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Abstract

Background Fungi biosynthesize a wide range of chemically diverse secondary metabolites during processes of
competition with other micro- and macro-organisms, symbiosis, parasitism, or pathogenesis. Some of these natural
compounds have antibiotic properties, which allow the microbe to inhibit and/or kill their microbial competitors.

Results In the course of an ongoing search for novel bioactive metabolites from Trichoderma harzianum M10 using
OSMAC (One Strain MAny Compounds) strategy, a bioactive chromone derivative has been isolated. The 5-hydroxy-
2,3-dimethyl-7-methoxychromone (1), purified for the first time from T. harzianum M10 and induced in specific
medium (potato dextrose broth, PDB) and condition (light and shaking), has been obtained as pure crystals and its
structure has been fully characterized using X-ray and spectroscopic methods. This metabolite revealed a significant
antibiotic activity against Rhizoctonia solani (45% of growth inhibition after 24 h of incubation at a concentration of
100 ng plug™') and significantly reduced the viability of colorectal human cancer cells in a concentration-dependent
manner. Moreover, metabolomic analysis allowed the identification of compounds modulated by the cultivating
conditions. Among the statistically different molecules detected it was possible to identify siderophores, such as fer-
ricrocin and coprogen B, harzianic acid (and its derivatives), and butenolides.

Conclusion OSMAC strategy represents a valuable approach to overcome the limitations of experiments performed
under laboratory conditions. Indeed, it is possible to modulate metabolites production by changing medium and
conditions applied to the cultures. A specific set of conditions induced the production of a secondary metabolite
never isolated from T. harzianum M10. The compound, a methoxychromone derivative, characterized by X-ray diffrac-
tion, mass spectrometry, IR, and NMR, displayed antimicrobial and antitumor activities.
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Introduction
Fungi of the genus Trichoderma are successfully used
in agriculture due to their aptitude to act as biocontrol
agents and to stimulate plant growth and resistance to
biotic and abiotic stress [1]. Numerous studies have been
conducted to characterize the factors involved in the
interactions of Trichoderma sp. with the plant and the
pathogen with the aim to discover specific molecules
with a direct and/or indirect activity [2, 3]. Recently,
metabolomics has been extensively applied to select ben-
eficial strains and their “effectors” or to identify factors
established by these beneficial microorganisms with their
microenvironment [4—8].

Several strains of Trichoderma are well-known pro-
ducers of bioactive secondary metabolites [9, 10].

Trichoderma produces natural compounds involved
in the beneficial interactions with the plants [11, 12].
Microbes can synthetize a wide range of metabolites, but
purification of known compounds is frequent since some
biosynthetic genes are not transcribed in vitro or under
standard laboratory conditions. Many genes are silent
and such clusters can be activated using specific elicitors
and/or in specific conditions [13]. OSMAC (One Strain
MAny Compounds) strategy is based on the applica-
tion of a variety of growing environments on a selected
fungal (or other microbial) strain to induce biosynthe-
sis of secondary metabolites [14]. This approach can be
applied using different methods, such as (1) varying the
composition of the media, salinity, and pH; (2) using
solid or liquid medium, and by adding solvents (i.e.,
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DMSO, methanol, etc.) or trace elements (i.e., halogens;
metal cations or rare earth cations); and (3) modifying
growth temperature, light or darkness, oxygen concen-
tration, vessel type, and static or shaking conditions [15].
To overcome the laboratory limitations, it is also possi-
ble to cultivate fungi by simulating naturally occurring
conditions, where microbes co-exist within complex
communities, generally referred as the “microbiome”
[15]. This method can be used to elicit the production of
novel bioactive compounds through the co-cultivation of
selected microbial strains in a specific growing environ-
ment [16-18].

In the course of an ongoing search for second-
ary metabolites from T. harzianum M10, a bioac-
tive methoxychromone derivative (1) was identified
by using OSMAC strategy to up-regulate the genes
involved in the biosynthesis of this compound. After
growing M10 strain in an inductive liquid medium,
the cultural filtrate was exhaustively extracted with
ethyl acetate and the crude extract was fraction-
ated by direct phase column chromatography. A
compound, obtained as pure crystal from one of the
fractions, was identified as 5-hydroxy-2,3-dimethyl-
7-methoxychromone by X-ray analysis and spectro-
scopic studies. The compound, isolated for first time
from a T. harzianum M10 culture, was tested at dif-
ferent concentrations for antifungal activity against
the phytopathogenic agent Rhizoctonia solani and on
colorectal human cancer cells.

Materials and methods

General experimental procedures

Fractionation with column chromatography was made on
silica gel (Merck silica gel 60 GF,5,), and TLC (thin-layer
chromatography) silica gel GF,5, plates (Merck Kieselgel
60 GF,5,, 0.25 mm). The metabolites were detected on
TLC plates with an UV lamp working at 254 or at 366 nm
and/or by spraying with 5% (v/v) H,SO, solution in EtOH
(ethanol) followed by heating at 100 °C for 3 min. IR
spectrum was recorded on a JASCO 4700 interferometer
(JASCO International CO., LTD, Tokyo, Japan). Before
being pressed and used as a solid support, the KBr pow-
der was dried overnight at 120 °C."H NMR spectrum was
recorded on a Bruker AMX instrument (Ascend TM400,
Bremen, Germany) at 400 MHz in CDCl;. The same sol-
vent was used as internal standard.

Microbial strains

T. harzianum strain M10 and R. solani were taken from
the collection at University of Naples Federico II and
maintained on Potato Dextrose Agar (HI-MEDIA, Pvt.
Ltd., Mumbai, India) at 25 °C.
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Growing conditions—OSMAC strategy

M10 was cultured in different liquid media and under
different conditions to evaluate the modulation of meta-
bolic profile. One 5 mm @ plug was taken from the bor-
der of actively growing mycelium and inoculated into a
250-mL flask containing 100 mL of sterile medium. The
media used for this experiment were Potato Dextrose
Broth (PDB), 1/10 PDB, Yeast Peptone Glucose (YPD, 1%
yeast extract, 2% peptone, 2% D-glucose) broth, Minimal
Medium (MM, 3% sucrose, 0.05% KCl, 0.2% NaNO,, 0.1%
KH,PO,, 0.05% MgSO, x 7H,0) broth, and MM + 1 mM
of iron chloride (FeCl;). Each medium was incubated
under white light or dark conditions and under rotation
(140 rpm) or under static conditions for 15 days at 25 °C.
Culture filtrates were obtained by pouring the liquid
through Miracloth filter paper (Merck KGaA, Darmstadt,
Germany) at atmospheric pressure. The experiment was
carried out in triplicate.

Metabolites production in inducing liquid medium

Twelve 10 mm O plugs of M10, obtained from sporulated
PDA cultures, were inoculated into 5 L flask contain-
ing 2.5 L of sterile PDB (HI-MEDIA, Pvt. Ltd., Mumbali,
India). Four shaking liquid cultures were incubated at
25 °C and under white light for 21 days and then filtered
through Miracloth filter paper at atmospheric pressure.

Metabolites extraction
Culture filtrate (10 L) was extensively extracted with
ethyl acetate (EtOAc, Carlo Erba, Cornaredo, Milan,
Italy) three times and the combined organic fractions
were dried with sodium sulfate anhydrous (Na,SO,,
Carlo Erba) and evaporated under vacuum at 40 °C in a
rotary evaporator (RV 10, IKA®-Werke GmbH & Co. KG,
Staufen, Germany). The crude extract thus obtained was
resuspended in dichloromethane (DCM, Carlo Erba) at a
concentration of 10 mg/mL and washed three times with
sodium hydroxide (NaOH, Carlo Erba), to remove harzi-
anic acid (HA), its stereoisomers, and derivatives [19].
The DCM residue, containing the methoxychromone
derivative (1), was further purified by direct phase col-
umn chromatography (100 g of silica). Elution gradient
was composed of petroleum ether (A, Carlo Erba) and
EtOAc (B) as follows: 100% A, 80% A, 50% A, 20%A, and
100% B. Among the sixteen fractions collected, five con-
tained compound 1.

Liquid chromatography and gas chromatography-mass
spectrometry analysis

Mass spectrometry coupled to liquid and gas chroma-
tography techniques were exploited to characterize and
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analyze culture filtrates of OSMAC strategy, the crude
extract (EtOAc), and the chromatographic fractions.

LC-MS analysis

Analyses were conducted on a HP 1260 Infinity Series
liquid chromatograph (Agilent Technologies, Santa
Clara, CA, USA), equipped with a diode array detector
(DAD, Agilent Technologies) and coupled to a high-res-
olution mass spectrometer (qQTOEF, Agilent Technologies).
The reverse phase column used was an Adamas C18-X-
Bond column (50 mm x 4.6 mm, 3.5 um, Sepachrom Srl),
the injection volume was 7 pL, and the system operated
in positive ionization mode. Elution gradient and spectral
parameters were set according to Reingold et al. (2022)
[20]. Identification was accomplished by comparison of
experimental monoisotopic masses with data present in
literature and with an in-house fungal database of sec-
ondary metabolites.

GC-MS analysis

An aliquot of the EtOAc extract undergone a derivati-
zation procedure prior to GC—MS analysis. Briefly, the
fraction was resuspended in EtOAc at 100 ppm as final
concentration and the solution was derivatized with
N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA)
(Fluka, Buchs, Switzerland) for 30 min in an ultrasonic
bath (Sonorex, Bandelin electronic GmbH & Co. K, Ber-
lin, Germany). Derivatized sample was analyzed by an
Agilent 5977B MSD mass spectrometer coupled to an
Agilent 8890 GC (Agilent Technologies). Chromato-
graphic and spectrometric parameters were set using the
MassHunter Workstation software version 10.1.49 (Agi-
lent Technologies), according to the method described by
Vinale et al. (2020) [21]. Identification of metabolites was
achieved by comparison of deconvoluted mass spectra
with known compounds, whose spectra are collected in
NIST (National Institute of Standards and Technology)
20 library [22]. Identification was also supported by cal-
culation of Kovats retention index (RI) for each analyte,
using the standard #-alkane mixture in the range C7-C40
(Sigma-Aldrich, Saint Louis, MO, USA).

Single crystal X-ray analysis

Single crystals of chromone complex were prepared at
room temperature by slow evaporation of ethyl acetate.
Chromone crystals appeared as transparent elongated
plates with typical dimensions of 0.1 x 0.03 x 0.03 mm.
Data were collected with synchrotron radiation (wave-
length, 0.7000 A) from XRD1 beamline at the Elettra
Synchrotron Light Source, Trieste Italy. By using a small
loop of fine rayon fiber, the selected crystal for data dif-
fraction was dipped in cryoprotectant Paratone oil and
flash frozen in a stream of nitrogen at 100 K. For the
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Table 1 Crystal data and structure refinement details for

methoxychromone derivative (1)

Methoxychromone derivative (1)

CCDC number 2142932
Metabolite formula Cy5H1,0,
Temperature (K) 100
Wavelength (A) 0.7000
Crystal system Triclinic
Space group P-1

ad) 7.4160(15)

b (A 7.9020(16)
c(A) 9.6910(19)
a(®) 72.103)

BO) 72.233)

6] 78.84(3)
R-merge (last shell: 0.75-0.71 A) 0.055 (0.224)
CC(1/2) 1.000 (0.982)
1/5(1) 10.11 (4.08)
Completeness (%) 97.5(96.5)
Estimated mosaicity (°) 0.236
Volume 51151 A3

z 2

Calculated density 1430gcm™3
g range for data collection (°) 2.684-29.756
All data / restraints / parameters 2999/0/149
RT indices (I> 2 s(l), 1873) 0.0586

wWR2 0.207, all data
F(000) 232

Largest diff. peak and hole 0404 and — 0382 e-/A°
Goodness-of-fit on F 0.82

best diffracting crystal, a total of 360-degree crystal
rotation data were collected from 720 images using an
oscillation range of 0.5. Data were processed using XDS
and POINTLESS 1.11.21 with a data collection statis-
tic reported in Table 1 [23]. Crystal gave a monoclinic
unit cell with axes a=7.42 A, b=7.90 A, c=9.69 A,
a=72.10°, p=72.23° y=78.84°, V=511 A3 and space
group P -1. Structure solution was found by direct meth-
ods using Sir200 [24], which revealed the presence of one
molecule in the ASU and most of the expected metabolite
atom connectivity. Structure was anisotropically refined
using full matrix least-squares methods on F?* against all
independent measured reflections using SHELXL [25]
run under WinGX [26] suite for the refinement of small
molecules. Peaks in difference electron density map were
observed corresponding to all hydrogen atoms of the
metabolite, which were introduced and refined in agree-
ment with a riding model as implemented in SHELXL.
Figures were generated using Mercury CSD 3.6 [27]. Chr-
omone crystallographic data have been deposited with
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Fig. 1 Principal component analysis (PCA) score plots of the LC-MS data from M10 culture filtrates. Each medium is depicted with a different
color and shape: PDB is brown circle; 1/10 PDB is gray rhombus; MM is red square; MM + Fe is blue triangle, YPD is green arrow. a dark + shaking
condition: PC1 accounts for 56.07% and PC2 17.53% of total variance; b light + shaking condition: PC1 42.43% and PC2 33.52%; ¢ dark + static
condition: PC1 57.5% and PC2 18.18%; d light 4 static condition: PC1 51.03% and PC2 16.17%

Fig. 2 Structure of 5-hydroxy-2,3-dimethyl-7-methoxychromone (1)

the Cambridge Crystallographic Data Centre and can be
obtained via www.ccdc.cam.ac.uk/data_request/cif with
the accession code 2142932 [28]. A selection of crystal
data and structure refinement details for methoxychr-
omone derivative are reported in Table 1.

Antifungal assay

Purified methoxychromone derivative was tested against
soil-borne plant pathogen R. solani using the method
described by Vinale et al. (2016) with some modifications
[29]. Starting from actively growing mycelium, 5 mm @
plugs were placed at the center of Petri dished contain-
ing PDA. Volumes of 10 puL were applied on each plug at
six different concentrations, ranging from 0.01 to 200 pg

plug™!. Water and ethyl acetate-treated plugs were used
as controls. Petri plates were left in a laminar flow cabinet
until the solvent was evaporated and then incubated for
four days at room temperature. Radial growth was meas-
ured daily as colony diameter (mm) and used to calculate
the inhibition percentage.

Plant growth promotion assay

To test the plant growth promotion activity, tomato
seeds (Lycopersicum esculentum cv. San Marzano 823)
were treated (coating) with different amounts of 1 (from
200 ug to 1 ng per seed). The method described by Vinale
et al. (2009) was used to determine the effect on seed ger-
mination and plant growth [30].

Cytotoxicity assay

The human colon adenocarcinoma cell lines HCT116
(ATCC from LGC Standards, Milan, Italy) were cultured
in Dulbecco’s Modified Eagle Medium (DMEM, Sigma-
Aldrich, Milan, Italy) supplemented with 10% and heat-
inactivated Fetal Bovine Serum (FBS, Sigma-Aldrich,
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Table 2 Metabolites differentially accumulated in M10 culture
filtrates cultivated in different media (MM, MM +Fe, YPD, PDB,
1/10 PDB) and under different conditions (dark+ shaking,
light 4 shaking, dark 4+ static, light + static)

Compound Regulation
PDBvs MM PDB vs PDBvsYPD PDBvs
MM + Fe 1/10
PDB
Dark + shaking
T39butenolide 0 1 t {
Harzianolide { { 1 2
Light+ shaking
Dehydro harzia- ! ) \ =
nolide
5-hydroxy-2,3-dime- 4 4 4 4
thyl-7-methoxychr-
omone
Harzianolide ! 1 { ¥
Harzianic acid 1 0 | {
Ferricrocin ! 1 { 2
Dark + static
Dehydro harzia- 1 1 t t
nolide
Harzianolide 0 1 1 1
Isoharzianic acid 0 1 1 |
Harzianic acid A 1 0 {
Light + static
Dehydro harzia- 0 { 1 |
nolide
T39butenolide 1 1 { 2
Dimethyl-harzianic 4 4 J
acid
Isoharzianic acid 1 1 0 |
Harzianic acid 4 t 1 1
Homoharzianic acid | 1 ) ¥
Coprogen B 1 { l \

| =down-regulated, PDB vs other media; 1 is up-regulated, PDB vs other media

Milan, Italy) and maintained at 37 °C in a humidified
incubator with 5% CO,. Cell viability was evaluated by
measuring the mitochondrial reductase activity (MTT
assay). Briefly, HCT116 cells were seeded in a 96-wells
plate (1 x 10* cells per well) and then treated for 48 h
with compound 1 (0.1-10 pg/mL). After this period, the
treatment medium was replaced with fresh medium con-
taining MTT (250 pug/mL, for 1 h at 37 °C). After solubili-
zation in DMSO, the mitochondrial reduction of MTT to
formazan was quantitated at 490 nm using Multiskan GO
microplate reader (Thermo Fisher Scientific, MA, USA).
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Statistical analysis

Statistical analysis was performed on culture filtrates of
T. harzianum M10 cultivated under different conditions
(OSMAC strategy) to evaluate statistical differences of
the production of secondary metabolites. Multivariate
and univariate analyses were implemented following the
method described by Comite et al. (2021) [31].

Statistical differences among treatments applied on R.
solani plugs and control group were evaluated by per-
forming one-way ANOVA followed by Dunnett’s mul-
tiple comparisons test (p<0.001) on GraphPad Prism
software version 9.4.1 (GraphPad Software, San Diego,
California USA). The same approach was used to esti-
mate significant reduction of human colon adenocar-
cinoma cells viability of treated samples against control

group.

Results and discussion

T. harzianum M10 was cultured in different liquid media
(potato dextrose broth—PDB —, 1/10 diluted PDB, yeast
peptone glucose——YPD, minimal medium--MM, and
MM+1 mM of FeCl;) and under different conditions
(light or dark, static or shaking—140 rpm—for 15 days at
25 °C) to evaluate the modulation of metabolic profiles.

Raw data, obtained after LC—-MS analysis of culture
filtrates, were subjected to statistical analysis (multivari-
ate, principal component analysis; univariate, one-way
ANOVA p<0.05 and fold change (FC)>2.0). The score
plots for each couple of conditions (dark+ shaking,
light + shaking, dark + static, light 4 static) are reported
in Fig. 1.

A clear separation along components is evident, par-
ticularly for principal component 1. Figure la shows
the formation of two subgroups composed of MM and
MM + Fe samples on the left side of the plot, and YPD,
PDB, and 1/10 PDB that spread along PC2 on the right
side of the plot. Similar trends are showed in Fig. 1b—d,
with a separation in two subgroups that are differently
composed. MM is grouped with richer media (YPD and
1/10 PDB), and PDB samples cluster away from both rich
and poor media (Fig. 1b, c). Under light+static condi-
tion (Fig. 1d), poor media cluster together and are closer
in the component space to YPD group, while 1/10 PDB
separates along PC2. PDB group is separated along both
PC1 and PC2. For each multivariate analysis it is possi-
ble to notice an unsupervised separation, the presence
of subgroupings within replicates, and one outlier fall-
ing outside the 95% confidence ellipse in Fig. 1a. Unusual
behaviors are due to biological variability of the samples.
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Table 3 Compounds identified from T. harzianum M10 crude extract by GC and LC-MS analysis

Compound Rt (min) RI

GC-MS
2,3-Butanediol, 2TMS derivative 5.469 1054.3
2-Hydroxy-3-methylbutyric acid, 2TMS derivative 7.158 1175.1
2-Hydroxyisocaproic acid, 2TMS derivative 8.133 1244.0
Hexanoic acid, 2TMS derivative 8.186 1247.7
Glycerol, 3TMS derivative 8.699 1283.7
Nicotinic acid, TMS derivative 8.874 1296.1
1,2,3-Butanetriol, 3TMS derivative 9.000 1305.3
Pentanedioic acid, 2TMS derivative 10.349 1407.9
Furandimethanol, 2TMS derivative 10.532 1422.8
3-Hydroxy-2,3-dihydromaltol, 2TMS derivative 10.997 1461.1
DL-Pyroglutamic acid, 2TMS derivative 11.775 1535.8
5-Hydroxy-2-(hydroxymethyl)pyridine, 2TMS derivative 11.873 15456
3-Phenyllactic acid, 2TMS derivative 12.332 1598.1
4-Hydroxybenzoic acid, 2TMS derivative 12.588 1636.1
Cyclo(glycylprolyl), TMS derivative 13.249 174322
Protocatechuic acid, 3TMS derivative 13.713 18335
Homoprotocatechuic acid, 3TMS derivative) 13.772 1846.4
Stearic acid, TMS derivative 15.300 2238.8
Uridine, 4TMS derivative 16.313 2476.5

Compound

Monoisotopic mass (Da) Molecular formula

LC-MS
2-Aminophenylacetic acid
Nicotinic acid
Benzeneacetaldehyde
Indoleacetic acid
7-Hydroxy-3-(2,3-dihydroxybutyl)-1(3H)-isobenzofuranone
Tryptophol
Isoharzianic acid
5-hydroxy-2,3-dimethyl-7-methoxychromone
Harzianic acid
Homoharzianic acid

151.0636 CgHNO,
1230325 CeHsNO,
1200579 CaHsO
205.0861 CoHi505
2380828 Cy,H10s
1610843 CyoHyNO
365.1844 C,qHoNO,
2200758 C,H,0,
365.1852 C,gHoNO;
3792003 CogHoNO;

Metabolic profiles resulted to be strongly influenced by
the medium and environmental conditions.

Due to the promising results obtained from PCAs, uni-
variate analysis was performed to identify metabolites,
whose abundance and production were influenced by the
cultivating condition. Among the statistically different
compounds detected (69, 175, 100, 104 for dark + shak-
ing, light+shaking, dark+static and light+ static,
respectively), it was possible to identify siderophores,
such as ferricrocin and coprogen B, harzianic acid (HA)
and its derivatives, butenolides and a never isolated from
M10 metabolite, 5-hydroxy-2,3-dimethyl-7-methoxychr-
omone (1, Fig. 2). In Table 2 the regulation of metabolites

(up- or down-regulated), analyzed in M10 culture filtrate
in different substrates and conditions, is reported.

Interestingly, the chromone derivative is up-regulated
when M10 strain has been cultivated in PDB under shak-
ing and white light condition. Furthermore, HA and
isoHA production increased in diluted PDB in all condi-
tions except for dark+ shaking. Concerning HA deriva-
tives, it was possible to detect homoHA and dimethylHA
only in static cultivations, with remarkable modulation
when M10 is grown under white light (Table 2).

T. harzianum M10 was then cultivated in higher
volumes of medium under inducing conditions
(PDB, shaking and white light, at 25 °C) to purify and
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characterize the unknown compound. The culture fil-
trate was exhaustively extracted with EtOAc, and the
crude extract suspended in DCM and washed with
diluted NaOH to remove HA and its derivatives (includ-
ing stereoisomers). EtOAc extracts were analyzed by
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GC-MS and LC-MS: the known compounds reported
in Table 3 were readily identified by spectroscopic and
chromatographic data comparison with libraries, and
by comparison with authentic standards.

The DCM residue was separated by silica gel column
chromatography to give sixteen fractions. Fractions from
2 to 6 (21.3 mg) contained compound 1 as pure crystals
(Fig. 2).

5-hydroxy-2,3-dimethyl-7-methoxychromone (1) (2.1 mg
L") was a transparent crystal with a molecular ion [M +H]"
at 221.0817, [M+K]* at 259.0286, [2 M+K] " at 479.1031,
[3 M+K]" at 699.1756, and A max at 205, 240, 289, and
316 nm (Fig. 3a and b). UV, IR, and NMR (Additional file 1:
Fig. S1 and S2, Table S1) spectroscopic data are consistent
with data from literature [32].

The X-ray structure of the chromone is shown in Fig. 4.
The probe crystallizes in centrosymmetric space group
P-1 with one molecule in the asymmetric unit. Crystal
packing of chromone shows antiparallel arrangement
of the metabolite and exhibits m-m stacking interac-
tions of the molecule core structure along the a-axis, in
agreement with the inversion center of P-1 space group
(Fig. 4). The structure is stabilized by the intramolecular
hydrogen bond of 2.582 A between the -OH group and
oxygen atom group of the ketone moiety.

The compound 5-hydroxy-2,3-dimethyl-7-methox-
ychromone, purified for first time from T. harzianum
strain M10, both in the culture filtrate (exometabolites)
and on the mycelia (endometabolites), was tested at
different concentrations for antifungal activity against
the phytopathogenic agent R. solani. Antifungal activ-
ity was increased with the increasing concentration
of compound 1. The maximum inhibition percentage

Fig. 4 Thermal ellipsoids representation of chromone drawn at 50% probability (left side) and crystal packing arrangement of chromone (right
side). Atoms are color coded as follows: carbon (gray), oxygen (red), nitrogen (blue) in balls-and-sticks representation. Crystal packing arrangement

shows pi-pi interactions along the b-axis
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Fig. 5 Inhibition of Rhizoctonia solani radial growth after treatment
with 5-hydroxy-2,3-dimethyl-7-methoxychromone (1) at different
concentrations. Bars represent standard deviation. *p < 0.001
according to one-way ANOVA statistical analysis against control
group
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Fig. 6 Cell viability assay in HCT116 cells alone (CTRL) or in the

presence of 5-hydroxy-2,3-dimethyl-7-methoxychromone (1) at
different concentrations (0.1-10 pug/mL, 48 h) (n = 3). Results are
expressed as mean £ SEM

was 61% after 24 h of incubation at a concentration of
200 pg plug™!, whereas the lowest concentration that
resulted in a significant inhibition (45%) against control
was 100 ng plug ~! after 24 h of incubation (Fig. 5).

In our experiments, tomato seedlings assays showed
that (1) do not promote plant growth even at low con-
centration. No significant phytotoxic effects have been
registered at all the concentration used (data not shown).

The cytotoxic effect of 5-hydroxy-2,3-dimethyl-
7-methoxychromone (1) was detected against the colo-
rectal human cancer cell line HCT116. As shown in
Fig. 6, treatment with compound 1 significantly reduced
the viability of HCT116 cells in a concentration-depend-
ent manner after 48 h of incubation (40% reduction
of viability at 10 pg mL™%; 25% at 3 pg mL™}; 15% at
1 pg mL™, and 10% at 0.3 and 0.1 pug mL ™).
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5-hydroxy-2,3-dimethyl-7-methoxychromone has been
isolated from T. citrinoviride but no bioactivity has been
reported [33]. Interestingly, 1, purified form a marine
Trichoderma sp. (strain TA26-28), showed a significant
antibiotic activity against several pathogenic bacteria (six
Gram-positive Staphylococcus aureus, S. albus, Bacillus
cereus, B. subtilis, Micrococcus tetragenus, Kocuria rhiz-
ophila, and four Gram-negative Escherichia coli, Vibrio
parahaemolyticus, V. anguillarum, and Pseudomonas
putida) with minimum inhibitory concentration rang-
ing from 0.78 to 6.25 pM [34]. The chromone deriva-
tive, purified from the endophytic T. harzianum strain
Fes1712, demonstrated low antimicrobial activity against
C. albicans, B. subtilis, E. coli, P. aeruginosa, and S. aureus
with MIC values > 256 pg mL ™! [35]. Recently, Siebatcheu
et al. (2022) reported that 1, extracted from liquid cul-
tures of T. erinaceum, inhibited the mycelial growth of
Pythium ultimum (200 pg mL~'=46.05% of inhibition;
100 ng mL™1=17.11% of inhibition) [36].

Zhang et al. (2021) reported the antifungal activity and
MIC value determined by microdilution assays of the
similar pure compound, 5-hydroxy-3-hydroxymethyl-
2-methyl-7methoxychromone isolated from a strain of
T. harzianum [37]. This compound showed significant
activity (MIC of 256 ug mL™") against the causal agent of
anthracnose on several fruits, Colletotrichum gloeospori-
oides [38].

Compound 1 has been isolated from other microbial
strains, such as the entomopathogenic fungus Ascher-
sonia confluens BCC53152 (antibacterial activity tested
against B. cereus, E. coli, P. aeruginosa, Klebsiella pneu-
moniae, Acinetobacter baumannii, and Enterococcus fae-
cium with MIC values >50 pug mL™}; cytotoxicity activity
against Vero cells with IC50 value of 194.90 uM) [39], the
mycobiont cultures of the lichen Graphis scripta [32],
and Talaromyces minioluteus, from the deep-sea cold
seep mussel Gigantidas platifrons. In this last work the
authors named the compound as 5-hydroxy-7-methoxy-
2,3-dimethylchromone [40].

Chromones are isolated in plants and microbes and
are heterocyclic compounds having a benzoannelated
y-pyrone ring representing the core of a fragment of vari-
ous flavonoids. Numerous molecules belonging to this
class of natural products have significant biological activ-
ities and are reported to be used in traditional medicines
as antiallergic, anti-inflammatory, antidiabetic, anti-
tumor, anti-asthma/bronchodilator, and antimicrobial
(also including development of chromone-based drugs)
[41]. Anticancer activity has been also related to various
chromones for several molecular targets, such as pro-
tein kinases, protein tyrosine phosphatases, thymidine
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phosphorylase, topoisomerase, and drug transporters
[42].

Conclusion

Microorganisms play a key role as main source of
secondary metabolites for pharmaceutical and agri-
cultural purposes. Nevertheless, the number of new
metabolites is decreasing due to the purification of
known compounds. OSMAC strategy can overcome
laboratory limitations and allow the discovery of novel
metabolites, whose biosynthetic pathways are activated
or up-regulated by different growing conditions. The
application of sets of conditions and different liquid
media modulated M10 metabolic profiles: harzianic
acid, its derivatives, and other known compounds were
up or down-regulated depending on the experimental
setup. The combination of shaking, light and PDB elic-
ited the production of a never isolated from M10 com-
pound. The methoxychromone derivative was obtained
as pure crystals, characterized by X-ray diffraction and
mass spectrometry, and tested for antimicrobial and
antitumor activities.
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