
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sampling in a specific date (those events are related to the parent events); 192 events corresponding at the root 
endosphere (n = 96) and the rhizosphere (n = 96) samplings for spring and summer. This structure allows to 
append new records in future sampling campaign. The soil, root endosphere and rhizosphere events contain a 
parentEventID field, linking them to their respective trees. The occurrence file comprises 79640 records, while 
the “measurement or fact” file encompasses 672 records of various soil measurements associated with each of the 
trees in a determined date.

Taxonomic Coverage
The taxonomic depth achieved in this dataset was considerable, covering two major kingdoms: Bacteria and 
Fungi. Bacteria (29.4% of the total sequences), are represented by 16 classified phyla, with the most abundant 
being Proteobacteria in the rhizosphere (22.6–36.4%, see Fig. 3a) and Tenericutes (0–90%) or Actinobacteria 
in the root endosphere (6.1–56.7%). Fungi (70.6% of the total sequences) are represented by 8 taxonomically 

Fig. 2  Experimental workflow. Orange arrows indicate steps common to fungal and bacterial data acquisition. 
Green and blue arrows indicate steps that were solely performed for bacterial and fungal data, respectively. 
Green symbol indicates Sierra de Baza plot, purple corresponds with Sierra Nevada plots, and blue represents 
Sierra de Almijara plot. ASV, Amplicon Sequence Variants, Figaro, DADA2 and Cutadapt are the names of the 
bioinformatics tools employed in the corresponding steps (see the text for more details). “A” letter denotes the 
altitude measured in meters above sea level.
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classified phyla, primarily dominated by Basidiomycota in the rhizosphere (51.2–68.7%, see Fig. 3c) and 
Ascomycota (41–65.9%) and Basidiomycota (33–58.7%). The dataset covers a total of 74 microbial classes, 156 
orders, 309 families, and 580 genera. Figure 4 summarizes main bacterial and fungal genera.

Technical Validation
We registered the total amount of raw sequences per sample as quality control of the sequencing process, being 
the minimum number 41580 and 190 sequences in the dataset corresponding to spring and summer samples, 
respectively (Supplementary Table 2). All the reads with at least one ambiguity, and with an associated quality 
score per nucleotide below 2 were removed from the analysis, as well as those shorter than 50 bp.

After the overlapping of forward and reverse reads and chimera removal step, the taxonomy of the ASVs 
detected in the mock community samples was checked. In these samples, sequences corresponding to all the taxa 
included in the mock community were detected with the exception of Lactobacillus, the yeast Saccharomyces and 
the fungus Cryptococcus (the mock community was just sequenced with the primers amplifying the bacterial 16S 
rRNA). It should be mentioned that two ASVs belonging to the genus Limosilactobacillus and ASVs assigned to 
Bacteroides, Dialister and Zea (none of them included in the commercial mock community) were also detected in 
the mock community samples. Notwithstanding, the sequences corresponding to Limosilactobacillus showed 100% 
similarity to both Limosilactobacillus and Lactobacillus sequences held in the GenBank database included in the 
NCBI, and 100% similarity to Limosilactobacillus sequences included in the EzBioCloud database41. Taking into 
account that some species of Lactobacillus were reclassified into Limosilactobacillus genus in 202042, we considered 
that the ASVs belonging to the former genus were members of the mock community. Moreover, ASVs belonging to 
Limosilactobacillus, Bacteroides and Dialister were just detected in the mock community but not in the rhizosphere 
and root endosphere samples, thus, they were considered as potential biases included in the samples corresponding 
to the commercial mock community. Sequences corresponding to Zea (Eukaryotic, Plantae) were not considered for 
further analyses. Samples corresponding to root endosphere of trees ASH10, BSD10, BSD11 and NSH11 (spring) and  
those corresponding to the root endosphere of trees ASH01, ASH10, ASH12, BSD03, BSD04, BSD10, NSD01  
and NSH11 (summer) were removed from the bacterial dataset since they did not harbor enough quality reads.

In order to verify that the sampling and sequencing efforts were enough to obtain high quality sequences, 
we computed the rarefaction curves depicted in Supplementary Figure 2 with the help of the function rarecurve 
(package vegan43). Practically all the curves reached to the asymptote, indicating that almost all the microbial 
diversity was covered and the samples were representative of ecosystems under study.

Fig. 3  Mean relative abundance of the main bacterial phyla detected in the rhizosphere soil (a) and root 
endosphere (b), and main fungal phyla inhabiting the rhizosphere soil and root endosphere (c,d, respectively). 
The artificial group “Other phyla (<1%)” emcompasses those phyla accounting less than 1% in at least one 
group of samples. ASH: Almijara samples (Asymptomatic), BSD: Baza samples (Symptomatic), NSD: Sierra 
Nevada samples (Symptomatic), NSH: Sierra Nevada samples (Asymptomatic).
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Code availability
All the scripts used for the processing and analyses of the sequencing data are openly available to ensure full 
reproducity of the workflow. This includes scripts for the quality control and filtering of Illumina (MiSeq) 
reads, processing of ASV tables for both bacterial and fungal datasets, and formatting of data into DarwinCore 
Archive structure for integration into GBIF. The full workflow is documented and hosted in a GitHub repository 
(https://anitalasa.github.io/Psylvestris_DataPaper/), and permanently archived in Zenodo44. By providing 
a fully documented and reproducible workflow, this dataset complies with FAIR principles45 and facilitates 
its application in microbial ecology, forest health monitoring, and biodiversity research. Furthermore, all the 
repositories are under license CC BY.
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