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New control strategies are necessary for the treatment of the bacterial diseases of
hazelnut (Corylus avellana) incited by Pseudomonas avellanae and Xanthomonas
arboricola pv. corylina, following the programmed phasing out of copper-
based anti-cryptogamics. Based on recent evidence gathered on many crops,
endophytic fungi are credited for playing a role as defensive mutualists of
plants. Thus, an investigation was carried out in the hazelnut growing areas in
Southern Italy in the aim to identify endophytic fungi possessing antimicrobial
properties against these two pathogens. A panel of 50 endophytic isolates was
selected, including species which are already known as being part of the hazelnut
mycobiome, along with a few new records. These isolates were tested for
antibiosis in an in vitro assay consisting in the inoculation of the two bacterial
pathogens in their culture filtrates. Four isolates, belonging to Cladosporium
perangustum, Talaromyces purpureogenus, Nemania diffusa and the Hypoxylon
fuscum species complex, displayed consistent inhibitory effects, inducing about
90% growth suppression of both bacteria. Their capacity to effectively act as
biocontrol agents will be further tested in planta.

KEYWORDS

antibiosis, defensive mutualism, hazelnut mycobiome, pathogenic bacteria, phase-out
of copper products

1 Introduction

Hazelnut (Corylus avellana L.) is a stone fruit crop with a relevant impact on the socio-
economic conditions in several rural areas in Italy (Zinnanti et al., 2019; Vinci et al.,
2023; Nera et al., 2020; Biagetti et al., 2023; Pergola et al., 2024). It is primarily valued
for its kernels, which are consumed raw, roasted, or, more commonly, as ingredients in
confectionery, baked goods, and various food products (Fuso et al., 2021; Romero-Aroca
et al., 2021). In 2023, global hazelnut production was estimated at around 1.15 million tons;
Turkey is the dominant producer of shelled hazelnuts, supplying about 56% of the world
market, followed by Italy with a share of approximately 9% (FAOStatistics, 2025; Yildirim
et al., 2024).

Hazelnut production is affected by various biotic adversities, which management
requires the use of pesticides and fungicides. Among them, copper-based products are
traditionally employed for the treatment of cryptogamic diseases; however, their phase
out has been programmed in the European Union because of negative side effects on the
environment (Nicoletti et al., 2022b; Tamm et al., 2022). Therefore, the need has arisen
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for the hazelnut growers to find alternative control measures
in the management of bacterial diseases, such as canker caused
by Pseudomonas avellanae and blight caused by Xanthomonas
arboricola pv. corylina, for which no other effective chemicals
are currently available. Since the early 2000s, these bacteria have
been reported to affect hazelnut orchards in Italy, Poland and
other European countries (Krol et al., 2004; Lamichhane and
Varvaro, 2014; Nicoletti et al., 2022b). In Central Italy, where
hazelnut cultivation exceeds 20,000 ha, P. avellanae caused severe
canker outbreaks on approximately 1,000 ha, and more than 40,000
trees were lost (Scortichini et al., 2002a). On the other hand,
X. arboricola pv. corylina is a major limiting factor in nurseries,
causing significant mortality in young orchards (less than four
years old), where losses can be higher than 10%; in older orchards
plant death rarely occurs, but branch dieback leads to reduced yield
(Pulawska et al., 2010).

In the context of a rising awareness that the use of chemicals
in agriculture must be reduced, the phase out of copper products
offers an opportunity to explore eco-friendly alternatives for the
management of these hazelnut pathogens. Recently, the role of
plant microbiota has been increasingly considered for its possible
exploitation in plant protection, particularly with reference to
tree crops (Rabiey et al., 2019; Pereira et al., 2023). Indeed, the
antimicrobial properties expressed by many symbiont microbes are
credited as a major factor enabling fruit trees to escape or minimize
the aggression by latent pathogens which unevenly infect plants
growing in conducive climatic and/or cultivation conditions, as
is the case of the above-mentioned bacteria. On the other hand,
interactions in the plant microbiome may occasionally result in a
support for disease agents (Busby et al., 2016). Data concerning
the endophytic associates of hazelnut and their dual role in
plant protection are currently limited (Nicoletti and Zimowska,
2023), making investigations in the field fundamental in view
of possible exploitation in the management of these pathogens.
This paper reports the results of an investigation on the in vitro
antibacterial aptitude of a panel of endophytic fungi recovered from
asymptomatic hazelnut plants in Southern Italy, with the aim to
select isolates which can be further examined for their biocontrol
potential and the production of bioactive compounds.

2 Materials and methods

2.1. Isolation of endophytic fungi

Isolation of endophytic fungi was carried out during the spring
of 2024 from asymptomatic plants from both cultivated orchards
(Altavilla Irpina, Caserta, Cicala di Nola, Roccarainola, Serino,
Summonte, Taverna Figura, Tricarico, Tufo) or wild contexts
(Astroni Nature Reserve, Apice, Mercogliano, Pratola Serra,
Venticano) in Southern Italy. Segments of secondary branches
(about 5 cm in length) were cut and brought to the laboratory
in sterile plastic bags. They were disinfected by immersion in
70% ethanol for 1 min, followed by immersion in 4% sodium
hypochlorite for 3 min, and rinsing three times in sterile distilled
water. After removing the bark with a scalpel, longitudinal sections
of about 1 cm were cut and placed on potato dextrose agar (PDA:

Oxoid, Basingstoke, United Kindgom) amended with 85% lactic
acid (1 mL L−1) in 9-cm Petri dishes. The dishes were incubated
in darkness at 25 ◦C for up to two weeks and inspected daily.
Hyphal tips of the emerging fungal colonies were transferred in
pure cultures into fresh PDA dishes, and stored at 4 ◦C. In total,
a sample of 120 isolates was collected, from which 50 strains were
randomly selected to be used for the subsequent steps. All the
isolates are stored in the microbial collection of Research Center for
Olive, Fruit and Citrus Crops by Council for Agricultural Research
and Economics in Caserta, Italy.

2.2. Antibacterial assays

For the assessment of their antibacterial properties, liquid
cultures (10 mL) of each of the selected strains were prepared in
potato dextrose broth (PDB, Oxoid) in sterile glass tubes, which
were inoculated with a mycelial plug from actively growing cultures
on PDA of each isolate and incubated in darkness at 25 ◦C. After
two weeks, the cultures were filtered through 0.45 μm cellulose-
acetate Minisart filters (Sartorius, Göttingen, Germany), and the
filtrates (4.5 mL) put into sterile borosilicate glass tubes (10 mL). An
original antibacterial assay was carried out by directly inoculating
the tubes with two bacterial strains from our collection, namely
CRAFRUEC1 of P. avellanae (PA) (Scortichini et al., 2013) and
ISF Nc 18 of X. arboricola pv. corylina (XAC) (Scortichini et al.,
2002b), after having preliminarily checked their capacity to grow in
PDB. More in detail, each culture filtrate was added with 0.5 mL of
a suspension, adjusted at 1–2 × 103 cfu mL−1 using the standard
plate count method, of the bacterial strains grown on nutrient
agar (Oxoid) added with 3% sucrose (NSA) for 48 h at 25 ±
1 ◦C. Optical density at 600 nm (OD600) was measured through
a UV-VIS spectrometer (Jasco V-530, Milan, Italy) to monitor
bacterial growth in liquid culture over a 5-day incubation period
at 25 ± 1 ◦C. The assays were carried out in triplicate. Based
on measurements of the suspension turbidities, the percentage of
growth inhibition (negative values) or promotion (positive values)
were estimated by comparing the OD600 values of the samples
treated with the filtrate with those of the control cultures grown
in PDB only.

2.3 Statistical analysis

All the resulting values are expressed as mean ± standard
deviation (SD) of three independent replicates (n = 3). The
significance of the mean differences was analyzed by means of
ANOVA and the Duncan’s test at 5% level of significance, which
were carried out using SPSS v.20.0 statistical software (IBM
Corporation, Armonk, NY, USA).

2.4. Identification of selected fungal strains

Mycelia harvested from the liquid cultures were subjected to
DNA extraction using the Quick-DNA Fungal/Bacterial Kit (Zymo
Research, Irvine, CA, USA) in accordance with the manufacturer’s
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protocol. The DNA extracted from the mycelia was quantified
spectrophotometrically, and its purity was assessed by measuring
the absorbance at 260 nm and 280 nm. Preliminary taxonomic
identification was based on ITS1 (5

′
TCC GTA GGT GAA CCT

GCG G 3
′
) and ITS4 (5

′
TCC TCC GCT TAT TGA TAT GC 3)

sequencing (White et al., 1990). PCR amplification was carried
out in 20 μL of PCR reaction mixture, containing 25 ng DNA,
0.5 U Taq-DNA polymerase (AmpliTaq Gold, Applied Biosystems
Inc., Foster City, CA, USA), 1X PCR buffer, 2 mM MgCl2, 200 mM
dNTPs and 0.5 mM of each primer (Thermo Fisher, Waltham, MA,
USA). Reactions involved one cycle at 94 ◦C for 5 min, followed by
40 cycles with a denaturation step at 94 ◦C for 40 s, an annealing
step at 55 ◦C for 45 s, and an extension step at 72 ◦C for 90 s,
followed by one cycle at 72 ◦C for 7 min. Aliquots (10 μL) of
each PCR product were separated by electrophoresis on 1% agarose
gel prepared in 1X Tris-acetate-EDTA buffer and visualized under
UV light after staining with Gel Doc XR+ (Biorad, Hercules,
CA, USA). To enhance the accuracy of species-level identification,
additional molecular characterization was carried out for the
isolates which better performed in the antibacterial assays, using
the RNA polymerase second largest subunit (rpb2), β-tubulin
(benA) and translation elongation factor 1-α (tef ) gene regions
as complementary phylogenetic markers. PCR amplification was
performed using the primer pairs RPB2-5F/RPB2-7cR, T11/T22
(for isolate HN15E), Bt1a/Bt1b (for isolate HN15G), Bt2a/Bt2b (for
isolate HN10I), and EF1-728F/EF1-986R (for isolate HN01C), with
reaction conditions optimized for each target locus (Liu et al., 1999;
Glass and Donaldson, 1995; Guevara-Suarez et al., 2016; Nguyen
et al., 2021; Pi et al., 2021; Vocadlova et al., 2023). Molecular
weight markers were included in each run (GeneRuler 100-bp
DNA Ladder Plus; MBI Fermentas, Thermo Fisher). Amplified
DNA from PCR was sequenced by Eurofins service (Eurofins
Genomics Europe Pharma and Diagnostics Products & Services,
Cologne, Germany). All the DNA marker sequences obtained in
this study have been deposited at the NCBI GenBank database and
are available for use by third parties with the codes listed in Table 1,
where the closest taxonomic match determined through BLAST is
also reported. In addition, ITS sequences were used for representing
the phylogenetic relationships within the set of endophytic isolates
through a dendrogram obtained following the method described in
a recent paper (Becchimanzi et al., 2025).

3 Results

Data concerning location and taxonomic identification
based on molecular markers of the 50 hazelnut endophytic
isolates selected in our study are reported in Table 1. Most
of them were identified as species already reported for their
endophytic occurrence on hazelnut (Nicoletti and Zimowska,
2023). The only exceptions are the ligniculous basidiomycetes
Phlebia acerina (Polyporales, Meruliaceae), Trametes versicolor
(Polyporales, Polyporaceae) and Cylindrobasidium sp. (Agaricales,
Physalacriaceae); however, even if representing new records as
endophytes, these species are well known in association with forest
trees, including hazelnut (Dogan et al., 2005; Tomsovský et al.,
2006; Ordynets et al., 2017).

All the other isolates in our sample were determined
to belong to the Ascomycetes. Among them, species in the
Xylariales (Pezizomycotina, Sordariomycetes), which are on fire
with reference to their capacity to synthesize bioactive secondary
metabolites with possible ecological significance (Stadler et al.,
2007; Becker and Stadler, 2021; Franco et al., 2022), appear to
be dominant. Particularly, with five isolates from five different
locations, Biscogniauxia mediterranea is the most frequent taxon.
Its occurrence as an endophyte is known on many tree species
(Nicoletti et al., 2020, 2021; Costa et al., 2022); nevertheless, it
has also been reported from cankers in declining hazelnut plants
(Varvaro et al., 2011), and its real ecological role on this tree
deserves to be more carefully investigated. Hypoxylon fuscum, of
which four isolates were recovered at the site of Altavilla Irpina
along with an isolate of the distantly related Hypoxylon howeanum,
is reported to be of frequent occurrence on hazelnut (Ma et al., 2022;
Nicoletti and Zimowska, 2023). However, it was characterized as
a species complex (s.c.) in a recent study (Lambert et al., 2021);
thus, a more circumstantial identification of our strains, which
denote some extent of genetic variation according to the GenBank
blasts, requires the examination by specialists. The species Nemania
diffusa was previously identified from hazelnut specimens in
Bohemian herbaria (Zíbarová and Kout, 2017); it is also widespread
as an endophytic associate of forest trees, and it has recently
been reported to be possibly involved in defensive mutualism
of ash (Fraxinus excelsior), based on production of cytochalasins
(Demir et al., 2025). Finally, Heteroxylaria oxyacanthae (formerly
Xylaria oxyacanthae) was not previously found as a hazelnut
endophytic associate; however, it has been frequently recovered
from fruits of a wide range of trees, in the context of a widespread
geographical diffusion (Himani and Krishnappa, 2020; Kim et al.,
2025).

Four isolates from four different locations could only be
identified as belonging to the Didymellaceae (Dothideomycetes,
Pleosporales). The closest GenBank match of one of them is
Nothophoma quercina, a species already reported for endophytic
occurrence on hazelnut in Iran (Kashanian et al., 2021). However,
the results of blasting the corresponding ITS sequences were
not univocal, so that we preferred to abstain from being
more circumstantial in species ascription; also considering that
this is one of the largest fungal families, still in course of
further taxonomic assessments (Zimowska, 2021). Four isolates in
another Pleosporales family (Amorosiaceae) from three different
sites were determined to belong to the recently typified genus
Angustimassarina (Thambugala et al., 2015). These fungi were also
previously identified in the mentioned Iranian study (Kashanian
et al., 2021); considering the remarkable geographical distance,
their more widespread occurrence in association with hazelnut can
be expected to be pointed out in the future. Quite interestingly, also
Paraconiothyrium brasiliense (Pleosporales, Didymosphaeriaceae),
recovered at two sites in our study, was previously reported
from Iran only (Nicoletti and Zimowska, 2023). However, this
species is spread worldwide as an endophyte of many plants
(Nicoletti et al., 2021; Wang et al., 2021), and it is considered a
valuable source of antimicrobial products (Ibrahim et al., 2024).
One more species, Melanconium hedericola (Sordariomycetes,
Diaporthales, Melanconiaceae), was also previously reported from
Iran only (Nicoletti and Zimowska, 2023); no other mentions on
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TABLE 1 Endophytic fungal isolates from hazelnut trees used for antibacterial assays.

Isolate Location ITS Closest GenBank match◦ Identification

HN01A Astroni Nature Reserve PP683249 Biscogniauxia mediterranea99 B. mediterranea

HN01C Astroni Nature Reserve PP683251 Cladosporium perangustum100 C. perangustum∗

HN01E Astroni Nature Reserve PP683253 Melanconium hedericola99 M. hedericola

HN02B Caserta PX601487 Diaporthe foeniculina100 Diaporthe sp.

HN02H Caserta PX601498 Angustimassarina sp. 100 Angustimassarina sp.

HN03A Tufo PX601507 Alternaria tenuissima100 Alternaria sp.

HN03D Tufo PX601468 Nothophoma quercina99 Didymellaceae sp.

HN04A Pratola Serra PX601484 B. mediterranea100 B. mediterranea

HN05A Taverna Figura PX601471 Cladosporium cladosporioides100 C. cladosporioides s.c.

HN05B Taverna Figura PX601512 B. mediterranea100 B. mediterranea

HN06A Venticano PX601513 Heteroxylaria oxyacanthae99.5 H. oxyacanthae

HN06D Venticano PX601511 Phlebia acerina100 P. acerina

HN07A Apice PX601486 B. mediterranea99 B. mediterranea

HN09B Serino PX601506 Stemphylium sp. 100 Stemphylium sp.

HN09C Serino PX601469 P. acerina100 P. acerina

HN10D Tricarico PX601499 Alternaria alternata99.8 Alternaria sp.

HN10F Tricarico PX601496 Cytospora sp. 99.5 Cytospora sp.

HN10G Tricarico PX601470 Angustimassarina sp. 98 Angustimassarina sp.

HN10H Tricarico PX601465 Cytospora prunicola99.5 Cytospora sp.

HN10I Tricarico PX601494 Talaromyces pinophilus100 Talaromyces purpureogenus∗

HN10L Tricarico PX601502 Cytospora sp. 99.6 Cytospora sp.

HN10M Tricarico PX601501 Trametes versicolor100 T. versicolor

HN11A Tricarico PX601503 Alternaria sp. 100 Alternaria sp.

HN11M Tricarico PX601510 Didymellaceae sp. 100 Didymellaceae sp.

HN11N Tricarico PX601472 Alternaria infectoria100 Alternaria sp.

HN12O Tricarico PX601474 Angustimassarina sp. 99 Angustimassarina sp.

HN13A Roccarainola PX601500 Cylindrobasidium sp. 99 Cylindrobasidium sp.

HN13D Roccarainola PX601509 Alternaria sp. 100 Alternaria sp.

HN13F Roccarainola PX601480 Diaporthe sp. 100 Diaporthe sp.

HN13G Roccarainola PX601497 D. foeniculina100 D. foeniculina

HN13H Roccarainola PX601473 Diaporthe rudis100 D. rudis

HN13M Roccarainola PX601467 D. foeniculina100 D. foeniculina

HN14C Cicala di Nola PX601475 Paraconiothyrium brasiliense99 P. brasiliense

HN14D Cicala di Nola PX601485 Alternaria sp. 99 Alternaria sp.

HN14G Cicala di Nola PX601504 D. foeniculina100 D. foeniculina

HN14I Cicala di Nola PX601466 Angustimassarina sp. 100 Angustimassarina sp.

HN14N Cicala di Nola PX601505 Diaporthe eres99 D. eres

HN15A Altavilla Irpina PX601492 Didymellaceae sp. 99.43 Didymellaceae sp.

HN15B Altavilla Irpina PX601483 Hypoxylon fuscum100 H. fuscum s.c.

HN15D Altavilla Irpina PX601489 D. foeniculina99 D. foeniculina

HN15E Altavilla Irpina PX601479 Nemania diffusa99 N. diffusa∗

HN15F Altavilla Irpina PX601476 H. fuscum98.85 H. fuscum s.c.

HN15G Altavilla Irpina PX601495 H. fuscum100 H. fuscum s.c.∗

HN15H Altavilla Irpina PX601490 Hypoxylon howeanum100 H. howeanum

(Continued)
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TABLE 1 (Continued)

Isolate Location ITS Closest GenBank match◦ Identification

HN15I Altavilla Irpina PX601488 H. fuscum100 H. fuscum s.c.

HN16B Mercogliano PX601477 Alternaria sp. 100 Alternaria sp.

HN16D Mercogliano PX601493 Didymellaceae sp. 100 Didymellaceae sp.

HN16E Mercogliano PX601481 Pleosporales sp. 100 Pleosporales sp.

HN17A Summonte PX601482 P. brasiliense100 P. brasiliense

HN17B Summonte PX601491 B. mediterranea99 B. mediterranea

◦GenBank blasts yielded scores between 98 and 100%, as indicated next to the taxon name. ∗ Identification of these isolates was confirmed through sequencing additional markers; namely, tef for
HN01C (PP740379), rpb2 and benA for HN10I (PX619231, PX619234), HN15E (PX619229, PX619232) and HN15G (PX619230, PX619233). s.c.: species complex.

its occurrence and ecological role could be found in the literature,
likely in relation to its recent characterization (Crous et al., 2014).

Some other fungi represented in our sample, such as
Cytospora (Diaporthales, Cytosporaceae), Diaporthe (Diaporthales,
Diaporthaceae) and Alternaria (Pleosporaceae), are known as
pathogens of hazelnut (Wiman et al., 2019; Arciuolo et al., 2020;
Waqas et al., 2024; Martino et al., 2025); this feature may imply that
their recovery from asymptomatic tissues derives from interception
during the latency period of disease cycle. Nevertheless, they are
all known as producers of bioactive secondary metabolites (Kianfé
et al., 2023; Wei et al., 2023; Zhao et al., 2023), which may have
some relevance in contrasting bacterial infections in the field;
by obvious reasons, such hypothesis cannot be further explored
in the perspective of considering these fungi for applications in
control strategies.

Finally, the occurrence of fungi belonging to the genera
Talaromyces (Eurotiomycetes, Eurotiales, Trichocomaceae)
and Cladosporium (Dothideomycetes, Cladosporiales,
Cladosporiaceae) is noteworthy. Species of both these genera
are widespread in every environment on Earth and reported as
endophytic associates or to be involved in complex ecological
relationships with plants, establishing tritrophic interactions with
their pests and pathogens (Nicoletti and Becchimanzi, 2021;
Nicoletti et al., 2022a, 2024; Pereira et al., 2024; Abbas et al., 2025).
Moreover, they are known as producers of a plethora of bioactive
compounds (Lei et al., 2022; Abdelatty et al., 2024; Salvatore et al.,
2024). Contrary to what indicated by the closest ITS GenBank
match, isolate HN10I was identified as Talaromyces purpureogenus
based on its rpb2 and tub sequences; although to the best of our
knowledge this is the first report on hazelnut, this species has been
previously mentioned as an endophytic associate on many plants
(Nicoletti et al., 2020, 2022a; Hu et al., 2023). Cladosporium spp.
are also described as widespread endophytic associates of plants,
including hazelnut (Nicoletti and Zimowska, 2023). In our sample,
there are two isolates of this genus (HN01C and HN05A) having
C. perangustum and C. cladosporioides as the closest GenBank
matches, respectively. The preliminary identification of the first
isolate was later confirmed through sequencing tef as a more
reliable molecular marker, while isolate HN05A was labeled as C.
cladosporioides s.c.; in fact, the taxonomy of this species aggregate
is still under verification and accurate phylogenetic assessments
could be necessary for a correct classification (Becchimanzi et al.,
2021).

Results of the antibacterial assays carried out against PA and
XAC are reported in Table 2. After both bacterial strains had

preliminarily demonstrated to grow well in PDB, the assays were
performed by directly inoculating the filtered broth obtained from
the fungal cultures.

The examination of data in Table 2 shows that a great
proportion of the isolates (39) determined a reduction in the growth
of the phytopathogenic bacteria in the PDB medium. The presence
of a lesser number of promoter or neutral strains is not surprising,
considering that, in the complexity of the interspecific ecological
relationships, pathogens may in turn be adapted to overcome or to
take advantage by the concomitant occurrence of some microbiome
associates. At the same time, the reaction of the two bacterial
strains was uneven, in line with the general outcome of research on
antibiotics that these effects are not systematically expressed against
any microbial species, and that the bacterial growth response is
specific to each bacterial strain (Mitosch and Bollenbach, 2014).

In the context of a wide variation in the results of the assays,
some coherent indications can be deduced for a few taxa which
are represented by more than a single isolate in our sample.
Particularly, all the five isolates of B. mediterranea promoted
bacterial growth, while all the Alternaria and the Hypoxylon
isolates, along with the two isolates of P. brasiliense, displayed
inhibitory effects. Isolates of Diaporthe were also generally
inhibitory, apart from a few cases producing scanty promoting
effects toward PA, while an erratic response resulted for the
heterogeneous groups of isolates belonging to the genera Cytospora
and Angustimassarina, and the family Didymellaceae. A sharp
inhibitory effect (above 50%) was induced by a limited number of
isolates. This number was higher in the case of PA, which overall
proved to be more sensitive than XAC. However, four isolates
stood out for high inhibitory activity against both bacteria, namely
HN01C, HN10I, HN15E, and HN15G. Their score was over 90%
against both bacteria except for HN15G, whose activity was slightly
less on XAC. The inhibitory effects by these isolates as recorded
at 48, 72 and 120 hr post-inoculation are shown in Figure 1. It is
interesting to note that for HN01C and HN10I the inhibition was
over 90% since the first observation, while the two xylariaceous
isolates HN15E and HN15G showed an increasing inhibitory trend
over time on both bacteria.

4 Discussion

In an age when the need is arising to implement
environmentally sound crop management practices, investigations
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TABLE 2 Effects on bacterial growth of culture filtrates of isolates of hazelnut endophytic fungi.

The reported values (%), calculated as means of three replicates, are representative of the growth inhibition (red bars) or promotion (green bars) in comparison to the untreated control.

on plant microbiomes provide a basic contribution to improving
our understanding of the ecological conditions which shape crop
production (Hao et al., 2024; Compant et al., 2025). As enabling a
comparative examination of the species assortment and prevalence,
the accumulation of data from various climatic and agricultural
contexts is necessary to organize this information for its use and
interpretation in the aim to promote plant health.

Besides an intrinsic descriptive significance in terms of
biodiversity (Figure 2), our study confirmed that a panel of
strains showing potential as biocontrol agents can be selected
when starting from a wider set of isolates extracted from the
plant microbiome, and that endophytic fungi represent a valuable

source to be probed in this perspective. Indeed, their capacity
to produce antimicrobial products has emerged in many studies
carried out on a variety of crops (Nicoletti et al., 2020; Caruso
et al., 2022). At the same time, inhibitory effects of microbial culture
filtrates are commonly interpreted as dependent on their content
in bioactive secondary metabolites (Izurdiaga et al., 2024); this
inference stimulates further insights for the definition of protocols
to assess if these fundamental properties are also exerted in vivo.
With reference to hazelnut, a recent study is noteworthy reporting
that endophytic strains belonging to the Fusarium citricola s.c.
were able to produce enniatins in planta, supporting the conjecture
that a role in defensive mutualism may be played by these
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FIGURE 1

Growth inhibition of P. avellanae (A) and X. arboricola pv. corylina (B) as assessed at 24, 48, and 120 h of incubation in culture filtrates of four
endophytic fungal isolates (HN01C, HN10I, HN15E, and HN15G). Values are expressed as mean ± standard deviation of three independent replicates
(n = 3). Different letters above the bars indicate statistically significant differences for each isolate at the three incubation times, as determined by
one-way ANOVA followed by Duncan’s post hoc test (p ≤ 0.05).

cyclohexadepsipeptides (Zimowska et al., 2024). As in the case
of enniatins, many fungal products have multiple effects against
pathogens and pests (Grabka et al., 2022). Thus, the reported
potential of the endophytic associates of hazelnut may also prompt
further assessments on their role in contrasting the agents of other
adversities, such as the stink bugs (Bosco et al., 2018), the many
fungal pathogens affecting trunk (Martino et al., 2025), as well as
those causing mycotoxin contamination of kernels (Salvatore et al.,
2023; Sen and Kabak, 2025). As examined in the previous section,
the most effective isolates all belong to species known to be able
to synthesize antibacterial compounds, namely C. perangustum,
T. purpureogenus, N. diffusa and H. fuscum, which support the
inference that they could provide biochemical tools performing
an active role in hazelnut defense. However, as the isolation of
these fungi was done from a specific part of the sampled plants,
the question arises whether they spread throughout the host

organism in such a way to sistemically perform this function.
Moreover, does bioactivity of their culture filtrates depend on a
major compound or is the synergism of several metabolites needed
to ensure the antibacterial effect? Can the biosynthetic aptitudes
of different strains generate additive effects? Or, conversely, could
they contrast one another when concomitantly present in the
plant tissues? Indeed, all these questions require to be addressed
in integrative studies to achieve the aim of identifying synthetic
microbial communities which can effectively be exploited in plant
protection (Shayanthan et al., 2022; Wang et al., 2023). In view of
selecting the synthetic communities, such preliminary studies not
only help to pick the species which better perform as candidate
defensive mutualists, but also to exclude those which could rather
be detrimental. In this respect, our findings clearly show that the
secondary metabolism of B. mediterranea could eventually support
the proliferation of the bacterial pathogens, with the possible onset
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FIGURE 2

Dendrogram showing the diversity and the phylogenetic relationships among the hazelnut endophytic isolates considered in this study.

of a synergism which might in turn amplify the pathogenic aptitude
of this fungus.

In addition to the species of the four selected strains,
the ecological role of P. brasiliense also deserves more
accurate consideration. Indeed, its frequent occurrence as
a component of hazelnut mycobiome should be examined
considering the recent finding that it can induce production
of paclitaxel (taxol) in C. avellana cell cultures (Salehi et al.,
2019). In fact, this blockbuster antitumor drug also possesses
antimicrobial properties (Pandy et al., 2023); thus, the eventual
demonstration of the promotion of its biosynthesis in planta
would consistently support the concept that P. brasiliense
is actively involved in defensive mutualism by inducing
the release of this compound, and possibly other bioactive
secondary metabolites.

5 Conclusions

The antibacterial properties of a panel of 50 isolates
of endophytic fungi recovered from asymptomatic
hazelnut plants across wild and cropping contexts
in Southern Italy were investigated using in vitro
assays against two key pathogens of this crop, P.
avellanae and X. arboricola pv. corylina. Four strains,
taxonomically identified as C. perangustum, N. diffusa, T.
purpureogenus and H. fuscum s.c., displayed the better
inhibitory effects. Their ability to colonize hazelnut
plants upon artificial inoculation, to release antimicrobial
products in vivo, as well as their potential application
in the control of bacterial diseases of hazelnut will be
further investigated.
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