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Summary

� Increasing pressure from xylem-limited pathogens has driven the search for beneficial

xylem-inhabiting endophytes that can enhance growth, stress tolerance, and disease resis-

tance in woody plants. This study characterized the culturable xylem microbiota of Salicaceae

species (willow and poplar) and evaluated their potential as biological control agents against

vascular pathogens.
� A combination of microbial isolation, metabarcoding, and whole-genome sequencing was

used to characterize xylem-associated bacteria. Functional traits were assessed through in

vitro assays, while genome mining identified genes linked to plant-beneficial activities. Inter-

actions between endophytes and pathogens were tested using fluorescently labeled strains in

tobacco (Nicotiana tabacum) and in vitro-grown willow (Salix caprea).
� Bacterial genera (Bacillus, Pseudomonas, Erwinia) exhibited plant growth-promoting traits

and strong antagonism against bacterial and fungal vascular pathogens, including Xylella fas-

tidiosa, Brenneria salicis, Fusarium spp., and Verticillium dahliae. Genome analyses revealed

functions related to nutrient acquisition, biofilm formation, and antimicrobial production.

Co-inoculation assays significantly reduced pathogen load and disease symptoms in tobacco

and mitigated symptoms in willow.
� Xylem endophytes act as context-dependent allies in woody plant defence. This study pro-

vides a functional and genomic framework supporting microbiome-based strategies to

enhance resistance against vascular pathogens in long-lived woody hosts.

Introduction

Plants are considered as complex holobionts hosting microbial com-
munities influencing their health, and resilience to environmental
stress (Compant et al., 2024; Lengrand et al., 2024). This paradigm
shift revealed that endophytes play critical roles in nutrient acquisi-
tion, growth, and stress mitigation, positioning them as key allies for
plant against vascular pathogens (Yadeta & Thomma, 2013). On
the other side, bacteria infecting the plant vascular system are among
the most destructive, shutting down the plant’s water and nutrient
supply, leading to wilting and, to the death of the entire plant
(Vinatzer et al., 2012). Xylem-specialized plant pathogenic bacteria
share a distinctive ability to multiply and move systemically within
the xylem, often without causing obvious symptoms (Purcell &
Hopkins, 1996; Bragard et al., 2019a, 2019b). These pathogens are
particularly difficult to manage due to their internal localization,
systemic spread, and lack of effective curative treatments
(Vinatzer, 2012; Yadeta & Thomma, 2013; De La Fuente
et al., 2022). Hence, attention has increasingly turned to the plant

microbiome for biocontrol and plant health promotion. Indeed,
xylem harbors diverse microbial communities capable of influencing
both plant physiology and immunity (Zicca et al., 2020;
Anguita-Maeso et al., 2021), via resource competition, niche exclu-
sion, or the production of antimicrobial compounds (Compant
et al., 2005a, 2005b; Hardoim et al., 2015). Understanding the
diversity and function of xylem-resident endophytes represents a
crucial step toward developing microbiome-informed strategies for
managing vascular diseases (Giampetruzzi et al., 2020).

To this extent, Xylella fastidiosa and Brenneria salicis have been
selected as models for xylem-limited bacterial pathogens, given
their distinct biology, ecological relevance, and increasing impact
across Europe. Indeed, X. fastidiosa is a highly adaptable,
quarantine-listed pathogen notoriously difficult to manage due to
its ability to establish asymptomatic infections (Pesenti, 2025).
Among potential model systems to investigate xylem endophytes
with disease-mitigating functions, the Salicaceae family stands out
as especially relevant. Recent work by Casarin et al. (2022) demon-
strated that several Salicaceae species (Salix alba, Salix caprea,
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Populus canescens, P. tremula) are susceptible to colonization by X.
fastidiosa, even under temperate conditions, with systemic spread
reaching stems and roots highlighting their potential role as
asymptomatic reservoirs. By contrast, B. salicis primarily affects
willow species, mainly S. alba and its complex but also Salix fragilis
and S. caprea, and causes watermark disease, yet often persists as a
harmless endophyte (Turner et al., 1992; Maes et al., 2009;
Pesenti, 2024). Studying these two pathogens in the context of
their interactions with the native xylem microbiome offers an
unparalleled framework to uncover microbial-mediated mechan-
isms of disease suppression and host resilience. Salicaceae species
naturally host complex and functionally diverse xylem micro-
biomes, making them an ideal system to explore how resident
endophytes might modulate pathogen behavior or suppress symp-
tom development. Their ecological distribution across Europe and
frequent association with xylem-feeding insect vectors further sup-
port their use as an underexplored reservoir for vascular micro-
biome research (Casarin et al., 2023). Studies have highlighted
that endophytes isolated from willows and poplars exhibit potent
antifungal activities, particularly against key soil- and xylem-
invading pathogens such as Fusarium oxysporum, F. culmorum, and
Verticillium dahliae (Guleria et al., 2022; Zhang et al., 2022; Doty
et al., 2023), offering a sustainable alternative to fungicides for vas-
cular wilt diseases. Previous work has also demonstrated the bio-
control potential of Paraburkholderia phytofirmans PsJN against X.
fastidiosa in grapevine (Baccari et al., 2019).

By combining a cultivation-based and metabarcoding approach,
we aimed to better characterize the bacterial communities asso-
ciated with xylem sap in Salicaceae. Over 400 endophytic bacterial
strains were isolated from xylem sap. Such isolates were screened
for plant-beneficial traits, focusing on antagonistic activity against
key xylem-invading pathogens. A selected subset of strains inhibit-
ing X. fastidiosa and B. salicis, as well as vascular fungi such as
Fusarium spp. and V. dahlia, underwent whole-genome sequen-
cing and functional annotation to elucidate genetic determinants
of biocontrol potential and adaptation to the xylem niche. In order
to visualize and follow these strains within plant xylem vessels,
three were tagged with fluorescent proteins, for direct visualization
of their colonization, and interactions with pathogens within plant
xylem vessels additionally to quantitative polymerase chain reaction
(qPCR) quantification in tobacco and in vitro-grown willow
(Andreote et al., 2006; Casarin et al., 2022).

By linking host plant identity to microbiome composition and
functional potential, this study provides insights into the
xylem-resident microbiota of willow and poplar and assesses the capa-
city of selected endophytic strains to limit colonization and symptom
development by X. fastidiosa and B. salicis in complementary plant
systems. This work identifies promising bacterial candidates for
microbiome-based disease management strategies in woody plants.

Materials and Methods

Sampling of willows and poplars

Populus canescens (Aiton) Sm., P. tremula L. (1 + 0 – grown during
one season without subsequent transplanting; Vloethemveld origin),

P. nigra L., Salix alba L. (90/120 cm height class; ‘Liempde’), S.
caprea L. and S. fragilis L. plants were provided by ©Sylva Van
Hulle nursery (Belgium). The plants were potted and kept in an
insect-proof glasshouse (22°C day, 20°C night, 80% RH).

Xylem sap extraction for isolation and molecular
identification of endophytic bacteria

For the culture-dependent approach, xylem sap of eight plants
per species was collected at two-time points with a Scholander
pressure chamber (Alexou & Peuke, 2013). To minimize con-
tamination, a 2-cm stem segment was debarked and surface-
sterilized. Pressure (35 bars) was applied until xylem sap
emerged, and the first droplets were discarded to reduce external
contamination (Anguita-Maeso et al., 2020). For each plant,
50 ll of sap was plated in duplicate on Buffered Charcoal Yeast
Extract (BCYE), Tryptic Soy Agar (TSA), King’s B (KB), and
Potato Dextrose Agar (PDA) media and incubated at 28°C for
2–3 d. Isolates were purified and stored at �80°C. Genomic
DNA was extracted by heat lysis, and 16S rRNA genes were
amplified with primers 27f/1492r (Weisburg et al., 1991),
Sanger-sequenced (Microsynth®), and identified by BLASTn
against core_nt.

Xylem sap extraction for metabarcoding analysis

Based on preliminary tests, centrifugation was selected as the
most efficient method to obtain sufficient xylem sap for metabar-
coding analyses. Xylem sap from six plants per species was
extracted by centrifuging 1.5-cm surface-sterilized branch seg-
ments for 20 min at 16 000 g. DNA was extracted using Wizard
Genomic DNA Purification Kit (Promega). DNA quality and
concentration were verified using a NanoDrop spectrophot-
ometer and a Qubit fluorometer (ThermoFisherScientific,
Waltham, MA, USA). Given the low quantity of xylem sap, a
two-step amplification strategy was employed. Near full-length
bacterial 16S rRNA gene fragments were amplified (27f/1492r)
(Weisburg et al., 1991) and purified with Agencourt AMPure XP
beads (Beckman Coulter, Danvers, MA, USA). Purified ampli-
cons served as templates for region-specific amplification target-
ing V1–V3 region (27f/534r) and V3–V4 (341f/805r). Resulting
amplicons were used for libraries preparation and sequenced on
an Illumina MiSeq platform (Inview Microbiome pipeline,
Eurofins®, Ebersberg, Germany). Extraction blanks and PCR
negatives showed no detectable DNA and therefore were not
sequenced (more information can be found in Supporting Infor-
mation). Reads were deposited in the NCBI Sequence Read
Archive under BioProject accession PRJNA1377930.

Bioinformatics and statistical analysis

Illumina MiSeq reads were demultiplexed and trimmed, then
processed in RSTUDIO (v.4.4.1) using DADA2 (v.1.32). Reads
were truncated to 240/200 bp (V1V3) and 260/220 bp (V3V4).
Reads were denoised, merged, and chimera-filtered to generate
an amplicon sequence variant (ASV) table. Taxonomy was
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assigned using KRAKEN2 (v.2.1.3) against the GTDB database
(r220) applying the default bootstrap confidence threshold (50).
Samples with > 70% plant-derived reads were excluded. Alpha
(ASV richness, Shannon) and beta (Bray–Curtis, PCoA) diversity
analyses were used to assess community composition across hosts
and primer pairs.

Confrontation assay to test antagonist activity against
X. fastidiosa and B. salicis

The antagonistic activity of endophytic bacteria against X. fasti-
diosa KLN59.3 (Newman et al., 2003 – provided by Steven E.
Lindow – UC Berkeley) and B. salicis LMG2698 (Hauben
et al., 1998) was evaluated using dual-culture assays. In a 9-cm
plate, three parallel rows of X. fastidiosa 20 ll drops
(108 CFU ml�1) were spotted; the middle row was flanked at
each end by a 5 ll spot (108 CFU ml�1) of endophytes the next
day. Control plates were spotted with X. fastidiosa and a sterile
media drop at ends. Inhibition was evaluated after 7–10 d. For
B. salicis, 30 ll of pathogen suspension (108 CFU ml�1) was
spread on TSA and followed with 5 ll endophyte spots. The pre-
sence of inhibition halo or reduction in bacterial lawn density
was assessed after 1–3 d at 28°C.

In vitro test investigating plant growth-promoting traits
(PGPT) and antagonistic traits against pathogens

The 47 endophytes showing inhibition activity in the confronta-
tion assay were tested for the following in vitro tests: phosphate
solubilization, production of siderophores, swarming and swim-
ming motility, indole-related compound production, and biofilm
formation (O’Toole, 2010; Louden et al., 2011; Baldan
et al., 2015; Paul & Sinha, 2017; Thomloudi et al., 2021).

Fifteen strains (B. cereus 9–163, B. mycoides 8–62, B. pseudo-
mycoides 7–2, 8–70, B. subtilis 9–155, Bacillus velezensis 3–53,
7–9, 9–143, 9–153, B. wiedmannii 9–170, Erwinia rhapontici
11–25, 12–58, P. coleopterorum 9–161, 9–174, Pseudomonas gra-
minis 9–169), selected based on their in vitro score and the preva-
lence of occurrence in isolation, were used for an in vitro
confrontation with four fungi associated with Salicaceae (F. oxy-
sporum (MUCL3159), F. culmorum (MBC7956), F. avenaceum
(MBC9248), and V. dahliae (MUCL14206); Doty et al., 2023;
Guleria et al., 2022; Zhang et al., 2022). Fungal plugs, cultivated
on PDA for 3–4 d, were placed on plates with two drops of
10 ll of overnight bacterial culture (108 CFU ml�1) and incu-
bated at 22°C for 5 d. Fungal inhibition was assessed by measur-
ing radial growth 5 d post inoculation and compared with
control plates.

Genome sequencing and mining

The genome of the 15 strains has been sequenced. Genomic DNA
was extracted using the Wizard Genomic DNA Purification Kit
(Promega), purified with AMPure XP beads. Libraries were pre-
pared and sequenced by Eurofins® using the Oxford Nanopore
Technology (ONT) Lite Bacterial Genome Sequencing pipeline.

Raw reads were deposited in NCBI under BioProject accession
PRJNA1377930. Sequences were uploaded to the Type (Strain)
Genome Server (TYGS; https://tygs.dsmz.de – accessed on 21
June 2024; Meier-Kolthoff et al., 2013). Genomic relatedness was
determined using average nucleotide identity (ANI) values com-
puted with EzBioCloud (Yoon et al., 2017). To evaluate the
strain’s potential for secondary metabolite production, genome
mining was conducted using AntiSMASH (Blin et al., 2023) and
the virulence factor database (VFDB) with VFanalyser (Liu
et al., 2022). Functional pathways were identified using the Kyoto
Encyclopedia of Genes and Genomes (KEGG, Moriya
et al., 2007; Ogata et al., 1999). Plant growth-promoting traits
(PGPT) were predicted using the PGPT-Pred module of PLaBAse
v.1.01 from the annotated protein files for each strain using the
BlastP+HMMER Aligner/Mapper (Patz et al., 2021).
PIFAR-BASE was used to identify ‘plant bacterial only interaction
factors’ from the annotated protein files for each strain using the
BlastP+HMMER Aligner/Mapper (Patz et al., 2021).

Tagging phytopathogenic and endophytic strains with
fluorescent protein

Overnight cultures of B. salicis LMG2698, Escherichia coli
WM3064::Tn7 mNeonGreen, and E. coli WM3064::pTNS3
were centrifuged, resuspended in 2 ml of MgCl2 (10 mM), and
optical density (600 nm; OD600) was adjusted to 1, then mixed
in a ratio of 1 and plated on TSA with diaminopimelic acid
(DAP; 24 h, 28°C). Colonies were recovered and plated on TSA
supplemented with gentamycin (10 lg ml�1) and incubated
(48 h, 28°C). The same protocol was applied to transform E.
rhapontici 11–25 and 12–58 with E. coli WM3064::Tn7
mCherry and E. coli WM3064::pTNS3 (Choi & Schwei-
zer, 2006).

Plasmids were obtained from an overnight liquid culture con-
ducted in LB supplemented with spectinomycin and DAP
(37°C, 220 rpm) of E. coli WM3064::Tn7 mCherry and E. coli
WM3064::pTNS3. Plasmid extraction was performed using the
Spin miniprep kit (Qiagen). Competent cells (100 ll; Choi &
Schweizer, 2006), washed three times in sucrose (300 mM), were
electroporated (Gene Pulser, BioRad �2.5 kV, 25 lF, 200 Ω,
5 s) with 500 ng of each plasmid. After incubation (28°C,
220 rpm, 3 h), the transformed cells were plated on LBA supple-
mented with spectinomycin (25 lg ml�1).

For all strains, fluorescence was evaluated under a confocal
microscope. Plasmid insertion was verified by PCR (Supporting
Information Table S1).

Inoculation and co-inoculation of tagged-endophytic
strains and pathogens in Nicotiana tabacum and Salix
caprea in vitro plantlets

Preparation of inocula Tobacco plants were used as model
plants and S. caprea in vitro plantlets as model Salicaceae. The
plants, not watered 2 d before and after the inoculation to boost
intake, were kept in a temperate quarantine glasshouse (22°C
day, 20°C night, 80%HR).
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Bacterial inocula were prepared from colonies suspended in
succinate–citrate–phosphate buffer (SCP, pH 7.0; EPPO, 2019).
X. fastidiosa KLN59.3 was provided by Steve Lindow (UCBerke-
ley) and P. phytofirmans PsJN:: pIN29 by Lionel Moulin (IRD).
For co-inoculation, suspension of one phytopathogenic and
endophytic bacteria were mixed 1 : 1, with each strain at
108 CFU ml�1 in the final inoculum.

Plants were inoculated using the pinprick inoculation method
(Hill & Purcell, 1995; Almeida et al., 2001; Casarin et al., 2022),
applying three (tobacco) or one (willow) 10 ll drops of bacterial
suspension (Casarin et al., 2022).

Inoculation treatment Experiments were conducted in three
independent inoculation series (Table 1).

Bacterial detection with PCR (T1) Main vein and petiole of
the first leaf after the inoculation point and the apex leaf were
tested by PCR at T1 (Table 1). DNA from main vein and petiole
was extracted following a Cethyltrimethylammonium bromide
(CTAB protocol (EPPO, 2019) then amplified by PCR. Primers
sequences and PCR cycles are listed in Table S1, and plasmids
sequences with annealing location in Fig. S1.

Bacterial detection with qPCR (Tf) Segments used for qPCR
were homogenized in extraction bags (BIOREBA), and DNA
was extracted using the CTAB method (EPPO, 2019). Target,
primer sequences, and PCR conditions are provided in Table S2.
Calibration parameters for all targets are provided in Fig. S2.
qPCRs (20 ll) contained 29 Takyon SYBR MasterMix dTTP
(Eurogentec, Herstal, Belgium), 500 nM primers, and 2 ll tem-
plate DNA and were run in duplicate on a CFX96 thermocycler
(Bio-Rad). Conversion of Cq values using target-specific standard
curves yielded genome equivalent estimates consistent with rela-
tive Cq differences among treatments (Table S10).

Re-isolation (Tf) Re-isolation of inoculated bacteria was per-
formed from the main vein of the first leaf after the inoculation
point. Tissue was crushed in 1 ml SCP, plated on selective media,
and incubated at 28°C for 1–10 d. Colonies of interest were
detected by transillumination and confirmed by PCR (Table S1).

Bacterial detection with confocal microscopy (Tf) Bacterial
colonization was visualized by confocal laser scanning micro-
scopy. Transverse and longitudinal stem sections (c. 55 lm) from
two stem segments were prepared using a microtome and
observed with a STELLARIS confocal microscope (Leica Micro-
systems) using a water-immersion objective (209/1.0NA). Fluor-
escently tagged bacteria were visualized using White Light Laser
excitation and hybrid detectors with the following settings:
GFP–488 nm; mNeon – 492 nm; mCherry and DsRed–
561 nm. Transmitted light was simultaneously collected to visua-
lize host tissue structure. Imaging parameters were kept constant
across samples.

Statistical analyses Statistical analyses were performed in RSTU-
DIO (v.4.4.1). Final plant height and qPCR Cq values were

analyzed using one-way ANOVA. When significant (P < 0.05),
Tukey’s HSD and compact letter displays were applied. Model
assumptions were assessed by residual inspection. Further details
are provided in Supporting Information.

Results

The study followed an approach from community characteriza-
tion to functional validation. The xylem microbiome of six Sali-
caceae species was first analyzed using culture-dependent and
metabarcoding methods, followed by functional prioritization to
identify cultivable taxa with biocontrol potential. Selected candi-
dates were then validated in planta in N. tabacum (model host)
and S. caprea (woody Salicaceae), assessing xylem colonization,
disease suppression, and pathogen DNA reduction under one-
and three-month conditions.

Characterization of the Salicaceae xylem microbiome

The Salicaceae xylem microbiome was characterized using com-
bined culture-dependent and metabarcoding approaches to cap-
ture cultivable bacteria and overall diversity, providing a basis for
functional screening.

Culture-dependent approach To assess the culturable diversity
of xylem-associated bacteria across Salicaceae hosts, eight plants
per species from P. canescens, P. tremula, P. nigra, S. alba, S.
caprea, and S. fragilis were sampled. Xylem sap was extracted
using a Scholander pressure chamber and plated on BCYE, KB,
TSA, and PDA selected to maximize recovery of phylogenetically
diverse endophytes. In the culture-dependent approach, bacterial
densities in xylem sap extracted with a Scholander pressure cham-
ber ranged from 81 � 5 to 563 � 29 CFU ml�1 (F = 5.988;
P = 3.97e-05), with plant species significantly affecting bacterial
retrieval. BCYE yielded the highest counts (370 �
28 CFU ml�1), followed by KB (281 � 24), TSA (280 � 23),
and PDA (144 � 9).

A total of 4 phyla, 6 classes, 14 orders, 21 families, 43 genera,
and 104 species were retrieved. The number of bacterial isolates
recovered from xylem sap ranged from 41 to 111 among plant
species (F = 16.69; P = 1.17e-05) and from 71 to 150 across
culture media (F = 16.59; P = 4.98e-05; Fig. S3). The number
of genera significantly depended on culture media and plant spe-
cies (P < 0.05). Out of the total of 43 bacterial genera identified,
27 were detected in BCYE, 21 in PDA, 14 in KB, and 11 in
TSA. Thirty-one bacterial species were identified in S. alba, 26 in
S. caprea, 15 in S. fragilis, 49 in P. canescens, 30 in P. tremula,
and 24 in P. nigra. Only five bacterial species were shared among
the six Salicaceae species (core bacterial species: B. velezensis, B.
proteolyticus, B. toyonensis, B. tequilensis, B. subtilis; Fig. S4). Six
species were shared among the willow, and nine species among
poplars (Fig. 1a).

Bacillota dominated the cultured community (78.0%), fol-
lowed by Pseudomonadota (17.0%), Actinomycetota (4.8%), and
Bacteroidota (0.2%). The most abundant genera were Bacillus
(60.7%), Pseudomonas (9.5%), Priestia (5.0%), Ralstonia
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(3.0%), and Curtobacterium (1.8%). Despite some overlap,
each plant species supports a distinct cultivated community,
indicating that host identity shapes culturable bacterial diver-
sity (Fig. 1b).

Bacterial diversity differed significantly among hosts, with
richness from 6 (S. caprea) to 13.6 (P. canescens) and Shannon
index from 1.24 to 2.00 (Kruskal–Wallis, P ≤ 0.0007), poplars
being more diverse than willows (Table S3).

(b)

Bacillus proteolyticus
Bacillus subtilis
Bacillus tequilensis
Bacillus toyonensis
Bacillus velezensis

5 1 Set size

Bacillus proteolyticus
Bacillus subtilis
Bacillus tequilensis
Bacillus toyonensis
Bacillus velezensis
Bacillus wiedmannii

Bacillus licheniformis
Bacillus proteolyticus
Bacillus subtilis
Bacillus tequilensis
Bacillus toyonensis
Bacillus velezensis
Priestia aryabhattai
Priestia megaterium
Priestia flexa

Salix Populus

(a)

Salix core xylem
endophytome

Populus core xylem
endophytome

Salicaceae core xylem
endophytome

Populus nigra
Populus tremula
Populus canescens
Salix fragilis

Salix alba

Salix core xylem endophytome
Populus core xylem endophytome

Salicaceae core xylem endophytome

Selected strains

Bacillus cereus
Bacillus mycoides
Bacillus pseudomycoides
Bacillus subtilis
Bacillus velezensis
Bacillus wiedmannii
Erwinia rhapontici
Pseudomonas coleopteroum
Pseudomonas graminis

(Confrontation, in vitro tests, inoculation)

cereus

Populus nigra

Populus tremulaPopulus canescens

Salix fragilis

Salix fragilisSalix caprea
Salix alba
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Culture-independent approach In the culture-independent
approach, Illumina MiSeq yielded 2690 305 good-quality reads
after the removal of chimeras, unassigned reads, and eukaryotic
reads (Fig. S5).

A total of 1018 ASVs were identified across the four tree species,
with similar proportions detected using the V1V3-27f/534r (452
ASVs, 44.4%) and V3V4-341f/805r (568 ASVs, 55.8%) primer
sets. Both primer sets produced comparable community profiles,
with minor differences in taxonomic depth. Alpha diversity
(Chao1, Shannon) showed no significant differences among pri-
mers, plant genera, or species (Kruskal–Wallis, P > 0.05; Fig. S6).

A total of 13 phyla, 16 classes, 42 orders, 74 families, 158 gen-
era, and 223 species were identified across the two PCR-primer
pairs and the four Salicaceae species. The V3–V4 primers recov-
ered more phyla than V1–V3 (13 vs 9), with similar trends at
lower taxonomic levels. Nine phyla were shared, including domi-
nant Pseudomonadota, Bacillota, and Actinomycetota. Fifteen
genera were common to both primers across all hosts, defining
the core microbiome. Poplars showed more diverse communities
than willows, as illustrated at the genus level (Fig. 2).

Functional and genomic identification of candidate xylem
allies

Following microbiome characterization, candidate endophytic
strains with functional traits compatible with vascular biocontrol
were identified through antagonism assays, PGPT screening, and
genome sequencing to link phenotypic performance with geno-
mic potential.

Confrontation assay to test antagonist activity against X. fasti-
diosa and B. salicis A total of 47 bacterial isolates and 26 differ-
ent species exhibited antagonistic activity against one or both of
the pathogenic bacteria strains under these conditions. These iso-
lates belong to diverse genera, including Bacillus, Priestia, Pseudo-
monas, Curtobacterium, and Stenotrophomonas, known for their
biocontrol potential (Fig. 4a).

In vitro test investigating PGPT and antagonistic traits against
pathogens and genome sequencing and mining Functional
diversity of antagonistic isolates. The 47 bacterial isolates exhi-
biting antagonistic activity were selected for further functional

characterization to assess their potential plant-beneficial traits
and to evaluate key features associated with plant–microbe and
microbe–microbe interactions (Fig. 3). From those 47 isolates,
15 representative strains were selected for their superior perfor-
mance and core-microbiome status to be tested against fungal
pathogens.

Antifungal activity of selected endophytic strains. The 15
selected bacterial strains were evaluated against four major vascu-
lar fungal pathogens associated with woody hosts: F. oxysporum,
F. culmorum, F. avenaceum, and V. dahliae. Antifungal activity
was quantified by measuring fungal growth area in cm2 5 d post
inoculation, as compared to pathogen-only controls (Fig. 4b).

Broad inhibition was observed for B. velezensis (3–53, 9–143,
9–153) and P. graminis 9–169. Most other isolates showed selec-
tive activity against Fusarium spp. but little effect on V. dahliae,
while E. rhapontici 11–25 and P. coleopterorum 9–174 showed no
inhibition (Fig. 4b).

Genomic features, biocontrol-related traits, and biosynthetic
potential of selected bacterial endophytes. Based on strong in
vitro antagonistic activity and frequent isolation, 15 representa-
tive strains were selected for whole-genome sequencing to
uncover the genetic basis underlying their biocontrol potential.
Genomes were sequenced using ONT long-read sequencing,
enabling highly contiguous assemblies. Several genomes were
resolved into single circularized contigs, while all assemblies
exhibited high completeness (> 99%) and minimal contamina-
tion (< 1%) (Table S4), allowing reliable comparative and func-
tional analyses, including accurate biosynthetic gene cluster
(BGC) prediction. Genome sizes ranged from c. 4.4 Mb (P. gra-
minis) to c. 6.0 Mb (B. cereus).

KEGG analysis revealed dominance of ‘genetic information
processing’ and ‘signaling/cellular processes’ in all the strains
except for B. velezensis 3–53, B. subtilis 9–155, and B. pseudomy-
coides 8–70 in which the main functions are ‘carbohydrate meta-
bolism’, ‘genetic information processing’, and ‘amino acid
metabolism’. For the three Pseudomonas strains and the two Erwi-
nia strains, the ‘environmental information processing’ category
was dominant (Table S5).

At the protein level (OrthoVenn analysis), higher numbers of
clusters were found in B. cereus 91–63, B. mycoides 8–62, and

Fig. 1 Bacterial species isolated from six Salicaceae species using culture-dependent methods. (a) Intersection of bacterial species distribution across
Salicaceae host species:: Populus canescens, Populus tremula, Populus nigra, Salix alba, Salix caprea, and Salix fragilis. The set size (horizontal bars)
represents the total number of bacterial species identified per host plant. The five species framed in green (Bacillus proteolyticus, Bacillus velezensis,
Bacillus toyonensis, Bacillus tequilensis, Bacillus subtilis) were isolated from all six plant species. Blue and orange frame highlight species shared
exclusively within willow and within poplar. The three willow species shared six species, while the three poplar species shared nine species, including B.
licheniformis, Priestia aryabhattai, P. megaterium, and P. flexa. (b) Relative abundance of bacterial species isolated from six Salicaceae species using
culture-dependent methods. Stacked barplots show the relative abundance of cultured bacterial species across individual host plant species: S. alba, S.
caprea, S. fragilis (blue frame), P. canescens, P. tremula, and P. nigra (orange frame). Green genera shared by all six plant species, blue indicates genera
common to the three willow species, and orange marks genera shared by the three poplar species. In the black frame, selection of representative
endophytic strains used in subsequent experiments is indicated. Strains were selected based on their antagonistic activity against Xylella fastidiosa and
Brenneria salicis in dual-culture assays, complemented by additional in vitro functional tests. Strains highlighted in red correspond to those further
evaluated in planta through co-inoculation assays.
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B. pseudomycoides 8–70 with 5038, 4966, and 4223 clusters,
respectively (Fig. S7). These strains shared 1405 clusters of genes.
The five Bacillus species shared 995 clusters genes, while the Pseu-
domonas strains 9–161 and 9–169 shared 1369. Erwinia rhapon-
tici recorded the lowest number of gene clusters. Higher number
of clusters (761) is shared between Pseudomonas and Erwinia
strains. In total, 610 orthologous gene clusters were shared by all
eight bacterial strains. All strains were able to inhibit B. salicis, F.
avenaceum, and F. culmorum except E. rhapontici 11–25. When
looking at clusters shared between all strains except Erwinia, we
found 73 clusters genes comprising some gene clusters that may
be implicated in direct antagonism such as ‘protein secretion by
the type II secretion system’, ‘response to antibiotic’, and ‘metal-
lopeptidase activity’ respectively.

Annotation of BGCs using antiSMASH identified diverse
BGCs (Table S6). All Bacillus encoded bacillibactin, with
subtilis-group strains also producing bacillaene, bacilysin, and
surfactin; B. velezensis additionally carried difficidin, fengycin,
and iturin. Other lineage-specific clusters included plipastatin
and subtilosin (B. subtilis), paeninodin (B. cereus group), petro-
bactin (most strains), and kurstakin (B. pseudomycoides/mycoides).
Pseudomonas encoded pyoverdine, phenazine, and aryl polyene,

and E. rhapontici contained additional putative antagonistic
BGCs.

Functional genome annotation using the VFDB database
(Table S7) identified multiple virulence and defence-related
traits, including type VI secretion systems, siderophore synthesis
genes, and genes involved in adhesion, motility, and oxidative
stress tolerance, particularly among Pseudomonas isolates. Bacillus
strains encoded numerous immunity and stress response genes, as
well as lipopeptide-associated biosynthetic loci.

PGPT-Pred analysis (Fig. S8) showed that plant colonization,
biocontrol, and competitive exclusion dominated across strains.
Bacillus velezensis and Pseudomonas coleopterorum were enriched
in biocontrol functions, whereas E. rhapontici showed profiles
biased toward colonization. Other PGPT categories occurred at
lower abundance. Most strains shared core traits related to ‘nutri-
ent mobilization’, ‘stress tolerance’, and ‘pathogen suppression’,
consistent with bioinoculant potential.

PlaBase PIFAR profiles (Fig. S9) showed high toxin-related gene
proportions in B. velezensis, B. subtilis, Pseudomonas, and Erwinia,
indicating strong antagonistic potential. Exopolysaccharides,
detoxification, and multidrug resistance genes were enriched in
Bacillus, while hormone-related functions were similar across

Fig. 2 Relative abundance of bacterial genera in Salicaceae species based on Illumina MiSeq 16S rRNA sequencing. Stacked barplots show genus-level
composition for each plant species. Genera are colored by taxonomic groups. Poplar species display broader taxonomic diversity and evenness compared to
willow, particularly in Populus tremula. Genera in shades of yellow-brown represent those also isolated via culturing, and therefore shared between
culture-dependent and culture-independent approaches.
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Fig. 3 Phylogenetic and functional overview of endophytic bacterial isolates exhibiting in vitro antagonism against Brenneria salicis and/or Xylella
fastidiosa. A neighbor-joining phylogenetic tree was constructed from full-length 16S rRNA gene sequences. Branch colors correspond to the taxonomic
affiliation of isolates at the phylum level: Bacteroidota (pink), Pseudomonadota (yellow), Actinomycetota (brown), and Bacillota (blue). Squares adjacent
to isolate names indicate the plant host genus of origin: blue forwillow and orange for poplar. Functional annotation indicating isolates that inhibited B.

salicis and/or X. fastidiosa in confrontation assays (light purple circle), and strains selected for whole-genome sequencing and further characterization
(dark purple circle). Strains used for the in planta inoculation are in red. This analysis highlights the phylogenetic diversity, host plant association, and
functional potential of xylem-associated bacterial endophytes isolated from Salicaceae species.
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Brenneria salicis
(a) – Bacterial inhibition

Fusarium avenaceum Verticilium dahliaeti i a

Fusarium oxysporum Fusarium culmorumi m um

Xylella fastidiosa
Pathogen control plate

Plate example of inhibitory
effect of pathogen by
endophyte

Legend

(b)– Fungal inhibition

*
*
* * * *

*
* * *

* * * *
* *

*
*
*

* * *
* * *

*
* * * **

*
****

Fig. 4 Endophyte in vitro growth assay showing bacterial and fungal inhibition. (a) In vitro growth inhibition assays of Xylella fastidiosa and Brenneria

salicis. Control treatments (green) are compared with representative Petri dishes cocultured with an endophytic bacterial isolate (red), illustrating the
inhibitory effect. (b) Growth area in cm2 of four vascular fungi (Fusarium oxysporum, F. culmorum, F. avenaceum, Verticillium dahliae) by 15 endophytic
bacteria. Growth inhibition was measured 5 d after confrontation. A one-way ANOVA was conducted to assess the effect of 15 bacterial treatments on
fungal growth for each fungal isolate. The analysis showed a significant treatment effect for all fungi (FA = 3.37, pA = 0.0019; FB = 2.77, pB = 0.0076;
FC = 5.38, pC = 0.001; FD = 3.53, pD = 0.0013). Post hoc comparisons using Dunnett’s test (Bonferroni-adjusted) indicated some treatments
significantly reduced growth compared to the control. Stars above bars indicate fungi growth that are significantly lower as shown in the example Petri dish
framed in red compared to the control measures in the Petri dish framed in green. Strains used for the in planta inoculation are in red.

New Phytologist (2026) 251: 455–476
www.newphytologist.com

� 2026 The Author(s).

New Phytologist� 2026 New Phytologist Foundation.

Research

New
Phytologist464

 14698137, 2026, 1, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.71230 by L

ena Pesenti - U
niversite C

atholique D
e L

ouvain , W
iley O

nline L
ibrary on [04/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



strains. Competitive exclusion and niche-adaptation traits occurred
at lower abundance. Overall, Bacillus displayed broader coloniza-
tion and antagonism traits, whereas Pseudomonas and Erwinia
relied more on toxin-associated functions (Table S8).

Generation and validation of fluorescently tagged strains
for vascular tracking by PCR and qPCR

To enable the spatial monitoring of bacterial colonization within
the xylem and to distinguish endophytic strains from vascular
pathogens during co-inoculation assays, selected isolates were
chromosomally tagged with distinct fluorescent markers. This
strategy allowed the visualization of bacterial distribution patterns
and the assessment of potential spatial overlap or segregation
within the complex vascular environment. Transformation was
successful for B. salicis LMG2698, E. rhapontici (11–25, 12–58),
Pseudomonas coleopterorum 9–161, and P. graminis 9–169. Trans-
conjugants of B. salicis and E. rhapontici were obtained via Tn7-
based conjugation, and fluorescent colonies were selected on TSA
with the appropriate antibiotic. Electroporation of P. coleopter-
orum and P. graminis with the Tn7-mCherry construct also
yielded fluorescent transformants on spectinomycin LBA. Confo-
cal microscopy confirmed fluorescence, and PCR with Tn7-
specific primers verified site-specific integration of the mNeon-
Green or mCherry cassette downstream of glmS (Fig. S10).
Together, these fluorescent strains provided a robust toolset for
tracking bacterial dynamics and evaluating potential colocaliza-
tion patterns within host tissues.

In planta assay evaluating biocontrol potential of selected
endophytic strains

To evaluate the ecological relevance and biocontrol potential of
selected endophytic strains, a series of in planta assays was con-
ducted using two host systems and two vascular pathogens. N.
tabacum served as a model host to validate colonization dynamics
and pathogen–endophyte interactions, whereas S. caprea was used
as a representative Salicaceae woody host to assess ecological rele-
vance within a lignified, perennial vascular system. Plants were
inoculated with either X. fastidiosa or B. salicis, alone or in combi-
nation with selected endophytes, and monitored over one- and
three-month experimental periods. Three parameters were
assessed: (1) endophyte colonization and persistence in xylem tis-
sues, (2) disease symptom mitigation, and (3) pathogen DNA
loads. This design allowed discrimination between colonization
ability and functional biocontrol activity across model and woody
hosts. Two sampling points were used in all co-inoculation
assays: T1, an intermediate sampling for qualitative PCR detec-
tion (2 wk in the 1-month assay; 1 month in the 3-month assay),
and Tf, the final harvest (1 or 3 months), used for qPCR quanti-
fication, bacterial re-isolation, and confocal microscopy. These
time points distinguished early colonization from long-term per-
sistence and disease progression.

Tagged-endophytic bacteria inoculated in N. tabacum and S.
caprea can colonize their xylem vessels Inoculation assay was

performed with successfully transformed strains and one B. vele-
zensis strain untransformed but part of the core-microbiome of
tested Salicaceae.

To assess the ability of endophytic strains to establish in planta,
bacterial presence was evaluated by PCR at T1 and Tf post
inoculation, and by re-isolation from stem segments at Tf. In N.
tabacum, all strains were detected by PCR at T1 in at least one
plant, but none were detected at Tf. Nevertheless, successful re-
isolation from 2 to 5 plants per strain confirmed bacterial persis-
tence despite reduced PCR detectability. In S. caprea, similar
trends were observed. No bacteria were detected in controls.
These results indicate that all endophytes can colonize N. taba-
cum and S. caprea stems, with re-isolation confirming persistence
despite transient PCR detection (Table S9; Fig. S11A,B).

Co-inoculation of tagged-endophytic and pathogenic bacteria
showed a mitigation of symptoms in N. tabacum and S.
caprea Tobacco plants. In the one-month assay, symptoms in
X. fastidiosa-only plants were more pronounced than in co-
inoculated plants (Fig. 5a). But, no significant difference in plant
height was detected across treatments (Fig. S12A). qPCR analysis
revealed a significant effect of treatment on Cq pathogen values
(ANOVA, F = 10.31, P = 7.19e-11). Plants inoculated with X.
fastidiosa alone showed significantly lower Cq values than plants
co-inoculated with any endophyte (Tukey’s HSD, P < 0.05).
For B. salicis, the pathogen-only treatment showed significantly
lower Cq values than co-inoculations with B. velezensis and P.
coleopterorum (Tukey’s HSD, P < 0.05), whereas no significant
differences were detected with the other endophytic strains: E.
rhapontici, P. graminis, and P. phytofirmans (Tukey HSD,
P > 0.05; Fig. 5b). qPCR endophyte quantification revealed
variable persistence across treatments (Fig. S12B; Table S10).

However, in the three-month assay, visual symptom scoring
over the experimental period revealed clear differences between
treatments. Plants inoculated with X. fastidiosa or B. salicis alone
developed the most severe symptoms, including wilting and
stunting. By contrast, co-inoculation with certain endophytes,
notably E. rhapontici and P. phytofirmans, visibly reduced symp-
tom severity compared with pathogen-only controls. Endophyte-
only treatments and mock controls exhibited minimal to no
symptoms (Fig. 5c). These observations were consistent with sig-
nificant differences in final plant height (ANOVA, F = 7.475,
P = 6.72E-10): In both X. fastidiosa– and B. salicis–inoculated
plants, co-inoculated treatments generally produced taller plants
than pathogen-only controls, with several pairwise comparisons
being statistically significant (Tukey’s HSD, P < 0.05; Fig. 5e).
Isolation assays confirmed the presence of pathogens and/or
endophytes in a subset of plants (Fig. S13A), with co-inoculated
treatments generally showing fewer successful pathogen re-
isolations compared with pathogen-only controls. Confocal
microscopy detection (Figs 6, S13B) confirmed the presence of
fluorescently labeled endophytes and pathogens in vascular tissues
for some treatments. qPCR-based pathogen quantification
revealed a significant effect of the inoculation treatment on X. fas-
tidiosa Cq values (ANOVA, F = 29.33, P = 1,14e-03). Plants
co-inoculated with E. rhapontici, P. coleopterorum, or P. graminis
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exhibited significantly higher Cq values than plants inoculated
with X. fastidiosa alone (Tukey’s HSD, P < 0.05), whereas no
significant difference was observed with P. phytofirmans. For B.

salicis, the pathogen-only treatment showed significantly lower
Cq values than co-inoculations with any endophyte (Tukey’s
HSD, P < 0.05; Fig. 5d). qPCR endophyte quantification
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revealed variable persistence across treatments. In X. fastidiosa
infections, E. rhapontici and P. phytofirmans reached detectable
levels in some plants, whereas P. graminis and P. coleopterorum
persisted at low level. Other trends were observed in B. salicis
infections with no detection of P. phytofirmans and low loads of
others (Fig. S14; Table S10).

Willow plantlets. Across two co-inoculation assays involving X.
fastidiosa or B. salicis and selected endophytic strains in willow in
vitro plantlets, contrasting responses in plant growth, pathogen
load, and detection rates were recorded. The one-month assay
included B. velezensis 9–153, while the three-month assay
excluded this strain.

In the one-month assay, symptoms in B. salicis-only plants
were more pronounced than in co-inoculated plants (Fig. 7a).
But no significant difference in plant height was detected across
treatments (Fig. S15A). No significant differences in pathogen
Cq value were detected neither in X. fastidiosa-inoculated plants
nor in B. salicis-inoculated plants (F = 19.35, P > 0.05; Fig. 7b).
qPCR endophyte quantification revealed variable persistence
across treatments (Fig. S15B; Table S10).

In the three-month assay, symptoms in pathogen-only plants
were more pronounced than in co-inoculated plants (Fig. 7c).
However, qPCR pathogen quantification analysis showed no sig-
nificant differences among treatments (F = 7.499, P > 0.05;
Fig. 7d). qPCR detection of endophyte DNA revealed persistence
and no significant difference across treatments (F = 1.94,
P > 0.05; Fig. S16; Table S10). Isolation assays confirmed the
presence of the inoculated bacteria in a subset of plants

(Fig. S17A), with pathogen recovery rates generally quite low.
Confocal microscopy detection (Figs 6, S17B) verified the colo-
nization of vascular tissues by fluorescently labeled endophytes
and pathogens in some treatments. No significant differences in
final height were detected among X. fastidiosa and B. salicis treat-
ments (Fig. 7e).

Discussion

This study aimed at defining the bacterial microbiome of the
xylem sap from Salicaceae species, using an integrated framework
combining culture-dependent and culture-independent
approaches, functional in vitro assays, and genome mining of
selected isolates. Beyond descriptive characterization, our multi-
phasic strategy was designed to identify endophytic bacteria that
are ecologically adapted to the highly specialized xylem environ-
ment, an oligotrophic, pressurized niche in which many conven-
tional biocontrol agents fail to establish and persist. The results
show both the complementarity of culture-dependent and -
independent approaches, and highlight the functional and geno-
mic potential of endophytic strains for biocontrol applications.
Over 400 bacteria from 43 genera and 104 species were isolated
from xylem sap. Metabarcoding sequencing uncovered 158 gen-
era from 13 phyla. Several strains (e.g. B. velezensis, P. coleopter-
orum) showed dual antagonism against pathogenic bacteria and
fungi. Genomic mining revealed diverse BGCs, low virulence
potential, and traits associated with biofilm formation, and a low
virulence potential. By linking ecological prevalence, functional
antagonism, and genomic traits potentially related to vascular

Fig. 6 Transversal section of Salix caprea
inoculated with Xylella fastidiosa and Erwinia

rhapontici. Confocal microscopy was used to see
presence and distribution of inoculated bacteria.
(a) X. fastidiosawas often observed as single cells
attached to the vessel wall. (b) E. rhapontici was
also detected in some vessels but never
colocalized in the same section than the
pathogen. Supplementary images of inoculated
plant samples can be found in Supporting
Information Fig. S18. Bars, 10 lm.

Fig. 5 Symptoms, growth, and pathogen load in the in planta assay on Nicotiana tabacum. Visual scale to monitor symptom development on tobacco
plants during the one-month assay (a) and three-month assay (b), ranging from asymptomatic (white) plants to severely wilted and stunted individuals
(black) and heatmap displaying the average severity of symptoms for each treatment group. The darker shades indicate stronger symptom expression. Red
arrows show more symptomatic plants when inoculated with pathogen alone. (c) Cq values obtained from quantitative polymerase chain reaction (qPCR)
for each treatment group, where lower Cq values indicate higher pathogen DNA quantity. Treatments are grouped according to the inoculated pathogen
(Xylella fastidiosa, left of the dashed line; Brenneria salicis, right). Colored letters above boxplots denote statistical groupings based on Tukey’s HSD post

hoc tests (P < 0.05), comparing each pathogen-only treatment with its corresponding pathogen + endophyte co-inoculations. Identical letters indicate no
significant difference, whereas distinct letters identify significant pairwise differences. (d) Cq values obtained from qPCR for each treatment group, in
which lower Cq values indicate higher pathogen DNA quantity. Treatments are grouped according to the inoculated pathogen (X. fastidiosa, left of the
dashed line; B. salicis, right). Colored letters above boxplots denote statistical groupings based on Tukey’s HSD post hoc tests (P < 0.05), comparing each
pathogen-only treatment with its corresponding pathogen + endophyte co-inoculations. Identical letters indicate no significant difference, whereas distinct
letters identify significant pairwise differences. (e) Final height (in cm) of tobacco plants at harvest. Different letters indicate significant differences between
treatments within block (=pathogen group) and pathosystems (=pathogen + endophyte group) (Tukey’s HSD test, P < 0.05).
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fitness and persistence, our approach moves beyond inventorying
diversity and instead establishes a rational framework for selecting
‘specialized xylem allies’ against pathogenic bacteria such as X.

fastidiosa or B. salicis. This initial characterization of the Salica-
ceae xylem bacterial microbiome constitutes a foundational step
toward developing a promising strategy for identifying candidate
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biological control agents that are ecologically adapted to the spe-
cific niche in which they may be deployed.

Host plant species and culture media influence the xylem-
microbiota and shape recovery profiles

Composition and diversity of xylem-associated bacterial commu-
nities were significantly influenced by host plant species, with P.
canescens exhibiting the highest richness and diversity across both
culture-dependent and independent datasets. This aligns with
earlier reports suggesting host-dependent structuring of poplar
endophytes. Firrincieli et al. (2020) and Cheng et al. (2023)
showed that microbiome composition varies with host genotype
and environment. Such patterns support the hypothesis that host
traits (e.g. xylem anatomy, sap chemistry, or immune signaling)
filter microbial colonizers. Poplar endophytes also carry horizon-
tally acquired genes (Taghavi et al., 2005) and exhibit biocontrol
activity (Doty et al., 2023), suggesting an adaptive recruitment of
functionally beneficial taxa. The higher functional diversity
observed in P. canescens supports this host-driven assembly con-
cept. By contrast, willow species generally supported less diverse
and more Bacillus-dominated culturable communities, possibly
due to narrower xylem ecological niches or differences in cavita-
tion resistance, which could affect microbial colonization
dynamics (Cochard et al., 2007). Interestingly, Allsup
et al. (2023) demonstrated that shifts in tree-associated microbial
communities can enhance tolerance to environmental stressors in
poplar, reinforcing the idea that microbiome flexibility may vary
between Salicaceae genera.

Our results also highlight the importance of using multiple
culture media for bacterial recovery (Compant et al., 2005b;
Hardoim et al., 2015; Doty et al., 2023). Because plates were
monitored for only 3 d, slow-growing taxa may have been under-
represented, likely leading to an underestimation of total cultur-
able diversity. Both host identity and culture conditions act as
strong determinants of the xylem microbiome composition in
Salicaceae, and support the idea that poplar species may offer
broader ecological niches for microbial colonization and func-
tional recruitment.

Culturable xylem-associated bacteria ranged from 8 & 101 to
6 & 102 CFU ml�1, depending on the Salicaceae species and
medium, in accordance with ranges measured for other woody

crops (Gardner et al., 1982; Bell et al., 1995; Anguita-Maeso
et al., 2020).

Complementarity of culture-dependent and -independent
approaches & identification of key taxa

Culture-dependent and -independent methods differed in
microbial diversity with metabarcoding identifying 158 genera
and 223 species, vs 43 genera and 104 species in culture. Shared
dominant taxa indicate a core culturable fraction of the endo-
phytic microbiota consistent with studies showing that a few
dominant, culturable xylem endophyte genera play a dispropor-
tionate functional role in woody plants (Compant et al., 2005b;
Hardoim et al., 2015; Deyett & Rolshausen, 2020; Zicca
et al., 2020). Some dominant cultured taxa were also detected
by sequencing but at lower relative abundance, reflecting their
overrepresentation in culture-based approaches. By contrast, sev-
eral taxa abundant in amplicon data were not recovered in cul-
ture, consistent with their fastidious growth requirements.
While Bacillus-dominated culture-dependent datasets across all
tree species, amplicon sequencing revealed Pseudomonadota as
the most abundant phylum, a pattern frequently reported when
comparing cultivation and molecular surveys (Thomas &
Shaik, 2020; Faddetta et al., 2021). The low recovery of Pseu-
domonadota in culture indicates that much of the xylem micro-
biome is cultivation-recalcitrant, likely adapted to the
oligotrophic and pressurized xylem environment poorly repro-
duced in vitro (Hardoim et al., 2015). These taxa may rely on
host metabolites or microbial interactions, meaning the cultur-
able fraction captures only part of the functional diversity and is
biased toward fast-growing species. This hidden diversity may
include traits important for vascular stability, pathogen exclu-
sion, or host adaptation (Thomas & Shaik, 2020; Faddetta
et al., 2021).

Together, these findings emphasize the complementarity of
both approaches: while culture-dependent methods allow for
downstream functional and genomic studies, culture-
independent sequencing provides a more comprehensive over-
view of the xylem microbiome structure (Table 2). Integrating
both approaches remains essential for understanding and exploit-
ing plant-associated microbiomes, particularly in perennial crops
(Anguita-Maeso et al., 2020; Lengrand et al., 2025).

Fig. 7 Symptoms, growth and pathogen load in the in planta assay on Salix caprea. Visual scale to monitor symptom development on willow in vitro
plantlets during the one-month assay (a) and 3-month assay (c), ranging from asymptomatic (white) plants to severely wilted and stunted individuals
(black) and heatmap displaying the average severity of symptoms for each treatment group. Darker shades indicate stronger symptom expression. Red
arrows show more symptomatic plants when inoculated with pathogen alone. (b) Cq values obtained from quantitative polymerase chain reaction (qPCR)
for each treatment group, in which lower Cq values indicate higher pathogen DNA quantity. Treatments are grouped according to the inoculated
pathogen (Xylella fastidiosa, left of the dashed line; Brenneria salicis, right). Colored letters above boxplots denote statistical groupings based on Tukey’s
HSD post hoc tests (P < 0.05), comparing each pathogen-only treatment with its corresponding pathogen + endophyte co-inoculations. Identical letters
indicate no significant difference, whereas distinct letters identify significant pairwise differences. (d) Cq values obtained from qPCR for each treatment
group, in which lower Cq values indicate higher pathogen DNA quantity. Treatments are grouped according to the inoculated pathogen (X. fastidiosa, left
of the dashed line; B. salicis, right). Colored letters above boxplots denote statistical groupings based on Tukey’s HSD post hoc tests (P < 0.05), comparing
each pathogen-only treatment with its corresponding pathogen + endophyte co-inoculations. Identical letters indicate no significant difference, whereas
distinct letters identify significant pairwise differences. (e) Final height (in cm) of willow in vitro plantlets at harvest. Different letters indicate significant
differences between treatments within bloc (= pathogen group) and pathosystems (=pathogen + endophyte group) (Tukey’s HSD test, P < 0.05).
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Functional screening and genome mining reveal promising
biocontrol candidates

Increasing evidence supports the beneficial impact of endophytic
bacteria on their host plants, particularly through indirect
mechanisms such as pathogen inhibition (Santoyo et al., 2016;
Afzal et al., 2019). This positions endophytic bacteria as promis-
ing candidates for biocontrol, given their potential to outcompete
pathogens within shared ecological niches. In our study, 15 endo-
phytic bacterial strains demonstrated clear in vitro antagonistic
activity against various xylem-associated pathogens.

Interestingly, these species have previously been reported
across a wide range of plant hosts and microenvironments except
E. rhapontici not currently used as a biocontrol agent; on the con-
trary, it is known to be a plant pathogen associated with diseases
(Walsh et al., 2001; Huang et al., 2003, 2005; Mikici�nski
et al., 2016; Collazo et al., 2017; Wu et al., 2020; Di et al., 2023;
Elsharawy et al., 2023; Sorokan et al., 2023; Alattas et al., 2024;
Das et al., 2024; Shahzad et al., 2024; Wang et al., 2024, 2025;
Zhong et al., 2024). Nevertheless, it was recovered here from the
Salicaceae endosphere, highlighting the importance of selecting
BCAs able to colonize xylem tissues targeted by pathogens such
as X. fastidiosa, B. salicis, F. oxysporum, F. culmorum, F. avena-
ceum, and V. dahliae.

In vitro antagonism may result from mechanisms such as lytic
enzyme, space and/or nutrients competition (Poppe et al., 2003;

Compant et al., 2005a; Zicca et al., 2020). Moreover, secondary
metabolite production in dual in vitro assays depends on the
nutrient concentration and composition of the growth medium.
However, confrontation assays can be difficult to interpret, espe-
cially with slow-growing pathogens such as X. fastidiosa, where
apparent inhibition may reflect nutrient depletion rather than
true antagonism (K€ohl et al., 2019; Mourou et al., 2022). Only
strains showing clear and reproducible inhibition were therefore
retained. Functional activity does not guarantee suitability as a
biocontrol agent. Some taxa, including E. rhapontici and the
Bacillus cereus group, contain pathogenic strains, but the isolates
tested showed no symptoms and few virulence genes (Table S7).
Strain-level evaluation is required; some isolates are better suited
as ecological models, whereas B. velezensis and selected Pseudomo-
nas spp. are more promising candidates, pending further safety
assessment. Genomic analysis of the 15 isolates revealed diverse
traits linked to plant growth promotion and antagonism, with
core metabolic functions predominating (Taghavi et al., 2010;
Mart�ınez-Hidalgo et al., 2015; Slama et al., 2019; Nicotra
et al., 2024). Shared clusters included type II secretion, metallo-
peptidases, and antibiotic-response genes, associated with enzyme
delivery and microbial competition (Tilley et al., 2014; Urusova
et al., 2019; Rigo et al., 2023). Predicted functions related to
colonization, stress tolerance, and competitive exclusion were
common across strains, consistent with previous studies on bene-
ficial endophytes (Pieterse et al., 2014; Patz et al., 2021). Bacillus
velezensis strains showed particularly strong enrichment in
biocontrol-related genes, in line with their antifungal activity and
with the well-established antimicrobial potential of the B. subtilis
species complex, driven largely by NRPS- and PKS-encoded
metabolites such as surfactin and fengycin (Ongena et al., 2007;
Rabbee et al., 2023). By contrast, members of the B. cereus group
harbored a more restricted set of BGC, consistent with previous
reports. Differences in biosynthetic potential among Bacillus
strains may partly explain their contrasting antagonistic spectra.
For instance, the absence of bacillothiazol and plantazolicin in
the only B. velezensis strain lacking activity against V. dahliae sug-
gests a possible role for these metabolites in antifungal activity,
although functional validation is required (Hasan et al., 2020;
Shen et al., 2022; Wang et al., 2022). Likewise, the exclusive pre-
sence of kurstakin in B. pseudomycoides and B. mycoides may con-
tribute to their broader inhibitory capacity. The strong
biocontrol performance of Pseudomonas strains is consistent with
their predicted genomic repertoire, notably the presence of BGCs
encoding pyoverdine, phenazines, and aryl polyenes. These meta-
bolites are commonly associated with iron acquisition, oxidative
stress protection, and antifungal activity, and likely contribute to
the inhibitory phenotypes observed in vitro. More broadly, spe-
cies within the genus Pseudomonas are well-documented ecologi-
cal competitiveness and production of diverse antimicrobial
compounds, including cyclic lipopeptides, phenazines, hydrogen
cyanide, and pyrrolnitrin (Haas & D�efago, 2005; Loper
et al., 2012; Raaijmakers & Mazzola, 2012). Although such com-
pounds were not specifically predicted in the genomes analyzed
here, their widespread occurrence within the genus underscores
the established biocontrol capacity of Pseudomonas spp. and

Table 2 Comparison between culture-dependent and culture-
independent approaches for profiling xylem-associated bacterial
communities in Salicaceae species.

Aspect
Culture-dependent
approach

Culture-independent
approach

Method Bacterial isolation on four
agar media (BCYE, TSA,
KB, PDA)

16S rRNA amplicon
sequencing (V1V3 and
V3V4 regions)

No. of samples
analyzed

6 replicates per species
9 6 species at 2
different time point

6 replicates per species
9 4 species

Total OTUs/
genera
identified

43 genera, 104 species, 4
phyla

158 genera, 223 species,
13 phyla

Dominant phyla Bacillota,
Pseudomonadota

Pseudomonadota,
Bacillota,
Actinomycetota

Core taxa Bacillus, Priestia,
Pseudomonas

Pseudomonas,
Sphingomonas,
Ralstonia

Unique taxa
recovered

Cultivable, fast-growing,
spore-formers

Could include
unculturable, fastidious,
low-abundance taxa

Bias/Limitations Strong selectivity of
media; underestimates
diversity

Sensitive to primer bias
and DNA extraction
efficiency

Strengths Enables strain isolation
for functional assays

Provides comprehensive
overview of microbiome
composition

Complementarity Provides live isolates for
downstream use

Broadens taxonomic
resolution and reveals
rare taxa
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provides ecological context and proof of their efficacy against
multiple plant pathogens are well-established (Zhang et al., 2015;
Anzalone et al., 2021; Felipe et al., 2021). Overall, our results
confirm the central role of Bacillus and Pseudomonas as dual-
function PGP and biocontrol agents, which underpins their
dominance in commercial bioinoculants (Backer et al., 2018).
Importantly, however, strains from less explored genera such as
Erwinia also displayed clear PGP and antagonistic potential,
highlighting Salicaceae endophytes as a valuable and still under-
exploited reservoir of beneficial microbes.

In planta effect of co-inoculation

Growing evidence shows that bacterial endophytes contribute to
plant growth and health, notably through indirect mechanisms
such as pathogen suppression and plant growth simulation (Afzal
et al., 2019; Santoyo, 2022), positioning them as promising
BCAs able to compete with xylem-limited pathogens such as
X. fastidiosa (Lacava et al., 2007; Azevedo et al., 2016; Zicca
et al., 2020) or B. salicis. Standard biocontrol agents often fail in
woody hosts due to lack of fitness in the oligotrophic and high-
pressure xylem environment. Our approach integrates ecological
prevalence, functional antagonism, and genomic traits linked to
persistence. This pipeline provides a rational framework for
selecting ‘specialized xylem allies’ suitable for vascular delivery
strategies.

All tested endophytes were detectable within xylem tissues at
early time points, as confirmed by microscopy, re-isolation, and
qPCR, although at low concentration, indicating limited persis-
tence or heterogeneous vascular distribution. Detection frequen-
cies declined at Tf in several single-inoculation treatments,
suggesting that long-term persistence was variable among strains.
Nondetection at Tf may reflect a reduction in bacterial popula-
tions below the assay detection threshold, spatially restricted
colonization not captured in sampled tissues, competitive displa-
cement over time, or effective clearance by host responses. These
observations suggest that, for some strains, early or transient
establishment within the xylem may be sufficient to influence
pathogen dynamics and disease development, even in the absence
of stable high-density persistence. However, co-inoculation con-
sistently mitigated disease symptoms in tobacco in which
pathogen-only plants exhibited the most severe wilting and
growth reduction (Fig. 5a,b). Co-inoculation treatments
enhanced plant growth at 3 months (Fig. 5e). This protective
effect was associated with reduced pathogen loads in tobacco,
with X. fastidiosa significantly decreased in all co-inoculated treat-
ments during the one-month assay (Fig. 5c) and remaining
reduced at 3 months except when co-inoculated with P. phytofir-
mans (Fig. 5d). By contrast, B. salicis loads were reduced only in
co-inoculations with B. velezensis or P. coleopterorum at one
month (Fig. 5c), but were significantly lower across all co-
inoculated treatments at 3 months compared with pathogen-only
controls (Fig. 5d). In S. caprea plantlets, co-inoculation with
endophytic bacteria was associated with a visible attenuation of
disease symptoms compared with pathogen-only treatments
(Fig. 7a,b), together with a tendency toward enhanced plant

height (Fig. 7e), but neither the one-month nor the three-month
assays revealed significant differences in X. fastidiosa or B. salicis
loads among treatments (Fig. 7c,d). One plausible explanation is
interference with pathogen biofilm formation and vascular occlu-
sion rather than outright population suppression, as biofilm
development is a key virulence determinant of X. fastidiosa, driv-
ing vessel clogging and hydraulic dysfunction (Marques
et al., 2002; Chatterjee et al., 2008; Cruz et al., 2012). Endophy-
tic bacteria can disrupt these processes, as illustrated for Methylo-
bacterium extorquens, which co-colonizes xylem vessels with
X. fastidiosa and reduces biofilm formation while altering patho-
gen spatial organization but without eliminating the pathogen,
and for other xylem endophytes that limit pathogen accumula-
tion and virulence through effects on quorum sensing, nutrient
availability, or surface attachment (Filho et al., 2012; Azevedo
et al., 2016). In this context, the low and heterogeneous bacterial
loads detected by qPCR may reflect spatially restricted interac-
tions with disproportionate functional consequences for disease
development, as the spatial co-occurrence of pathogen- and
damage-associated molecular patterns (Pathogen Associated
Molecular Patterns (PAMPs) and Damage Associated Molecular
Patterns (DAMPs)) can trigger strong, localized immune
responses in plant tissues (Lindow et al., 2024). Such spatial coin-
cidence has been shown to amplify defence activation in root
cells, highlighting the importance of fine-scale microbial localiza-
tion in shaping host immune outcomes (Zhou et al., 2020).
Additionally, the low loads of X. fastidiosa detected in S. caprea
likely explain the absence of similar effects as those shown on
tobacco, consistently with previous findings on X. fastidiosa
inoculation in S. caprea (Casarin et al., 2022). The generally low
detection and recovery of B. salicis further indicate reduced estab-
lishment under our experimental conditions. Although both
pathogens have previously been reported on S. caprea (Turner
et al., 1992; Casarin et al., 2022), our results suggest that this spe-
cies might be more resistant than previously thought, highlight-
ing the need for further studies with other Salix or Populus
species. Together, these results highlight the strong but host-
dependent biocontrol potential of Salicaceae-associated endo-
phytes and suggest that their effect may rely on indirect mechan-
isms such as modulation of host defence responses or interference
with symptom development rather than solely through pathogen
suppression.

These results are consistent with previous reports showing that
endophytic bacteria can antagonize vascular pathogens through
multiple mechanisms, including niche competition, antibiosis, or
induction of host defence responses (Compant et al., 2005a,
2005b; Hardoim et al., 2015). For instance, Methylobacterium
and Curtobacterium species can limit X. fastidiosa colonization in
grapevine and citrus (Ara�ujo et al., 2002; Lacava et al., 2004,
2007; Azevedo et al., 2016), while P. phytofirmans PsJN, a highly
fit xylem endophyte in grapevine, promotes plant growth and tol-
erance to biotic stress and reaches high xylem populations
(> 106CFU g plant�1, Baccari et al., 2019; Bragard et al., 2019a,
2019b). Such high endophytic fitness and extensive xylem coloni-
zation appear critical for effective suppression of X. fastidiosa, a
condition that was only partially met by tobacco- and willow-
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associated endophytes in our system. However, our results indi-
cate that measurable protective effects can also arise from early or
spatially localized interactions, even when long-term persistence
is limited. Accordingly, the limited pathogen loads and lack of
clear effects on B. salicismay reflect restricted vascular movement,
active host defences, or competition for xylem niches, underscor-
ing the importance of host genotype and environmental context
in shaping colonization outcomes. Beyond in planta interactions,
an emerging frontier concerns the ecological persistence and dis-
semination of beneficial endophytes, including their ability to
survive in xylem-feeding insect vectors, as shown for Methylobac-
terium spp. persisting in insect foreguts and interfering with
X. fastidiosa transmission or biofilm formation (Gai et al., 2009).

Here, particular attention should be given to the findings
obtained for B. salicis. While microbiome-based biocontrol stra-
tegies have increasingly been investigated for X. fastidiosa, the
potential of leveraging native xylem endophytes to mitigate
watermark disease has remained largely unexplored. To date,
B. salicis has primarily been studied from a pathogenicity and epi-
demiological perspective, with limited attention to microbial
interactions within the xylem niche. The present study therefore
fills an important knowledge gap by demonstrating that members
of the resident xylem microbiome attenuate symptom develop-
ment and may reduce pathogen loads.

Together, our results highlight the capacity of resident xylem
endophytes to influence vascular pathogen dynamics and disease
outcomes, providing a foundation for the future development of
endotherapy approaches in woody hosts.
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Fig. S1 Plasmid maps of constructs used to tag endophytic bacterial
strains and corresponding primer binding sites for in planta detection.

Fig. S2 Standard curves for quantitative polymerase chain reac-
tion detection of bacterial strains and plant reference gene. Cali-
bration curves were generated for each inoculated bacterial strain
and for the tobacco plant reference gene b-tubulin to enable
absolute quantification of bacterial load in planta.

Fig. S3 Bacterial isolates present in xylem sap of different Salica-
ceae species from willow (framed in blue) and poplar (framed in
orange) genera extracted with Scholander pressure chamber
respective of culture medium used (BCYE, KB, PDA, TSA).

Fig. S4 Relative abundance of the top 10 most abundant bacter-
ial genera (1) and species (2) isolated from Salicaceae, based on
16S rRNA sequencing.

Fig. S5 Relative abundances of plant and bacteria in xylem sap of
S. alba (89–94), S. caprea (95–100), P. canescens (101–106), P.
tremula (107–112) as determined by Illumina sequencing using
two PCR-primer pairs (V1V3 and V3V4).

Fig. S6 Richness, Shannon diversity indices at ASVs’ taxonomic
level determined. Dots represent the values for all samples tested
in each PCR-primer pair and each plant species.

Fig. S7 Number of orthologous clusters in each species and
shared orthologous gene clusters among species.

Fig. S8 Percentage of genes encoding for PGPT (Patz
et al., 2021). Factor categories are specified on the left. Strain ID
is indicated in the bottom.

Fig. S9 Percentage of genes encoding for ‘plant bacterial only
interaction factors (proteins)’ predicted through PIFAR-BASE
(Patz et al., 2021). Factor categories are specified on the left.
Strain ID is indicated in the bottom.

Fig. S10 Verification of plasmid integration in fluorescently
transformed endophytic bacteria. PCR amplification of fluores-
cent gene markers confirms the successful transformation of
Brenneria salicis LMG2698, Erwinia rhapontici 11–25, Pseudo-
monas coleopterorum 9–161, and Pseudomonas graminis 9–169.

Fig. S11 Inoculation of endophyte alone – Growth indexes for
N. tabacum (A) and S. caprea in vitro plantlets (B) inoculated
with different endophytic bacteria.

Fig. S12 One-month co-inoculation assay in tobacco plants.

Fig. S13 Three-month co-inoculation assay in tobacco plants.

Fig. S14 Three-month co-inoculation assay in tobacco plants.

Fig. S15 One-month co-inoculation assay in willow.

Fig. S16 Three-month co-inoculation assay in willow Endophyte
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Fig. S17 Three-month co-inoculation assay in willow.

Fig. S18 Confocal microscopy images of inoculated plant samples.
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Table S5 Functional distribution of predicted KEGG metabolic
pathways in the genomes of sequenced Bacillus, Pseudomonas,
and Erwinia strains.
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