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The rhizosphere is a dynamic interface where plant- and soil-derived factors
jointly influence microbial community assembly. In chicory (Cichorium intybus
L.), the respective roles of genotype, developmental stage, and root metabolites
in structuring rhizosphere communities remain insufficiently understood. This
study aimed to characterize patterns of microbial assembly and to assess
their associations with root metabolite profiles. Rhizosphere and bulk soil
from three chicory genotypes were sampled at two developmental stages
and analyzed using bacterial and fungal metabarcoding. Diversity metrics,
differential abundance analyses, and literature-based functional annotation
were integrated with root metabolite profiling to explore associations between
microbial taxa and metabolite profiles. Rhizosphere microbial communities
associated with chicory differed from bulk soil and were structured by plant
genotype and developmental stage. Lower a-diversity at early stages may reflect
the selective enrichment of specific taxa, suggesting non-random assembly.
Community variation was associated with root metabolite profiles, including
primary metabolites and sesquiterpene lactones (STLs). Across development,
the microbiome shifted from taxa linked to nutrient transformation and
microbial interactions including Nitratireductor, Sphingomonas, and Serratia,
toward communities dominated by saprotrophic and organic matter-degrading
taxa such as Streptomyces, Pseudarthrobacter, and Lecanicillium. Genotype-
dependent differences further suggested that plant genetic background
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contributed to rhizosphere assembly patterns. However, these relationships
are correlative, and the underlying mechanisms require validation through
targeted experimental approaches. The observed correlations led us to propose
a hypothesis of temporally structured chemical-trophic filtering, meaning that
plant metabolites and soil nutrient conditions jointly contribute to shaping
microbial communities in a genotype-dependent manner.

KEYWORDS
chemical-trophic

filtering, Cichorium intybus, plant genotype, rhizosphere

microbiome, root metabolites

1 Introduction

Industrial chicory (Cichorium intybus var. sativum) is a major
crop cultivated worldwide for applications in human nutrition and
animal feed. Chicory is also recognized as a functional food due to
its high inulin content, a well-established prebiotic that promotes
beneficial gut microbiota (Gibson et al, 2017), as well as its
richness in specialized secondary metabolites such as chlorogenic
acids and sesquiterpene lactones (STLs). These compounds exhibit
documented antimicrobial and allelopathic properties (Chadwick
et al.,, 2013; Pouille et al., 2022). Industrial chicory represents a
particularly relevant model for investigating plant-soil-microbe
interactions due to its agronomic importance, high production
of bioactive STLs, and well-documented hardiness and resilience
across diverse environmental conditions (Hilbert and Rambaud,
2023; Leclercq et al., 2025). Microbial communities inhabiting the
rhizosphere are shaped by multiple interacting factors, including
soil properties, environmental conditions, agricultural practices,
and plant developmental stage (Philippot et al., 2013; Hartman
et al., 2017). Host genotype, root physiology, and metabolism
may also influence microbial recruitment and contribute to
selective community assembly from the surrounding soil reservoir
(Bulgarelli et al., 2013; Schlaeppi et al., 2014; Tkacz et al., 2015;
Zhalnina et al., 2018). In this context, the rhizosphere constitutes
a dynamic interface where plant roots actively modulate microbial
assembly through the release of primary and secondary metabolites,
suggesting that plant-derived compounds may act as ecological
filters shaping microbial colonization (Bais et al., 2006; Badri and
Vivanco, 2009).

Root-derived primary metabolites are known to influence
rhizosphere microbial communities by providing carbon and
energy sources for soil microorganisms. Soluble sugars, organic
acids, and amino acids constitute major components of root
exudates and can contribute to plant-microbe interactions in the
rhizosphere (Badri and Vivanco, 2009; Dennis et al., 2010; Jones
et al., 2009; Philippot et al., 2013; Sasse et al., 2018).

Beyond primary metabolites, plant secondary metabolites
contribute to a more selective shaping of rhizosphere microbial
communities, acting as chemical signals or inhibitors that influence
microbial assembly. Among these secondary metabolites, STLs are
recognized as highly bioactive compounds that may contribute
to the selective shaping of rhizosphere microbial communities.
STLs, including those produced by Asteraceae such as chicory,
are well known for their antimicrobial properties, although

Frontiers in Microbiology

their effects are strongly dose-dependent and species-specific
(Héakkinen et al., 2021). Their activity is largely attributed to
the presence of an o-methylene-y-lactone moiety capable of
reacting with nucleophilic thiol groups in proteins via Michael-
type addition, leading to covalent alkylation of cysteine residues
and disruption of essential enzymatic and redox-regulated cellular
processes (Schmidt, 2006; Chadwick et al., 2013). Gram-positive
bacteria are often reported to be more susceptible to STLs,
likely due to the absence of an outer membrane barrier and the
increased accessibility of intracellular targets (Picman, 1986). In
fungi, similar thiol-reactive mechanisms can interfere with key
metabolic enzymes and membrane-associated functions, resulting
in growth inhibition or altered physiological activity (Picman,
1986; Chadwick et al., 2013). Importantly, such effects rarely result
in complete microbial elimination but instead generate selective
pressure that differentially affects sensitive taxa (Badri and Vivanco,
2009; Bais et al., 2006; Inderjit and Duke, 2003).

In crops producing bioactive secondary metabolites, genotype-
dependent variation in root physiology, metabolism, and exudation
patterns may strongly influence microbial recruitment and
rhizosphere ecological structuring by shaping the selection of
microorganisms from the surrounding soil reservoir (Pascale et al.,
2020; Trivedi et al., 2020). The concept of chemical-trophic filtering
provides a useful framework for interpreting plant-associated
microbiome assembly, whereby microbial communities may be
influenced by both chemical selection pressures arising from plant-
derived compounds and trophic constraints related to nutrient
availability (Philippot et al., 2013; Pascale et al., 2020; Trivedi
et al., 2020). However, the mechanisms and ecological strategies
by which genotype-specific metabolite profiles shape bacterial and
fungal community assembly in industrial chicory, particularly
across developmental stages, remain insufficiently understood. The
objective of this study was therefore to determine assess the
influence of genotype and developmental stage on rhizosphere
bacterial and fungal communities in industrial chicory and to assess
whether variation in root metabolite composition is associated
with differential microbial recruitment patterns. To achieve
a comprehensive characterization of the root microbiota and
root metabolome, multiple analytical platforms were employed,
including microbial DNA sequencing, NMR for global metabolic
profiling, and UHPLC-HRMS for sensitive detection of specialized
metabolites. By integrating metabolomic and metabarcoding
approaches, we aimed to characterize genotype- and stage-
dependent patterns of rhizosphere microbial assembly and to
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evaluate their associations with root metabolite profiles in the
chicory rhizosphere.

2 Materials and methods

2.1 Plants and sampling

Seeds of three industrial chicory genotypes (Cichorium intybus
var. sativum), FarOl, Far05, and Farl0, were provided by
Florimond Desprez Veuve and Fils (Cappelle-en-Pévele, France).
The seeds were cultivated in the same experimental field located in
Coutiches, northern France (50°27°56.9"N 3°13’04.4"E). The area is
characterized by a temperate oceanic climate, with a mean annual
temperature of 12.2 °C and an annual precipitation of 492 mm in
2022 (Météo-France data).! The experiment was conducted during
the 2022 growing season. Wheat was cultivated on the plot during
the previous growing season, followed by a fallow period before
chicory sowing. Standard agronomic practices included soil tillage
prior to sowing, nitrogen fertilization with ammonium nitrate in
March 2022, foliar fertilization in June 2022, and conventional
weed and disease management throughout the growing season. No
irrigation was applied during the experiment. The complete crop
management protocol is described in Supplementary File 1.

The field experiment followed a randomized plot design to
minimize spatial heterogeneity within the experimental area. Each
genotype was represented by 7 independent plots distributed across
the field, with 10 rows per plot. To avoid edge effects, plants were
sampled from the central rows of each plot. At each developmental
stage, healthy plants were randomly selected throughout the plot
area.

For soil characterization, five topsoil samples (0-15 cm depth)
were collected in May 2022 using a grid-based random sampling
method. Sampling points were selected using random coordinates
within the grid, with a minimum distance of 10 m between points
to ensure representative field coverage. Approximately 500 g of soil
was collected at each location using sterile tools and transferred to
clean, non-reactive polyethylene bags without additives. Samples
were stored in a cool, dry environment until analysis.

Two plant developmental stages were investigated. The first
harvest took place in July 2022 (T1), corresponding to the young
plant stage with a fine taproot of approximately 10-15 c¢m, and
the second harvest in September 2022 (T2), corresponding to the
mature stage characterized by a tuberized root of approximately
30-35 cm. Because T1 and T2 samples were collected at different
periods of the growing season, developmental stage effects could
not be fully separated from seasonal and environmental variation.

At each stage, five plants per genotype were randomly selected
and carefully uprooted. After gently shaking off loose soil, the roots
were collected. Soil adhering to the roots was gently scraped off and
considered rhizosphere soil (Rhi). Control bulk soil samples (Ctrl)
were collected from unvegetated areas located approximately 2 m
away from chicory plants, at a depth corresponding to the chicory
root zone (approximately 10-20 cm), although residual rhizosphere
influence within the cultivated field cannot be completely excluded.

1 www.meteofrance.com

Frontiers in Microbiology

10.3389/fmicb.2026.1855632

Five independent bulk soil samples were obtained. All Rhiand Ctrl
samples were placed into sterile 50 mL Falcon tubes, freeze-dried,
ground, homogenized, and stored until DNA extraction. Roots
were cleaned to remove soil and debris, rinsed with tap water to
remove adhering soil particles, followed by a rinse with distilled
water, and then freeze-dried prior to metabolite analysis.

2.2 Soil analysis

Physicochemical properties of bulk soil were determined using
subsamples allocated to different analyses. Specifically, 20 g of soil
were used for the determination of water pH (pHyyarer), 50 mg
for total carbon (TC), total nitrogen (TN) and total organic
carbon (TOC) analyses, and 5 g for major element analysis.
All measurements were performed in triplicate. For pHyater
determination, soil samples were manually ground and sieved at
2 mm. The < 2 mm fraction was mixed with deionized water at a
soil:solution ratio of 1:2.5 (FAQ, 2021) and stirred for 30 min. After
decantation, pH was measured using a Hanna probe (HI 2211),
with a precision of 0.05 pH unit.

For the remaining analyses, soil samples were finely ground
to a particle size of < 10 um. TC and TN concentrations were
determined at the Laboratoire d’Océanologie et de Géosciences,
Lille, France using an elemental analyzer (ThermoFisher Flash
EA 1112 Series). TOC was measured using the same instrument
following sample decarbonation with diluted hydrochloric acid
(HCI, 1:5). TOC content was also calculated as the difference
between total carbon and inorganic carbon, the latter quantified
as CaCOj3 by calcimetry using a Bernard calcimeter. Analytical
precision for TC, TN, and TOC measurements was 0.05 %. The
TOC/TN ratio was subsequently calculated. The elemental analyses
for major elements were conducted at the SARM (Service d’Analyse
des Roches et des Minéraux, Nancy, France) using an ICP-
OES (Inductively Coupled Plasma-Optical Emission Spectrometry,
iCap6500). Detection limits for SiO;, Al,O3, Fe;O3, MnO, MgO,
CaO, Na, 0, K,0, TiO,, and P,0s5 were 0.050, 0.040, 0.015, 0.015,
0.030, 0.030, 0.020, 0.030, 0.020, and 0.100%, respectively. The loss
on ignition (LOI) was also determined and corresponds to the mass
difference between the sample mass before and after calcination.

2.3 DNA extraction and amplicon
sequencing

Total DNA from rhizosphere, control soil or roots was
extracted from 5 samples per experimental condition according
to NucleoSpin DNA Soil Kit (Macherey-Nagel, Diiren, Germany).
DNA amounts were quantified by using BioSpectrometer
(Eppendorf, Hamburg, Germany) and DNA quality was assessed
with the 2100 Bioanalyzer (Agilent, Santa Clara, United States).
Following DNA extraction and quality assessment, the three
samples per condition showing the highest DNA quality and
amplification efficiency were selected (Supplementary File 2)
to ensure sufficient sequencing quality and coverage, and were
subsequently sent for sequencing to the GIGA sequencing
platform (Liége University, Belgium). Although this selection
strategy was implemented to ensure robust sequencing quality,
the reduced number of biological replicates (n = 3) may limit
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statistical power and should therefore be considered when
interpreting downstream analyses. For bacterial DNA sequencing
the amplification of the V1-V2 region of the 16S rDNA and the
library preparation were performed with the following primers:
direct (5-GAGAGTTTGATYMTGGCTCAG-3’) and reverse (5'-
ACCGCGGCTGCTGGCAC-3’). For fungal DNA sequencing, the
amplification of the Internal Transcribed Spacer (ITS) region 5.8S-
ITS2, and the library were prepared for each sample using universal
primers with Illumina overhang adapters targeting the ITS2 region.
The forward primer (5-GCATCGATGAAGAACGCAGC-3’), and
the reverse primer (5-TCCTCCGCTTATTGATATGC-3’) were
used for their broad coverage of fungal taxa. Single-organism
DNA (Escherichia coli for bacteria and Saccharomyces cerevisiae for
fungi) was used as a positive control, while a no-template control
was used as a negative control to confirm the PCR amplifications.
No detectable amplification or evidence of significant sequencing
contamination was observed in the negative controls. Each PCR
product was purified with the Agencourt AMPure XP Beads Kit
(Beckman Coulter, Pasadena, United States), then subjected to a
second PCR round for indexing, using Nextera XT index 1 and
2 primers. Following purification, PCR products were quantified
using Quant-iT PicoGreen (Thermo-Fisher Scientific, Waltham,
United States) and diluted to 10 ng-wL~!. Final quantification
of each library sample was performed with the KAPA SYBR
FAST (KapaBiosystems, Wilmington, United States) before
standardization, pooling, and sequencing on a MiSeq sequencer
with v3 reagents (Illumina, San Diego, United States). Data
processing involved the mothur v1.44 package and the VSEARCH
algorithm (Rognes et al., 2016) for alignment, clustering, and
chimera detection as described by Gérard et al. (2021). The mean
number of cleaned reads before subsampling was 108,017 reads
per sample for ITS2 and 89,427 reads per sample for 16S datasets.
After filtering and chimera removal, 90.6% of ITS2 reads and
78.3% of 16S reads were retained. Sequences were next clustered
into operational taxonomic units (OTUs) at 97% identity using
the bioinformatics workflow initially implemented for this study
(Leclercq et al,, 2025). Alignment and taxonomic identification
were carried out using the SILVA database (release 132) for
bacterial 16S rRNA gene sequences and the UNITE database for
fungal ITS sequences (5.8S rDNA region). Rarefaction to 10,000
reads per sample was performed to standardize sequencing depth
across samples before downstream metabarcoding analyses. High
Good’s coverage values at the OTU level (99.4% for ITS2 and
98.7% for 16S) indicated that the sequencing depth was sufficient
to capture the vast majority of the diversity present in the samples.
OTUs were subsequently aggregated into phylotypes at the phylum
and genus taxonomic levels. All raw reads from biosamples were
deposited at the National Center for Biotechnology Information
(NCBI) under BioProject accession number PRINA1441179.

2.4 Metabarcoding analysis

Based on the rarefied table of 10,000 reads per sample,
rare OTUs representing less than 0.01% of total reads across
all samples were filtered out prior to diversity analyses to
reduce the influence of sequencing artifacts and spurious low-
abundance taxa. Filtered data were examined for alpha diversity
using three indices: Shannon’s diversity (Shannon, 1948), Pielou’s
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evenness (Pielou, 1966), and Chaol richness (Chao, 1984). Alpha
diversity indices were calculated using “phyloseq” package in R.
Statistical differences were analyzed using the rank-based Aligned
Rank Transform (ART) procedure implemented in the “ARTool”
package, followed by factorial ANOVA including Genotype, Stage,
and their interaction as fixed factors. In addition, bulk soil controls
were compared with rhizosphere samples from each genotype
at each developmental stage using one-factor ART analyses.
Pairwise post-hoc comparisons were performed using estimated
marginal means with the “emmeans” package and adjusted for
multiple testing using Tukey’s procedure (p < 0.05 was considered
significant). GraphPad Prism 9.0 (GraphPad Software, San Diego,
CA, United States) was used to generate graphical representations.

Filtered data were subsequently used for B-diversity analyses
to evaluate dissimilarities in microbial community composition
among samples. Community dissimilarities were calculated using
Bray-Curtis distances (Bray and Curtis, 1957). Differences in
microbial community structure were tested using permutational
multivariate analysis of variance (PERMANOVA; Anderson, 2001)
implemented in the adonis2() function (999 permutations). The
effects of genotype, developmental stage, and their interaction
were assessed on rhizosphere samples, whereas rhizosphere and
bulk soil communities were compared separately. Homogeneity
of multivariate dispersions was verified using the betadisper()
function. All analyses were performed in R (v4.5.2) using the
“vegan” package (Oksanen et al., 2022). Community patterns were
visualized by principal coordinates analysis (PCoA).

Filtered data were also used for relative abundance analyses
following total sum scaling normalization. Differential abundance
analyses were conducted separately at three taxonomic levels
(phylum, genus, and species), for two developmental stages (T1
and T2), and for bacteria and fungi independently. Differentially
abundant taxa were identified using DESeq2 (Love et al., 2014). Raw
count data were modeled using a negative binomial generalized
linear model, with genotype or developmental stage included
as fixed effects depending on the comparison. Size factors were
estimated using the poscounts method, which is robust to the high
sparsity and zero inflation typical of microbiome datasets. P-values
were adjusted for multiple testing using the Benjamini-Hochberg
false discovery rate (FDR; Benjamini and Hochberg, 1995), and taxa
with adjusted p < 0.05 were considered significant. For graphical
representation, average relative abundances were calculated for
each condition, and figures were generated using GraphPad Prism
9 (GraphPad Software, San Diego, CA, United States).

2.5 Functionnal characterization

Functional characterization was performed using publicly
available reference genomes representative of the identified taxa
and annotated through the RAST server,? BacDive® and literature
for bacterial species. Specifically, bacterial species were retained
based on a mean relative abundance threshold > 1% across
samples in order to focus on dominant rhizosphere members.
For each retained species, one representative reference genome

2 https://rast.nmpdr.org/
3 https://bacdive.dsmz.de/

frontiersin.org


https://doi.org/10.3389/fmicb.2026.1855632
https://rast.nmpdr.org/
https://bacdive.dsmz.de/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Leclercq et al.

was manually downloaded from the NCBI Assembly database
(“reference genome” category) and submitted to the RAST server
for annotation using the SEED subsystems framework. The RAST
server was used to explore the presence of genes associated with
phosphorus (P), iron (Fe), nitrogen (N), potassium (K), and sulfur
(S) metabolism, as well as genes related to virulence/defense
mechanisms and phytohormone biosynthesis. FungiDB 4 and
literature data completed functions for fungal species.

2.6 Root metabolite extraction

Roots were freeze-dried for 48 h and, depending on the
sampling stage, either the entire root system (T1) or homogenized
root subsamples (T2, due to increased root biomass) were ground
into a fine powder using a ball mill for 30 s at 30 Hz. Fifty-
four milligrams of powder were extracted with 1.8 mL of a
methanol/water mixture (25:75, v/v). The mixture was shaken at
950 rpm for 20 min at 20 °C using a ThermoMixer® (Eppendorf
AG, Hamburg, Germany), followed by centrifugation at 13,400 rpm
for 10 min at 4 °C (Centrifuge 5810 R, Eppendorf AG, Hamburg,
Germany). The supernatant was then filtered through a 0.22 pm
PVDF membrane. Crude extracts were stored at -20 °C until
further analyses.

2.7 Metabolite analysis by NMR

An aliquot of 800 L of crude extract supernatant were freeze-
dried and reconstituted in 800 L of a methanol-d4/KH, PO, buffer
(0.1 M) in D,0O (50:50, v/v), adjusted to pH 6.0, and containing
TMSP (0.0125%), NaN3 (0.6 mg-mL_l), and maleic acid (1 mM).
Samples were vortexed, sonicated for 10 min, and transferred
to 5 mm NMR tubes. Analyses were performed on 5 biological
replicates per genotype at each developmental stage, except for
Far05 at T1 (n = 4 due to insufficient sample quantity).

NMR spectra were acquired at 300 K on an Avance III 600 MHz
spectrometer (600.13 MHz for 'H; Bruker BioSpin, Wissembourg,
France) equipped with a 5 mm TXI inverse probe with z-gradient.
Spectra were processed using TopSpin v3.6.2 (Bruker). Standard
processing procedures, including apodization, zero-filling, phase
correction, and baseline correction, were applied. Acquisition
parameters were selected according to Pouille et al. (2022). Briefly,
'H NMR spectra were acquired using the noesypr pulse sequence
with 64 scans and a spectral width of 8403 Hz.

Two-dimensional NMR experiments were also performed.
J-resolved (J-res) spectra were acquired using the jresesgp pulse
sequence with 16 scans and spectral widths of 8417 Hz in the
F1 dimension and 50 Hz in the F2 dimension. Two-dimensional
heteronuclear single quantum coherence (HSQC) spectra were
acquired using the hsqcetgpprsisp pulse sequence with 16 scans and
spectral widths of 8417.5 Hz in F2 and 26,412 Hz in F1.

For NMR spectra, a pre-processing step was performed
using NMRProcFlow software (v.1.4) to align spectra with a
maximum relative shift of 0.05 ppm, remove background noise
and methanol/water signals, exclude the 3-5 ppm region due

4 http://fungidb.org
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to extensive signal overlap associated with inulin, and perform
spectral binning using the “smart binning” mode to avoid splitting
multiplets and prevent potential redundancy errors. A resolution
factor of 0.5 and a signal-to-noise ratio (SNR) threshold of 3
were applied. A matrix of 324 variables was then generated for
subsequent statistical analyses. To compare annotated compounds
levels in FarOl, Far05, and Farl0 at T1 and T2 stages, statistical
analyses were performed using the Kruskal-Wallis test. When
significant differences were detected, Bonferroni-corrected post hoc
pairwise comparisons were conducted. Statistical significance was
setat p < 0.05.

2.8 Metabolite analysis by UHPLC-HRMS

Crude extracts were diluted 20-fold in LC-MS grade
methanol/water (20:80, v/v) and filtered through a 0.22 pm
PVDF membrane. UHPLC-HRMS analyses were performed using
an ACQUITY UPLC I-Class system coupled to a Vion IMS QTOF
mass spectrometer (Ion Mobility Quadrupole Time-of-Flight)
equipped with an electrospray ionization (ESI) source (Waters,
Manchester, United Kingdom).

One
chromatographic separation was achieved on a Kinetex Biphenyl

microliter of each sample was injected, and
column (100 x 2.1 mm, 1.7 wm; Phenomenex, Torrance, CA,
United States) maintained at 55 °C. The mobile phase consisted of
water containing 0.1% formic acid (A) and methanol containing
0.1% formic acid (B), delivered at a flow rate of 0.55 mL-min~.
The gradient program was as follows (A:B): 80:20 (0 min), 80:20
(0.5 min), 40:60 (5 min), 10:90 (6 min), 10:90 (7 min), 80:20
(7.5 min), and 80:20 (10 min).

The ESI source was operated in both positive and negative
ionization modes with a capillary voltage of 2.5 kV and a cone
voltage of 20 V. Source and desolvation temperatures were set
at 120 and 450 °C, respectively. Nitrogen was used as both the
desolvation and drying gas at flow rates of 800 and 50 L-h~!,
respectively. For accurate mass measurements, a leucine enkephalin
solution (m/z 554.2615) was continuously infused as a lock-
mass reference.

The TOF analyzer was operated in sensitivity mode, providing
an average mass resolution of approximately 50,000 (FWHM).
HDMSE spectra were acquired in continuum mode over a mass
range of m/z 50-2,000 with a scan time of 0.2 s. Two independent
scans with alternating collision energies were recorded during each
acquisition cycle: a low-energy (LE) scan at 6 eV and a high-energy
(HE) scan with collision energies ramped from 10 to 15 eV. Data
acquisition and processing were performed using UNIFI software
(v1.9.4, Waters).

From the UHPLC-HRMS analytical data, an initial matrix of
1,344 variables was generated. After data processing and quality
filtering, a final dtaset of 148 variables was retained. Each variable
was retained in the matrix if it met the following criteria: a
coeflicient of variation (CV) below 35%, an intensity at least 10
times higher than the blank, and presence in all replicates of
the same condition.

To identify variables contributing to sample discrimination,
HRMSE spectra were analyzed. This data-independent acquisition
(DIA) method, combined with ion mobility, allows programmed
fragmentation during sample elution by alternating collision
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energies without prior selection of precursor ions. As a result,
two spectra are acquired within a single run: a low-energy (LE)
spectrum providing information on intact molecular ions, and a
high-energy (HE) spectrum containing fragment ion information.
This acquisition mode enables the collection of accurate mass and
fragmentation data in a single analysis. Electrospray ionization
spectra acquired in both negative (ESI-) and positive (ESI+) modes
were used for marker annotation. Detected ions were characterized
by their mass-to-charge ratio (m/z) as [M - H]~ or [M + H]"
ions, respectively. In addition, the formation of common adducts
during ionization was considered, including [M + HCOO]~, [M +
HSO4]~, [M + Na]*, and [M + NH,4]T. Metabolite annotation was
performed based on the comparison of chromatographic retention
times and mass spectra, calculation of putative molecular formulas
from accurate precursor ion masses, and analysis of fragment ions.

Principal component analyses (PCA) were performed using R
software (v. 4.3.0) with the “FactoMineR” package. Heatmaps were
generated using GraphPad Prism 9 (GraphPad Software, San Diego,
CA, United States).

2.9 Correlation analysis

Correlation analyses between genotype-specific metabolites
and rhizosphere taxonomic composition were performed using R
(v4.5.2). Associations were evaluated between signature microbial
taxa (bacteria and fungi) identified as differentially abundant in
the rhizosphere and eleven specialized metabolites detected in
chicory roots. Microbial relative abundance data were transformed
using centered log-ratio (CLR) transformation to account for
compositionality, whereas metabolite peak intensities were log-
transformed to stabilize variance. Regularized canonical correlation
analysis (rCCA) was conducted using the “mixOmics” R package
to identify multivariate correlations between microbial genera
and metabolite profiles. In addition, Spearman’s rank correlation
coeflicients were computed separately for each developmental
stage to assess pairwise associations. To control for multiple
testing, p-values were adjusted using the Benjamini-Hochberg
false discovery rate (FDR) procedure. Correlations with adjusted
P < 0.05 were considered statistically significant.

3 Results

3.1 Soil analysis

According to the “Référentiels Régionaux Pédologiques”
(IGCS-RPP, GIS Sol, n.d.; Baize and Girard, 2009) and the soil
map available on the Geoportail website,> the soil type for the
experimental plot was classified as Brunisol-Redoxisol (IUSS WRB,
2022).

Mean values of pHygeer, as well as concentrations of total
carbon (TC), total nitrogen (TN), total organic carbon (TOC),
major elements, and loss on ignition (LOI), are presented in
Table 1. The mean pHyu.r of the bulk soil was 7.04, indicating

5 www.geoportail.gouv.fr
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TABLE1 Chemical properties and major element composition of the
experimental soil.

Parameter ‘ Mean + SD
pHwater 7.04 £ 0.14
TN (%) 0.15 + 0.02
TC (%) 2.56 4+ 0.1
TOC (%) 222401
Si0; (%) 78.30 4 0.72
AL O3 (%) 6.85 %+ 0.09
Fe;03 (%) 2.83 4+ 0.06
MnO (%) 0.049 + 0.003
MgO (%) 0.51 % 0.01
CaO (%) 1.15 + 0.45
Na; O (%) 0.7140.01
K20 (%) 1.66 + 0.02
TiO; (%) 0.63 %+ 0.01
P,0s (%) 0.23 + 0.06
LOI (%) 7.38 4 0.46

Values are means = standard deviation (n = 3). Concentrations are expressed as % (w/w) for
TN, TC, and TOC, and in wt% oxides for major elements.

neutral conditions. This value is consistent with those typically
reported for Brunisols and Redoxisols developed on calcareous or
chalky parent materials, where soil pH generally remains below
7.5 under cultivated conditions (Baize and Girard, 2009). Total
nitrogen (TN), total carbon (TC), and total organic carbon (TOC)
contents averaged 0.15 % 0.02%, 2.56 £ 0.10%, and 2.22 =+ 0.10%,
respectively. TOC values suggest a moderate organic matter content
typical of cultivated soils, whereas TN levels indicate relatively
low nitrogen availability. The relatively narrow difference between
TC and TOC suggests a limited contribution of inorganic carbon,
consistent with the low CaO content (1.15 £ 0.45%). The resulting
TOC/TN ratio (~14.8) falls within the upper range commonly
reported for cropland soils (8-15), reflecting balanced organic
matter turnover and moderate nitrogen availability (Kirkby et al.,
2011; Cotrufo et al., 2021). Loss on ignition (LOI) averaged
7.38 £ 0.46%, supporting the interpretation of moderate organic
matter content. This value is consistent with LOI ranges reported
for cultivated mineral soils, where organic matter levels are
generally reduced compared to natural ecosystems due to enhanced
mineralization and biomass export (Heiri et al., 2001).

Major element composition was dominated by SiO,
(7830 £ 0.72%), and aluminum and iron oxides (Al,Os3:
6.85 = 0.09%; Fe,O3: 2.83 £ 0.06%) were present in moderate
amounts, consistent with the presence of aluminosilicate minerals
such as clays and feldspars. Minor oxides, including K,O
(1.66 £ 0.02%) and Na,O (0.71 %+ 0.01%), further support the
contribution of feldspathic minerals, while MgO and MnO
occurred at low concentrations, as typically observed in temperate
agricultural soils (Kabata-Pendias, 2011). The relatively low CaO
content suggests limited carbonate abundance, in agreement with
the measured TOC and near-neutral pH.

Overall, the physicochemical characteristics of the soil
are representative of a moderately fertile, mineral-dominated
agricultural soil with active carbon and nitrogen cycling.
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3.2 Microbial diversity

To evaluate the microbial diversity, evenness and richness
of different chicory genotype we observed the alpha diversity
illustrated by Shannon, Pielou’s and Chaol indices (Figure 1).

In terms of diversity (Shannon index), samples collected
at the T1 developmental stage exhibited a significantly lower
microbial diversity for all genotypes (p < 0.02) compared with
the bulk soil control, with a more pronounced effect observed for
bacterial communities. Shannon index values ranged from 6.68
to 6.80 in the rhizosphere compared with 7.17 in the control for
bacteria, and from 3.43 to 3.66 compared with 3.97 for fungi
(Figures 1A,D). Microbial richness, estimated using the Chaol
index, was also reduced at T1 relative to the control, with values
ranging from 5294 to 5926 in the rhizosphere compared with
6,494 in the control for bacteria, and from 465 to 510 compared
with 568 for fungi. This decrease was statistically significant
for the bacterial community associated with Far0Ol (p = 0.02)
and for the fungal community associated with Farl0 (p = 0.02)
(Figures 1B,E). Similarly, community evenness assessed using
Pielou’s index showed a consistent reduction at T1 for both
bacterial and fungal communities, ranging from 0.85 and 0.86 in
the rhizosphere compared with 0.88 in the control for bacteria, and
from 0.61 to 0.64 compared with 0.67 for fungi. These differences
reached statistical significance for bacterial communities across all
genotypes (p = 0.02) and for fungal communities associated with
Far01 (p = 0.02) (Figures 1C,F). At T1, a significant difference in
bacterial evenness was also observed among the three genotypes,
particularly between Far01 and Far10 (p = 0.03) and between Far05
and Farl0 (p = 0.01) (Figure 1C). Overall, these patterns suggest a
stronger selective recruitment of bacterial and fungal communities
at the early developmental stage (T1), whereas fewer significant
changes relative to the control or among genotypes were detected
at T2. Microbial beta-diversity, reflecting differences in community
composition based on OTU distribution, was visualized using
principal coordinates analysis (PCoA) (Figure 2). Distinct bacterial
and fungal community structures were observed according to both
genotype and developmental stage. These patterns were supported
by PERMANOVA analyses. For bacteria, significant effects of
genotype (R?= 28.1%, p = 0.001), developmental stage (R*=37.1%,
p = 0.001), and their interaction (R?> = 23.9%, p = 0.001) were
detected (Supplementary File 3). Similarly, for fungi, genotype
(R? = 20.1%, p = 0.001), developmental stage (R? = 34.4%,
p=0.001), and their interaction (R* = 18.3%, p = 0.001) significantly
shaped community composition (Supplementary File 3).

3.3 Microbial abundance

The relative abundance of microbial phyla, genera and species is
shown in Figures 3-5. Metabarcoding analyses revealed differences
in rhizosphere community composition and relative abundance
compared with the control soil for each genotype, for both bacterial
and fungal communities. In the figures, taxa that differ significantly
between the rhizosphere and the control soil are indicated by an
asterisk.

At the bacterial phylum level, Pseudomonadota (formerly
Proteobacteria) (31.73-45.48%) and Actinomycetota (formerly
Actinobacteria) (15.49-28.10%) were the most abundant taxa
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across all samples, while Ascomycota dominated the fungal
communities (85.35-92.82%). The major bacterial and fungal phyla
were consistently detected across all samples, indicating no major
qualitative differences in phylum presence or absence. However,
quantitative shifts in relative abundance were detected, particularly
at the early developmental stage (T1). These changes were more
pronounced for bacterial communities, with Far0l and Farl0
showing significant variations in several bacterial and fungal phyla
compared with the control soil (Figures 3A,C). At the second
developmental stage (T2), substantially fewer differences were
observed relative to the control (Figures 3B,D).

Genus-level analyses were subsequently used to obtain finer
ecological and functional resolution of rhizosphere community
assembly patterns. Several bacterial genera showed significantly
increased relative abundance in rhizosphere samples (Figure 4),
including taxa enriched across all three genotypes that may
represent a common rhizosphere signature, such as Sphingomonas
(3.64% for Far01, 3.67% for Far05, and 1% for Far10), Massilia (2.17,
3.90, and 2.06%, respectively) and members of Oxalobacteraceae
(4.12, 6.91, and 3.17%, respectively), whereas others displayed
genotype-specific enrichment patterns, including Nocardioides
(7.11% for Far01 and 6.21% for Farl0), Marmoricola (5.31% for
Far10), Geobacter (4.17% for Far0l and 4.94% for Far10), and
Haliangium (5.41% for Far10). Conversely, several bacterial and
fungal taxa, including RB41, Mortierella, and Micavibrionales,
showed reduced relative abundance compared with bulk soil,
suggesting selective depletion from the rhizosphere environment.
Significant quantitative changes are detailed in Tables 2, 3 and
Supplementary Files 4, 5, together with literature-based functional
annotations.

After sequencing and OTU assignment, species-level
annotation was achieved for 22.6% of bacterial OTUs at Tl
and 3% at T2. For fungi, 49.7 and 46% of OTUs were identified at
the species level at T1 and T2, respectively. Although species-level
resolution remained limited, particularly for bacteria at T2, species-
level ecological interpretations should be considered indicative.
The relative abundances of the identified species are presented
in Figure 5, highlighting both shared and genotype-dependent
recruitment patterns. For example, species such as Sphingomonas
phyllosphaerae, asaccharolyticum,
Sporosarcina ureae were enriched in rhizosphere samples, whereas

Pseudochrobactrum and
other taxa, including Streptomyces atrovirens, Streptomyces
canus, and Exophiala radicis, showed lower relative abundance
compared with bulk soil. Significant quantitative changes are
detailed in Tables 4, 5 and Supplementary Files 4, 5, together with
literature-based functional annotations.

3.4 RAST-based functional profiling of
bacterial species associated with chicory
genotypes

The RAST server was used to perform putative functional
characterization of representative genomes associated with the
annotated bacterial species. To estimate putative beneficial
functions, we quantified genes involved in phosphorus (P), iron
(Fe), nitrogen (N), potassium (K), and sulfur (S) metabolism,
as well as genes associated with virulence/defense mechanisms
and plant hormone biosynthesis (Figure 6). For the bacterial
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FIGURE 1

Diversity, richness and evenness of bacterial (A—C) and fungal (D—F) communities associated with FarO1, Far05, and Farl0 chicory genotypes.
Shannon-Weaver diversity, Chaol index and Pielou’s evenness were computed with R functions from the “phyloseq” package. An asterisk above the
data point indicates significant differences between rhizosphere and control soil. Different letters indicate significant differences among genotypes
at a given stage. Significant differences between T1 and T2 for the same genotype are indicated by a bar with an asterisk (ART ANOVA, Tukey's test

FIGURE 2

p < 0.05).
A B
® :
04
0.2
_— _— A A
© L
¢ @ u y
Lo @ ~
i@ -
o ° (-9
° -0.2
L)
-0.2 [
> - o Q
-0.50 -0.25 0.00 0.25 04 -0.2 0.0 02 04
PCoA 1(39.98%) PCoA 1(32.01%)
Genotype Stage
@ Far01 om
Far05 AT2
® Far10
© Bulk soil
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species analyzed, we observed distinct and genotype-specific
functional gene profiles. Although this analysis considers only
a subset of the rhizosphere microbiota, and was based on

literature-derived genome annotations, the results suggest potential
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genotype-dependent differences in bacterial recruitment patterns.
At the early developmental stage (T1), the genotype Far10 showed
putative functional profiles more similar to those of the bulk soil,

a pattern that persisted at T2. In contrast, Far01 displayed, at
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T1, putative functional gene abundances comparable to those of
the bulk soil, whereas at T2, bacterial recruitment appeared more
restrictive. Conversely, Far05 exhibited an opposite trend relative
to the other genotypes and the bulk soil, characterized by a more
constrained recruitment at T1 and, overall, a markedly reduced
abundance of functional genes across the functions investigated.
Since strain-level genomic variation was not taken into account
and gene abundance was not normalized across genomes, these
analyses should be considered comparative and indicative rather
than quantitative functional measurements.
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3.5 NMR metabolic profiles of the three
chicory genotypes

Detection and relative quantification of total metabolites were
achieved using 'H NMR analysis. The acquired spectra resulted
in a data matrix comprising 324 variables, which was subjected
to principal component analysis (PCA) for samples collected at
developmental stages T1 and T2 (Figure 7).

For T1 samples, the first two principal components explained
74% of the total variance, with PC1 accounting for 62% (Figure 7A).
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Intra-genotypic variability was limited across all genotypes,
particularly for Farl0, but also for Far05 and Far01, whereas inter-
genotypic differences were more pronounced, allowing a clear
discrimination among the three genotypes based on their total
metabolite profiles.

For T2 samples, the first two principal components explained
46% of the total variance (Figure 7B). FarlQ exhibited relative
metabolic stability, as replicates clustered tightly and were clearly
separated from the other samples. In contrast, Far01 and Far05
showed increased intra-genotypic variability, preventing a clear
discrimination between these two genotypes based on total
metabolite profiles. This pattern suggests that genotype-specific
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metabolic differences became less pronounced during root
maturation.

Primary metabolites were identified by comparing the 'H
NMR spectra and 2D NMR experiments (J-resolved and HSQC)
of the QC sample with spectra acquired from reference standards
available in an in-house library. Comparison of the J-resolved
spectrum of the QC sample with that of sucrose revealed
six characteristic resonances at 3.43, 3.50, 3.65, 4.03, 4.16,
and 5.40 ppm, confirming the presence of sucrose in chicory
roots. Using the same approach, additional metabolites, including
glucose, glutamine, and malic acid, were identified. In addition,
a broad carbohydrate signal pattern characteristic of inulin was
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observed in the spectra. Among these metabolites, all except the
inulin-associated signal and malic acid were discriminant among
the three chicory genotypes. Their relative levels were therefore
compared by integrating well-resolved signals in the 'H NMR
spectra. The signals at 5.40 ppm (d, 1H, *J_H-H = 3.8 Hz) for
sucrose, 5.18 ppm (d, 1H, 3J_H-H = 3.7 Hz) for glucose, and
2.17-2.08 ppm (m, 2H) for glutamine were selected for integration.
At T1, significant genotype-dependent differences were observed
for all three metabolites. Sucrose levels were significantly higher
in Far0l and Far05 than in Farl0O, whereas a-glucose differed
significantly between Far0l1 and Farl0. Glutamine levels were
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significantly higher in Far05 than in both Far0Ol and Farl0. In
contrast, at T2, only sucrose showed significant differences among
genotypes, whereas a-glucose and glutamine no longer differed
significantly.

Because metabolomic analyses required destructive sampling
of the root system, the same individual plants could not be
analyzed at both developmental stages, and different individuals
were therefore sampled at T1 and T2. In addition, T1 and T2
corresponded to distinct root developmental states (young fine
roots versus mature tuberized roots). Consequently, part of the
observed metabolic variation may reflect differences in root tissue
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TABLE 2 Bacterial genera significantly enriched or depleted in the rhizosphere: common and genotype-specific signatures.

Associated plant
genotype or bulk soil

Key references

Bacterial genera

Altererythrobacter v - Far01, Far05, Far10 - (Kwon et al., 2007)

Massilia v - Far01, Far05, Far10 - (Ofek et al., 2012)

Oxalobacteraceae v v Far01, Far05, Far10 - (Willems et al., 1991)

Nocardioides v - Far01, Far10 + (Yoon et al., 1997)

Sphingomonadaceae v - Far01, Far10 - (White et al., 1996; Fredrickson
etal., 1995)

Marmoricola v - Farl0 + (Urzi et al., 2000)

OPS_17 - Far01, Far05 - (Kielak et al., 2016)

Cd. Yanofskybacteria - v Far01, Far10 - (Brown et al., 2015; Castelle and
Banfield, 2018)

Sphingomonas - v Far01, Far05 - (Takeuchi et al., 2001)

Geobacter - v Far01, Far10 - (Lovley et al., 2004; Lovley, 1993)

Flavobacterium - v Far05, Far10 - (McBride, 2014)

Acidobacteriales - v Far01 - (Kielak et al., 2016)

Actinocorallia - v Far01 + (Stackebrandt et al., 1997)

Aquicella - v Far01 - (Saini and Gupta, 2021; Santos
etal., 2003)

Comamonadaceae - v Far05 - (Willems et al., 1991)

Micrococcaceae - v Far05 + (Stackebrandt et al., 1997)

Pseudarthrobacter - v Far05 + (Busse, 2016)

Saccharimonadales - v Far05 - (Brown et al., 2015)

Chryseolinea - v Farl0 - (Yoon et al., 2011)

Desulfuromonas - v Far10 - (Roden and Lovley, 1993)

Haliangium - v Farl0 - (Reichenbach, 2001; Phillips et al.,
2022)

Microscillaceae - v Farl0 - (McBride, 2014)

Ohtaekwangia - v Farl0 - (Yoon etal., 2011)

Saprospiraceae - v Farl10 - (McBride, 2014)

Adb clade - v Farl0 - (Kielak et al., 2016)

RB41—Acidobacteriota v - Bulk soil Far10 - (Kielak et al., 2016)

Subgroup 5—Acidobacteriota - Bulk soil Far10 - (Kielak et al., 2016)

Micavibrionales - Bulk soil Far10 - (Wang et al., 2011)

physiology, storage capacity, and biochemical composition in
addition to developmental and temporal effects.

3.6 Specialized metabolite profiles of the
three chicory genotypes

While NMR analysis allowed the identification and relative
quantification of major primary metabolites, its lower sensitivity
for minor compounds led us to further investigate specialized
metabolites using UHPLC-HRMS, which provides higher
sensitivity and enhanced detection of secondary metabolites.
UHPLC-HRMS analysis generated a data matrix comprising
148 variables, which was used to perform a principal component

Frontiers in Microbiology

analysis (PCA) aimed at visualizing intra- and inter-genotypic
variability in specialized metabolite profiles.

At the first developmental stage (T1), the first two principal
components explained 55% of the total variance, with 30%
accounted for by PC1 and 25% by PC2 (Figure 8A). Three distinct
clusters corresponding to the Far01, Far05, and Farl0 genotypes
were observed, indicating low intra-genotypic variability and clear
inter-genotypic differentiation at this developmental stage.
at the
developmental stage (T2) are shown in Figure 8B. At this

Metabolic profiles of tuberized roots second
stage, the first two principal components accounted for 43%
of the total variance. The first principal component, explaining
28% of the variance, revealed a highly variable distribution of

specialized metabolites, particularly for FarOl and Far05. Overall,
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TABLE 3 Fungal genera significantly enriched or depleted in the rhizosphere: common and genotype-specific signatures.

Fungal Associated plant | Trophic strategy Decomposition Key
genera genotype or bulk capacity references
soil
Alternaria v v Far01, Far05, Far10 Pathotroph/saprotroph Cellulose; simple plant (Thomma, 2003)
polymers
Cladosporium v v Far01, Far05, Far10 Saprotroph/endophyte Cellulose; leaf litter (Bensch et al.,
polymers 2012)
Dactylonectria v v Far01, Far05, Far10 Root pathogen Root tissues; cellulose (Lombard et al.,
2015)
Bionectriaceae - v Far01 Saprotroph/pathotroph Cellulose; plant debris (Rossman et al.,
1999)
Helotiales - v Far01 Endophyte/saprotroph Root-derived carbon; (Hosoya, 2021)
simple polymers
Spizellomycetales - Far01 Saprotroph Simple carbohydrates (Powell, 2017)
Trichoderma - Far01 Mycoparasite Cellulose; hemicellulose; (Harman et al.,
chitin 2004)
Lecanicillium - v Far05 Entomopathogen Chitin; insect cuticle; (Zare and Gams,
plant debris 2001)
Neonectria - v Far05 Pathotroph Wood; lignocellulose (Chaverri et al.,
2011)
Falciphora - v Far10 Endophyte Root-derived carbon (Oberwinkler
etal, 2013)
Mortierella v - Bulk soil Far10 Saprotroph Lipids; simple plant (Ozimek and
polymers Hanaka, 2021)

genotype-dependent differences were pronounced at T1 but
became less distinct at the end of the developmental cycle (T2),
suggesting a convergence of metabolic profiles across genotypes
during root maturation.

Metabolite annotation was performed based on retention time,
accurate mass, elemental composition, and MSF fragmentation
patterns. According to Metabolomics Standards Initiative (MSI)
criteria, these annotations correspond to putatively annotated
compounds (MSI level 2), as metabolite identities were not
confirmed using authentic reference standards. The positions of
annotated variables were then projected onto the PCA loading plots
(Supplementary File 6), allowing the identification of 11 putative
annotated variables potentially contributing to the discrimination
among the three chicory genotypes. These variables correspond
to features showing the highest contributions to the principal
components and therefore likely represent metabolites involved in
the metabolic differences observed between genotypes. Annotation
of these markers (Table 6) enabled the identification of 11
metabolite features associated with genotypic differences among
Far01, Far05, and Farl0 at T1 and T2. All annotated markers
were tentatively assigned to the sesquiterpene lactone family
(STL), including guaianolides (including lactucin and lactucopicrin
derivatives), germacranolides (parthenolide), and a putatively
annotated eudesmanolide tentatively assigned as a-santonin, some
of which occurred as oxalate or sulfate conjugates.

Comparison of marker abundances across T1 and T2 samples
enabled the identification of major genotypic differences in
metabolite quantification, visualized using a heatmap (Figure 9).
At T1, several metabolites, including parthenolide, a-santonin,
lactucin 15-oxalate, guaianolide derivative, and lactucopicrin
15-oxalate, showed the strongest differences among the three
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genotypes. At T2, most of these differences were attenuated, leading
to a more homogeneous metabolic profile across genotypes, except
for lactucin, which exhibited the most pronounced differences.
Lactucopicrin and 118,13-dihydrolactucopicrin displayed the most
consistent temporal trends across genotypes. Overall, lower signal
intensities were observed at T2, with maximum signal values of
approximately 40,000 compared with about 150,000 in T1 samples.
However, these differences should not be interpreted as direct
evidence of decreased metabolite concentrations, as developmental
changes in root biomass and tissue composition may also have
contributed to the observed patterns.

3.7 Stage-dependent
microbiome—metabolome correlations

To investigate relationships between rhizosphere microbial
communities and specialized metabolites in chicory roots, we
combined multivariate and pairwise correlation approaches.

Regularized canonical correlation analysis (rCCA) suggested
multivariate co-variation between microbial genera and metabolite
profiles (Figure 10). In both bacterial and fungal datasets,
samples were primarily separated along the first canonical
component (26.1% of the microbial variance in bacteria, 10.8%
in fungi), according to developmental stage, indicating that
shifts in metabolite composition and microbial community
structureshowed coordinated variation over plant development.
The second component (17 and 17.6%, respectively) appeared
to reflect genotype-related variation, although this effect was
less pronounced than that of stage. The metabolites potentially
contributing to the canonical structure included lactucin,
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TABLE 4 Bacterial species significantly enriched or depleted in the rhizosphere: common and genotype-specific signatures.

Bacterial species

Associated plant

Key references

genotype or bulk soil

Pseudochrobactrum v - Far01, Far05, Far10 (Kampfer et al., 2006)

asaccharolyticum

Sphingomonas phyllosphaerae v - Far01, Far05, Far10 (Takeuchi et al., 2001)

Sporosarcina ureae v - Far01, Far05, Far10 (Yoon et al., 2001)

Streptomyces prasinus v - Far01, Far05, Far10 (Hopwood, 2007)

Symbiobacterium thermophilum v - Far01, Far05, Far10 (Ueda et al., 2004)

Thermobispora bispora v - Far01, Far05, Far10 (Wang et al., 1997)

Thermostaphylospora chromogena v - Far01, Far05, Far10 BacDive

Tumebacillus soli v - Far01, Far05, Far10 (Kim and Kim, 2016)

Streptomyces canus - v Far01, Far05, Far10 (Bérdy, 2005)

Streptomyces lincolnensis - v Far01, Far05, Far10 (Bérdy, 2005)

Oryzihumus leptocrescens - ' Far01, Far05, Far10 (Kageyama et al., 2005)

Pseudarthrobacter oxydans - v Far01, Far05, Far10 (Busse, 2016)

Pseudarthrobacter siccitolerans - v Far01, Far05, Far10 (Busse, 2016)

Rhizorhabdus dicambivorans - v Far01, Far05, Far10 (Yao et al., 2016)

Sorangium cellulosum v - Far01, Far05 (Reichenbach, 2001)

Nitratireductor aestuarii v Far01, Far10 (Oucetal, 2017)

Serratia plymuthica v - Far01, Far10 (Proenga et al., 2019)

Thermoclostridium stercorarium v - Far01 (Poehlein et al., 2013)

subsp. leptospartum

Thermoclostridium stercorarium v - Far01 (Madden, 1983)

subsp. thermolacticum

Reyranella massiliensis - v Far01 (Pagnier et al., 2011)

Variovorax paradoxus - v Far05 (Sun et al., 2018; Ma et al., 2023)

Streptomyces caeruleatus - ' Far05 (Hopwood, 2007)

Streptomyces ciscaucasicus - v Far05 (Labeda et al., 2017)

Bacillus cereus v - Bulk soil Far01, Far05, Far10 (Kulkova et al., 2023)

Bacillus drentensis v - Bulk soil Far01, Far05, Far10 (Hernandez-Pacheco et al., 2021)

Bacillus frigoritolerans v v Bulk soil Far01, Far05, Far10 (Swiqtczak et al., 2024; Marik
etal., 2024)

Bacillus pseudomycoides v - Bulk soil Far01, Far05, Far10 (Nakamura, 1998)

Bacillus samanii v - Bulk soil Far01, Far05, Far10 (Saman et al., 2010)

Bacillus simplex v v Bulk soil Far01, Far05, Far10 (Karimi et al., 2024; Uroz et al.,
2009)

Clostridium vincentii v v Bulk soil Far01, Far05, Far10 (Mountfort et al., 1997)

Ensifer adhaerens v - Bulk soil Far01, Far05, Far10 (Zhou et al., 2013)

Microlunatus panaciterrae v v Bulk soil Far01, Far05, Far10 (An et al., 2008)

Oryzihumus leptocrescens v - Bulk soil Far01, Far05, Far10 (Kageyama et al., 2005)

Pseudarthrobacter oxydans v v Bulk soil Far01, Far05, Far10 (Busse, 2016)

Pseudarthrobacter siccitolerans v v Bulk soil Far01, Far05, Far10 (Busse, 2016)

Reyranella massiliensis v - Bulk soil Far01, Far05, Far10 (Pagnier et al., 2011)

Streptomyces atrovirens v - Bulk soil Far01, Far05, Far10 (Hopwood, 2007)

Streptomyces canus v - Bulk soil Far01, Far05, Far10 (Bérdy, 2005)

Streptomyces turgidiscabies v v Bulk soil Far01, Far05, Far10 (Loria et al., 2006)

Variovorax paradoxus v - Bulk soil Far01, Far05, Far10 (Sun et al., 2018; Ma et al., 2023)
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TABLE 5 Fungal species significantly enriched or depleted in the rhizosphere: common and genotype-specific signatures.

Fungal Associated plant | Trophic Decomposition Key
species genotype or bulk | strategy capacity references
soil
Pseudeurotium v v Far01, Far05 Saprotroph Keratin; organic matter (Adhikari et al.,
bakeri 2016)
Pseudeurotium v v Far01, Far05 Saprotroph Organic matter turnover (Ogaki et al., 2020)
hygrophilum
Gibellulopsis - v Far01, Far10 Saprotroph/ weak Cellulose degradation (Lombard et al.,
nigrescens pathotroph 2015)
Lecanicillium - v Far01 Entomopathogen/ Chitin; insect cuticle; (Zare and Gams,
subprimulinum mycoparasite plant debris 2001)
Exophiala radicis v - Bulk soil Far01, Far05, Endophyte/ Root-derived carbon; (Jumpponen and
Farl0 opportunist simple plant polymers Trappe, 1998; de
Hoog et al., 2011)
Exophiala salmonis ' - Bulk soil Far01, Far05, Saprotroph/ Simple organic substrates | (de Hoogetal.,2011)
Far10 opportunist
Gibellulopsis v - Bulk soil Far01, Far05, Saprotroph/ weak Root tissues; cellulose (Zare et al., 2007)
nigrescens Farl0 pathogen
Mortierella zonata v - Bulk soil Far01, Far05, Saprotroph Strong decomposer of (Wagner et al., 2013)
Farl0 plant polymers
Scytalidium lignicola v v Bulk soil Far01, Far05, Lignicolous Lignocellulose (Fukasawa et al.,
Farl0 saprotroph decomposition 2011)
Solicoccozyma aeria - v Bulk soil Far01, Far05, Yeast-like Simple sugars; soluble (Liu et al., 2015)
Farl0 saprotroph carbon
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FIGURE 6
Number of bacterial genes involved in P, Fe, N, K, and S metabolism, virulence/defense, and plant hormone biosynthesis detected in rhizosphere and
bulk soil (Ctrl) for the three genotypes (Far01, Far05, and Far10). Gene counts were obtained using RAST (https://rast.nmpdr.org/) for both
developmental stages (T1 and T2).

lactucopicrin,  11,13-dihydrolactucopicrin, — a-santonin, and
lactucin 15-oxalate. The metabolite subset included the annotated
specialized metabolites showing the highest contributions to PCA
discrimination and the most consistent variation across genotypes
and developmental stages. Among microbial taxa, the main

contributors were Geobacter, Desulfuromonas, Micrococcaceae,
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Acidobacteriales, and Saprospiraceae for bacteria, and Trichoderma,
Neonectria, Dactylonectria, Lecanicillium, and Helotiales for fungi.

To further examine specific genus-metabolite associations,
Spearman correlation analyses were performed separately for each
developmental stage (Figure 11). Within the bacterial community,
two significant correlations were identified at the early stage (T1)
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after FDR correction (adjusted p < 0.05): Ab4 (p = 0.93; p = 0.04)
and Haliangium (p = 0.92; p = 0.04) were positively correlated
with lactucinl5-oxalate. No significant bacterial associations were
detected at the later stage (T2).

In the fungal community, six significant correlations were
observed at T1. Spizellomycetales (p = 0.92; p = 0.02) and
Bionectriaceae (p = 0.88; p = 0.03) were positively correlated
with lactucin, whereas Lecanicillium (p = -0.95; p = 0.007) and
Bionectriaceae (p = -0.88, p = 0.03) were negatively correlated with

lactucopicrin-15-oxalate. Additionally, Spizellomycetales (p = 0.87;
p = 0.04) and Helotiales (p = 0.85; p = 0.05) were positively
correlated with 11f,13-dihydrolactucopicrin. Effect sizes and 95%
bootstrap confidence intervals for all significant pairs are reported
in Supplementary File 7. As for bacteria, no significant correlations
remained at T2 after FDR correction.

Overall, correlation strength and the number of significant
associations were markedly higher at T1 than at T2. Statistical
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for rCCA, n = 9 per stage for Spearman). Consequently, the

power was constrained by the modest samples sizes (n

rCCA approach was ridge-regularized and should be considered
exploratory, while the bootstrap confidence intervals associated
with Spearman correlations remained relatively wide. Together
with the rCCA results, these findings suggest that microbiome-
metabolome relationships are predominantly stage-dependent and
appeared more pronounced during early plant development.
However, the limited number of significant pairwise associations
remaining after FDR correction suggests that the observed
microbiome-metabolome co-variation largely reflects shared
structuring factors, notably developmental stage and genotype,
rather than direct interactions between individual genera and
specific metabolites. Although our data do not demonstrate
a direct causal role of STLs in microbial recruitment, these
observations support their potential contribution to rhizosphere
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FIGURE 8

PCA score plots showing the distribution of samples based on specialized metabolite profiles. PCA performed using UHPLC-HRMS data illustrates
the distribution of samples at T1 (A) and T2 (B). Samples are colored according to genotype: FarO1 (red), Far05 (green), and Farl0 (blue). Ellipses are
shown for visual guidance.

filtering and suggest that STLs may contribute to shaping the  genotype-dependent and were more pronounced at T1 than at the
chemical environment associated with microbial assembly. later developmental stage (T2) (Figure 1). Numerous studies have
shown that rhizosphere microbial communities differ markedly
from those of bulk soil, although the effect of the rhizosphere
) ) on microbial a-diversity remains variable and depends on plant
4 Discussion

species, soil properties, and developmental stage. While some
studies have reported higher microbial richness in the rhizosphere

41 Spedalization rather than increased relative to bulk soil (Mendes et al., 2011; Shi et al., 2015), others
taxonomic diversity drives community have consistently observed reduced o-diversity indices, such as
assembly Shannon or Simpson, in rhizosphere communities (Haichar et al.,

2008; Chaparro et al.,, 2014). This reduction is generally attributed

The rhizosphere is widely recognized as a hotspot of to the selective enrichment of specific microbial taxa favored
microbial activity due to the continuous release of root exudates, by root exudates, leading to increased community specialization
which strongly influence microbial abundance and community  and reduced evenness rather than a loss of functional potential.
assembly. The reduced o-diversity observed in rhizosphere  Accordingly, a lower a-diversity in the rhizosphere does not
samples, particularly at the early developmental stage, suggests a  contradict the rhizosphere effect but instead reflects a deterministic
strong selective filtering exerted by chicory roots. These effects were  filtering process through which plants actively shape a specialized
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TABLE 6 Metabolite features associated with genotypic differences among Far01, Far05, and Far10 across both developmental stages, identified by
LC—HRMS marker annotation.

Variable Retention M+H* [M-H]~ Fragments Molecular | Metabolite
time (min) formula
V133 1.428 249.1497 231.1387-203.1436- Cy5H2003 Parthenolide 0.3
185.1330-157.1020
V144 1.610 247.1328 229.1228-201.1284- Cy15H;503 a-santonin 0.3
183.1178-155.0862
V186 2.117 347.0765 275.0815-257.0815- C17H;60s Lactucin-15-oxalate 0.6
213.0915
V377 3.074 275.0921 257.0815-213.0916 Ci15H;605 Lactucin 0.7
V419 3.855 469.2080 287.1283-247.1337- C23H34010 6p-acetoxy-guai-9(10)- 1.3
203.1439-185.1333 en12,8p-olide-48-O-B-
glucopyranoside
V474 4.511 339.0538 259.0977-257.0815 - Ci5H;607S 15-Deoxylactucin-8- 0.0
213.0915 sulfate
V667 5.225 431.1105 409.1287-257.0815 - Cy5H2007 Lactucopicrin 6.0
213.0915 derivative
V861 5.430 331.0823 259.0977-215.1078 Ci17H1607 8-Deoxylactucin-15- 1.5
oxalate
V897 5.490 409.1298 257.0911-213.1013 Cy3H,,0; Lactucopicrin 15
V930 5.510 411.1457 259,1073-215.1161 Cy3H2407 11p,13- 0.7
Dihydrolactucopicrin
V1111 5.578 481.1151 409.1450-257.0911- Cy5H2209 Lactucopicrin-15- 35
213.1012 oxalate
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FIGURE 9
Heatmaps of metabolite markers contributing to variability in chicory roots based on specialized metabolite profiles. Each sample (1-5) from each
genotype (Far01, Far05, and Farl0) was analyzed at two harvest times, T1 (A) and T2 (B). Red indicates high metabolite abundance, whereas green
indicates low abundance, based on signal intensities.

microbial consortium adapted to the rhizosphere environment
(Bulgarelli et al., 2013; Fitzpatrick et al., 2018).

Consistent with this framework, the systematically lower o-

particularly at T1, supports a model of plant-driven microbial
selection in which chicory selectively recruits a specialized
microbial consortium rather than promoting increased taxonomic
diversity observed in rhizosphere samples in the present study,  diversity. These results further suggest that early developmental
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Correlation analysis between significant discriminant bacterial (A) and fungal (B) genera and STL metabolite markers. Regularized canonical
correlation analysis (rCCA) was performed on paired samples to assess relationships between microbial community composition and specialized

metabolite profiles. Points represent individual samples, colored by genotype (Far01, Far05, Farl0) and shaped according to developmental stage
(T1, T2). Axes indicate the percentage of variance explained.
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FIGURE 11

Heatmaps showing Spearman correlation coefficients (p) between bacterial (A,B) and fungal (C,D) genus abundances and specialized metabolites in
chicory at two developmental stages (T1 and T2). Colors represent the strength and direction of the associations (blue—negative correlation,
green—positive correlation, white—no correlation). P-values were adjusted for multiple testing using the Benjamini—Hochberg false discovery rate
(FDR) procedure. Asterisks indicate statistically significant correlations after FDR correction (adjusted p < 0.05).
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stages in chicory are characterized by stronger selective pressures
on the rhizosphere microbiome than later stages of development.

4.2 Genotype- and developmental
stage-dependent assembly of the
rhizosphere microbiome

The observed community structuring supports the idea
that both plant genotype and developmental stage act as
major determinants of rhizosphere assembly (Figure 2 and
Supplementary File 3). Metabarcoding analyses further showed
genotype-dependent differences in rhizosphere bacterial and fungal
community composition relative to the bulk soil control, with
each genotype recruiting significantly different taxa at each
developmental stage (Figures 3-5 and Supplementary Files 4, 5).
These findings are consistent with numerous studies demonstrating
that host plant genotype acts as a deterministic filter, selectively
shaping microbial communities from the soil pool (Bulgarelli et al.,
2013). Genotypic effects have been reported across multiple plant
species, including Arabidopsis thaliana, maize, and wheat, where
distinct genotypes recruit different subsets of bacteria and fungi to
their rhizosphere (Schlaeppi et al., 2014; Tkacz et al., 2015; Hartman
et al., 2017). These differences are often linked to variations in root
exudate composition, which modulate the recruitment of microbial
consortia.

The observed stage-dependent clustering further highlights
the dynamic nature of rhizosphere microbial communities. Early
developmental stages are frequently characterized by strong
selective pressures, where root exudates selectively enrich specific
fast-growing microbial taxa (Chaparro et al., 2014; Shi et al., 2015).
Later developmental stages often show more stable communities
with gradual shifts toward taxa adapted to nutrient cycling and
plant defense, reflecting successional assembly processes (Shi et al.,
2015; Mendes et al., 2011).

In our study, this is supported by root metabolite profiles,
which were more discriminative among the three genotypes at
the early developmental stage (Figures 7-9). Consistent with this
coordinated structuring, multivariate and pairwise correlation
further stage-dependent
metabolome associations (Figures 10, 11), indicating that shifts

analyses revealed microbiome-
in microbial community composition and specialized metabolite
profiles appear to be closely associated, particularly during early
plant development. Overall, our findings reinforce the view that
rhizosphere microbial communities are co-structured by plant
genotype and developmental cues, in accordance with root exudate

composition.

4.3 Genotype-modulated temporal
bacterial rhizosphere filtering

Microbial recruitment by chicory rhizospheres throughout
the plant life cycle was inferred based on genera and species
identified as significantly enriched in the rhizosphere or,
conversely, significantly depleted relative to bulk soil (Tables 2-5;
Supplementary Files 4, 5). Genus-level interpretation provides
ecological robustness, whereas species-level analysis, although
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limited by incomplete taxonomic resolution, allows greater
mechanistic precision in inferring genotype-specific strategies
among the three chicory genotypes. Overall, the observed
microbial patterns were consistent with coherent ecological trends
inferred from the literature. A shared recruitment signature was
observed across all three genotypes, alongside genotype-specific
particularities.

For bacterial taxa selectively filtered by the rhizosphere, the
interpretation was based on the significant changes reported in
Tables 2, 4 and on the comprehensive functional features described
in Supplementary File 4.

4.3.1 Excluded taxa: active ecological filtering

Taxa significantly more abundant in bulk soil than in the
rhizosphere were operationally considered as depleted from the
rhizosphere. At T1, the RB41 (an uncultured lineage affiliated
with Acidobacteriota) showed lower relative abundance in the
rhizosphere, while at T2, Subgroup 5 within Acidobacteriota
and Micavibrionales were significantly depleted, particularly in
the Farl0 genotype. These taxa consistently clustered within
bulk-soil
competitors, and lignocellulolytic saprotrophs, suggesting that

oligotrophic specialists, aggressive Gram-positive
chicory does not merely enrich compatible microbes but actively
limits the development of structurally degradative and highly
competitive taxa.

At the species level, a common depletion pattern was observed
across the three genotypes, especially at T1. Chicory preferentially
repelled Gram-positive bacteria, aggressive secondary metabolite
producers (e.g., Streptomyces atrovirens, Streptomyces canus),
as well as many competitive taxa, and phytopathogens (e.g.,
Streptomyces turgidiscabies). This pattern suggests selection toward
a more specialized and less antagonistic microbiome. Such selective
pressure is likely mediated through root exudates that impose
trophic constraints disadvantaging these taxa. This pattern was also
reflected in rhizosphere functional analyses (Figure 6), where genes
associated with diverse metabolic pathways, particularly virulence-
related genes, were more abundant in bulk soil than in all tested
rhizospheres.

4.3.2 Early-stage recruitment: nutrient support
and protection

At the early growth stage (T1), chicory rhizospheres were
enriched with bacteria primarily functioning as controlled polymer
degraders, aromatic compound metabolizers, nitrogen cycle
modulators, and antifungal metabolite producers. A conserved
recruitment signature was evident at both genus and species levels.
Altererythrobacter, Massilia, and members of Oxalobacteraceae
were selected for their capacity to solubilize phosphate and
recycle nutrients. Far01 and Far10 showed particularly strong early
recruitment of taxa such as Nocardioides, Sphingomonadaceae, and
Marmoricola, also known for phosphorus solubilization and carbon
recycling.

Eight species were identified within the shared early-stage
including  Sphingomonas  phyllosphaerae,
for aromatic compound metabolism, and Pseudochrobactrum

signature, known

asaccharolyticum, capable of organic matter transformation.
Sporosarcina ureae contributed nitrogen transformation capacity,
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while Thermobispora and Thermostaphylospora are actinomycete
genera involved in organic matter degradation and recycling. In
addition, Streptomyces prasinus, a known antibiotic producer, was
enriched. Together, these taxa indicate that early-stage recruitment
fulfills
protection across genotypes.

both nutritional requirements and antipathogenic

Genotype-specific differences were also observed at the
species level during early recruitment, although associated taxa
retained similar functional roles. These included nitrogen supply
(Nitratireductor aestuarii), carbon recycling through strong
cellulolytic activity (Sorangium cellulosum, Thermoclostridium
stercorarium), and protective functions (Serratia plymuthica
with
antimicrobial secondary metabolites). Early recruitment was

antifungal activity; Sorangium cellulosum producing
most pronounced in Far01, whereas Far05 displayed comparatively

limited recruitment pattern.

4.3.3 Late-stage recruitment: transition toward
controlled saprotrophy

Whereas early-stage recruitment (T1) reflected active root
growth and nutrient acquisition, late-stage recruitment (T2)
corresponded to a transition toward saprotrophic community
dynamics. Plant senescence led to accumulation of dead tissues,
xenobiotic compounds, and increased abiotic and biotic stress.
Accordingly, the shared late-stage signature included species
such as Pseudarthrobacter spp., capable of oxidizing organic
compounds; Rhizorhabdus dicambivorans, known for herbicide
degradation; and antibiotic producers such as Streptomyces canus
and Streptomyces lincolnensis.

Comparative analysis of rhizosphere bacterial communities at
the late developmental stage further revealed genotype-associated
differences in community composition. FarOl preferentially
enriched taxa such as Acidobacteriales, Actinocorallia, and
Aquicella, together with shared enrichment of Geobacter and
Sphingomonas. These taxa are associated with oligotrophic
environments, iron cycling, and aromatic compound degradation,
suggesting that Far0l promotes a microbiome adapted to
nutrient-limited conditions and finely regulated carbon turnover.

Far05 was characterized by higher relative abundance
of  Comamonadaceae,
Saccharimonadales, and Flavobacterium. Many of these taxa

Micrococcaceae,  Pseudarthrobacter,
metabolize complex organic substrates and thrive in carbon-
enriched environments, suggesting that this genotype may
favor communities adapted to enhanced microbial turnover
during senescence.

Far10 displayed enrichment of taxa including Chryseolinea,
Desulfuromonas, Haliangium, Microscillaceae, Ohtaekwangia, and
Saprospiraceae, several of which are involved in sulfur cycling,
polymer degradation, and microbial interactions such as predation.
This pattern suggests a shift toward a more interaction-driven
and decomposition-associated rhizosphere network. Partial overlap
among genotypes (e.g., Geobacter, Sphingomonas, Flavobacterium)
indicates the presence of a shared functional core microbiota
modulated by host genotype.

Species-level analyses broadly mirrored genus-level patterns,
providing complementary but more tentative support for
genotype-associated community structuring. Although late-stage
sampling likely

integrates decomposition-driven dynamics,
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congruence across taxonomic resolutions strengthens evidence for
genotype-dependent ecological filtering. Specifically, Reyranella
massiliensis was enriched in Far01, consistent with persistence of
oligotrophic and resource-efficient bacteria favored by genotype-
specific residue chemistry. In contrast, Far05 selectively enriched
Variovorax paradoxus and two Streptomyces species (S. caeruleatus,
S. ciscaucasicus). Variovorax paradoxus, a metabolically versatile
rhizosphere bacterium involved in organic compound turnover
and plant signaling modulation, may benefit from increased
soluble substrates during tissue deterioration. The enrichment
of Streptomyces spp., known for complex polymer degradation
and secondary metabolite production, suggests a shift toward
decomposition-oriented and competitive microbial dynamics.

Overall, these results are consistent with a non-random
bacterial filtering process in chicory rhizospheres, potentially
associated with coherent ecological functions inferred from the
literature. The observed recruitment and depletion patterns
may reflect coordinated shifts related to nutrient acquisition,
microbial compatibility, and carbon turnover across developmental
stages, while remaining quantitatively modulated by genotype-
specific traits.

4.4 Genotype-modulated temporal
fungal rhizosphere filtering

For fungal taxa selectively filtered by the rhizosphere, the
interpretation was based on the significant changes reported in
Tables 3, 5 and on the comprehensive functional features described
in Supplementary File 5. Functional interpretations of fungal taxa
were inferred from taxonomic identity and previously published
ecological descriptions and should therefore be considered putative
rather than directly demonstrated within the present study.

4.4.1 Fungal exclusion and chemical control

At the early growth stage (T1), a selective exclusion of
fungal taxa was observed, particularly in FarlO at the genus
level (Mortierella) and across all chicory genotypes at the
species level. Notably, no major chicory-specific pathogens were
excluded. Instead, the plant appeared to restrict robust and
competitive saprotrophs, melanized stress-resistant fungi, species
with high extracellular enzymatic potential, and opportunistic
root colonizers.

Two Exophiala species, Exophiala radicis and Exophiala
salmonis, were significantly excluded at T1 by all chicory
genotypes. Both species are known as opportunistic root-colonizing
endophytes. Their consistent early exclusion suggests the existence
of a selective chemical environment in the rhizosphere, potentially
associated with genotype-dependent specialized metabolite
profiles, including STL-rich exudates, with known antifungal
properties, and possibly reinforced by antifungal metabolites
produced by concurrently recruited rhizosphere bacteria such
as Serratia plymuthica, Sorangium cellulosum, and Streptomyces
prasinus. Three additional fungal species, Gibellulopsis nigrescens,
Mortierella zonata, and Scytalidium lignicola, were also excluded
at T1. These are soil saprotrophs characterized by strong organic
matter degradation capacities. Their exclusion suggests that
chicory rhizosphere may create ecological conditions that limit
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early competition for root-derived carbon, prevent premature
tissue degradation, andreduce excessive carbon mineralization,
although the underlying mechanisms remain hypothetical.

At the late developmental stage (T2), chicory exhibited changes
in its metabolite profile (Figures 8, 9), and fungal exclusion was less
pronounced. Only two saprotrophic species, Scytalidium lignicola
and Solicoccozyma aeria, remained significantly excluded. This shift
coincided with changes in the functional profile of the associated
bacterial microbiome, suggesting a coordinated modulation of
bacterial-fungal interactions during senescence.

4.4 .2 Early-stage recruitment: functional
compatibility

Concerning rhizosphere recruitment, across the three chicory
genotypes, a conserved rhizosphere fungal signature emerged.
All genotypes consistently harbored genera containing potential
pathogens such as Alternaria, Cladosporium, and Dactylonectria.
These taxa were not fully excluded but maintained at controlled
levels, indicating that chicory does not establish a sterile
rhizosphere but rather maintains a diverse microbial equilibrium.

At the species level, Pseudeurotium bakeri and Pseudeurotium
hygrophilum were significantly associated with FarOl and Far05
at T1. These soil ascomycetes are moderate saprotrophs known
for tolerance to cold and nutrient-poor environments. Their
persistence at T2 suggests strong compatibility with the chicory
rhizosphere, likely functioning as stable commensals capable of
utilizing both exudates and senescent residues.

4.4.3 Late-stage recruitment: relaxation and
controlled trophic opening

The genotype-dependent modulation became more apparent
during the late stage. Far0l showed recruitment of additional
saprotrophic taxa (e.g., Bionectriaceae, Helotiales, Spizellomycetales,
and Trichoderma). Far05 recruited Lecanicillium (saprotrophic)
and Neonectria (pathotrophic), while Farl0 favored the endophyte
Falciphora.

The species-level recruitment at T2 showed that Far0l
and Farl0 displayed recruitment of additional taxa, including
Gibellulopsis nigrescens, previously excluded at TI1. Its later
emergence can be explained by its strong saprotrophic capacity
and competitive advantage on senescent tissues. Moreover,
Lecanicillium subprimulinum was recruited by Far0l at T2.
This species, known as an entomopathogen and occasional
mycoparasite, may contribute to fungal regulation and biological
control within the rhizosphere.

These fungal dynamics suggest that during early growth,
chicory recruits non-aggressive saprotrophs with low pathogenic
potential while competitive or highly degradative fungi were
depleted from the
development,

rhizosphere community. During late

the plant maintains compatible saprotrophs
and permits the arrival of more active decomposers, while
still exerting antifungal regulation. Although this overarching
pattern is conserved across genotypes, its apparent intensity
and trophic openness appear to be modulated in a genotype-
dependent manner. Altogether, these findings are consistent

with a temporally structured fungal filtering pattern associated
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with bacterial community shifts and dynamic changes in root
metabolite composition and putative exudation patterns, which
may contribute to controlled carbon turnover and overall
rhizosphere functional stability.

4.5 Conceptual model of temporally
structured chemical-trophic filtering in
chicory rhizosphere

The physicochemical properties of the soil define an abiotic
framework within which rhizosphere microbial communities
assemble. The soil supporting chicory growth was characterized
by near-neutral pH (pHwater = 7.04), low total nitrogen content
(0.15%), moderate total organic carbon (2.22%), and a mineral
composition dominated by aluminosilicates, with relatively low
CaO content (1.15%) (Table 1). This geochemical signature
indicates a predominantly feldspar- and clay-bearing mineral
substrate with limited carbonate buffering capacity and moderate
contributions from clay-associated fractions. Such conditions are
typically associated with moderate nutrient availability and may
favor microorganisms adapted to relatively constrained resource
environments. Within this context, plant-associated processes are
expected to contribute to additional structuring of microbial
communities.

Across genotypes and developmental stages, the observed shifts
in microbial community composition and relative abundance
indicate non-random assembly patterns in the chicory rhizosphere.
During active growth, the rhizosphere was enriched in microbial
groups reported in the literature to contribute to nutrient
mobilization and microbial interactions, including nitrogen cycle-
associated taxa (e.g., Nitratireductor, Sporosarcina), aromatic
and polymer degraders (Sphingomonas, Variovorax, Sorangium),
taxa with reported antagonistic potential (Serratia, Streptomyces
prasinus), and moderate saprophytic fungi such as Pseudeurotium
spp. (Tables 2-5 and Supplementary Files 4, 5). Although these
functional roles were not directly measured, their consistent
enrichment suggests that the rhizosphere may favor a functionally
constrained consortium associated with nutrient acquisition and
regulated microbial interactions.

At later developmental stages, the accumulation of senescent
tissues likely introduces new substrates into the rhizosphere. The
enrichment of saprotrophic Actinobacteria such as Streptomyces
spp., aromatic degraders such as Pseudarthrobacter, and other
decomposers, together with the partial reappearance of previously
less abundant taxa such as Gibellulopsis and the recruitment of
fungal regulators including Lecanicillium, indicates a controlled
opening of trophic niches (Tables 2-5 and Supplementary Files 4,
5). Such patterns are consistent with a relaxation of early-stage
selective pressure, and the emergence of communities adapted
to an increased availability of plant-derived substrates associated
with root maturation and senescence. This shift is consistent with
principles of microbial succession and community reorganization
during resource changes (DeAngelis et al, 2009; Shade et al.,
2013).

Genotype-dependent differences were observed throughout
this process, affecting both microbial composition and metabolite
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profiles. Although the overall patterns of community assembly were
broadly conserved, genotypes differed in the intensity and timing of
these changes.

Taken together, the results are consistent with a conceptual
model in which chicory rhizosphere assembly follows a temporally
structured and genotype-modulated filtering process associated
with both soil constraints and plant metabolic variation, in line
with conceptual models of chemical-trophic filtering proposed
for other plant species (Lattanzio et al., 2006; Bais et al., 2006).
Our observations are consistent with the hypothesis that chicory
rhizosphere assembly may be influenced by multiple interacting
factors, including physicochemical soil constraints, trophic inputs
associated with primary metabolites, STL-associated selective
pressures, microbial interactions, and stage-dependent trophic
reorganization. These patterns may also interact with the pre-
existing soil microbial reservoir and potential soil legacy effects
associated with previous cropping history. Within this conceptual
framework, chicory-associated microbiome dynamics could
contribute to a potentially disease-suppressive rhizosphere state.
If confirmed experimentally, such suppressiveness would likely
result from complex interactions among carbon availability,
nutrient dynamics, and microbial competition rather than from
simple antagonistic mechanisms alone. Genotype-dependent
differences may further modulate the degree of rhizosphere
openness while maintaining broadly similar ecological trends
across genotypes.

From an agronomic perspective, these findings suggest that
rhizosphere recruitment patterns could represent candidate traits
of interest for future chicory breeding programs. Genotype-
dependent differences in the recruitment of microbial consortia
potentially associated with nutrient mobilization, microbial
interactions, or decomposition processes may contribute to plant
adaptation and resilience, although these putative functions
remain to be experimentally validated. More broadly, integrating
microbiome-associated traits into breeding strategies could
provide new perspectives for developing chicory cultivars with
enhanced microbiome-associated functions and potentially
improved agroecosystem sustainability. Chicory could also
represent a promising candidate service plant for intercropping
or cover-cropping systems, where its influence on rhizosphere
microbial communities might contribute to soil functioning,
nutrient cycling, and microbiome dynamics associated with
these
applications will require validation under controlled and field

subsequent crops. However, potential ~ agronomic
conditions.

Beyond its agronomic importance, chicory is widely used
as a functional food, coffee substitute, and medicinal plant
due to its high content of bioactive compounds, including
and STLs

The observed associations

inulin, phenolic (Puhlmann and
de Vos, 2021).

metabolite profiles and rhizosphere microbial communities

compounds,
between root
therefore suggest that plant phytochemistry may contribute
not only to rhizosphere ecology but also potentially to traits
associated with plant quality. Nevertheless, the mechanistic
relationships  between chicory phytochemistry, metabolite
exudation, and microbiome assembly remain unresolved and will
require further studies combining rhizosphere microbiology,
characterization, and functional

metabolomics, exudate

bioassays.
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5 Conclusion

This study shows that rhizosphere microbial communities
associated with chicory differ consistently from bulk soil and vary
according to plant genotype and developmental stage. The reduced
a-diversity observed at early developmental stages is consistent
with selective enrichment of specific microbial taxa, suggesting
non-random assembly patterns in the rhizosphere. The integration
of metabarcoding and metabolomic data revealed that variation in
microbial community composition was associated with variation
in root metabolite profiles, including both primary metabolites
and specialized compounds such as STLs. These associations were
particularly pronounced at early developmental stages, when both
microbial and metabolic differentiation among genotypes were
strongest.

Across developmental stages, the rhizosphere microbiome
shifted from communities enriched in taxa reported to be
associated with nutrient transformation and microbial interactions
toward communities increasingly characterized by saprotrophic
and organic matter-degrading taxa. This transition is consistent
with changes in plant developmental status and resource availability
and may be interpreted within a conceptual model of a temporally
structured chemical-trophic filtering process.

Genotype-dependent differences in both microbial and
metabolite profiles further suggest that plant genetic background
may influence rhizosphere assembly.

Overall, the observed associations are consistent with a
temporally structured and genotype-modulated rhizosphere
assembly process associated with plant metabolic variation and soil
constraints. These observations also suggest potentially promising
agronomic perspectives for chicory, particularly regarding the
future integration of microbiome-associated traits into breeding
strategies and agroecological approaches. However, because
the study was based on an observational design, genotype,
developmental, seasonal, and local environmental effects could not
be fully disentangled. In addition, rhizosphere physicochemical
parameters and functional activities were not directly measured,
and ecological interpretations were inferred from taxonomic
and metabolomic associations. Consequently, further studies
including controlled experiments, rhizosphere physicochemical
characterization, functional assays, direct exudate analyses, larger
sample sizes, and multi-site validation will be necessary to establish
causal relationships and strengthen the ecological and agronomic
interpretation of these findings.
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