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ABSTRACT
Plant–microbe interactions are key drivers of plant health and ecosystem functioning, yet their roles in marine environments 
remain poorly understood. The seagrass Posidonia oceanica, a foundation species in the Mediterranean Sea, forms complex 
associations with microbial communities that influence its development and stress tolerance. Here, we provide the first 
evidence of culturable bacterial and fungal endophytes inhabiting P. oceanica seeds collected from the central Mediterranean, a 
region representing a major center of the species' genetic diversity. Using two different marine culture media, we isolated a 
diverse assemblage of endophytes, predominantly affiliated with Marinomonas, Celerinatantimonas, Vibrio, Halomonas, Ko
curia, Bacillus, Metabacillus, Lysobacter, and Aureimonas, along with the fungi Paecilomyces maximus and Halophytophthora sp. 
Most bacterial isolates displayed plant growth–promoting (PGP) traits such as indole‐3‐acetic acid production and nitrogen 
fixation, supporting their potential contribution to seed germination and early seedling establishment. The detection of Can
didatus Celerinatantimonas neptuna, a nitrogen‐fixing symbiont previously described in P. oceanica roots, suggests a possible 
route of vertical transmission. Although fungal endophytes were less frequent, their presence indicates that P. oceanica seeds 
may serve as a reservoir of both beneficial and potentially pathogenic taxa. These findings expand our understanding of the P. 
oceanica holobiont, highlight the role of seeds in the persistence and dissemination of endophytic communities and lay the 
groundwork for the biotechnological use of seed‐associated microbes in marine plant restoration and conservation, and in crop 
stress tolerance.

1 | Introduction 

Several species of endophytic bacteria, actinomycetes, fungi, 
archaea, and protists colonize internal plant tissues, establish
ing mutualistic interactions that confer various benefits to their 
hosts (Compant et al. 2013; Hardoim et al. 2015). These positive 
effects on plant growth and resistance to biotic and abiotic 
stresses arise both directly (from microbial metabolic activities 

such as nitrogen fixation, phosphate solubilization, hormone 
production, and synthesis of biocides or antimicrobial com
pounds) and indirectly, through the modulation of plant phys
iology, nutrient balance, or by occupying the ecological niches 
of pathogens, thereby enhancing stress tolerance (Compant 
et al. 2013; Santoyo et al. 2016; Khare et al. 2018; Pacifico 
et al. 2019; Ali et al. 2022). The most advanced studies on plant– 
microorganism interactions have revealed a wide range of 
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potential biotechnological applications for crop improvement 
and environmental protection or restoration (Compant 
et al. 2019).

Plant endophytes can be transmitted horizontally through the 
environment (via soil or between plants), vertically through 
seeds and pollen, or via a mixed transmission mode (Frank 
et al. 2017; Nelson 2018). Vertical transmission ensures the 
inheritance of beneficial endophytes exhibiting plant growth‐ 
promoting (PGP) traits in seedlings, contributing to dormancy 
release, enhanced germination and growth, and protection 
against biotic and abiotic stressors (Truyens et al. 2015; 
Nelson 2018).

The Mediterranean seagrass Posidonia oceanica (L.) Delile is the 
dominant marine angiosperm in the Mediterranean Sea, where it 
forms extensive coastal meadows that support high biodiversity. 
These meadows provide crucial ecosystem services, including 
carbon sequestration, oxygen production, bioremediation, nur
sery habitat and shelter for fish, and protection against coastal 
erosion (Scanu et al. 2022). Over the past decade, however, the 
distribution and density of P. oceanica meadows have dramati
cally declined due to climate change and increasing human ex
ploitation of coastal areas (Telesca et al. 2015; Scanu et al. 2022). 
Naturally, meadow expansion occurs slowly through the prolif
eration of lateral buds and vegetative fragment dispersal 
(Marbà 1998; Di Carlo et al. 2005). Long‐distance dispersal 
depends on floating fruits carried by marine currents, which 
release large, fleshy seeds upon ripening (Ruocco et al. 2024). 
Under unfavorable conditions, large amounts of seeds are cast 
onto beaches, where they rapidly lose viability, unless protected 
by fruit encasing or retrieved by tides (Sutera et al. 2024). Fol
lowing disturbance events, P. oceanica grasslands exhibit a low 
natural recovery rate (Badalamenti et al. 2011; Castejón‐Silvo and 
Terrados 2021). Restoration programs have been initiated to 
recover degraded seagrass habitats through the transplantation of 
cuttings from donor meadows or seedling transplant (Calvo 
et al. 2021; Bacci et al. 2025). Although still limited by the 
availability of clonal material and human disturbances, these 
efforts have yielded encouraging results (Calvo et al. 2021; Bacci 
et al. 2025). A seed‐based propagation strategy is more conve
nient than cutting transplant, and it preserves genetic diversity 
and existing meadows. In addition, a recent study developed a 
feasible protocol for long‐term storage of P. oceanica seeds, 
allowing scalable propagule production and transplant (Sutera 
et al. 2025).

Endophytes are known to play key roles in nutrition and 
defense processes (Espinosa et al. 2010; Garcias‐Bonet 
et al. 2016; Mohr et al. 2021; Torta et al. 2022). A recent study 
on the Australian seagrass Halophila ovalis revealed a complex 
endophytic microbiota associated with reproductive tissues 
(flowers, fruits, and seeds), including a core of bacterial species 
with PGP traits and nitrogen‐fixing capabilities conserved 
across organs (Tarquinio et al. 2021). In P. oceanica, the en
dophytic microbial community has been characterized using 
molecular/metagenomic approaches (Garcias‐Bonet et al. 2012, 
2016) and culturing methods (Espinosa et al. 2010; Blanchet 
et al. 2017; Torta et al. 2022). Garcia‐Bonet et al. (Garcias‐Bonet 
et al. 2012) showed different compositions of P. oceanica en
dophytic community among plant organs (roots, rhizomes, and 
leaves). However, the presence of microbial endophytes in seeds 
remains unexplored.

In this study, we applied culturing techniques to isolate the en
dophytic microbiota associated with surface‐sterilized P. oceanica 
seeds, with the aim of identifying vertically transmitted micro
organisms potentially beneficial for seed germination and seed
ling development. Endophytic isolates from P. oceanica seeds 
could be exploited to extend the shelf life of propagation material 
used in future restoration programs. Furthermore, the availabil
ity of culturable microbial isolates represents an important first 
step toward elucidating the complex interactions between en
dophytes and marine angiosperms, and supports the develop
ment of novel model systems designed to simulate plant–microbe 
interactions under marine conditions at the laboratory scale. 
Culturable endophytes isolated from plants growing in extreme 
environments, such as seagrasses, may also present bio
technological potential to enhance stress tolerance to crops.

2 | Materials and Methods 

2.1 | Plant Material Collection and Sterilization 

From mid‐May to early June 2021, 44 P. oceanica seeds, still 
completely enclosed by fruits, brought naturally ashore by the 
current, were harvested in five distinct locations on the Sicilian 
coast: Cornino (38.093 N, 12.661 E) (10 seeds), Erice (38.046 N, 
12.548 E) (5 seeds), and Marsala (37.740 N, 12.472 E) (9 seeds) 
along the western coast; San Nicola (38.009 N, 13.624 E) (8 
seeds) in the northern coast, in the Tyrrhenian Sea; and Sciacca 
(37.504 N, 13.063 E) (12 seeds), in the southern coast, in the 
Strait of Sicily (Figure 1). The fruits were transported to the 
laboratory, washed in sterile artificial seawater (ASW, prepared 
at 3.8% salinity from Haquoss Hi‐tech reef salts) to remove plant 
and sand residues, then stored individually for 24–48 h in 15 mL 
of ASW at 4°C before processing. Under aseptic conditions, 
fruits were dissected with a sterile blade to extract seeds. Each 
seed was surface disinfected to inactivate the microorganisms 
present on the surface by sequential immersion for 2 min in 70% 
(v/v) ethanol, 3 min in 7% (v/v) sodium hypochlorite (10% 
active chlorine), 1 min in 70% (v/v) ethanol, followed by three 
rinses of 2 min in sterile distilled water (SDW).

2.2 | Endophyte isolation 

Each surface‐disinfected seed was weighed (Appendix S1) and 
longitudinally cut with a sterile blade. Half seed was then 
ground in 3 mL of SDW under aseptic conditions. Preliminary 
tenfold serial dilution assays were performed on a subsample of 
ten seeds to assess the microbial load of the homogenates. 
Undiluted seed homogenate (100 µL) was plated on two saline 
media specifically designed for this project: Nutrient Agar plates 
(NA: 3 g yeast extract, 5 g peptone, 20 g NaCl, 15 g Agar, 200 mL 
ASW, SDW up to 1 L, pH 6.8–7.2; final salinity 2.76%), and 
saline Starch Yeast Extract Glucose Agar plates (SGY, 15 g 
starch, 5 g glucose, 5 g yeast extract, 20 g NaCl, 20 g Agar, 
200 mL ASW, SDW up to 1 L, pH 6.8–7.2; final salinity 2.76%; 
modified from Kiki 2016). All media were autoclaved for 20 min 
at 121°C before use. Preliminary assays were performed to 
evaluate the efficacy of the seed surface disinfection protocol. 
After disinfection, seeds were streaked onto plates, and aliquots 
of the final rinse water were plated in parallel. No microbial 
growth was observed in either case. In this study, aliquots of the 
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water of the final rinse were used as a negative control. Plates 
were then incubated at 26°C in the dark and observed daily up 
to 20 days. Total colonies were counted, and the colony‐ 
forming unit (CFU)/g of fresh material was calculated for both 
media according to Silva et al. (da Silva et al. 2013) 
(Appendix S1). Based on the plated volume and sample pro
cessing, the detection limit (LOD) of the culture‐dependent 
assay was estimated to be < 1 CFU per seed. This estimate refers 
exclusively to cultivable bacteria under the experimental con
ditions applied and does not account for viable but non‐ 
culturable (VBNC) cells, injured bacteria, or microorganisms 
not supported by the culture medium.

Microbial colonies were initially grouped according to colony 
morphological features (shape, color, elevation, surface, margin, 
aerial mycelium, presence of exudate, and growth rate) and 
microscopic similarity (Appendix S2). First, for each plate 
deriving from a single seed, individual colonies were counted 
(Appendix S1). Subsequently, colony morphotypes were identi
fied, and for each plate the counted colonies were classified ac
cording to the observed morphotype. Finally, one to four 
representative colonies were selected for each morphotype 
observed from each seed. All the selected colonies were purified 
by streaking onto fresh agar plates and subsequently identified by 
sequencing analysis to obtain the corresponding isolate (Table 1).

Pure bacterial colonies were cultured in 5 mL of the corre
sponding broth, incubated at 28°C ± 2°C for 24 h. Five hundred 
microliters were stored as pure cultures at −80°C in glycerol 
(50% v/v). The remaining volume of the cell culture was pelleted 
by centrifuge at 2600 rcf for 10 min and used for DNA extraction.

2.3 | Endophyte Molecular Identification 

Molecular identification of all the selected colonies was per
formed through sequence analysis of PCR‐amplified bacterial 

16S rDNA genes and fungal internal transcribed spacer (ITS1, 
5.8S, ITS2) rDNA regions.

Bacterial pellets were resuspended in 500 μL of Tris‐EDTA 
buffer (TE, pH 8.0) and enzymatically lysed with Proteinase K 
(20 mg/mL) for 60 min at 37°C. Genomic DNA was purified 
using the phenol/chloroform/isoamyl alcohol (25:24:1) method 
(Wilson 1997) and resuspended in 100 µL TE. Bacterial en
dophytes were identified by sequencing ~1500 bp of the 16S 
rDNA with the universal primers 27 f and 1492r following the 
original PCR protocol (Lane 1991) using the DreamTaq DNA 
Polymerase (5 U/μL, Thermo Fisher Scientific).

Pure fungal cultures were obtained on SGY plates incubated for 
7 days at 28°C ± 2°C. The aerial mycelium (200 µg) of each selected 
fungal colony was scraped, placed in clean tubes and disrupted with 
tungsten carbide beads in a Tissue Lyser II (Qiagen) set at 30 Hz for 
2 min. Fungal DNA was extracted following a Cetyl trimethyl 
ammonium bromide (CTAB) protocol (Doyle and Doyle 1987) and 
resuspended in 100 µL TE. DNA amplification was performed using 
the ITS5/ITS4 primer set (White et al. 1990), following the original 
PCR protocol with an annealing temperature of 56°C, and by 
amplification of ~1000 bp‐fragment of the Large Subunit (LSU) of 
the nuclear ribosomal RNA gene, using the primers LR0R (5′‐ 
ACCCGCTGAACTTAAGC‐3′) and LR5 (5′‐TCCTGAGGG 
AAACTTCG‐3′) following the original PCR protocol (Vilgalys and 
Hester 1990), using the DreamTaq DNA Polymerase (5 U/μL, 
Thermo Fisher Scientific, USA).

The amplified products were purified and sequenced by Euro
fins Genomics (Ebersberg, Germany). Bacterial and fungal 
identification was performed using the highest identity score 
from BLAST 2.15.0 software of the National Center for Bio
technology Information (NCBI) against the NR database. 
Selected colonies of each morphotype sharing 100% sequence 
identity were represented by single isolate. Sequences corre
sponding to representative isolates were deposited in the Gen
Bank database under accession numbers OQ874530, OQ874531, 

FIGURE 1 | Locations, along the Sicilian coast, where cast fruits were collected. Shaded areas indicate the approximate current distribution of P. 
oceanica meadows (adapted from Calvo et al. 2010). 
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OQ874704, OQ874705, OQ883732‐OQ883773 (Table 1). A per
centage identity > 98.7% with NCBI sequences was accepted for 
species‐level identification, while identities between 95% and 
97% were classified at the genus level (Stackebrandt et al. 2022).

2.4 | Determination of Plant Growth Promotion 
Properties and Enzymatic Activities of Bacterial 
Isolated 

The production of indoleacetic acid (IAA) was evaluated using a 
colorimetric technique by incubating 3 mL of a liquid culture in 
Nutrient Broth (NB: 3 g yeast extract, 5 g peptone, 20 g NaCl, 
200 mL ASW, SDW up to 1 L, pH 6.8–7.2) with L‐tryptophan 
(100 mg/L), the IAA precursor, at 28°C for 72 h in shaking 
condition at 120 rpm. Cultures were centrifuged for 5 min at 
15,000 × g and supernatants transferred to glass tubes. Color 
changing to pink (positive reaction) was verified following the 
addition of 4 mL of Salkowski's reagent (Gordon and 
Weber 1951). The amount of IAA was calculated by measuring 
the absorbance at 535 nm in a spectrophotometer (ASYS UVM‐ 
340 Microplate Reader, Biochrom Ltd., Cambridge, UK), ac
cording to a standard curve appropriately realized.

Siderophores production was evaluated in Chrome Azurol S 
(CAS) agar plates (Schwyn and Neilands 1987). Aliquots 
(100 μL) of bacterial cultures were inoculated in the wells of the 
CAS plates and incubated for 7 days at 28°C in darkness. Bac
teria that produced siderophores showed an orange halo.

Phosphate solubilization was determined by the presence of a 
transparent halo around the bacterial cultures (100 μL) inocu
lated in wells of NBRIP plates (phosphate growth medium from 
the National Institute of Botanical Research) after 7 days at 
28°C (Nautiyal 1999).

Nitrogen fixation was assessed by plating strains in a nitrogen‐ 
free minimum medium (NFB; [Döebereiner 1995]) and incu
bating for 5 days at 28°C. Bacterial growth indicated the pos
sible ability of the bacteria to fix atmospheric nitrogen.

The formation of biofilms was determined by checking the 
adhesion capacity of the bacteria in microplates with 12 wells in 
NB at 28°C for 4 days. After incubation, the biofilm formation 
was observed in the surface and/or bottom of the wells. Then, 
each well was stained for 20 min with 0.01% crystal violet (del 
Castillo et al. 2012) to evaluate the presence of a ring of biofilm 
around well walls.

The ACC‐deaminase activity was performed as described by 
Penrose and Glick (2003). Briefly, bacterial cultures were 
incubated in a salts minimal broth added with 5 mM 
1‐aminocyclopropane‐1‐carboxylic acid (ACC) for 24 h at 28°C 
in shaking condition at 120 rpm. The α‐ketobutyric acid pro
duced was quantified using a standard curve with known 
concentrations by measuring absorption at 540 nm in a spec
trophotometer. ACC‐deaminase activity was expressed as 
μmoles of α‐ketobutyrate per mg of protein per hour.

Enzymatic activities were determined on plates incubated at 
28°C for 7 days, observing the formation of halo around the 
bacterial biomass. DNAse activity was determined by streaking 
the isolates on DNAse agar plates (Scharlab, Spain) revealed 
with 1 M HCl. Amylase activity was performed on starch agar 
plates (Scharlab, Barcelona, Spain) and revealed with 10 mL 

lugol (Panreac Applichem, Spain). Protease and lipase activi
ties were assessed in casein agar and Tween 80 media, 
respectively, as described by Harley and Prescott (2002) 
(Harley and Prescott 2002). Pectinase and cellulase activities 
were examined as described by Elbeltagy et al. (Elbeltagy 
et al. 2000). For pectinase activity, strains plated on ammo
nium mineral agar plates were revealed with 2% CTAB, and 
positive bacteria showed a halo. For cellulase activity, strains 
were plated on solid minimal medium supplemented with 
0.2% yeast extract and 1% carboxymethylcellulose. Plates were 
developed by covering the plate with 1 mg/mL Congo Red 
solution (Sigma‐Aldrich, USA) for 15 min and decolorizing 
with 1 M NaCl for 20 min. Finally, chitinase activity was per
formed as described by Mesa et al. (Mesa et al. 2015) on agar 
plates containing minimal medium supplemented with col
loidal chitin.

2.5 | Data analysis 

A non‐parametric approach was adopted to analyse the cul
turable endophyte occurrence in seed material on NA and SGY 
media. To investigate the differences in CFU/g, a binomial sign 
non‐parametric test was adopted (Higgins 2004) and im
plemented in Microsoft Excel (Microsoft Office 365).

To obtain information about the functional diversity of fungal 
strains, the FUNGuild database was used to estimate the 
trophic modes and guilds of fungi (Nguyen et al. 2016). This tool 
allows to predict the following primary fungal lifestyles: pa
thotroph: receiving nutrients at the expense of the host cells and 
causing disease; saprotroph: receiving nutrients by breaking 
down dead host cells; symbiotroph: receiving nutrients by ex
changing resources with host cells.

The Venn diagrams were constructed manually or using the 
webtool: https://bioinformatics.psb.ugent.be/webtools/Venn/.

3 | Results 

3.1 | Endophyte isolation 

The number of bacterial and fungal colonies on NA and SGY 
media increased over the incubation period, with most colonies 
appearing within the first 10 days. No colonies were observed 
on any of the negative control plates. Similarly, no growth was 
obtained from some seed samples regardless of collection site 
and media (Figure 2). The absence of colonies on both NA and 
SGY plates was most likely due to the low microbial concen
trations typically associated with plant endophytes. Colony‐ 
forming units were observed from 32 seed samples on SGY 
plates (73% of seeds) and 24 seed samples on NA plates (54%) 
(Figure 2, Appendix S1). CFUs were recovered on both media 
from 21 seed samples (48%), exclusively from SGY in 11 samples 
(25%), and exclusively from NA in three samples (7%) (Figure 2, 
Appendix S1). Nine out of 44 samples (20%) showed no colony 
growth on either medium (Figure 2).

The highest total endophyte concentrations, expressed as 
CFU/g, were 3.62 × 10² on SGY and 3.39 × 10² on NA 
(Appendix S1). Statistical analysis revealed no significant dif
ference in total endophyte concentrations between the two 
media at a confidence level (1–α) ≥ 0.95.
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3.2 | Molecular Identification of Culturable 
Endophytes 

Based on phenotypic characteristics, microbial colonies were 
grouped into 23 bacterial and two fungal morphotypes 
(Appendix S2). Selected colonies of each morphotype for each 
seed sample shared 100% sequence identity. According to 

sequence results, 42 bacterial and two fungal representative 
isolates were identified from all seed samples (Table 1). All 
morphotypes corresponded to unique microbial genera except 
for Morphotypes V and XX (Table 1). Bacterial 16S rDNA 
sequences ranged from 754 to 1446 bp in length, while fungal 
ITS and LSU regions ranged from 541 to 910 bp and 862 to 
1069 bp, respectively (Table 1). The identified endophytic 

FIGURE 2 | Percentage and identity of seeds yielding colonies on SGY and NA media, or none. 

FIGURE 3 | Distribution of bacterial families of culturable endophytes isolated from seeds. 
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bacterial isolates belonged to three phyla—Proteobacteria, Fir
micutes, and Actinobacteria—and were associated with 10 dif
ferent genera (Table 1). Most isolates were grouped into three 
dominant genera: Vibrio, Staphylococcus, and Marinomonas, 
followed by Aureimonas, Bacillus, Celerinatantimonas, Halo
monas, Kocuria, Lysobacter, and Metabacillus (Figure 3).

In terms of sequence identity, 78.6% of the isolates showed high 
similarity (≥ 98%) to 16S rDNA sequences available in GenBank 
(Table 1). Nine Vibrio isolates, however, exhibited lower iden
tity values (< 97%) with reference sequences in GenBank 
(Table 1). Specifically, five isolates (Vsp‐PoC2, Vsp‐PoE2, Vsp‐ 
PoE4, Vsp‐PoM10, and Vsp‐PoSC1) were identical and associ
ated with Vibrio ruber strain HMF8004 (GenBank accession 
KY047409, 96.63%). The remaining four Vibrio isolates (Vsp‐ 
PoC8, Vsp‐PoM7, Vsp‐PoSC3, Vsp‐PoSC11) were identical and 
associated with Vibrio sp. strain PCEP28 (GenBank MK294232, 
96.99%). These two groups of Vibrio isolates shared 95.96% 
identity with each other.

In total, two fungal colonies with distinct growth rates and 
morphological characteristics were isolated from two seed 
samples collected in San Nicola and Erice, respectively 
(Appendix S2). The isolates Pm‐PoE1 and Hpsp‐PoSN1 
showed 100% identity with fungal ITS sequences deposited 
in GenBank, corresponding to Paecilomyces maximus strain 
FRR 3793 (GenBank MW642169) and Halophytophthora sp. 
MHJ‐2021e isolate BD638 (GenBank OK041004), respec
tively (Table 1). LSU sequence analysis further confirmed 
species identification, showing 99.3% identity between Pm‐ 
PoE1 and P. maximus strain CBS372.70 (GenBank 
MH8714670), and 100% identity between Hpsp‐PoSN1 and 
Halophytophthora sp. MHJ‐2021e isolate BD638 (GenBank 
OK033601).

3.3 | PGP Properties: Plant Growth Promoting 
Traits and Enzymatic Activities 

A total of 22 bacterial isolates (Figure A1)—selected based on 
their higher in vitro growth capacity—were characterized to 
assess the presence of PGP traits and enzymatic activities 
(Tables 2 and 3).

All isolates exhibited at least one of the tested properties. Most 
isolates (77%) displayed between four and eight traits simulta
neously. Only one isolate (Vt‐PoC4) did not show any PGP trait, 
and one (Aa‐PoSC9) no enzymatic activity.

The most frequently observed PGP characteristics were biofilm 
formation (86%), siderophore production (77%), and indole‐ 
3‐acetic acid (IAA) production (36%), followed by nitrogen fix
ation (22%), and phosphate solubilization (18%) (Figure 4A). 
Most isolates formed biofilms predominantly at the bottom of 
the wells (Table 2). Isolate Hmsp‐PoSN7 (Halomonas sp.) ex
hibited the highest siderophore production, as indicated by the 
halo diameter on CAS medium, while isolate Vn‐PoSN8 (Vibrio 
nitrifigilis) was the most efficient IAA producer. None of the 
bacterial isolates exhibited ACC deaminase activity under 
in vitro conditions.

Among the six enzymatic activities tested, DNase (64%) was the 
most prevalent, followed by protease (45%), amylase (36%), 
cellulase (32%), lipase (18%) and pectinase (13%) (Figure 4B and 
Table 3). The strongest amylase and cellulase activities were 

both observed in isolate Vsp‐PoM10. None of the bacterial iso
lates exhibited chitinase activity under in vitro conditions.

3.4 | Trophic Mode of Endophytic Fungi 

Fungal taxonomic and functional analyses using FUNGuild 
classified the two fungal isolates, Pm‐PoE1 and Hpsp‐PoSN1, 
into distinct putative trophic modes. P. maximus was assigned 
to the pathotroph–saprotroph–symbiotroph mode, whereas 
Halophytophthora sp. was categorized as a saprotroph. The 
former trophic mode is primarily associated with endophytes, 
clavicipitaceous fungi, plant pathogens, and both plant and 
wood saprotrophs; while the latter is mainly represented by 
plant and wood saprotrophs.

4 | Discussion 

The positive effects of plant–microorganism interactions, widely 
demonstrated in terrestrial agroecosystems (Compant 
et al. 2019; Pacifico et al. 2019), are now increasingly being 
recognized in marine environments, supported by the growing 
body of knowledge on the seagrass holobiont (Ugarelli 
et al. 2017; Tarquinio et al. 2019). Early experiments with epi
phytic microorganisms associated with the vegetative organs of 
P. oceanica revealed their ability to stimulate plant development 
and influence the structure of the epiphyte community 
(Celdrán et al. 2012). More recently, positive effects on plant 
development were also ascribed to endophytes (Mohr 
et al. 2021). Growing evidence indicates plant‐associated 
microbes as key factors enhancing development and stress tol
erance in P. oceanica meadows. However, it is not known how 
these beneficial guests are transmitted among individual plants. 
While rhizomes can extend laterally and interconnect plants 
within the same meadow, it is still an open question whether 
different meadows are characterized by similar epi‐ and en
dophytes, and how these are transmitted through generations. 
In terrestrial plants, it is known that seeds can act as a trans‐ 
generational reservoir of endophytes (Truyens et al. 2015). In P. 
oceanica, however, no study had ever described the presence of 
endophytes. In our work, we present the diverse culturable 
bacterial and fungal endophytic community isolated from P. 
oceanica seeds collected in different Sicilian locations. Located 
in the centre of the Mediterranean, at the intersection of the 
western and Levantine gene pools, Sicilian meadows present 
the highest genetic biodiversity (Arnaud‐Haond et al. 2007). By 
sampling seeds along the different quadrants of the Sicilian 
coasts, we aimed to further maximise the potential recovery of 
microbial endophyte communities. Since the seeds were col
lected from stranded fruits, it was not possible to trace each 
seed back to a specific mother plant or meadow. However, it is 
likely that the fruits had detached from nearby meadows. 
Whether a mother plant consistently transmits the same en
dophytic community to all its seeds remains an open question.

Our primary objective was to isolate culturable endophytic 
microorganisms that could enhance the growth and stress tol
erance of seagrass propagation material, with the aim of facil
itating restoration efforts. Due to the lack of standardized 
protocols for isolating endophytes from P. oceanica seeds, we 
tested two saline culture media. The saline concentration in 
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both media was lower than seawater, since it is known that 
seeds of the congeneric Posidonia species P. australis and P. 
sinuosa contain a reduced amount of sodium (Hocking 
et al. 1980). Based on CFU/g values, both media proved effective 
for isolating seed‐associated endophytes. Nonetheless, some 
samples yielded no CFUs on either medium, likely due to either 
a low microbial load or selective limitations of the media— 
particularly SGY, which has a more complex formulation 
(Kiki 2016). Isolation efficiency likely depends not only on 
culture conditions and disinfection protocols but also on the 
inherent rarity, uneven distribution, and varied growth capac
ities of endophytes under aseptic conditions (Rungjindamai and 
Jones 2024). Future isolation efforts could benefit from the use 
of selective, enriched, and oligotrophic media to increase 
recovery rates and capture slow‐growing taxa.

A significant number of seeds did not yield colonies on plates. 
However, this does not necessarily indicate seed sterility, as our 
study focused exclusively on the culturable fraction of the mi
crobiota. Furthermore, we only tested two generalist media, 
which may not support the growth of more specialized micro
bial species. An additional level of complexity might derive 
from the competition among species in the same plate. 
Although we streaked colonies in fresh plates multiple times to 
isolate pure species, we cannot exclude that in the original 
homogenate, the presence of some microbes inhibited the 
growth of others. However, morphological analysis supported 
by molecular identification enabled the identification of a 

representative number of isolates suitable for the purposes of 
this study. Further complementary metagenomic approaches 
will be necessary to detect the presence of unculturable or 
elusive microorganisms.

The bacterial isolates identified in P. oceanica seeds largely 
belong to the same phyla reported in seeds of the seagrass 
Halophila ovalis (Tarquinio et al. 2021), suggesting that 
unrelated seagrass species—belonging to lineages that diverged 
approximately 30 million years ago and independently adapted 
to marine environments (Lee et al. 2018) may host similar en
dophytic communities. Notably, our study is the first to report 
the presence of both Oomycota and Ascomycota in seagrass 
seeds. Our PGP assay results suggest that P. oceanica seeds, in 
addition to containing a large amount of reserves within the 
endosperm, also recruit and vertically transmit microorganisms 
capable of supporting germination and early seedling develop
ment, through hormone production or by facilitating the 
acquisition of essential nutrients such as iron and nitrogen.

Among the bacterial genera identified in this study, Mar
inomonas, Celerinatantimonas, and Vibrio are commonly found 
in aquatic and marine environments. Marinomonas has previ
ously been reported as an endophyte in P. oceanica, and several 
species, including M. rhizomae, are known to be abundant within 
P. oceanica tissues (Espinosa et al. 2010; Lucas‐Elío et al. 2011; 
Garcias‐Bonet et al. 2012). Growth‐promoting Marinomonas 
species have also been detected in the core microbiome of 
the seagrass Halophila ovalis seeds (Tarquinio et al. 2021). 

FIGURE 4 | Frequencies of PGP traits (A) and enzymatic (B) activities among the 22 bacterial isolates. Cellulase and pectinase activities were 
grouped together. 
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Given the reported positive effects of Marinomonas on seedling 
growth (Celdrán et al. 2012) and the strong IAA production 
observed in our M. rhizomae isolate Mr‐PoSC8, our findings 
support the hypothesis of a close plant–microbe association that 
may be sustained through vertical transmission.

Recently, Mohr et al. (Mohr et al. 2021) demonstrated the 
positive outcomes of the symbiotic association between P. 
oceanica and the nitrogen‐fixing endophyte Candidatus Celer
inatantimonas neptuna, which colonizes the plant roots. 
Other nitrogen‐fixing species, including C. yamalensis and 
C. diazotrophica, have been isolated from the seagrass Thalassia 
hemprichii and from estuarine grasses such as Spartina alter
niflora and Juncus roemerianus, respectively (Cramer 
et al. 2011; Mohr et al. 2021). As with terrestrial plants, these 
symbiotic relationships enable marine species to thrive in 
nitrogen‐poor, oligotrophic environments, such as seagrass 
meadows and salt marshes. Our isolate Cn‐PoSN8 showed 
98.93% nucleotide identity with a ~ 1400 bp fragment of the 
Candidatus C. neptuna genome (GenBank OU461276.1, region 
426558–425198) retrieved from P. oceanica roots in the Elba/ 
Pianosa area. We only found Celerinatantimonas in one locality, 
San Nicola, located on the southern Tyrrhenian Sea, while it 
was absent in seeds collected in west Sicily and along the Strait 
of Sicily. C. neptuna was originally found in roots of P. oceanica 
meadows from the Tuscan archipelago, in northern Tyrrhenian. 
It is therefore intriguing to question whether this important 
endosymbiont is restricted to meadows of the Tyrrhenian Sea, 
possibly to the western genetic pool of P. oceanica, or its 

presence is widespread in the whole basin. Its presence in P. 
oceanica seeds suggests a potential route of vertical transmis
sion, likely reflecting its beneficial role for the host (Mohr 
et al. 2021). Although we were unable to evaluate the PGP traits 
of this isolate due to its failure to survive long‐term storage at 
–80°C—possibly because it may require mesophilic and par
tially anaerobic growth conditions (Cramer et al. 2011)—we 
successfully identified other nitrogen‐fixing bacteria in seeds 
collected from different Sicilian sites: Aureimonas, Metabacillus, 
and different Vibrio isolates obtained in this study displayed 
nitrogen‐fixing capacity.

In this study, we identified five Vibrio sequence groups corre
sponding to known species not previously reported as seagrass 
endophytes, and nine isolates grouped into two sequence 
groups with < 97% identity to Vibrio 16S rDNA sequences 
available in the GenBank. Further multilocus sequence typing 
(MLST) will be necessary to determine the precise taxonomic 
status of these isolates, which may represent two novel species 
(Jiang et al. 2022). Numerous studies have reported associations 
between Vibrio spp. and marine micro‐ and macroalgae 
(Sampaio et al. 2022). Some Vibrio species are also known to 
colonize seagrass canopies (e.g., Zostera spp.), contributing to 
the reduction of microbial loads in surrounding water bodies 
(Reusch et al. 2021). Additionally, endophytic Vibrio spp. have 
been isolated from the mercury‐tolerant halophyte Halimione 
portulacoides (Fidalgo et al. 2016). A synergistic combination of 
Vibrio aestuarianus (a nitrogen‐fixing bacterium) and Vibrio 
proteolyticus (a phosphate‐solubilizing species), both present in 

TABLE 3 | Enzymatic activities showed by the endophytes isolated from Posidonia oceanica seeds.

Isolate Identification DNAse Amylase Lipase Cellulase Pectinase Protease Chitinase

Aa‐PoSC9 Aureimonas altamirensis − − − − − − −
Bsp‐PoC1 Bacillus sp. − − − − − + −
Hmsp‐PoSN7 Halomonas sp. + − − − − − −
Kp‐PoC9 Kocuria palustris − ++ − − − − −
Lysp‐PoM4 Lysobacter sp. ++ − − − − ++ −
Mr‐PoSC8 Marinomonas rhizomae + + − − − − −
Mbi‐PoC10 Metabacillus indicus + +++ − − − ++ −
Vsp‐PoC2 Vibrio sp. + − − − − − −
Vsp‐PoE2 Vibrio sp. − − + ++ − + −
Vsp‐PoE4 Vibrio sp. − − + − ++ ++ −
Vsp‐PoM10 Vibrio sp. + +++ − +++ − + −
Vsp‐PoM7 Vibrio sp. + − + + ++ ++ −
Vsp‐PoSC11 Vibrio sp. + − − − + +++ −
Vg‐PoM9 Vibrio gigantis + + − − − − −
Vk‐PoSC11 Vibrio kanaloae + − − − − − −
Vn‐PoE4 Vibrio nitrifigilis + − − + − − −
Vn‐PoSN8 Vibrio nitrifigilis − − − +++ − − −
Vt‐PoC4 Vibrio tritonius − + − − − − −
Vt‐PoSC6 Vibrio tritonius + − + − − − −
Vz‐PoC5 Vibrio zhugei − +++ − − − − −
Vz‐PoM10 Vibrio zhugei + − − + − + −
Vz‐PoSC1 Vibrio zhugei + ++ − +++ − ++ −

Note: +, presence of the activity; −, absence of the activity.
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the mangrove rhizosphere, significantly enhanced growth in the 
halophyte Salicornia (Bashan et al. 2000). Although knowledge 
about the role of Vibrio spp. as plant endophytes remains lim
ited, several species identified in this study have already been 
associated with plant‐beneficial traits, particularly those linked 
to nutrient acquisition (Huang et al. 2021). Here, we confirmed 
the presence of multiple PGP properties in nearly all Vibrio 
isolates obtained from P. oceanica seeds, with V. europaeus and 
V. zhugei standing out as the most promising candidates.

Most of the remaining culturable bacteria isolated from P. ocea
nica seeds have previously been identified in plant species adap
ted to extreme environments, such as saline or contaminated 
soils. Halomonas sp., Staphylococcus warneri, S. epidermidis, 
and Kocuria palustris have been reported as members of 
the endophytic microbiota of the halophyte Seidlitzia rosmarinus, 
which grows in saline soils (Shurigin et al. 2020). Additionally, S. 
epidemis, first identified in the human skin microbiota, is now 
also recognized as a plant endophyte (Chaudhry and Patil 2016; 
Jan et al. 2024).

Halotolerant strains of Metabacillus indicus and S. warneri ex
hibiting multiple PGP traits were also isolated from the rhizo
sphere of the halophyte Sesuvium portulacastrum (John 
et al. 2023). Halomonas spp. are frequently recovered from 
roots, leaves (Zhang et al. 2018; Kearl et al. 2019), and seeds of 
halophytic species (Wang et al. 2021). Their ability to adapt to 
harsh environmental conditions is largely attributed to specific 
genomic features (Chaudhry et al. 2017; Ali et al. 2022). For 
instance, Zhang et al. (Zhang et al. 2020) showed that en
dophytic Halomonas strains respond to salt stress by modulat
ing over 800 genes involved in cellular and metabolic processes. 
Our results are fully consistent with the literature, confirming 
the presence of beneficial traits in Halomonas and Kocuria 
isolates obtained from seeds of a marine phanerogam. The 
Kocuria isolate Kp‐PoC9 identified in this study belongs to a 
group of endophytes characterized by a limited number of 
known beneficial traits. However, we do not exclude that its 
recruitment into the seed microbiome may be linked to other 
advantageous properties. In fact, some Kocuria species have 
been identified as arsenic‐resistant endophytes, potentially 
supporting host plants in environments contaminated with 
arsenic and other heavy metals (Román‐Ponce et al. 2016; Za
caria Vital et al. 2019). K. palustris isolated from P. oceanica 
exhibited high sequence identity with the arsenic‐resistant 
NE1RL3 strain from Sphaeralcea angustifolia growing in metal‐ 
contaminated soils (Zacaria Vital et al. 2019). It is possible that 
its presence in seagrass seeds could assist seedlings in coloniz
ing polluted sites. Furthermore, this species may offer addi
tional benefits through the production of bioactive compounds 
with fungicidal activity, as reported for K. palustris strains iso
lated from marine sponges effective against Fusarium oxy
sporum (Setiawan et al. 2022).

Although Staphylococcus spp. are primarily known as potential 
human and animal pathogens, they have also been frequently 
isolated from vegetative organs (Surette et al. 2003; Chiellini 
et al. 2015; Gabriele et al. 2022) and seeds (Liu et al. 2013; 
Faddetta et al. 2021) of various plants. According to the litera
ture, Staphylococcus strains adapted to an endophytic lifestyle 
differ from human strains due to the presence of gene clusters 
involved in the DNA damage caused by ROS accumulation and 
UV radiation (Chaudhry and Patil 2016). In the case of our 

isolates, due to the lack of complete genomic data and infor
mation on the presence of virulence factors, we decided to ex
clude them from PGP trait analyses, as no immediate 
biotechnological application can be foreseen for P. oceanica or 
agricultural crops.

Bacillus and Metabacillus include many well‐known plant en
dophytes (Zhang et al. 2018; Yin et al. 2022). Many Bacillus spp. 
are already used in commercial bioformulations due to their 
broad plant‐beneficial effects, including protection against 
pathogens and stimulation of plant growth (Lopes et al. 2018). 
In addition to these genera, the presence of Lysobacter in P. 
oceanica seeds is particularly noteworthy due to its potential as 
a biological control agent (BCA). Lysobacter spp. are part of 
complex microbial communities associated with soil and plants 
and are capable of colonizing a wide range of extreme en
vironments, including aquatic systems (Brescia et al. 2020). 
Some endophytic Lysobacter strains have already demonstrated 
BCA activity against several plant pathogens through the pro
duction of lytic enzymes and antibiotic compounds (Drenker 
et al. 2023; Tu et al. 2023). Our study confirms the presence of 
these three genera as endophytes in a marine plant and places 
them among the isolates with the highest number of PGP 
properties.

Few Aureimonas species have been reported as plant en
dophytes. A. endophytica was isolated in China from the halo
phyte Anabasis elatior (Liu et al. 2016), while A. altamirensis 
was recovered from leaves of ash trees tolerant to dieback 
caused by Hymenoscyphus fraxineus (Becker et al. 2022). Com
bining functional genome analysis and inoculation assays, 
Becker et al. (Becker et al. 2022) demonstrated that this species 
may contribute to increased plant resilience. Our findings pro
vide additional evidence for the presence of Aureimonas as a 
plant endophyte with beneficial properties, including nitrogen‐ 
fixing capacity. However, we cannot exclude a potential 
antagonistic role, which will require further investigation 
through specific bioassays.

Recent studies have reported several endophytic fungal species 
associated with the vegetative organs of P. oceanica in the 
central Mediterranean (Torta et al. 2015, 2022; Vohník 
et al. 2016, 2019). However, only a limited number of culturable 
fungal and oomycote species were recovered from seeds in the 
present study. The two genera identified had previously been 
isolated from surface‐sterilized P. oceanica tissues (Torta 
et al. 2022).

Fungal genera most frequently detected as endophytes in roots 
and rhizomes—such as Posidoniomyces, Lulwoana, Ochroconis, 
Penicillium, and members of the Xylariaceae family (Torta 
et al. 2015, 2022; Vohník et al. 2019; Vohník 2022)—were not 
isolated from seeds. According to Torta et al. (Torta et al. 2022), 
fungal endophyte distribution varies among plant organs in P. 
oceanica, with higher colonization in basal structures (roots and 
rhizomes) and only sporadic presence in leaves. Based on our 
findings, we cannot exclude that fungal endophytes are natu
rally scarce in seeds or that they exhibit a species composition 
distinct from other plant organs, particularly the basal ones. 
Given the important role of root‐associated fungal endophytes 
in maintaining plant health (Torta et al. 2022), further research 
is needed to determine the timing and mode of root 
colonization.
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Paecilomyces species are found in a wide range of terrestrial 
environments. While many are known as BCAs against pests 
and pathogens, others have also been described as PGP fungi 
(Moreno‐Gavíra et al. 2020). Some strains of P. maximus (syn. P. 
formosus; (Houbraken et al. 2020) have been linked to tree 
declines in both natural and cultivated forests (Sabernasab 
et al. 2019; Ozan et al. 2022). This species is currently con
sidered a complex comprising at least three cryptic taxa 
(Houbraken et al. 2020), potentially showing a dual role in 
plants—acting as beneficial endophytes by promoting growth 
through hormone production (IAA and GA) and increasing 
tolerance to abiotic stresses, especially heavy metals 
(Bilal et al. 2017). Therefore, the presence of P. maximus in P. 
oceanica seeds may confer developmental advantages and 
reduce the negative effects of heavy metal contamination.

The genus Halophytophthora includes species reported as sa
protrophs or pathogens in mangrove forests, lagoons, estuaries, 
salt marshes, and marine ecosystems (Maia et al. 2022). 
Halophytophthora sp. Zostera infection in the seagrass Zostera 
marina has been associated with reduced seed viability and 
seedling growth, posing a threat to coastal ecosystem restora
tion (Govers et al. 2016). Recently, three Halophytophthora 
species have been isolated in rotting P. oceanica seeds and 
postulated to be the causative agents of early seed mortality in 
this seagrass (Alagna et al. 2024). When cast seeds are collected 
and placed in aquaria, a fraction of these, about 10–45%, cover 
in whitish mould and rot. Treatment with antifungal chemicals 
was tested as a mean to control infection (Alagna et al. 2024). 
Our findings indicate that this saprotroph manages to spread, 
spatially and through generations, as a seed endophyte, and that 
protocols of seed disinfection are likely not able to prevent 
infection by this fungus. Interestingly, since we found 
Halophytophthora only in few seeds, it is possible that the fraction 
of seeds that rot in the first weeks after collection is already 
carrying the fungus as endophyte, and is therefore “doomed”.

Clarifying the potential pathogenicity of Halophytophthora sp. 
and P. maximus in Mediterranean seagrasses will require 
additional research, including isolation from symptomatic 
plants and experimental inoculation of seeds and seedlings 
under controlled conditions. Furthermore, field studies com
bining culture‐dependent and metagenomic approaches are 
needed to investigate the spread of fungal endophytes via P. 
oceanica seeds and to assess their role in the epidemiology of 
potential plant pathogens.

Among the long‐term consequences of climate change, the 
decline in the availability and quality of water bodies 
resources represents one of the most critical challenges for 
global agriculture. Water is an indispensable component of 
food production; according to UN and FAO estimates, 
approximately 3000–5000 L of water are required to satisfy the 
daily dietary needs of a single person. Furthermore, the 
Global Risks Report of the World Economic Forum identifies 
water crises as the third most severe global threat in terms of 
impact on humanity (Pathirana and Carimi 2024). In this 
scenario, salinity has emerged as one of the major abiotic 
constraints limiting crop productivity and quality. The Food 
and Agriculture Organization (FAO 2024) estimates that 
around 1.4 billion hectares—over 10% of the global land 
surface—are already affected by salinization, with an addi
tional one billion hectares at imminent risk due to climate 

change and unsustainable management practices. Our find
ings highlight that endophytic microorganisms associated 
with P. oceanica represent a valuable and largely untapped 
source of plant‐beneficial microbes. Cultivable endophytes 
isolated from P. oceanica display traits potentially linked to 
salinity tolerance, such as the production of PGP substances 
and allow to guarantee nitrogen fixation even in situations of 
saline stress. The use of these endophytes as bioinoculants in 
terrestrial crops could therefore contribute to enhancing plant 
resilience under saline conditions, improving both produc
tivity and sustainability in salt‐affected soils.

5 | Conclusions 

This study unravels the mechanisms of transgenerational and 
spatial diffusion of endophytic communities in P. oceanica 
meadows. It also expands the list of culturable endophytes from 
this species, providing a thorough characterization of their 
putative beneficial services. Most of the isolated microbial 
species exhibit traits associated with plant nutrition and growth 
promotion. In addition, isolate selection revealed the co‐ 
occurrence of different microbial species within the same seed, 
potentially capable of performing complementary or over
lapping functions. Their impact on seedling development and 
pathogen resistance will be further evaluated through in planta 
trials under controlled conditions, laying the groundwork for 
their potential use in strategies aimed at protecting and 
restoring this dominant Mediterranean seagrass. Additionally, 
the strains isolated and characterized in this work are fully 
culturable in vitro, allowing a scalable application as inoculant 
in other plant species, such as other seagrasses, but also ter
restrial crops, potentially enhancing tolerance to stress such as 
saline soils.
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Supporting Information section. 
Appendix 1. Appendix 2.

APPENDIX 
See Figure A1

FIGURE A1 | Morphology of 22 bacterial isolates characterized for plant growth‐promoting properties. 
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