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Abstract

This study investigates the endophytic microbial communities from the seeds of two Solanum species, selected for their
contrasting resistance to the plant pathogen Meloidogyne incognita (Kofold & White) Chitwood: Solanum torvum Sw.,
which is highly resistant, and Solanum melongena L., which is highly susceptible. Aseptic extractions from individual seeds,
followed by molecular analysis, revealed a variety of culturable microbial strains. Our results focused on the differential
culturable microorganisms associated with two genotypes. Notably, significant differences were observed in the fungal com-
munities, with the identification of the fungus Lecanicillium aphanocladii and the yeast Papiliotrema flavescens (formerly
Cryptococcus flavescens) exclusively in S. torvum. This represents the first report of these fungal species associated with
Solanum seeds. We characterized the micro-morphology, growth patterns, and molecular phylogenetic relationships of L.
aphanocladii, based on two independent genetic loci. In vitro bioassays demonstrated the biocontrol potential of P. flavescens
which inhibited Botrytis cinerea mycelial growth up to 60% and reduced the viability of M. incognita juveniles by 35%.
Similarly, L. aphanocladii exhibited antagonistic activity against B. cinerea and was capable of capturing and digesting the
plant-parasitic nematode M. incognita and the plant-associated Bursaphelenchus eremus Ruhm. These findings suggest that
the unique endophytic microorganisms isolated from S. forvum may play a role in its natural resistance and have potential
as biological control agents, supporting their use in integrated pest and disease management strategies.

Keywords Lecanicillium aphanocladii - Papiliotrema flavescens - Plant-nematode resistance - Botrytis cinerea -
Meloidogyne incognita - Bursaphelenchus eremus

Introduction

Various microorganisms, e.g., bacteria, yeasts, and fungi,
have been identified as specific endophytes associated
with different crop ecosystems. Among these diverse
groups, endophytic fungi are noteworthy for their bio-
logical role in association with their host plants. Gen-
erally, these fungi contribute to plant development by
producing plant growth hormones (e.g., IAA) and lytic
enzymes, enhancing the bidirectional nutrient transfer,
and promoting plant health. Additionally, endophytic
fungal associations protect against adverse environmental
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conditions such as heavy metal tolerance, e.g., Cu, Pb,
and Zn, increased resistance to drought, and protection
against pathogens and parasites (Pratap et al. 2024).
Endophytic fungi are not simply considered saprophytes
since they are associated with living tissues, thus contrib-
uting to the fitness of the plant. It is conceivable that the
seed microbiota shaped by plant genotype, environmental
conditions, and agricultural management (Berg and Raaij-
makers 2018) serves as a reservoir of beneficial microbes
that enhance offspring fitness. The microbial community
may contribute to seed preparation, germination envi-
ronment, seedling development, and overall plant growth
(Abdelfattah et al. 2023; Afridi et al. 2023). Although
the seeds host a wide range of microbial communities,
their inhabitants remain less studied that microbes asso-
ciated with other parts of the plant. The seed endophyte
diversity associated with Solanum torvum has not been
analyzed yet. S. torvum Sw. is a wild robust member of
the Solanaceae family that exhibits remarkable resilience
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to climatic adversities and common pests affecting the
domesticated eggplant (Gousset et al. 2005; Rotino et al.
1997). Its resistance encompasses a broad spectrum of
soil-borne pathogens, including Verticillium dahlia, Ral-
stonia solanacearum, Fusarium oxysporum, and root-knot
nematode Meloidogyne incognita (Bagnaresi et al. 2013;
Bletsos et al. 2003; Gisbert et al. 2011; Gousset et al.
2005; Singh and Gopalakrishnan 1997). S. torvum is also
recognized for its health benefits (Arthan et al. 2002;
Lu et al. 2011; Yousaf et al. 2013), including antioxi-
dant and antimicrobial properties, derived from various
plant parts like roots, leaves, and fruits. Various studies
have explored this species to discover useful compounds
from different parts of the plant (Barbosa et al. 2012;
Muthezhilan 2012; Lakshmi et al. 2013; Yousaf et al.
2013; Senizza et al. 2021). In a recent study, Irdani et al.
2023 (Irdani et al. 2023) demonstrated that S. torvum
has developed intricate defense mechanisms against the
root-knot nematodes. The root exudates of plants signifi-
cantly shape the microbial populations in the rhizosphere,
affecting the proliferation of soil-borne diseases and pests
(Afridi et al. 2023; Zhou et al. 2011). Notably, the root
exudates of resistant species like S. rforvum exhibit varia-
tions in the types and amounts of amino acids, amines, or
phenols compared to those of S. melongena, thus contrib-
uting to these observed effects (Afridi et al. 2023; Zhou
et al. 2011). Consequently, these alterations influence
the growth, richness, and diversity of microorganisms in
the rhizosphere, thereby impacting the colonization of
plant roots (Gémez-Vidal et al. 2006; Lopez-Llorca et al.
2007). An earlier study on the endophytic microbiota of S.
torvum has revealed the presence of Phoma medicaginis,
Colletotricum spp. (Coelomycetes) on the petiole, and the
presence of Cladosporium cladosporioides, Curvularia
tuberculate, Aspergillus spp. (Ascomycetes) on the stem
(Kannan and Muthumary 2012). However, no other study
has explored the microbes of S. torvum seeds yet.

This is the first study to report on the presence of
endophytic microbes in S. torvum seeds. We documented
several isolates obtained from the seeds of two Solanum
species: the resistant S. torvum, collected from two dif-
ferent locations, and the susceptible S. melongena. The
objectives of the current research were (i) to explore the
endophytes of S. torvum seeds and compare them among
different Solanaceae species, (ii) to characterize the fun-
gal strains found in S. forvum, (iii) to investigate in vitro
the potential antagonism with a plant—pathogen such as
Botrytis cinerea, the plant-parasitic nematode M. incog-
nita, and the plant-associated Bursaphelenchus eremus.
The results revealed previously unknown endophytic
fungi inhabiting S. forvum seeds and help to understand
their interactions with significant plant pathogens.
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Materials and methods

Seed sampling, sterilization, and endophytes
isolation

Twenty-five seeds per genotype of Solanum torvum (TG1,
from CREA-GB Lombardy 2008; CREA-DC Tuscany 2020)
and S. melongena (1F5-9, from CREA-GB Lombardy 2008)
were investigated. Seeds were washed twice in distilled ster-
ile water, pulling up and down several times with a Gilson
pipette. Subsequently, they were immersed in 5% sodium
hypochlorite for 5 min, twice, and rinsed three times in dis-
tilled sterile water. After sterilization, an aliquot of rinsed
water was controlled for sterility on agar plates overnight
at 28 °C. Each seed was then cultured singly for 48 h on
MS agar plates at 25 °C. The isolates grown around seeds
were considered epiphytic. Only those seeds without any
epiphytic growth were considered sterile and individually
homogenized in 1.5-ml Eppendorf tube containing 50 pl of
yeast peptone dextrose broth (YPD, Sigma), or Luria Broth
bacterial medium (LB, Sigma). The resulting suspension
was then spread on TSA agar (Difco) and incubated until
colonies were formed. Each microorganism isolated, pre-
sumed endophyte was subsequently cultured on new plates
of Malt-agar (MAD, Difco; MAA, Acumedia) or potato dex-
trose agar (PDA, Difco) for fungi and LB agar for bacteria.
The incubation temperatures were maintained at 28 °C for
yeasts/fungi or 36 °C for bacteria. Each isolate was then
subjected to molecular identification and morphological
analysis.

Nematode populations

The nematode populations used in this study are stored in
CREA-DC Collection (Italy). Root-knot nematode M. incog-
nita I'T30 (Irdani et al 2011) was maintained on tomato (cv.
Roma) in a greenhouse. B. eremus IT17 (Carletti et al. 2008)
was maintained on B. cinerea Malt agar plates, at 25 °C.

Amplification, sequencing, and molecular
identification

DNA extraction from bacterial isolates was performed with
QIAmp DNA Mini Kit (QIAGEN). The amplification of 16S
rDNA locus was obtained using primer pairs PO/P6 according
to protocol by Chiellini (Chiellini et al. 2014). DNA isolation
from fungal isolates was performed using DNeasy Plant Mini
Kit (QIAGEN) following the standard protocol suggested by
the manufacturer. For molecular identification of fungi (dos
Reis et al. 2022), the ITS locus between 3’end of 18S rDNA
and 5’end of 28S rDNA genes was amplified using primers
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ITSS5 and ITS4 according to White (White et al. 1990). All
the resulting amplicons were sequenced. Bacterial and fun-
gal isolates were identified via homology search in the NCBI
database using the current version of BLAST online tool. For
analysis of the Italian (IT) isolate of Lecanicillium aphanocla-
dii IT45 two additional loci, the 5’ regions of 18S rDNA and
28S rDNA were amplified according to White et al., (1990)
and Vilgalyslab (https://sites.duke.edu/vilgalyslab/files/2017/
08/tDNA-primers-for-fungi.pdf), and the resulting amplicons
were sequenced. Orthologous sequences for both rDNA loci
belonging to phylogenetically close species were obtained
from GenBank. Sequences were concatenated to construct
a total alignment 1669 position long with 61 polymorphic
positions which 21 were parsimony informative sites with at
least two variants. Aphanocladium album strain CBS 401.70
was included in the alignment as outgroup. The most suitable
substitution matrix was evaluated using JmodelTest2 v. 2.1.10
(Darriba et al. 2012). The phylogenetic tree was computed
using MEGA X (Tamura et al. 2021) with maximum likeli-
hood approach, assuming Kimura-2 parameters as substitution
matrix and the resulting reconstruction was tested with 1000
pseudo-replicates.

Each culture is stored as glycerol stocks at -80 °C at the
CREA-DC (Firenze-Italy). The fungal isolates IT45 and
IT53 were deposited in the CBS culture collection (Neth-
erlands) with the accession number CBS 151552 and CBS
18623, respectively.

Microscopical and morphometrical analysis
of strains

The identification of endophytic fungus IT45 was conducted
following standard methods based on macroscopic and
micro-morphological features (Gams and Zare 2003; Zare
and Gams 2001). A Zeiss Axiolab microscope, equipped
with a VisiCam TC10 tablet, was utilized for capturing
microscopic images. Photographic pictures were realized
with a Samsung camera. All isolated yeast and fungi were
cultured on PDA agar plates (Difco) at 28 °C for a period
ranging from 3 to 7 days. Successively, these strains were
further cultivated on various media like MAA/MAV (MA-
Acumedia; MA-VWR) and MAD (MA-Difco), with or with-
out agar, to promote their different growth forms. Addition-
ally, NGM plates (Stiernagle 2006) were employed for the
production of blastospores/chlamydospores. Yeast cultures
were grown in liquid PD broth (Sigma) and maintained in
a shaker at 28 °C.

Pathogenicity assay: endophyte interaction with B.
cinerea

The fungal L. aphanocladii IT45 and the yeast P. flavescens
IT53 were tested against the pathogen gray mold B. cinerea

IT48. A week before trials, each strain was refreshed on
media with agar at 25 °C.

In the L. aphanocladii test, the antagonistic potential of
fungal was evaluated through dual culture technique. Plates
were symmetrically inoculated with a 0.5-cm? plugs of
sporulating mycelium of both fungi, on top of MAD plates.
Control plates inoculated with each strain alone. Plates kept
two weeks at 25 °C and ca. 60% HR in the dark. The experi-
ment was performed three times. Observations were made
at 7and 10 day post-inoculation (dpi) to assess the growth of
mycelia. Antagonistic activity was evaluated based on visual
inspection of the inhibition zone between the colonies and
overgrowth of the endophyte onto the pathogen.

The P. flavescens test followed a lawn-plate method as by
Fernandez-San Millan et al. (2021). The yeast was cultured
in PD broth up to 1078 cell/ml, plated on MAD for 24 h at
28 °C in the dark. The yeast plates were centrally inocu-
lated with B. cinerea, in direct contact with the yeast-lawn
below. Mycelial growth of B. cinerea was monitored at 1, 3,
and 18 dpi. Control plates containing each strain alone were
included. All plates were incubated for two weeks at 25 °C
and approximately 60% relative humidity in the dark. The
experiment was conducted three times. Reported data rep-
resent the means of the radial growth (in cm) of B. cinerea
mycelium, in the presence and absence of the endophytic
yeast.

Pathogenicity assay: endophyte interaction
with plant-parasitic nematodes

To perform the test of P. flavescens with the root-knot nema-
tode M. incognita, several egg masses of M. incognita 1IT30
monoxenic culture were collected from tomato plants (cv.
Roma), washed with tap water, immersed three times with
0.5% sodium hypo-chloride, and rinsed several times with
sterile water.

Approximately 200 s-stage juveniles (J2) were transferred
into individual wells of 12-well culture plates (Corning-
Costar, 2.5 cm diameter), each containing 1 mL of sterile
tap water. Experimental wells received a suspension of P.
Sflavescens at 107cells/mL, while control wells contained only
sterile water. Nematode viability was assessed after 48 h at
room temperature (= 20 °C), based on mobility and evidence
of entrapment documented through microscopic imaging.
Observations began soon after the inoculations and then
daily for a week. For each well, the percentage of motile
(viable) juveniles was calculated and compared to control
values. The experiment was conducted in triplicate, and
results are expressed as mean + standard deviation.

For test with L. aphanocladii and M. incognita, isolate
IT45 was subcultured on MAD and incubated at 25 °C in
the dark one month prior to the trials. The test was con-
ducted at room temperature (approximately 20 °C) using
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Table 1 Culturable endophytic yeast and fungal strains isolated from seeds of resistant and susceptible Solanum species. The data include both
previously reported endophytes and novel isolates identified in this study

Solanum spp. Yeast Fungi Role
Susceptible S. melongena 1F5(9) Lombardy- Aspergillus niger (1) Saprophyte/Pathogen
Italy [this study] Aspergillus niger (1), Clad- Saprophyte/Pathogen
osporium sphaerospermum (1)
S. melongena ¢ Alternaria alternata (2) Saprophyte/Pathogen

Resistant

S. Iycopersicum ®

S. torvum TG1
[this study]

Lombardy-Italy

S. torvum TG1
[this study]

Tuscany-Italy  Papiliotrema
flavescens

IT53 (1)

Arthrinium sp. (4)
Aspergillus paradoxus (30)

Cladosporium cladosporoides
(1) Cladosporium oxysporum
(3) Cladosporium sphaerosper-
mum (1) Hormonema sp. (4)
Penicillum solitum (1) Penicillum
waksmanni (1) Penicillum sp. (1)
Rhizopus stolonifer (1) Tricho-
derma harzianum (1)

Alternaria alternata (12)

Aspergillus spp. (1)

Cladorrhinum spp. (8)

Cladosporium cladosporoides (11),
Fusarium verticillioides (2), Peni-
cillum sp. (2), Rhizopus stolonifer
(17), Tritirachium sp. (1)

Lecanicillium aphanocladii IT45
)]

Aspergillus niger (1)

Aspergillus niger (1)

Penicillium olsonii IT55 (1)

Penicillium sp. IT54 (1)
Penicillium sp. IT56 (1)
Aspergillus sp. IT51 (1)

Mycoparasite
Mycoparasite

Mycoparasite
Mycoparasite
Pathogen

Mycoparasite & Nematoparasite [this
study] Entomofagous ©

Saprophyte/Pathogen

Saprophyte/Pathogen

Mycoparassite & Nematoparasite
[this study]

Plant growth promoting, Inducing
resistance ¢

Saprophyte/Pathogen

In brackets, the number of seeds where the species were found

#(Nishikawa et al. 2006)

b(Abdel-Azeem et al. 2021)

‘(Nedveckyteé et al. 2021)

d(Adeleke and Babalola 2021; Thambugala et al. 2020)

MAD plates colonized by one-month-old fungal mycelium.
This period enables fully colonization of the agar medium,
ensuring abundant conidial production, before introducing
the nematodes. Approximately 200 freshly hatched second-
stage juveniles (J2) of M. incognita were inoculated onto
each plate. Observations were initiated immediately after
inoculation and continued daily for one week to monitor
nematode behavior and potential fungal interaction.

For the test of L. aphanocladii and B. eremus, a week
before trials the fungus L. aphanocladii IT45 was refreshed
on MAD at 25 °C, in the dark. The test was carried out at
25 °C on MAD agar inoculated with pool (=500 animals) of

@ Springer

B. eremus IT17. The plates were kept at 25 °C for 4 weeks.
Observations began daily and then at weekly intervals over
approximately 1 month. The experiment was performed
three times.

Statistical analysis

All the bioassay data were analyzed by independent samples
and compared per pair based on the Student’s t-test. The
significant differences (p < 0.01 or p <0.05) were marked (*)
(**) in the figures, as reported in the captions.
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Fig. 1 Morphological features of Lecanicillium aphanocladii (A). phialides, (D) crystals developed on MAD, (E) pseudo-hyphae, (F)
Micro-morphologies of fungus grown on MAD. (B, C) Thin aerial macroconidia, (G) a cluster of blastospores and chlamydospores on
mycelium with aphano-phialides with microconidia and verticillate NGM

Fig.2 Phylogenetic tree
inferred with nuclear 18S rDNA
small subunit (SSU) and 28S
rDNA large subunit (LSU)
fragments. In red, the Lecanicil-
lium strain isolated in this work.
Aphanocladium album strain
was included in the alignment
as outgroup

0.90 | Lecanicillium dimorphum strain CBS 345.37
099 | ' Lecanicillium psalliotae strain CBS 363.86
0.67 | Lecanicillium aphanocladii strain CBS 797.84
Lecanicillium aphanocladii strain CBS 151552
_: Lecanicillium antillanum strain CBS 350.85
0.70 Lecanicillium fungicola var. fungicola strain CBS 992.69
10 | Lecanicillium coprophilum strain TBS415
Lecanicillium coprophilum strain TBS418
Aphanocladium album strain CBS 401.70

0.92

4.09e-3
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Fig.3 Lecanicillium aphanocladii growth on solid and liquid media:
(A) White cream mycelium on solid and (C) in liquid MAA media.
(B) Reddish mycelium on solid and (D) in liquid MAD media

Data sequence

All sequences were deposited in GenBank under the
accession number indicated in Supplementary Table 2.
ITS sequences were deposited under the accession num-
ber OR131317, OR131318, OR131325, OR131326, and
OR131318.

Results

Isolation and characterization of endophytes
from Solanum seeds

This study provides microbiological and molecular analysis
of single seeds of two different Solanum species, S. torvum
(wild and resistant to soil pathogens) and S. melongena
(domesticated and susceptible to soil pathogens). Overall, 23
endo- and 6 epiphytic culturable strains were isolated, identi-
fied by PCR molecular analysis and sequence of the internal
transcribed spacer 1-5,8S-internal transcribed spacer 2 of
ribosomal DNA (Supplementary Table 1). Each single seed
contained a single culturable fungal/yeast along with various
bacterial strains.

Overall, the isolates included both bacterial and fungal/
yeast strains, spanning seven genera of endophytes and
four genera of epiphytes (Supplementary Table 1). Among
the endophytic bacteria, Bacillus and Staphylococcus spe-
cies were identified (Supplementary Table 1), while the
endophytic fungi and yeasts comprised Aspergillus, Clad-
osporium, Papiliotrema, Lecanicillium, and Penicillium spe-
cies are shown in Table 1. The epiphytic microbiota included
bacterial genera such as Methylorubrum and Bacillus, along
with fungal genera including Cladosporium and Alternaria
(Supplementary Table 1). The seed-associated microbiota
showed variability among the Solanum genotypes ana-
lyzed. S. torvum shared several microbial genera with other
Solanum species such as Aspergillus spp., Penicillium spp.,
Bacillus sp., and Staphylococcus spp. yet also revealed dis-
tinct endophytic profiles. Notably, L. aphanocladii and P.

Fig.4 In vitro competition between Lecanicillium aphanocladii and
Botrytis cinerea. (A, top) Two plates of the pathogen B. cinerea as
control. (A, bottom) Two dual culture plates with L. aphanocla-
dii (up) and B. cinerea (below), after a week. (B) Two dual culture

plates, the L. aphanocladii (up) starts to surmount the dark patho-
genic mycelium of B. cinerea (below), after 10 days. (C) Two dual
culture plates, the L. aphanocladii (up) replaces completely the dark
pathogenic mycelium of B. cinerea (below), in two weeks
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Fig.5 Development of Botrytis cinerea on a Papiliotrema flavescens
lawn. (A) B. cinerea mycelium on day 1, (B) after 3 days, and (C)
after 18 days at 28 °C. (D) Quantitative analysis of mycelial growth
reduction after 18 days in the presence of P. flavescens. Data repre-
sent the average of three independent replicates. Error bars indicate
standard deviation (SD). No visible bars are shown for the control
due to minimal variability among replicates. An asterisk (*) indicates
a statistically significant difference (Student’s t-test, P<0.01) in co-
culture conditions

flavescens were found exclusively among the endophytes.
Among the endophytic fungi isolated from S. forvum seeds,
L. aphanocladii IT45 and P. flavescens IT53 emerged as
uncommon residents when compared to seed microbiota
from another Solanaceae, including S. melongena. Table 1
presents the complete list of fungal and yeast isolates,
including comparisons with other Solanaceae species.

Morphological and molecular characterization of L.
aphanocladii

For the first time, a strain of L. aphanocladii was isolated
from a sterile seed of Solanaceae. The isolate was observed
to colonize seeds as unicellular developing either puffy
cloud in liquid or a fungal mycelium on solid agar, as illus-
trated in Fig. 1 A. Rapid fungal growth was noted, with color
changes on the reverse side of culture plate, to reddish- or
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light-cream color dependently by the media used, as shown
in Fig. 2. The anamorph state of fungus exhibited various
micromorphologies, such as thin aerial hyphae and aphano-
phialides, each bearing single microconidia (Fig. 1B, C).
The fungus also developed conidiophores producing clus-
ters of dense microconidia (Fig. 1B, C). Successively, sev-
eral octahedral crystals were produced on MAD (Fig. 1D;
pseudo-hyphae Fig. 1E), and oval/ellipsoidal shaped macro-
conidia could also be observed (Fig. 1F). The production of
chlamydospores on NGM plates and cluster of blastospores/
yeast-like cells are shown in Fig. 1G.

Table 2 shows the micrometric characters of IT45 strain
to outline the differences with the other strains/species
described (Diaz et al. 2009; El-Kader El-Debaiky 2017;
Gams and Zare 2003; Senthil Kumar et al. 2015; Zare and
Gams 2001, 2008). L. aphanocladii 1T45 produces two
types of conidia: micro- and macroconidia. Microconidia
were globose and measured (n=10) on average of 3 +0.8
in length and 1.5+ 0.1 pm in width. The macroconidia were
oval/ellipsoidal and measured (n=10) on average of 6 +0.6
in length and 2.9 +0.5 pm in width. The phialides measured
(n=10) on average of 25+ 11 in length and 1.9+0.5 pm in
width. The aphano-phialides measured (n=10) on average
of 5.1+1 in length and 0.8 +0.6 pm in width. Multi-locus
analysis was performed using concatenated SSU and LSU
gene fragments to confirm the morphological identification
as L. aphanocladii (Fig. 2).

L. aphanocladii pigment production

The L. aphanocladii IT45 isolate exhibited a red—purple pig-
mentation on the reverse side of mycelium when grown on
MAD, as depicted in Fig. 3B, D. This pigmentation did not
occur when the fungus was grown on MAA, despite similar
compositions (Fig. 3A, C). Similarly to other L. aphanocla-
dii isolates, the IT45 showed a reddish pigmentation after a
few weeks on MAD (Fig. 3B). A light-red color developed
when the fungus was grown in liquid MAD (Fig. 3D).

Pathogenicity assay: endophyte interactions with B.
cinerea

Experiments have been carried out to reveal the mode of
interaction between the endophyte L. aphanocladii and the
pathogenic fungus B. cinerea. Dual culture assays were con-
ducted on MAD inoculated with same plugs of both fungi.
The mycelia growth checked daily, for two weeks. After one
week, the mycelia of both species approached each other but
maintained a distinct separation, forming a clear inhibition
zone or halo at the interface, as depicted in Fig. 4 (A, bot-
tom). In contrast, control plates with single-species cultures
showed uninhibited radial growth (Fig. 4 (A, top). By the



J Plant Dis Prot (2025) 132:155

Page9of 14 155

Fig.6 In vitro parasitism

of Meloidogyne incognita

by Papiliotrema flavescens
(A) Interaction between P.
flavescens and M. incognita
second-stage juveniles (J2).
(B) Percentage of free versus
yeast-parasitized nematodes
48 h post-inoculation. Bars
represent standard deviation
(SD). Asterisks indicate statisti-
cally significant differences:
P<0.05 (*) and P<0.01 (*%),
respectively

Fig. 7 Interaction between Lecanicillium aphanocladii and Meloi-
dogyne incognita second-stage juveniles (J2). (A) Juveniles captured
at their extremities by adhesive conidia from a well-developed aerial
mycelium; additional conidia are seen adhering to the central body
cuticle. (B) A juvenile fully entrapped within a dense fungal mycelium
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tenth day, the mycelia established contact (Fig. 4B), and
over the subsequent week, L. aphanocladii IT45 progres-
sively overgrew and replaced B. cinerea 1T48, culminating
in the complete colonization of the plate surface (Fig. 4C).
The experiments were repeated three times to validate data.
However, further analysis is needed to interpret the nature
of this interaction as mycoparasitism.

In a second test, the interaction between the yeast P. flave-
scens IT53 and B. cinerea was evaluated as shown in Fig. 5.
Yeast plates were inoculated with B. cinerea, and growth
was monitored at specific intervals of 1, 3, 18 dpi (Fig. 5A,
B, C). Data of growth (cm) of the pathogenic mycelium
when grown alone (control) and when placed above the
yeast lawn were reported, as shown in Fig. 5D. A significant
reduction in pathogenic fungal growth, up to 60% reduction
(P<0.01) compared to control, was observed in the presence
of isolate IT53 (Fig. 5D).

Pathogenicity assay: endophyte interaction
with plant parasitic nematodes

Several dual tests were performed separately with P. flave-
scens IT53 and L. aphanocladii IT45 against the juveniles
of M. incognita IT30. Aliquots of fresh juveniles’ larvae of
M. incognita were incubated with P. flavescens 1T53 and
kept at 20 °C. Quickly, yeast cells adhere to the nematode
cuticles, and larvae appear surrounded and immobilized
by yeast cells, as shown in Fig. 6A. Percentages of J2, free

@ Springer
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«Fig. 8 Interaction between Lecanicillium aphanocladii and Bursap-
helenchus eremus. (A) Eggs and adult nematodes are digested by fun-
gal activity. (B) Close-up of a nematode body colonized by L. apha-
nocladii hyphae. (C, center) B. eremus adult infected at the genital
opening; (left) hypha emerging from the nematode body. Further vis-
ual details of B. eremus enwrapped by L. aphanocladii are available
in Supplementary Fig. 1

or trapped by yeast, are reported in Fig. 6B after 48 h at
room temperature. The results show that yeast significantly
(P<0.01) reduces the juveniles’ movement by 35% com-
pared to controls, trapping them in tangles of larvae. P. fla-
vescens IT53 show an antagonistic effect against the plant-
parasitic nematode.

In our study, we assessed the antagonistic potential of L.
aphanocladii IT45 against the root-knot nematode M. incog-
nita. This nematode is an obligatory plant pest unable to
survive without a host plant. A well-developed, one-month-
old mycelium of L. aphanocladii IT45 was observed to form
a physical barrier that can potentially prevent the movement
of second-stage juveniles (J2) toward the roots. In vitro, the
assays demonstrated that the microconidia of L. aphanocla-
dii adhered to the cuticle of M. incognita juveniles, particu-
larly at the extremities, leading to J2 immobilization (Fig. 7
(A, B). Microscopic observations revealed that the conidia
not only adhered to but also penetrated the nematode cuticle
as shown in Fig. 7A and in the animation (Supplementary
Video 1) https://doi.org/10.6084/m9.figshare.27878553.v1.

The time-lapse video shows the interaction between the
endophyte L. aphanocladii IT45 and juveniles of the M.
incognita.

In this study, we assessed the interaction between the
endophytic fungus L. aphanocladii IT45 and the fungivores
B. eremus IT17. Although B. eremus does not exhibit the
same level of pathogenicity as B. xylophilus, previous stud-
ies have reported its association with wilting and declining
Quercus species (Carletti et al. 2007; Cermak et al. 2013).
Moreover, L. aphanocladii IT45 culture plate was capable
to sustain the growth of B. eremus, albeit less effective than
B. cinerea (data not shown). Notably, nematode reproduc-
tion was particularly affected when populations were main-
tained on red—purple MAD, over successive generations. In
adult nematodes, conidia penetration was frequently facili-
tated through natural openings, particularly the genital pore.
This mode of entry was evidenced by localized swelling and
hyphal emergence, as depicted in Fig. 8§(C). Following pen-
etration, the fungus exhibited internal colonization, lead-
ing to the digestion of nematode tissues (Fig. 8A). Hyphal
growth was observed emerging from the nematode body,
indicating successful internal proliferation of the fungus
(Fig. 8B, C).

Discussion and conclusions

This study explored the microbial culturable endophytes
extracted from single seeds of two Solanum species: S.
torvum and S. melongena. Our findings demonstrate that
they are colonized by a few bacterial strains. Seeds were
shown to be colonized by a few bacterial strains, espe-
cially Staphylococcus spp. or Bacillus spp., and by a fun-
gal strain. This may suggest that a selective mechanism
might be exerted by roots for fungal colonization. The fun-
gal endophytic strains in common to S. melongena and S.
torvum seed biomes were Aspergillus niger, Cladosporium
sphaerospermum, and Penicillium spp. (Nishikawa et al.
2006), the same found by other authors in S. lycopersi-
cum seeds (Abdel-Azeem et al. 2021). Some distinctive
variations were observed in the S. torvum seed biome,
especially among saprophytic, plant-growth promoting,
and perhaps mycoparasites fungi. Interestingly, two rarely
encountered species, L. aphanocladii and P. flavescens,
appeared among the culturable endophytic community of
S. torvum, highlighting their unique association compared
to other Solanaceae species, such as S. melongena. These
fungi appear to be specific to S. torvum seeds and show
limited distribution in the broader environment. Only once
L. aphanocladii was annotated on germinated maize ker-
nels (Rijavec et al. 2007). Thus, L. aphanocladii strain
IT45 (CBS 1515152) was microscopically and phyloge-
netically investigated in detail. The genus Lecanicillium
including species like L. lecanii, is renowned for its role
in biological controlling pests such as aphids, whiteflies,
and thrips (Goettel et al. 2005, 2008). Its presence is rela-
tively rare and predominantly isolated from environmental
samples of soil/air (El-Kader El-Debaiky 2017; Pozdnya-
kova et al. 2019; Rijavec et al. 2007), or associated with
spiders and insects (Gharsallah et al. 2020; Manfrino et al.
2017; Peciulyté D, Kacergius 2012). Therefore, the isola-
tion of L. aphanocladii from a Solanaceae species marks
a novel discovery, particularly from a species resistant to
soil pathogens such as S. rorvum.

This study demonstrates the antagonistic behavior of L.
aphanocladii IT45 against the pathogen B. cinerea 1T48
and two important plant-parasitic and plant-associated
nematodes, M. incognita and B. eremus. In dual culture
assays, IT45 initially inhibited the radial growth of B.
cinerea through the production of a red—purple pigment,
presumably oosporein. OQosporein, a benzoquinone deriva-
tive (2,5-dihydroxybenzoquinone), is a known secondary
metabolite with antifungal activity. Its presence suggests
a biochemical mechanism contributing to the suppression
of B. cinerea by IT45 (Cardoso et al. 2019; Ramesha et al.
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2015; Taniguchi et al. 1984). However, following prolonged
incubation L. aphanocladii IT45 progressively overgrew and
ultimately replaced the pathogen’s mycelium, indicating a
possible antagonistic interaction. These findings support the
potential use of L. aphanocladii IT45 as a biocontrol agent
against B. cinerea. However, further investigations in green-
house or field conditions are required to confirm its efficacy
and stability.

Furthermore, our results demonstrate that conidia of
L. aphanocladii IT45 exhibit antagonistic activity against
the plant-parasitic nematode M. incognita through two
complementary mechanisms. First, the conidia adhere to
the nematode cuticle and likely damage it via enzymatic
action (Li et al. 2010; Yang et al. 2005), as suggested by the
known production of cuticle-degrading proteases in Lecani-
cillium species, similar to other nematophagous fungi (Li
et al. 2010; Yang et al. 2005). Additionally, species of this
genus have been reported to express enzymes involved in
the degradation of xenobiotics and other complex molecules
(Pozdnyakova et al. 2019), which may contribute to their
nematoxic potential. Second, conidia were observed to phys-
ically trap juveniles, impairing their motility thus, a crucial
factor for successful root infection. This dual mode of action
suggests that I'T45 may reduce nematode infectivity both by
direct parasitism and mechanical immobilization.

In addition, L. aphanocladii IT45 exhibits similar antago-
nistic strategies against the fungivores B. eremus. Although
B. eremus was able to grow on the fungal mycelium to some
extent, its reproduction might also be limited by the activ-
ity of fungal conidia. These conidia were observed to pen-
etrate through the genital openings of adult nematodes or
to infiltrate the eggshells, ultimately leading to their com-
plete digestion. Moreover, the conidia readily adhered to the
nematode cuticle and effectively trapped individuals at their
extremities, thereby immobilizing larvae within the mycelial
network. Collectively, these results highlight the capacity
of L. aphanocladii 1T45 to interfere with nematode motility
and reproduction, supporting its potential as a biocontrol
agent against both plant-parasitic and fungivores nematodes.

P. flavescens IT53, identified in this study, has already
been recognized for its antagonistic activity against a
range of plant pathogens. Its efficacy in controlling Fusar-
ium head blight (FHB) in wheat has been previously dem-
onstrated, with reductions in disease severity observed
under field conditions (Khan et al. 2004; Shude et al.
2022). Phylogenetic analyses have recently confirmed a
close relationship between P. flavescens and P. terrestris
(Palmieri et al. 2021). Furthermore, P. terrestris and P.
laurentii have frequently been reported as effective bio-
control agents against several post-harvest and field patho-
gens (Lima et al. 1998). These strains have been shown to
inhibit economically significant fungi such as Penicillium
expansum, B. cinerea, Rhizopus stolonifer, Aspergillus
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niger, and Monilia fructigena on various fruits (Palmieri
et al. 2021).

In the present work, P. flavescens IT53 effectively limited
the development of B. cinerea in vitro. When the pathogenic
fungus IT48 was grown on a lawn of P. flavescens, a signifi-
cant reduction of approximately 60% in mycelial growth was
observed. Moreover, IT53 also demonstrated notable antago-
nism against the root-knot nematode Meloidogyne incog-
nita. In vitro, assays revealed that juveniles were rapidly
immobilized, with conidia attached to their cuticle within
48 h. Overall, these results suggest that P. flavescens 1T53
is a promising candidate for biological control applications,
with dual activity against both fungal and nematode plant
pathogens. Its potential utility in sustainable agriculture is
further supported by its likely low environmental impact and
minimal toxicological risk.

In this study, we investigated the culturable endophytic
microbiota associated with seeds of S. torvum and S. melon-
gena, revealing a diverse assemblage of yeast and fungal
strains. Notably, certain isolates from S. torvum seeds
exhibited unique antagonistic properties, underscoring
the potential ecological and biotechnological relevance of
seed-associated endophytes in Solanaceae. Among these,
L. aphanocladii IT45 and P. flavescens IT53 demonstrated
significant biocontrol potential, showing inhibitory effects
against both plant-pathogenic fungi and parasitic nematodes
in vitro. These findings highlight two key outcomes: (i) the
identification of endophytic strains with dual antagonistic
activity and (ii) the discovery of novel microbe-plant asso-
ciations that may contribute to plant resilience. Such insights
not only expand our understanding of the ecological roles
of seed endophytes but also support their future applica-
tion in sustainable agriculture as environmentally friendly
biocontrol agents.
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