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ABSTRACT

The endophytic fungal community associated with leaves of Ficus carica L. (Moraceae) from
Argentina was investigated. Fifteen fungal isolates were isolated and identified by molecular
methods into the genera Alternaria, Cladosporium, Curvularia, Diaporthe, Epicoccum,
Myrothecium, Neofusicoccum, Nigrospora, Preussia and Ustilago. Cladosporium cladosporioides and
Curvularia lunata were the most frequently isolated species. The fungal metabolic profiles were
obtained by automated TLC and NMR and analysed by PC Analysis. Antifungal and antibacterial
activity was assessed by bioautographic assays. In addition, the biotransforming ability of the
fungal isolates was tested on F. carica extracts. Five isolates (33.3%) exhibited inhibitory activity
against at least one of the microorganisms tested. Most of the fungal endophytes were able to
metabolise the flavonoid rutin 1, and the coumarin psoralen 3 present in F. carica extracts. Further
investigations of the psoralen biotransforming ability performed by the selected endophyte
Alternaria alternata F8 showed the accumulation of the 6,7-furan-hydrocoumaric acid derivative
4 as the main biotransformation product. Our results corroborate that F. carica can live symbioti-
cally with rich and diverse endophytic communities adding insights about their ecological
interactions.
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1. Introduction . , o
Ficus carica leaves are very popular as a traditional

The fig tree (Ficus carica L., Moraceae) is one of the
most appreciated Moraceae species, widely
employed by people since the beginning of
humanity. This worldwide-valued plant possesses
both important nutritional and ethnobotanical
properties. The fruit (fig) is used in popular medi-
cine to treat various conditions, especially due to
its latex content. Preparations based on F. carica
leaves have shown beneficial effects in gastroin-
testinal, respiratory, and cardiovascular diseases
(Barolo et al. 2014). Phytochemical investigations
have demonstrated that the common fig has
a wide variety of secondary metabolites (volatile
terpenoids, shikimate derivatives, higher terpe-
noids, steroids, organic acids, flavonoids, and fura-
nocoumarins among others). Many of the
mentioned secondary metabolites have been also
characterised in the latex of the different varieties
of F. carica, although enzymes with protease,
lipase, and other activities are found predomi-
nantly in this fluid (Castelli and Lépez 2022).

medicine. However, it has been stated that they pos-
sess moderate toxicity when consumed. Scientific
investigations have shown that triterpenoids (mainly
calotropenyl acetate, methylmaslinate and lupeol
acetate) contained in the methanol extract have
in vivo irritant effects (Saeed and Sabir 2002).
Furanocoumarins like psoralen can act as highly
potent inhibitors of drug metabolising enzymes like
cytochrome P450 (CYP) 3A and other CYP isoenzymes
(Guo et al. 2000; Ren et al. 2020); besides on their
phototoxicity potential, demonstrated after topical
applications of F. carica leaves (Li et al. 2021).
Despite the large amount of available informa-
tion, there is limited literature on the role of
F. carica as a host of endophytic fungi. An endophy-
tic fungus is capable of living its entire life cycle or
part of it within the tissues of the plant without
producing symptoms of infection (Wilson 1995;
Bacon and White 2000; Schulz and Boyle 2006).
Rosli et al. (2020) described the isolation and char-
acterisation of 11 endophytic fungi of F. carica from
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China and studied their ability as biocontrol agents
for phytopathogenic fungi; more recently Abdou
et al. (2021) reported the isolation of five endophy-
tic fungi of F. carica from Saudi Arabia and studied
their antimicrobial and cytotoxic capacity. On the
other hand, some fungal endophytes earlier isolated
from F. carica have been studied as producers of
bioactive metabolites: Alternaria sp. FL25 (Feng and
Ma 2010), Aspergillus tamarii (Zhang et al. 2012a; Ma
et al. 2016), Fusarium solani (Zhang et al. 2012b),
and Fusarium sp. (Liang et al. 2016).

Metabolomics is an emerging research field
which uses technological skills in analytical chem-
istry to measure and compare the metabolites pre-
sent in a given complex natural sample (Nagarajan
et al. 2022). In a previous work, direct sample
injection and electrospray ionisation combined
with high-resolution mass spectrometry (DI-ESI-
HRMS) and automated thin-layer chromatography
(ATLC) data associated with the non-supervised
statistical analysis PCA (principal component analy-
sis) were used to characterise a population of 24
Diaporthe spp. endophytic isolates from Peperomia
obtusifolia (Piperaceae) aerial parts, demonstrating
that ATLC plus PCA was as robust as DI-ESI-HRMS
plus PCA to establish metabolic relationships
amongst them (Ruiz Mostacero et al. 2021). NMR
is also a powerful tool to discriminate metabolites
in a mixture, which has been successfully
employed along with thin-layer chromatography
(TLC) for discriminating the anti-inflammatory
capacity of metabolites produced by fungal endo-
phytes from Crescentia alata (Flores-Vallejo et al.
2020). Moreover, a combination of high-
performance thin-layer chromatography (HPTLC)
with chemical and biochemical derivatisation was
successfully used to characterise the potential anti-
cancer effect of Penicillium decumbens MBS 3.2,
isolated from the stem of the Malayan marine
plant Sonneratia sp. (Lim et al. 2021). In this
study, the analysis of fungal extracts and their
comparison were performed by ATLC and
'"H NMR, both analysed with PCA.

The aim of the present work was to characterise
the endophytic fungal community associated with
leaves of an Argentinean F. carica tree, the ability
of the fungal isolates to produce antimicrobial
compounds against different fungi and bacteria as

well as their capacity to grow using F. carica com-
ponents as the main substrate.

2. Methods and materials

2.1. Sample collection and isolation of endophytic
fungi

Sixty-year-old healthy F. carica leaves with their
petiole were collected in April 2015, from
a plantation in Montes de Oca, Santa Fe, Argentina
(32° 40" 47" S, 61° 48’ 09" W) (Figure S1). The dried
plant material was deposited in the Collection of
the Herbarium of the Faculty of Agricultural
Sciences, National University of Rosario, Zavalla,
Argentina, with the number Barolo 10,477 (UNR).
The collected material was transferred to the labora-
tory within 24 h and the isolation procedure of
endophytic fungi was carried out. The surface ster-
ilisation and isolation of fungal endophytes were
carried out following the procedures described by
Schulz et al. (2002). The leaves were washed thor-
oughly with running tap water and neutral soap. In
sterile conditions, the leaves were immersed in 1%
sodium hypochlorite solution for 5 min and dried
with sterile filter paper, and subsequently trans-
ferred to 70% ethanol solution for 1 min and dried
with sterile filter paper. The surface-sterilised sam-
ples were rinsed three times with sterile distilled
water and dried with sterile filter paper. Sterile
samples were aseptically crumbled into small frag-
ments, evenly placed on Petri dishes containing
potato dextrose agar (PDA), Sabouraud glucose
agar (SGA), Czapek agar (CA) and water agar (WA),
all incubated until 40 days at 28°C. Additionally,
fragments of fresh leaves were frozen under liquid
N, and crushed in a mortar before application on
Petri dishes as described.

To confirm that the disinfection process was suc-
cessful, a 0.1-mL aliquot of the water used for the last
washing step was spotted and incubated on PDA
dishes. The cultures were monitored every day for
checking the growth of endophytic fungi. Each colony
that emerged from the plant fragments was subcul-
tured on PDA plates, and brought into a pure culture.
After incubation at 28°C for 7-10 days, culture purity
was assessed using colony morphology analysis
(Figure S2). The pure cultures were recorded and



maintained on PDA for further investigations. For
long-term storage, the fungal colonies were put in
5% (v/v) glucose and 10% (v/v) glycerol at —80°C.

2.2. Endophytic fungal identification

Genomic DNA was extracted according to
a procedure described before (Tang et al. 1992).
Briefly, isolates were subcultured in GYEP (glucose,
yeast extract, peptone) broth for 15 days at 24°C in
Petri dishes. Mycelium was placed on filter paper to
remove excessive moisture and then transferred to
a 50-mL polypropylene tube containing 8 glass
beads (4 mm, Schott Duran). The tube was
immersed in liquid nitrogen for 30 s and vortexed
for 30 s. A volume of 0.8 mL of extraction buffer (0.2
M Tris—HCl pH 7.6, 0.5 M NaCl, 10 mM EDTA, 1%
SDS) was added, and the mixture was gently mixed.
An equal volume of phenol (Phe): chloroform
(CHCI3) (1:1) was added to the mixture, mixed and
transferred to a microfuge tube and centrifuged for
15 min at 12,000 x g. The aqueous phase was
successively re-extracted with one volume of
Phe:CHCl3 (1:1) and CHCl;. DNA was precipitated
with 0.6 volume/mL of isopropanol, washed with
70% ethanol and resuspended in water containing
0.2 mg/mL RNAse A (Invitrogen). Genomic DNA was
stored at —20°C until use. DNA segments comprising
the ITS1 and ITS2 regions were amplified with pri-
mers ITS1T (5-TCCGTAGGTGAACCTGCGG-3") and
ITS4 (5-TCCTCCGCTTATTGATATGC-3") (White et al.
1990) in a Veriti 96 Well Thermal Cycler (Applied
Biosystems). The reaction mixture contained 0.5
UM each primer (GBT oligos, Argentina), 0.2 mM
each deoxynucleoside phosphate (Invitrogen), 1.5
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mM MgCl2, 2.5 U Taq Polymerase (Invitrogen) and
25 ng DNA in a final volume of 50 pL. The para-
meters were one initial cycle of 2 min at 94°C,
followed by 35 cycles of 30 s at 94°C, 30 s at 58°C
and 1 min at 72°C and one final cycle of 5 min at
72°C. As a negative control, the template DNA was
replaced by sterile distilled water. The reaction pro-
ducts were analysed in a 2% agarose gel
(Invitrogen) and purified by the Axyprep PCR Clean-
up kit (Axygen) following manufacturer’s instruc-
tions. PCR products were sequenced (Macrogen,
Korea) using the ITS4 primer. Sequences were edi-
ted (Chromas Lite 2.1.1, www.technelysium.com.au)
and compared with the GenBank database using
the BLAST search program (http://www.ncbi.nlm.
nih.gov/BLAST). Sequence similarities greater than
99% were considered for species-level identification.
Sequences generated in this study were submitted
to the GenBank database under accession numbers
MH165214-MH165228 (Table 1).

2.3. Extract preparation of fungal endophytes

The fungi were cultured for 21 days at 28°C in the dark
in Petri dishes (90 mm diameter) with PDA (Britania®).
A punctual sowing was done in the centre of each
dish; two dishes were used for each fungus. After that
time, the culture medium was cut into 5-mm side
cubes to increase the solvent contact surface and
subjected to maceration with ethyl acetate (EtOAc),
with three successive extractions performed every
24 h with 50 mL each and sonication by 15 min. The
organic phase was dried over Na,SO, anhydrous, fil-
tered and the solvent removed under rotary evapora-
tion at 30°C. Sterile PDA medium was extracted using

Table 1. Molecular identification of endophytic fungi isolated from F. carica.

Query coverage Identity
Isolate Proposed species or genus (GenBank accession number) Top BLAST search result (GenBank accession number) (%) (%)
F1 Preussia sp. MH165214 Preussia sp. (HQ607802.1) 100 100
F2 Nigrospora oryzae MH165215 Nigrospora oryzae (KR093878.1) 100 99
F3 Ustilago cynodontis MH165216 Ustilago cynodontis (KT988064.1) 100 100
F4 Neofusicoccum parvum MH165217 Neofusicoccum parvum (KF923329.1) 100 100
F5 Myrothecium cinctum MH165218 Myrothecium cinctum (AJ302004.1) 99 98
F6 Cladosporium cladosporioides MH165219 Cladosporium cladosporioides (KP780438.1) 100 100
F7 Cladosporium cladosporioides MH165220 Cladosporium cladosporioides (HM148014.1) 100 100
F8 Alternaria alternata MH165221 Alternaria alternata (KT898773.1) 100 100
F9 Diaporthe infecunda MH165222 Diaporthe infecunda (NR111850.1) 100 99
F10 Epicoccum nigrum MH165223 Epicoccum nigrum (KM507767.1) 100 100
F11 Cladosporium cladosporioides MH165224 Cladosporium cladosporioides (KP780438.1) 100 100
F12 Cladosporium cladosporioides MH165225 Cladosporium cladosporioides (KP780438.1) 100 100
F13 Curvularia lunata MH165226 Curvularia lunata (KM246254.1) 100 100
F14 Curvularia lunata MH165227 Curvularia lunata (KM246254.1) 100 100
F15 Cladosporium cladosporioides MH165228 Cladosporium cladosporioides (KP780438.1) 100 100
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the same procedure. The sterile PDA extract was used
as the control in the screening procedure. The crude
extracts were stored at —20°C until use.

2.4. Chemical profiling of extracts from F. carica
fungal endophytes

2.4.1. Automated thin layer chromatography (ATLC)
The extracts were applied in chromatograms (TLC,
silica gel 60 F254, 1.05554.0001 Merck®) in 4 mm
bands (ATS4, Camag®) and automatically developed
up to 7 cm (ADC2, Camag®), using three different
mobile phases: hexane (Hex): EtOAc (7:3); dichloro-
methane (DCM): EtOAc: methanol (MeOH) (9:0.5:1)
and EtOAc: MeOH: H,0 (7.7:1.3:1). UV 254 nm, UV
366 nm, Vis radiation and 10% H,S0, in MeOH plus
heating were alternatively used for the detection
(Wagner and Bladt 1996). The plates were digitised
(TLC Visualiser, Camag®) and data were processed
using the software VisionCATS v2.0 (Camag®) and
analysed with rTLC software for PCA statistical test
(Fichou et al. 2016).

2.4.2. Nuclear Magnetic Resonance

The '"H NMR spectra of the extracts were per-
formed at 25°C in a Bruker® AV-300, 300 MHz
operating at a frequency of 300.13 MHz. Each
spectrum of '"H NMR was made with CDCl; as
a solvent and consisted of 64 scans. Extract solu-
tions were from 11 to 36 mg/mL. The data were
processed, normalised and PCA statistical analysis
was carried out with the software Bionumerics
v7.6 trial version.

2.5 Biotransformation of F. carica compounds by
the fungal endophytes

Three solid media were formulated with fragmented
dried leaves of F. carica in a final concentration of
1.5%, 7.5% and 15.0%, respectively, supplemented
with 2% glucose and 1.5% agar. The media were
sterilised at 121°C by 15 min before plating.
Alternaria alternata F8 was employed to determine
the maximum % of F. carica material to be added to
the medium which allowed a normal fungal growth,
compared with the corresponding PDA growth. One
central spot of F8 grown on PDA (28°C, dark, 14 days)
was applied into each Petri plate (90 x 15 mm) and
incubated at 28°C for 21 days. After that, the agar was

completely fragmented into small pieces (3 x 3 mm
approximately) and extracted with EtOAc (3 x 20 mL)
assisted by sonication 15 min each. The EtOAc
extracts were treated with Na,SO,4 anhydrous, filtered
and the solvent was evaporated under reduced pres-
sure. Each extract was maintained at —20°C until use.

The medium supplemented with 7.5% F. carica was
selected amongst the three tested options (1.5%,
7.5% and 15%) and then evaluated with all the 15
endophytic fungi isolated, in a similar way as
described above.

2.5.1 Marker compounds for monitoring
biotransformation

Solutions of 1 mg/mL of rutin (compound 1) (56,448
Sigma-Aldrich®) and 8-methoxypsoralen (compound
2) (232,726 Sigma-Aldrich®) prepared in MeOH and
DCM, respectively, were employed as marker
compounds.

2.6 Isolation and purification of psoralen
(compound 3) from the F. carica leaves organic
extract

2.6.1 Extract preparation and purification process

A Hex maceration of fragmented previously dried
(40 days at 24-26°C) leaves (409.34 g) of F. carica
was carried out. Three successive extractions of 1 L
were carried out (3.0 L) to get 8.52 g of Hex extract
after solvent evaporation under reduced pressure. An
aliquot of 5.0290 g of extract was dissolved in a mix-
ture of 130 mL of MeOH and 70 mL of Hex. The
precipitate (1.1491 g) was separated and then three
successive extractions were carried out with Hex
(50 mL each), obtaining a Hex fraction and a MeOH
fraction (M) of 1.3985 g. The M fraction was submitted
to a chromatographic separation with Silica gel 60
Merck® (0.040-0.063 mm) developed with a gradient
starting with Hex: EtOAc 90:10, increasing 10% EtOAc
every 1 dead volume (100 mL), then EtOAc 100%,
EtOAc:MeOH 50:50 and ending with MeOH 100%.
Seven fractions (M1 to M7) were obtained, with
a yield of 86.62%. Fraction M4 (121.6 mg) was sepa-
rated in Sephadex LH-20 column eluted with CHCls:
MeOH 90:10. Sub-fractions M4B and M4C were com-
bined (52.6 mg) and separated in a chromatographic
column with Silica gel 60 Merck® (0.040-0.063 mm)
developed with a solvent gradient, starting with 100%
DCM and increasing the proportion of EtOAc up to



100% EtOAc, ending with 100% MeOH. Seven sub-
fractions (M4BCa-M4BCg) were obtained and evalu-
ated by TLC. M4BCb sub-fraction (15.4 mg) showed
acceptable purity by TLC and was characterised by
GC-MS, HRMS-MS and NMR ('H; ">C; COSY; HSQC;
HMBC) resulting compatible with psoralen 3
(Supplementary material S3-5S12). The purification
process was scaled-up to obtain enough psoralen 3
for the biotransformation experiments.

2.6.2 Characterisation of psoralen 3
2.6.2.1 GC-MS. An automatic GC-MS Shimadzu® chro-
matograph, model QP-2010 Plus, autosampler AOC-
20i and SPL1 injector were used. The software used
for data analysis was GCMS Solutions v-2.53 SU1
LabSolutions®, Shimadzu Corp. The parameters used
for GC were: He as carrier gas, flow rate of 1 mL/min,
injection temperature: 250°C and temperature pro-
gram from 50°C to 310°C at 25°C/min; capillary col-
umn: SPB-1 (30 m x 0.25 mm, 0.25 um) and for MS:
electronic impact with energy of 70 eV.

2.6.2.2 HRMS-MS and NMR experiments. A Bruker®
MICRO QTOF Il LCMS equipment was used, with
a collision energy of 4 eV. For NMR experiments, the
sample was analysed in a Bruker® Avance AV-300 NMR
spectrometer, operating at a frequency of 'H of
300 MHz and 75 MHz ("3C).

2.7 Quantification of psoralen 3 content in the
F. carica 7.5% culture medium

Different volumes (in duplicate) of a standard solu-
tion of 0.5 mg/mL psoralen 3 (3 pg, 1.5 ug, 1 ug,
0.5 pg and 0.25 pg) and samples of the EtOAc
extract of the F. carica 7.5% culture medium were
automatically applied (ATS 4 and ACD 2, Camag®)
on TLC chromatoplates (Silica gel 60 F254,
1.05554.0001 Merck®) in 4 mm bands and devel-
oped to 7 cm. A mixture of DCM:EtOAc:MeOH
(9:0.5:1) was used as a mobile phase; the detection
was performed by UV 254 nm, UV 366 nm and
visible after application of 10% KOH in ethanol as
spray reagent (Reich and Schibli 2007). The plates
were digitised (TLC Visualiser and TLC Scanner,
Camag®) and processed with the VisionCATS v4.0
software. The calibration curve was performed
based on the height of the corresponding peaks
versus the mass (ug) of the standard and adjusted
to a polynomial function provided by the
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VisionCATS v4.0 software. Psoralen content in sam-
ples of the EtOAc extract of the F. carica 7.5%
culture medium was determined by interpolation.
The psoralen concentration was determined as
46 pg/mL (coefficient of variation = 4.85%, Suppl.
Mat. Figure S13).

2.8 Metabolisation of psoralen 3 by A. alternata F8

The medium with psoralen 3 was prepared with 1.5%
agar, 2% glucose, and 0.0046% psoralen 3. After
homogenisation, the preparation was sterilised by
fluent steam for 15 min.

For the metabolisation process, 8 mL of the med-
ium were added to a 60-mm diameter Petri dish. After
solidification, central spots of A. alternata F8 myce-
lium from PDA 14 days colonies were added, and the
plates were incubated by 7, 14 or 21 days at 28°C in
darkness. The following controls were included in
duplicate:

e Control medium (without psoralen 3, ToC, T,C,
T14Cr T21C)

e Psoralen (control medium + psoralen 3, ToP, T,P,
T14P, T21P)

e A. alternaria F8 (control medium + psoralen 3, T,
F8, T,F8, T,4F8, T,;F8)

After the incubation period, the agar was fragmented
and extracted with EtOAc, as described above. The
EtOAc extracts were analysed by ATLC, GC-MS, and/
or HRMS, LC MS/MS.

The HRMS spectra of the extracts were per-
formed in a LC MS MICRO QTOF Il Bruker® equip-
ment, with a collision energy of 10 eV.

The LC MS/MS experiments were performed in
an LCMS DAD-ESI-QTOF MS Bruker®. The HPLC
method employed a flow rate of 0.4 mL/min,
column  temperature of  35°C, column
Phenomenex, Luna® 5 um C18 (2) 100A;
250 X 4.6 mm and the mobile phase consisted
of 0.5% of formic acid (FA) in ultrapure water (v/
v, solvent A) and 0.5% FA in MeOH (v/v, solvent
B), starting with 20% and changing to 50% B for
3 min, held for 5 min, followed by a second ramp
to 70% B in 7 min, held for 5 min, a third ramp
to 80% B in 1 min, maintained for 9 min, remain-
ing at this last condition for 10 min before the
next run (Llorente et al. 2014). The Mass spectra
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were recorded in negative (-) mode in a range
between 50 and 800 m/z. The ionisation source
conditions were capillary voltage 4500 V, nebuli-
sation gas 4.0 bar (N,), drying gas 8.0 L/min (N,),
drying temperature 200°C, collision gas Ar (argon)
and collision energy 10 eV. As an internal cali-
brant, 40 mM sodium formate was used.

The HRMS and LC MS/MS experiments were
performed at the Instituto de Ciencia vy
Tecnologia de alimentos Cérdoba (ICYTAC-UNC-
CONICET 2022), Argentina (https://www.icytac.coni
cet.unc.edu.ar/servicios/hplc-hrms/).

2.8.1 Scale up and purification of 6,7-furan-
hydrocoumaric acid 4

Ninety Petri plates were inoculated as described
above, and after incubation the agar was fragmented
and extracted with EtOAc. The solvent was eliminated
by evaporation under reduced pressure to obtain
84.9 mg. A liquid-liquid extraction was performed
solubilising the extract in MeOH:H,O (6:4) and extract-
ing with DCM three times. The DCM extract obtained
was solubilised in MeOH, and three extractions were
performed successively with Hex to eliminate the
non-polar compounds. The extract obtained
(25.6 mg) was submitted to preparative TLC (Silica
gel 60F254, 1.05554.0001 Merck®) using DCM: EtOAc:
MeOH:formic acid (9:0.5:1:0.01) as mobile phase. Two
sub-fractions  were obtained, sub-fraction
B (compound 4, 0.8 mg) showed adequate purifica-
tion and was analysed by "H NMR in a Bruker® Avance
AV-300 NMR spectrometer, operating at a frequency
of 'H of 300 MHz (Table 4, Figure S14).

2.9. Antimicrobial activity assays

2.9.1 Agar overlay bioautography

The methodology employed was previously
described in Rahalison et al. (1991) and Ruiz
Mostacero et al. (2019). Aliquots of 100 pg,
50 pg and 25 ug of the EtOAc extracts from the
fungal endophytes were applied as spots on
chromatographic plates (Silica gel 60 F254
Merck®), which were then sterilised with UV radia-
tion 254 nm (CR/UV 30A) for 20 min in a laminar
flow chamber ESCO Optimair® Model Sentinel
Delta (ABC). Extracts with inhibitory activity were
developed by ATLC using one of the three mobile

phases described above. Bacterial strains evalu-
ated were Staphylococcus aureus ATCC 25923
and Escherichia coli ATCC 25922; yeasts: Candida
albicans ATCC 10231, Candida tropicalis CCC 131-
1997, Cryptococcus neoformans ATCC 32264,
Rhodotorula  rubra  CCC  131-2009 and
Saccharomyces cerevisiae ATCC 9763; and the fila-
mentous fungi Verticillium sp. and Ascochyta
rabiei (isolate AR2).

2.9.2 Minimal Inhibitory Concentration (MIC) of
psoralen 3 on A. alternata F8

Broth microdilution tests were performed follow-
ing the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) document
(EUCAST, 2022) with minor modifications. The
inoculum was used at a final concentration of
1 x 10° conidia/mL. Chlorothalonil was included
as a positive control. Concentrations of psoralen
tested ranged from 800 to 12.5 ug/mL. The
Minimal Inhibitory Concentration (MIC) was
defined as the concentration that produced the
complete visual inhibition of fungal growth deter-
mined after 72 h incubation at 28°C. Doubtful
microplate wells were observed under light
microscope (40x).

3. Results
3.1. Isolation and identification of endophytic fungi

Fifteen tabicated filamentous fungi were isolated
from the fresh leaves of F. carica, 13 of which were
dematiaceous. Morphological presumptive identifica-
tion was corroborated by the results of the DNA
amplification using ITS1/ITS4 primers for nine isolates:
Cladosporium cladosporioides (F6, F7, F11, F12 and
F15), Diaporthe infecunda F9, Curvularia lunata (F13
and F14), and Alternaria alternata F8. The identifica-
tion of the remaining isolates: F1 as Preussia sp., F2 as
Nigrospora oryzae, F3 as Ustilago cynodontis, F4 as
Neofusicoccum parvum, F5 as Myrothecium cinctum,
and F10 as Epicoccum nigrum was carried out on the
basis of the ITS amplification results due to the
absence of conidial production (Table 1). Most of the
isolated strains were obtained from the crushed plant
material, followed by the midribs (Figure 1).


https://www.icytac.conicet.unc.edu.ar/servicios/hplc-hrms/
https://www.icytac.conicet.unc.edu.ar/servicios/hplc-hrms/

Petiole:
F1- Preussia sp.

Leaf proximal, adaxial:
F2- Nigrospora oryzae

Leaf central, adaxial:
F3- Ustilago cynodontis

Leaf central, abaxial:
F8- Alternaria alternata

Leaf proximal, abaxial:
F7- Cladosporium
cladosporioides
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Leaf distal, adaxial:
F4- Neofusicoccum
parvum

¢ N crushed leaf tissue:

| F5- Myrothecium cinctum
F6- C. cladosporioides
F11- C. cladosporioides
F12- C. cladosporioides
F13- Curvularia lunata
F14- Curvularia lunata

=¥ F15- C. cladosporioides

\ Leaf distal, abaxial:
F9- Diaporthe infecunda

Figure 1. Schematic representation of the endophytic fungi isolated and their localisation in F. carica tissues.

3.2. Determination of the chemical profiles of
extracts of fungi isolated from F. carica

3.2.1. Thin layer chromatography

The profiles of the EtOAc extracts of endophytic fungi
and a control extract of the PDA medium were char-
acterised and compared by TLC UV-Vis and with H,
SO4 10% spraying derivatisation. Many fluorescent
bands were detected at 366 nm employing any of
the following mobile phases: Hex:EtOAc (7:3), DCM:
EtOAc:MeOH (9:0.5:1) (Figure 2a and b), and
EtOAc:MeOH:H,0 (7.7:1.3:1) (not shown).

The analysis of the chromatographic profiles of the
extracts with Hex: EtOAc 7:3 showed similarity
amongst the isolates F6, F7, F11, F12 and F15; also
the profiles of F13 and F14 showed similarity amongst
them, which is in agreement with their molecular
identification, being identified as C. cladosporioides
and C. lunata, respectively (Figure 2a).

When DCM: EtOAc: MeOH (9:0.5:1) and EtOAc:
MeOH: H,0 (7.7:1.3:1) were employed as mobile
phases, the metabolic profile of the extract of
C. cladosporioides F7 showed some differential bands
in comparison with F6, F11, F12 and F15 extracts, both
at UV light (366/254 nm) and after derivatisation with
H,S0,4 10%.

The A. alternata F8 extract was distinguishable with
the three mobile phases employed due to a yellow
band observed at 366 nm, 254 nm and after derivati-
sation with H,SO,4 10% which was not detected in the
other extracts (Figure 2a and b). This band was

observed at Rf = 0.55 with the mobile phase DCM:
EtOAc:MeOH (9:0.5:1) (Figure 2b).

The multivariate analysis PCA of the chromato-
graphic profiles obtained with each chromatographic
condition was performed, and Hex: EtOAc (7:3) at
366 nm showed a clearer clustering amongst fungi
according to their taxonomic identification. The PC1
accounted for 92.21% of the total variability and the
first two PCs explained 96.40% of the variability in the
original data. The A. alternata F8 extract appeared
completely separated from the other extracts, while
it was not clearly observed with the other mobile
phases tested (Figure 3a).

3.2.2. Nuclear magnetic resonance

The spectra of the '"H NMR were typical of complex
mixtures with a great variety of signals (Figure 2c) and
were analysed by multivariate analysis searching pat-
terns associated with their chemical components. The
PCA showed the grouping amongst the fungi accord-
ing to their taxonomic genotipification (e.g.
C. cladosporioides). In addition, the PC1 x PC2 x PC3
plot showed a clear differentiation of the A. alternata
F8 and U. cynodontis F3 extracts (Figure 3b). The three
PCs explained 82.9% of the total variability in the
original data.

3.3. Antimicrobial activity of the fungal extracts

The antibacterial screening of the EtOAc extracts of
the endophytic fungi performed by agar overlay
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Figure 2. Chemical profiles of the extracts of the 15 endophytic fungi isolated from F. carica. a. ATLC chromatographic profiles
obtained at 366 nm with Hex:EtOAc (7:3) as mobile phase, spray reagent: H,50, 10%. b. ATLC chromatographic profiles obtained at
366 nm with DCM: EtOAc: MeOH (9:0.5:1), spray reagent: H,SO,4 10%; white dashed line marks the yellow band at Rf = 0.55 of F8 fungal
extract. ¢. Stacked plot of the 'H NMR (CDCl5) spectra of the extracts of the 15 endophytic fungi isolated from F. carica.

spot bioautography showed that four extracts (F8, In regards to the antifungal activity, the A. alternata
F10, F13 and F14) inhibited S. aureus at 25 pg/spot  F8 extract inhibited C. albicans, C. neoformans and
with zones of inhibition ranging from 11.0 mm to  S. cerevisiae at 25-100 pg/spot, and C. lunata F14
22.0 mm in the bioautography assay. The extract of  extract inhibited R. rubra at 100 pg/spot; meanwhile,
E. nigrum F10 showed activity against E. coli at  D. infecunda F9 extract showed activity against the
25 ug/spot with a zone of inhibition of 11.0 mm phytopathogen fungus A. rabiei at 25 pg/spot
(Table 2). (Table 2).
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(7:3) as mobile phase. b. PCA of the "H NMR spectra of the
extracts of the 15 endophytic fungi isolated from F. carica.
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The EtOAc extracts of the isolates F1-F7, F11, F12
and F15 were inactive to inhibit all the microorgan-
isms tested at 100 pg/spot.

3.3.2. Agar overlay developed bioautography
The TLCs were performed for the active extracts with
the mobile phases used to analyse the chemical pro-
files. The E. nigrum F10 extract inhibited the E. coli
growth at an Rf = 0.70 with the mobile-phase
EtOAc:MeOH:H,0 (7.7:1.3:1), while showed a larger
halo (Rf from 0.30 to 0.70) for S. aureus under the
same condition. The extracts of C. lunata F13 and F14
presented two inhibition halos against S. aureus, one of
them at an Rf = 0.60 greater than the more polar
observed at an Rf = 0.08, with the mobile phase DCM:
EtOAc:MeOH (9:0.5:1) (Figure 4).

In addition, the A. alternata F8 extract produced
a halo of inhibition at an Rf = 0.70 against S. cerevisiae
and C. neoformans with DCM: EtOAc: MeOH (9:0.5:1)
mobile phase and also showed several halos at differ-
ent Rfs against S. aureus (Figure 4).

3.4. Growth of the endophytic fungi on a F. carica
formulated medium

To establish conditions for testing the growth of fun-
gal endophytes on F. carica tissues, three different
solid media containing F. carica fragmented leaves
(15%, 7.5% and 1.5%) on a matrix of 1.5% agar and
2% glucose were prepared. Their EtOAc extracts were
compared with an extract of F. carica leaves showing
that both the 15% and 7.5% Fc media showed a better
qualitative abundance of metabolites than the 1.5%
Fc medium.

To determine eventual inhibitory effects of the three
Fc media on the endophytic fungi, was carried out

Table 2. Antimicrobial activity of EtOAc extracts of F. carica fungal endophytes by agar overlay bioautography.

Inhibitory activity (pg/spot)

Positive control (ug/spot)

Microorganisms F8 F9 F10 F13 F14 Vancomycin Difenoconazole Chlorotalonyl
S. aureus ATCC 25923 25 - 25 25 25 0.3

E. coli ATCC 25922 - 25 - - 0.3 -

C. albicans ATCC 10231 100 - - B 0.5

C. neoformans ATCC 32264 25 - - - - 0.5

R. rubra CCC 131-2009 - - - 100 - 0.5

S. cerevisiae ATCC 9763 25 - - - - 0.5 -

A. rabiei (isolate AR2) - 25 - - 0.5

(=): Inactive at 100 pg/spot.
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a single test of fungal growth with A. alternata F8. This
strain was selected due to its growth characteristics
(rate, shape, conidia production, diffusible pigment)
under the experimental conditions (10 days, 28°C, dark-
ness), employing its PDA growth as a reference. Colonies
(duplicate) of F8 grown on the 15% Fc medium showed
a reduced radial growth and changes in the pigment
production, meanwhile the colonies grown on 7.5% and
1.5% media showed no alterations.

The 15% Fc medium was discarded, and the
7.5% Fc was selected for further analysis based
on the abundance of F. carica components.

The EtOAc extracts of the 15 endophytes cul-
tured on 7.5% Fc agar plates were compared by
ATLC along with the control medium, adding
8-methoxy-psoralen and rutin as marker com-
pounds. The selection was based on the abun-
dance of coumarins (bergapten, umbelliferone,
psoralen, etc.), and flavonoids (cyanidin glyco-
sides, rutin, etc.) in F. carica along with the avail-
ability of UV-Vis detectable standards in the
laboratory.

The analysis of the chromatographic profiles
and their comparison with the control extract
(sample B, Figure 5) showed the typical finger-
print of a total plant extract with chlorophylls
(red fluorescent bands at 366 nm), and some
differences. A single visual analysis showed
changes in blue fluorescent bands at 366 nm in
the Rf ~0.8 with similar polarity with the standard

Figure 4. a. Bioautographic assay of A. alternata F8 and C. lunata
F13 and F14 EtOAc extracts against S. aureus (100 pug/4 mm
band). ATB: vancomycin 0.3 pg/spot. b. Observation at 366 nm.
Mobile phase DCM:EtOAc:MeOH (9:0.5:1).

8-methoxy-psoralen 2 (Rf = 0.78, DCM-EtOAc-
MeOH 9:0.5:1), in many of the fungal extracts.
With  the exception of N. oryzae F2,
U. cynodontis F3, M. cinctum F5, D. infecunda F9
and E. nigrum F10, the fungal chromatographic
bands in that Rf were below the detection limit
(Figure 5b). Similarly, chromatographic bands cor-
responding to flavonoids like rutin showed mod-
ifications. The control extract showed three
yellow bands at 366 nm (Rfs at 0.26, 0.34 and
0.42; EtOAc-HCOOH-HAc-H,0 100:11:11:26) after
spraying the plate with Natural Products reagent
(Wagner and Bladt 1996) which were not
detected in the fungal extracts (Figure 5a).

To get more information about the behaviour of
coumarins, a GC-MS analysis of the extracts was
performed. The chromatogram of the control
extract showed six major peaks between Rt 10.0-
12.0 min, being the peak at Rt = 10.2 min pre-
sumptively identifled as psoralen, and a less
intense peak at 10.8 min identified as bergapten
by comparison with the NIST (National Institute of
Standards and Technology) database. The analysis
of the fungal EtOAc extracts showed the disap-
pearance of at least three peaks when compared
to the control (peaks with an * in Figure 6).GC-MS
chromatograms of the EtOAc extracts from the 15
fungal endophytes grown on the Fc 7.5% medium
by 21 days. with the spectrum of the peak at
Rt = 10.2 min (compound 3) compared with the
NIST Database. Note: * intense peaks detected in
the Control medium which suffered changes after
fungal growth.(Continued)(Continued)

Psoralen is the most abundant coumarin in
F. carica (Oliveira et al. 2012) and was one of the
compounds presumptively detected as absent in
the fungal extracts by GC-MS. Further analyses to
demonstrate if psoralen effectively was consumed
during the fungal growth were performed, starting
with its purification.

3.4.1 Isolation and characterisation of psoralen

Psoralen 3 was isolated from the Hex extract of
the aerial parts of F. carica leaves by column
chromatography on Silica Gel and was charac-
terised by NMR experiments ('H, '3C NMR, HH
COSY, HSQC, HMBC), GC-MS and HRMS, being
identical to reported data (Elgamal et al. 1979;
Masuda et al. 1998), and corroborating the
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a. EtOAc-Formic acid-Acetic acid-H,O (100:11:11:26)

R B F1 F2 F3 F4 F5 F6

b. DCM-EtOAc-MeOH (9: 0.5: 1)

——

F7

F8 F9 F10 F11 F12 F13 F14 F15

T

F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 F15

Figure 5. Chromatographic profiles of the EtOAc extracts from the endophytic fungi cultured on the 7.5% F. carica medium by 21 days,
obtained at 366 nm. P: 8-methoxy-psoralen (0.4 pg/4 mm band), B: control of 7.5% F. carica culture medium, F1- F15: endophytic
fungi: 50 pg/4 mm band, R: rutin (0.5 ug/4 mm band). The boxes indicate the Rf of rutin (a) or 8-methoxy-psoralen (b). a. Mobile
phase: EtOAc—formic acid—acetic acid—H,0 (100:11:11:26). Spray reagent: natural product — PEG. b. Mobile phase: DCM-EtOAc-MeOH

(9:0.5:1). Spray reagent: H,S0,4 10%.

identity of the peak with Rt = 10.2 min as psor-
alen 3 (Figure 6, Suppl. Mat. Fig S3-S12, S15). In
addition, the ATLC comparison of the EtOAc fun-
gal extracts (7.5% Fc) with psoralen 3 gave very
similar results to those of 8-methoxy-psoralen 2
(Figure 5a).

3.4.2 Qualitative approach to the metabolisation of
psoralen 3 by A. alternata F8

To explore more about the degrading process of
psoralen 3 by F. carica fungal endophytes,

considering that almost all fungal extracts showed
similar GC-MS and TLC chromatograms to
A. alternata F8, and due to its rapid growth, further
investigations were carried out with this endophyte.
The MIC (minimal inhibitory concentration) of psor-
alen 3 for A. altarnata F8 was determined as 200 ug/
mL (Chlorotalonyl, CIM = 1.56 pg/mL). In addition, the
culture medium was formulated with 46 pug/mL psor-
alen on the basis of its content previously determined
in the F. carica 7.5% culture medium (Suppl. Mat.
Figure S13). F8 cultures were monitored by 7 days,
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Figure 6. (Continued)

14 days and 21 days, analysing the EtOAc extracts
(Table 3) obtained from two Petri dishes in each con-
dition by TLC and GC-MS, in comparison with the
corresponding controls.

In the TLC analysis (DCM-EtOAc-MeOH 9:0.5:1), the
band corresponding to psoralen (Rf = 0.78) was fully
detected at day 7 (T,F8 + P) and decreased in intensity
at day 14 (T14F8 + P), being undetectable at day 21 at
366 nm even after derivatisation with H,SO,4 10% (T>;
F8 + P, Figure 7). At the same time periods, a more
polar band (Rf = 0.38) was observed, increasing in
intensity over the incubation time. This band was
not detected in the control extracts (Figure 7a).

The GC-MS analysis of the extracts confirmed the
decrease of psoralen (Rt =10.2 min) at day 7 (T,F8 + P)

and 14 (T,4F8 + P), being mostly undetectable at day
21 (T,;F8 + P). On the other hand, a peak at
Rt = 9.9 min with m/z = 188 was the only peak
detected at day 21 (T,;F8 + P, Figure 7b). The extracts
were also analysed by HRMS direct infusion in both
(=) and (+) mode, Figure S16 shows the profiles at 21
days incubation of the extracts.

The chromatogram obtained by LC-MS/MS in
negative mode of the T,,F8 + P extract showed six
peaks corresponding to the elution front (peak 1),
glucose (peak 2), internal calibration standard traces
(peak 3) and to the internal calibration standard
(peak 6) (Figure 8a). The peak 4 showed an ion at m/
7z =209.0466 already observed by HRMS in the control
extract of F8 growth without psoralen (T,,F8, Figure



$16); meanwhile, the peak 5 showed an ion at m/
z = 205.0498, also observed in the direct infusion
HRMS analysis of the extract T,;F8 + P (Figure S16).

Intensity [counts]
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The MS2 analysis of the ion at m/z = 205.0498 gave
two major fragments with m/z = 161.0587 (100%)
and m/z = 187.0393 (Figure 8).LC-MS (TIC, negative
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Figure 7. a. TLC analysis of extracts obtained at 7 days, 14 days and 21 days incubation of A. alternata F8 in the psoralen 3 culture
medium. Mobile phase DCM:EtOAc:MeOH (9:0.5:1). Detection: UV366 nm after spraying and heating with H,S0, 10%. b. GC-MS
analysis of three selected EtOAc extracts belonging to 7 days (T7F8 + P), 14 days (T14F8 + P) and 21 days (T21F8 + P) of incubation of
A. alternata F8 in the psoralen 3 culture medium. Detail of the fragmentation patterns of the peaks with Rt = 9.8 min and Rt = 10.2 min

(psoralen 3).
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mode) of the T21F8 + P extract. a. Peak 1 corresponds
to the elution front, peaks 3 and 6 are internal cali-
brant, peak 2 corresponds to glucose, peak 4 could be
a fungal metabolite. Peak 5 contains the ion at m/
205.0498. b. UV spectrum of peak 5. c.
Deconvolution of the peak 5 (m/z = 161, m/z -
= 205, m/z = 433). d. EIC (205.00) chromatogram
with detail of UV spectrum and the HRMS of the
peak at Rt = 22.8 min. e. MS2 of the ion at m/
z = 205.0498 (Rt = 22.7 min).(Continued)

The experiment was scaled up under the same
conditions, and the EtOAc extract T,;Fg + P
scaled was submitted to liquid-liquid partition,
analysed by TLC and purified by preparative
TLC. The purified fraction (0.8 mg) was more
polar than psoralen 3; and its '"H NMR (CDCls,
Figure S14, Table 4) spectrum showed signals at
2.81 ppm (2 H, t, 6.9-6.6 Hz), 3.00 ppm (2 H, t,
6.9-6.6 Hz) corresponding to two methylene
groups, and 4 signals corresponding to aromatic
hydrogens (7.02, 7.30, 6.64 and 7.49 ppm). The
spectrum was compared with that of the psoralen
3 and the proposed structure was the 6,7-furan-
hydrocoumaric acid (compound 4, Table 4),
a previously described product of biotransforma-
tion of psoralen (Marumoto and Miyazawa 2011).
The HRMS analysis in negative mode showed an
ion at m/z = 205.0498 (theoretical
mass = 205.0501; C11H904, A ppm = —-1.46), cor-
responding to the peak 5 of the LC-MS/MS; its
fragmentation pattern was in agreement with
previously published data (Figure 8) (Liu et al.
2019).

zZz =

4. Discussion

4.1. Isolation and identification of fungal
endophytes

The study of the fungal endophytic community of
F. carica leaves allowed the isolation of 15 fila-
mentous fungi. Nine isolates were purified from
leaf fragments, noteworthy the rest was obtained
after crushing the tissues under N,. Ficus carica
contains laticiferous throughout all the tissues;
the influence of the latex in the distribution of
fungal endophytes in those tissues or even in the
latex fluid is unknown. Moreover, latex coagula-
tion after tissue fragmentation could prevent the

free growth of fungal hyphae when fragments are
placed in contact with the nutrient medium.
Grinding the tissue aseptically with liquid N,
resulted in obtaining a greater number of
isolations.

The presumptive morphological identification of
fungal isolates was complemented by molecular
identification which was carried out by PCR ampli-
fication with primers ITS1 and ITS4 followed by
BLAST searches of the sequences obtained and
comparison with sequences downloaded from the
public database GenBank.

All the fungal genera isolated in this work have
been previously isolated as endophytes; meanwhile,
Alternaria, Cladosporium, Diaporthe, Epicoccum, and
Ustilago have been already reported as endophytes
from plants belonging to the genus Ficus (Feng and
Ma 2010; Solis et al. 2016). However, to our knowl-
edge, this is the first report of Curvularia, Myrothecium,
Neofusicoccum, Nigrospora, and Preussia genera as
endophytes of this plant genus. Cladosporium clados-
porioides (F6, F7, F11, F12 and F15) represented the
27% of the isolated fungi, followed by Curvularia
lunata (F13 and F 14, 13%).

Ustilago cynodontis F3 was the only basidiomy-
cete isolated from F. carica leaves. This result is in
agreement with previous observations that state
that fungi belonging to Basidiomycota phylum
are rarely isolated as endophytes. Nevertheless,
the genus Ustilago was already reported, asso-
ciated with Ficus religiosa (Chlebicki 2009; Solis
et al. 2016).

The isolate F1 was identified as Preussia sp., mean-
while, the isolates F2-F15 were identified at species
level. Cladosporium cladosporioides (five isolates) and
Curvularia lunata (two isolates) were the two most
frequently identified species (Table 1).

4.2 Chemical profiling

The use of secondary metabolite profiling seems to
be of greatest value in ascomycetes and basidio-
mycetes and has been central in the development
of fungal systematics, taxonomy, and ecology in
the last decades (Abreu et al. 2012). Since metabo-
lite profiles usually are typical of a given organism,
the information provided often gives clear-cut clas-
sifications and can be used for identification of
fungal isolates (Frisvad et al. 2008). A high
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similarity in the metabolic profiles between fungi
of the same species (C. lunata and
C. cladosporioides) was observed in this work
when their extracts were compared by both ATLC
(Figures 2a,b and 3a) and 'H NMR (Figures 2b
and 3b).

Here, the combination of 'H NMR metabolo-
mics and multivariate statistical analysis showed
a valuable, flexible, and accurate strategy for
interpreting differences amongst fungi of differ-
ent genera, confirming the results, obtained by
the analysis of the ATLC chromatographic
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Table 3. Weight (mg) of EtOAc extracts obtained after culturing the fungal
endophytes in the medium formulated with psolaren 3 after extraction of two

Petri plates.

Incubation time (days) Extract Weight* (mg)

To Control (ToC) 1.2
Psoralen 3 (T,P) 2.2
F8 (ToF8) 0.6
F8 + Psoralen 3 (T,F8+P) 14

T, Control (T5C) 13
Psoralen 3 (T,P) 23
F8 (T,F8) 0.7
F8 + Psoralen 3 (T,F8+P) 1.6

Ta Control (T140) 1.2
Psoralen 3 (T;4P) 2.1
F8 (T;4F8) 3.2
F8 + Psoralen 3 (T,4F8+P) 3.8

a1 Control (T»;Q) 1.5
Psoralen 3 (T»;P) 3.0
F8 (T;F8) 43
F8 + Psoralen 3 (T,,F8+P) 35

Control: medium formulated with 1.5% agar and 2% glucose. F8: F8 grown on control
medium. Psoralen 3: control medium + 46 pg/mL Psoralen 3. F8 + P: F8 grown on the
control medium + 46 ug/mL Psoralen 3. The experiments were performed in duplicate.

profiles. The NMR-based metabolomics is  metabolites by endophytic fungi. These observa-

a powerful tool that should be utilised in the
evaluation of the production of secondary

tions are in agreement with our previous work
that suggested that DI-ESI-QToF-MS and TLC
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Fg + P scaled extract. * MeOH residual.
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Table 4. "H NMR (300 MHz, CDCl5) spectroscopic data for psoralen (compound 3) and
6,7-furan-hydrocoumaric acid (compound 4).

Compound 3 Compound 4

(Cl5CD, 300 MHz) (ClsCD, 300 MHz)
Position 6 (ppm) J (Hz2) 6 (ppm) J (Hz)
2 - - - -
3 6.38 (1 H) d 9.6 281 (2H)t 6.9-6.6
4 7.80 (1 H)d 9.5 3.00 (2 H) t 6.9-6.6
5 7.68 (1H)s - 7.02(1H)s -
6 - -
7 - - -
8 746 (1 H)s * 730 (1 H)s
9 - - -
10 - - - -
1 6.83 (1 H) dd 2.3; 0.9% 6.64 (1 H) d 23
12 7,69 (1 H)d 23 7.49 (1 H)d 23

* = coupling not observed in the "HNMR experiment; interaction confirmed by HH COSY (Figs. S3, 54,

S7 and S8).

associated with PCA metabolome analysis gave
comparable results (Ruiz Mostacero et al. 2021).
In addition, both techniques showed
a differentiation of A. alternata F8 extract
(Figure 3). Alternaria alternata is a cosmopolitan
fungal species widely distributed, both in soil and
in organic matter, as a pathogen, saprophyte or
symbiont, whose secondary metabolism has been
widely studied. In recent years, the rate of isola-
tion of this species as plant endophyte has been
greatly increased, giving large amounts of bioac-
tive compounds structurally characterised, with
many others that need to be investigated in
detail (Lou et al. 2013).

4.3 Bioactivity

The antimicrobial activity of the extracts indicated
that 33% (A. alternata F8, D. infecunda F9,
E. nigrum F10, and C. lunata F13-F14) inhibited
at least one of the target microorganisms from
the panel. Escherichia coli was inhibited by
E. nigrum F10 at 25 ug/spot, meanwhile
S. aureus was inhibited by A. alternata F8,
E. nigrum F10, and C. lunata F13-F14. With
regards to yeasts, C. albicans, C. neoformans and
S. cerevisiae were inhibited by A. alternata F8
extract (25-100 ug/spot), and R. rubra was inhib-
ited by C. lunata F14 at 100 pg/spot (Table 2,
Figure 4).

Numerous reports discuss the antimicrobial
activity of A. alternata and many of them have
characterised the responsible compounds, for

example tenuazonic acid was active against
Mycobacterium tuberculosis H37Rv (Sonaimuthu
et al. 2010), rubrofusarin B showed antifungal
activity on C. albicans (Shaaban et al. 2012) and
diketopiperazine dipeptides showed effectiveness
by inhibiting sporulation of the pathogen
Plasmopara viticola (Musetti et al. 2007).
Nevertheless, and to the best of our knowledge,
this is the first time that the antifungal activity of
this organism has been reported on
C. neoformans.

Diaporthe infecunda F9 inhibited the phyto-
pathogenic filamentous fungus A. rabiei at 25 g/
spot; our results are in agreement with previous
studies that demonstrated the capacity of
Diaporthe spp. to inhibit phytopathogenic fungi
(Ruiz Mostacero et al. 2021).

4.4 Metabolisation of F. carica extracts by fungal
endophytes - psoralen biotransformation by
A. alternata F8

The in vitro capacity of fungal endophytes to degrade
host metabolites is not usually evaluated. However,
this strategy could reveal ecological aspects about the
relationship between the host plant and the micro-
organisms living in its tissues. Our approach was per-
formed by formulation of a solid medium with
F. carica leaf fragments rather than the organic
extracts taking into consideration the similarity of
leaf stromal tissue to the in vivo situation.

The analysis of the profiles of the EtOAc extracts
after the incubation period with all the fungi was



firstly performed with the flavonoid rutin 1 and the
coumarin 8-methoxy-psoralen 2 as markers. The ATLC
analysis showed several changes (Figure 5) both in
the polarity region of rutin 1, with almost the disap-
pearance of rutin 1 and associated bands belonging
to related flavonoid glycosides (yellow bands in con-
trol extract which were absent in fungal extracts,
Figure 5a) and in the region of coumarins. More
detailed investigations showed that
a chromatographic band with similar UV profile but
less polarity than 8-methoxy-psoralen 2 was almost
undetectable in the extracts of the fungi grown on
F. carica medium. Further analysis performed by GC-
MS on the EtOAc extracts of the control and biotrans-
formed F. carica 7.5% cultures confirmed that psora-
len 3 was almost absent in the extracts of fungal
endophytes after 21 d of culture, with a marked
decrease after days 7 and 14 (Figure 6).

Flavonoids are bioactive polyphenolic secondary
metabolites with diverse chemical structures found
in plants (Park et al. 2021). Rutin 1 is composed by
the flavonol aglycone skeleton quercetin glycosylated
with rutinose (6-O-a-L-rhamnosyl-D-glucose) linked in

C11HeO3
Exact Mass: 186.0317
Psoralen 3
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C-3 (Dewick 2009). The ability of fungal endophytes to
bioconverse flavonoids has been reported. Recently,
the biotransforming ability of rutin by the fungus
E. nigrum, an endophyte isolated from Salix sp., was
reported (Harwoko et al. 2019). Noteworthy, E. nigrum
was one of the isolated fungal endophytes from
F. carica, and our preliminary results indicate that it
was able to biotransform rutin 1 as the other fungi,
and the related flavonoid glycosides were also
detected in the substrate extract Fc 7.5% (see yellow-
ish bands like rutin 1, Figure 5a).

Psoralen 3 is a furanocoumarin, a group of planar
compounds which includes xanthotoxin and bergap-
ten, produced and accumulated in F. carica (Plumlee
2004) and other plants to protect them from insects,
livestock and microorganisms (Guo et al. 2000).
Furanocoumarins are primary photosensitising agents
(Dodge and Knox 1986) that are activated by long-
wavelength ultraviolet light (320 to 380 nm) and
cause extensive effects because of cross-linking of
DNA, and tissue injury involving lipid-membrane
alterations, secondary to fatty acid interactions with
the activated furanocoumarins (Specht et al. 1988).

m/z=188 observed by GC-MS

O, O o

T /

Cy1HgOs
Exact Mass: 188.0473
Dihydropsoralen
Y
HO o
HO /
o Ci1H1004

Exact Mass: 206.0579
6,7-furan-hydrocoumaric acid 4

Figure 10. Proposed sequence of biotransformation of psoralen 3 by A. alternata F8. The solid arrow shows the demonstrated pathway
and dashed arrows show a postulated intermediary on the basis of the ion m/z = 188 detected by GC MS.
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Moreover, the antimicrobial effect of psoralen 3 and
other furanocoumarins on filamentous fungi has been
reported (Kuete et al. 2007).

Psoralen 3 was purified, fully characterised from the
Hex extract of leaves of F. carica (Figures S1-510), and
added to a minimal culture medium to explore the
ability of A. alternata F8 to biotransform it, as occurred
when the Fc 7.5% medium was employed. The con-
centration of psoralen 3 was defined as 46 pg/mL, the
same as that determined in the Fc 7.5% medium, lower
than the MIC of psoralen 3 on A. alternata F8, which
was determined at 200 ug/mL.

The chromatographic analysis of the EtOAc
extracts T,F8 + P, T;4,F8 + P and T,;F8 + P showed
the decrease of psoralen 3 and the appearance of
a new and more polar chromatographic band, espe-
cially in the T,;F8 + P extract compared with the
corresponding controls T,P, T,4P, and T,,P. These evi-
dences of psoralen biotransformation to a more polar
compound were detected by TLC (Rf = 0.38, mobile
phase: DCM-EtOAc-MeOH 9:0.5:1), by LC-HRMS
(Rt = 22.8 min, most intense ion at m/z = 205.0498,
[M-H]- in the T,;F8 + P) (Figures 7 and 8), and con-
firmed by the purification of the 6,7-hydroxy-
coumaric acid 4, which was characterised by "H NMR
and MS (Table 4, Figure 9, Fig. S14) (Marumoto and
Miyazawa 2011).

To generate the 6,7-furan-hydrocoumaric acid 4,
A. alternata F8 would hydrolyse the lactone ring of
psoralen 3 followed or preceded by reduction of
the A3,4 insaturation of the lactone ring. The
detection of a compound with m/z = 188 at
Rt = 9.9 min by GC-MS at the same incubation
period in which compound 4 was detected (TLC
and LC-MS) should indicate that the reduction of
the cis-insaturation of the lactone ring occurred
before the hydrolysis of the lactone itself
(Figure 10). Nevertheless, a computer matching of
the fragmentation pattern at Rt = 9.9 min with the
NIST database gave no results. In nature, the bio-
hydrogenation of a,B-unsaturated esters occurs by
reductases capable of catalysing the asymmetric
reduction of activated C-C double bonds. Several
microorganisms could carry out this processfor
example, yeasts can reduce q,B-unsaturated alde-
hydes, ketones and esters, including lactones (Serra
et al. 2019).

The biotransformation of furanocoumarins has been
previously studied in other fungi. Cunninghamella

elegans NRRL 1392 was studied to evaluate the meta-
bolism of furanocoumarins in mammals, using this
fungus as a model of metabolism for several xenobio-
tics; in the particular case of psoralen 3, a hydroxylation
reaction occurs to generate bergaptol (Attia et al.
2016). Moreover, the biotransformation of psoralen 3
by Glomerella cingulata produced the 6,7-furan-
hydrocoumaric acid 4 and 6,7-furan-o-hydrocoumaryl
alcohol (Marumoto and Miyazawa 2011).

Psoralen 3 is known to possess antimicrobial activ-
ity against a broad spectrum of Gram (+), Gram (-)
bacteria, and yeasts (Kuete et al. 2007). According to
Mamoucha et al. (2016), coumarins including psoralen
3, are biosynthesised in midribs where laticifers are
located, and transferred and accumulated in the abax-
ial trichomes of the F. carica leaf. Therefore, while the
fungi live inside the plant, they are not in direct con-
tact with psoralen 3, but when forced to get in con-
tact, the metabolisation occurs as a detoxification
mechanism, avoiding its effects even at sub-
inhibitory concentrations.

In spite more detailed investigations are deserved
about the biotransforming process of the metabolites
present in F. carica that are metabolised by its fungal
endophytes (specially flavonoids like rutin 1 or cou-
marins different from the psoralen 3) and the biolo-
gical significance of that our strategy could be useful
to reveal more about the in-situ interaction of fungal
endophytes with the host plant metabolome.

Conclusion

The endophytic fungal community associated with
leaves of Ficus carica L. (Moraceae) from Argentina
was investigated. Our results corroborate that
F. carica can live symbiotically with rich and
diverse endophytic communities which could be
sources of bioactive molecules, including those
able to inhibit bacteria and phytopathogenic fungi.

Fifteen fungal isolates were obtained and identified
by molecular methods into the genera Alternaria,
Cladosporium, Curvularia, Diaporthe, Epicoccum,
Myrothecium, Neofusicoccum, Nigrospora, Preussia and
Ustilago. Cladosporium cladosporioides and Curvularia
lunata were the most frequently isolated species. Five
isolates (33.3%) exhibited inhibitory activity against at
least one of the microorganisms tested.

The endophytic A. alternata F8 presented the
highest bioactivity spectrum (C. neoformans,



C. albicans, S. cerevisiae, S. aureus), in addition to
the largest difference in its metabolome profiling,
which was demonstrated through multivariate
analysis associated with automated TLC and
'H NMR.

The biotransforming ability of all the fungal iso-
lates was tested on the F. carica metabolites. Most
of them were able to biotransform the flavonoid
rutin 1, and the coumarin psoralen 3. Further
investigations of the psoralen biotransforming abil-
ity of A. alternata F8 showed the accumulation of
the hydroxyfuran coumaric acid derivative 4 which
was characterised by 'H NMR. The already demon-
strated toxicity of psoralen 3 could be the driving
force of the biotransformation process. Our results
corroborate that F. carica can live symbiotically
with rich and diverse endophytic fungal commu-
nities adding insights about their ecological
interactions.
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