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There is a growing demand for effective, environmentally friendly pesticides due
to increasing environmental awareness and stricter regulations on chemical use.
Natural products, including secondary metabolites of the invasive tree of heaven
(Ailanthus altissima), could represent promising sources for biopesticide devel-
opment. A bioassay-guided isolation workflow involving thin-layer chromatog-
raphy (TLC)-Bacillus subtilis bioassay, TLC—high-resolution mass spectrometry
(HRMS), and preparative flash column chromatography yielded three antimicro-
bial seco-dammarane triterpenes from the methanolic extract of A. altissima
petioles, namely the known shoreic acid (1), and the previously undescribed
foveolin C (2), and (20S,24R)-epoxy-25-hydroxy-A-homo-4-oxadammaran-3-
one (3). Their structures were elucidated by nuclear magnetic resonance (NMR)
spectroscopy, supported by high-resolution tandem mass spectrometry (HRMS/
MS) and polarimetry. The presence of the hydroxylated, polyunsaturated fatty
acids 13-hydroxy-9,11-octadecadienoic acid (13-HODE, 4) and 9-hydroxy-10,12-
octadecadienoic acid (9-HODE, 5), previously isolated from A. altissima bark, was
also confirmed in the petioles by high-performance liquid chromatography
(HPLC)-HRMS/MS. To the best of our knowledge, compounds 2 and 3 are
reported here as new natural products, while compounds 1, 4, and 5 were
detected in A. altissima petioles for the first time. In microdilution assays,
compounds 1-5 showed antimicrobial activity against B. subtilis, the plant
pathogenic bacteria Curtobacterium flaccumfaciens pv. flaccumfaciens,
Clavibacter michiganensis, and Rhodococcus fascians, as well as the plant
pathogenic fungus Fusarium graminearum. Compound 1 exhibited the strongest
antibacterial activity, especially against C. michiganensis and R. fascians, with
minimal inhibitory concentration (MIC) values two-fold lower than those of the
positive control neomycin. Compounds 2-5 were the most effective against R.
fascians, with MIC values the same as or two-fold higher than those of neomycin.
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These results indicate that A. altissima petioles represent a promising source of
antimicrobial phytochemicals. After proper structure optimization, they could
serve as lead compounds for the development of novel antimicrobial agents
against certain phytopathogens.

KEYWORDS

antibacterial activity, antifungal activity, bioassay-guided isolation, phytopathogens,
seco-dammarane triterpenes, TLC—effect-directed analysis, TLC—MS, tree of heaven

1 Introduction

Ailanthus altissima (Mill.) Swingle, commonly known as the
tree of heaven, belongs to the family Simaroubaceae, which consists
of approximately 120 species (Pirani et al., 2022). It is a dioecious
tree originating from China and Vietnam that has become present
on all continents except Antarctica (Kowarik and Sdumel, 2007). In
Europe, it was first introduced as an ornamental plant in the 18th
century, and nowadays it is considered one of the most invasive
plant species in many countries (Sladonja et al., 2015). It is mostly
found in cities and disturbed areas, but also occurs in natural
habitats, along transportation corridors, and the borders of agri-
cultural fields (Kowarik and Saumel, 2007). The aggressive spread of
the tree, due to its fast growth rate, high seed production, and lateral
root sprouts has a negative impact on the local biodiversity
(Demeter et al., 2021; Soler and Izquierdo, 2024). Allelochemicals
produced by its roots, such as ailanthone, can also inhibit the
growth of surrounding vegetation, thus endangering the native flora
(Qureshi and Anwar, 2024). Its pest, the spotted lanternfly
(Lycorma delicatula), which has already appeared in North
America and other regions, could also threaten various plant
species, including grapevine (Vitis vinifera) (Barringer and Ciafre,
2020). Different strategies, including mechanical, chemical, and
biological control, have been applied in the management
of A. altissima, with varying degrees of success (Soler and
Izquierdo, 2024).

The dried bark of the tree has been widely used in traditional
Asian medicine to treat various illnesses, including gastrointestinal
infections, uterine bleeding, leukorrhea, and fever (Li et al., 2021).
Until now, more than 221 compounds have been isolated and
characterized from the bark such as alkaloids (Ohmoto et al., 1976),
quassinoids (Kubota et al., 1996), triterpenoids (Hong et al., 2013),
coumarins (Seon et al., 2005), flavonoids (Muhammad Abdur
Rahman et al., 2023), lignans (Zhu et al., 2021), and volatile oils
(Andonova et al., 2021). Several among these constituents have
been reported to exhibit diverse biological activities. The most
characteristic and widely studied components, the quassinoids,
were found to exhibit antitumor (Yang et al., 2014; Bailly, 2020),
anti-tuberculosis (Rahman et al, 1997), and herbicidal (Heisey,
1996) effects. Alkaloids, especially canthin-6-one derivatives, dis-
played antibacterial, antifungal, antiviral, and antimalarial activities
(Dai et al.,, 2016; Farouil et al., 2022). The leaf extracts have been
shown to be rich in flavonoids such as quercetin, kaempferol,
apigenin, and luteolin with antioxidant, antibacterial, antifungal,
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and cytotoxic properties (Poljuha et al, 2017; Mohamed et al.,
2021). In recent studies, steroids from the leaves were also found to
be effective against bacteria and hepatocellular carcinoma cell lines
(Poljuha et al., 2017; Gao et al., 2022).

Pesticides play an important role in modern agriculture. The
increasing world population has led to a growing demand for food
production, which would be difficult to meet without these chem-
icals for controlling weeds, insects, and fungi. However, the overuse
of pesticides contributes to environmental pollution, negatively
affects human health, and causes harm for non-target animals
and plants (Tudi et al.,, 2021; Zuafiga-Venegas et al., 2022; Asefa
et al,, 2024). In addition, the number of pollinators has decreased
due to certain herbicides and fungicides, posing a serious threat to
ecosystem stability and crop production (Goulson et al., 2015; Basu
et al., 2024). Therefore, it is necessary to find safer, more environ-
mentally sustainable alternatives, for which natural products could
be potential candidates. A. altissima could be a promising source of
natural pesticides, due to its competitive and resilient nature (De
Feo et al., 2003; Pedersini et al., 2011).

In our previous studies (Cselotey et al., 2024; Vovk et al., 2026),
bioprofiles, including antibacterial profiles of tree of heaven extracts
from different plant parts were evaluated, and six antibacterial com-
pounds were isolated and identified from the stem and trunk bark of A.
altissima: (9Z,11E)-13-hydroxy-9,11-octadecadienoic acid (13-HODE),
(10E,12Z)-9-hydroxy-10,12-octadecadienoic acid (9-HODE),
hexadecanedioic acid, 16-hydroxyhexadecanoic acid, 16-
feruloyloxypalmitic acid, and canthin-6-one. Continuing this research,
the present work aimed for the isolation, identification, and character-
ization of antibacterial compounds present in the methanolic extracts of
A. altissima petioles and determining their antibiotic profile against
plant pathogens. The analytical workflow included thin-layer chroma-
tography (TLC) coupled with Bacillus subtilis bioassays, chemical
derivatization, and spectroscopic (UV, Vis, FLD) and spectrometric
(heated electrospray ionization (HESI)-tandem high-resolution mass
spectrometry (HRMS/MS)) techniques for screening and characteriza-
tion of the compounds, normal- and reversed-phase flash column
chromatography for bioassay-guided isolation. Flow injection analysis
(FIA)-HR-HESI-MS/MS, polarimetry, and UV, attenuated total reflec-
tance Fourier-transform infrared (ATR-FTIR), and nuclear magnetic
resonance (NMR) spectroscopy were applied for structural identifica-
tion. The antibacterial and antifungal activities of the isolates were
evaluated by in vitro microplate assays against B. subtilis, and the plant
pathogens Clavibacter michiganensis, Curtobacterium flaccumfaciens
pv. flaccumfaciens, Rhodococcus fascians, and Fusarium graminearum.
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2 Materials and methods

2.1 Materials

The 20 cm x 10 cm aluminum- and glass-backed TLC silica gel
60 F,s, layers were purchased from Merck (Darmstadt, Germany).
Acetone, n-hexane, ethyl acetate, chloroform (stabilized with 5-50
ppm amylene), isopropyl alcohol, toluene, and methanol were
obtained from Molar Chemicals (Halasztelek, Hungary) or Reanal
(Budapest, Hungary). Isopropyl acetate, neomycin, benomyl, p-
anisaldehyde, chloroform-d (299.8 atom% D, containing 0.5 wt.%
silver foil as stabilizer, and 0.03% (V/V) tetramethylsilane), and
methanol-d, (299.8 atom% D) were purchased from Sigma-Aldrich
(Budapest, Hungary). Acetic acid was from Lach-Ner (Neratovice,
Czech Republic), and ultrapure water was prepared by a Millipore
Direct-Q 3 UV Water Purification System (Merck). Preparative
silica gel (no. 60752, high-purity grade, 60 A pore size, 230-400
mesh particle size) was acquired from Sigma-Aldrich (St. Louis,
MO, USA). LC-MS grade methanol was supplied by VWR
(Debrecen, Hungary). 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) was acquired from Carl
Roth (Karlsruhe, Germany).

Bacillus subtilis (F1276) was provided by Jozsef Farkas (Central
Food Research Institute, Budapest, Hungary). Clavibacter
michiganensis (NCAIM B.01813) and Curtobacterium
flaccumfaciens pv. flaccumfaciens (NCAIM B.01609) were obtained
from the National Collection of Agricultural and Industrial
Microorganisms (NCAIM, Budapest, Hungary). Fusarium
graminearum Schwabe (NCAIM F.00730), Rhodococcus fascians
(NCAIM B.01608), Dickeya chrysanthemi (previously Erwinia
chrysanthemi, NCAIM B.01392), Pectobacterium carotovorum ssp.
carotovorum (previously Erwinia carotovora NCAIM B.01109),
Pectobacterium atrosepticum (previously Erwinia carotovora ssp.
atroseptica, NCAIM B.01611), and Xanthomonas citri pv.
malvacearum (NCAIM B.01712) were purchased from NCAIM.
Other tested Gram-negative bacterial strains were Pseudomonas
syringae pv. tomato DC3000 (Cuppels, 1986), Pseudomonas
syringae pv. maculicola Lux CDABE (Fan et al, 2008), and
Agrobacterium tumefaciens [strain C58C1 (Deblaere et al., 1985)].

2.2 Plant material and sample preparation

The petioles of A. altissima were collected at three Hungarian
locations, namely Harta (46°41'44" N, 19°03'13” E; 90 m a.s.l),
Leanyfalu (47°42'11” N, 19°04'25” E; 254 m a.s.l.), and
Balatongyorok (46°45'35” N, 17°20'16” E; 114 m a.sl.), between
May 2022 and October 2023 (Supplementary Table 1). The voucher
specimens are available at the herbarium of the Plant Protection
Institute, HUN-REN Centre for Agricultural Research, Budapest,
Hungary, with deposition numbers PPI-MA-Aa-H18.3 and PPI-
MA-Aa-H19.3, respectively. The samples were cleaned, dried at
room temperature for a week, and then ground by a coffee grinder
(Sencor SCG 2050RD, Ritany, Czech Republic). The powdered
samples (1.5 g of each) were extracted with methanol (7.5 mL) at
room temperature by using ultrasound-assisted extraction (15 min,
in an ultrasonic bath [Sonorex Super RK 106, Bandelin, Berlin,

Frontiers in Plant Science

10.3389/fpls.2026.1888371

Germany)] and analyzed by HPTLC after filtration (0.22 pm
polyvinylidene fluoride (PVDF) syringe filter, Lab-Ex, Budapest,
Hungary). For isolation, 150 g of each of the H18 and H19 samples
was extracted separately three times with methanol (700 mL) at
room temperature. The extracts were filtered (Whatman No. 2 filter
paper, Sigma-Aldrich, Budapest, Hungary) and concentrated in
vacuo at 40 °C by a rotary evaporator (Rotavapor R-134, Biichi,
Flawil, Switzerland). Samples were stored at 4 °C before and
after analysis.

2.3 TLC and TLC-B. subtilis bioassays

The plant extracts and fractions (10 pL) were applied onto the
TLC plates by an Automatic TLC Sampler 3 (ATS3, CAMAG,
Muttenz, Switzerland) or manually, using a 10 uL microsyringe
(Hamilton, Bonaduz, Switzerland), as 5-7 mm bands with 8 mm
distance from the lower plate edge. Separations were performed in a
saturated (for 10 min without filter paper) twin trough chamber
(20 cm x 10 cm, CAMAG) with toluene-isopropyl acetate-methanol
(5:4:1, V/V). Plates were developed up to 90 mm from the lower edge
in approximately 20 min. After development and drying in a stream
of cold air for 5 min, images of the plates were documented with a
digital camera (Cybershot DSC-HX60, Sony, Neu-Isenberg,
Germany) under a UV lamp (CAMAG) at 254 nm and 366 nm.
Post-chromatographic derivatization was performed by immersing
the plates in p-anisaldehyde reagent [500 UL of p-anisaldehyde, 10
mL of acetic acid, 100 mL of methanol, and 5 mL of concentrated
sulfuric acid (96%)], followed by heating for 5 min at 110 °C
(Advanced Hot Plate, VWR, Debrecen, Hungary) and documenta-
tion at white light illumination (Vis, transmittance mode, 96891
Salobrena 2 LED lamp, Eglo Lux, Dunakeszi, Hungary).

The TLC-B. subtilis bioassays were performed as previously
described (Moricz et al., 2015). B. subtilis was cultured by inoculating
10 mL of Luria-Bertani (LB) broth (10 g/L tryptone (Reanal), 5 g/L
yeast extract (Scharlab, Barcelona, Spain), and 10 g/L sodium chloride
(Reanal) with cells from an LB agar plate (5 g/L yeast extract, 10 g/L
tryptone, 10 g/L sodium chloride, 15 g/L agar (Merck)). The culture
was incubated at 37 °C for 6 h in an orbital shaker (ES-20, Orbital
Shaker-Incubator, SIA Biosan, Riga, Latvia). The resulting suspension
was then diluted with fresh LB medium to an optical density at 600 nm
(ODgqp) of 0.4 and further incubated in an orbital shaker at 37 °C until
an ODg of 1.2 was reached. The developed and dried TLC layers were
dipped into the prepared bacterial cell suspension (ODggo = 1.2) for 8 s
and incubated at 37 °C in a vapor chamber (100% humidity) for 2 h.
The visualization of the bioautograms was carried out by dipping them
into an aqueous MTT solution (1 mg/mL), followed by an additional
30 min of incubation. The living and metabolically active bacterial cells
can reduce the yellow MTT to the purple MTT-formazan; therefore,
the white zones against a purple background indicate the presence of
antibacterial compounds.

2.4 Fractionation and isolation of
antibacterial compounds

Fractionation and isolation of antibacterial compounds from
the concentrated crude extracts of the petioles were performed by
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flash column chromatography (CombiFlash NextGen 300,
Teledyne Isco, Lincoln, NE, USA) using the following columns:
silica gel columns (RediSep Bronze, 40-60 pum, 40 g; RediSep
Bronze, 40-60 pum, 12 g; RediSep Bronze, 40-60 um, 4 g,
Teledyne Isco) and FlashPure EcoFlex C18 column (50 um, 12 g;
Biichi, Uster, Switzerland).

The concentrated crude extracts of samples H18 and H19 were
separately dried onto preparative silica gel (15 g), placed into a dry-
load column, and subjected to flash column chromatography. The
fractionation was carried out on a silica gel column (RediSep
Bronze, 40-60 um, 40 g) using a gradient system of n-hexane and
acetone (0.0-1.0 min, 0%; 1.0-16.0 min, 0-20%; 16.0-26.0 min,
20%; 26.0-36.0 min, 20-100%; 36.0-38.0 min, 100% acetone) at a
flow rate of 30 mL/min. This yielded fractions 32-35 (tg = 16.2-18.3
min, 118 mg), 36-39 (fg = 18.3-21.4 min, 160 mg) and 40-54 (tg =
21.4-29.8 min, 66 mg) from sample H18 and fractions 30-33 (ty =
16.3-18.5 min, 149 mg), 34-38 (tg = 18.5-21.4 min, 125 mg) and
39-52 (tg = 21.4-29.5 min, 74 mg) from sample H19. The fractions
H18/32-35 were merged with H19/30-33, and H18/40-54 were
pooled with H19/39-52. The combined fractions were separately
dried, re-suspended in chloroform, and further fractionated on a
silica gel column (RediSep Bronze, 40-60 pm, 12 g) using a gradient
system of n-hexane containing 3% of acetic acid and ethyl acetate
(0.0-0.5 min, 0%; 0.5-10.5 min, 0-10%; 10.5-20.5 min, 10%; 20.5-
40.5 min, 10-50%; 40.5-44.5 min, 100% ethyl acetate) at a flow rate
of 15 mL/min, providing fractions 16-20 (tg = 12.3-16.4 min,
81.8 mg) and fractions 59-66 (tgx = 29.2-33.4 min, 7.4 mg).
Fractions 16-20 were dried, re-suspended in chloroform, and
further fractionated on a C;g column (FlashPure EcoFlex CI8,
50 um, 12 g) using a gradient system of water containing 0.1%
formic acid and isopropyl alcohol (0.0-0.5 min, 0%; 0.5-10.5 min,
0-50%; 10.5-15.5 min, 50%; 15.5-19.5 min, 100% isopropyl alco-
hol) at a flow rate of 10 mL/min to give fractions 14-23 (tg = 9.6-
14.7 min, 23.9 mg). The fractions 14-23 were dried, re-suspended in
chloroform and further purified on a silica gel column (RediSep
Bronze, 40-60 |m, 4 g) using a gradient system of chloroform and
ethyl acetate (0.0-1.0 min, 0%; 1.0-6.0 min, 0-10%; 6.0-11.0 min,
10%; 11.0-16.0 min, 10-100%; 16.0-18.0 min, 100% ethyl acetate)
at a flow rate of 10 mL/min to obtain compound 1 (fractions 19-21,
tr = 12.7-15.2 min, 14.4 mg).

The fractions 59-66 from the second fractionation were com-
bined, re-suspended in chloroform and further purified on a silica
gel column (RediSep Bronze, 40-60 um, 4 g) using a gradient
system of chloroform and isopropyl alcohol (0.0-1.0 min, 0%; 1.0-
6.0 min, 0-10%; 6.0-11.0 min, 10%; 11.0-16.0 min, 10-100%; 16.0-
18.0 min, 100% isopropyl alcohol) at a flow rate of 10 mL/min to
furnish compound 2 (fractions 15-18, tg = 9.1-12.3 min, 2.5 mg)
and compound 3 (fractions 11-12, fr = 6.7-7.5 min, 1.6 mg),
respectively. The isolation of compounds 4 (5.6 mg) and 5 (4.3 mg)
from the methanol extract of A. altissima stem bark has been
described previously (Cselotey et al., 2024).

The purity of all isolated compounds (1-5) was assessed by 'H
NMR spectroscopy based on the relative integrals of the 'H
resonances corresponding to the target compound and to any
detectable impurities.
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2.5 HRMS/MS analysis

Flow injection analysis (FIA)-HRMS/MS and HPLC-HRMS/
MS analyses were performed using the combination of a UHPLC
system (Vanquish Flex VF-P10, Dionex Softron, Germering,
Germany) and a hybrid quadrupole-Orbitrap mass spectrometer
equipped with an HESI-II probe (Orbitrap Exploris 120, Thermo
Fisher Scientific, Bremen, Germany). For TLC-HRMS, a TLC-MS
Interface 2 with an oval elution head (4 mm x 2 mm, CAMAG) was
installed between the UHPLC system and the Orbitrap mass
spectrometer. For FIA-HRMS and TLC-HRMS, methanol was
used as a mobile phase at a flow rate of 0.2 mL/min. HRMS spectra
were recorded in both negative and positive ionization modes as full
scan in the range of m/z 100-1000 with a resolution of 120,000,
using spray voltages +3.4 kV and —-3.0 kV, respectively. The
automatic gain control (AGC) target was set to standard, and the
maximum injection time (IT) was 100 ms. Ion transfer tube
temperature was maintained at 320 °C, while the vaporizer tem-
perature was 250 °C, and nitrogen was used as both sheath and
auxiliary gas (10 and 5 arbitrary units, respectively), produced by a
Peak Scientific gas generator (Genius XE 35, Glasgow, United
Kingdom). Tandem mass (HRMS/MS) spectra were acquired in
parallel reaction monitoring (PRM) mode with a mass isolation of
the target molecule, in HCD fragmentation mode using normalized
collision energies ranging from 10% to 70%, a quadrupole isolation
window of m/z 0.4 for precursor ion selection, an MS” resolution of
120,000 without lock mass correction, and a maximum IT of
100 ms.

HPLC separation of hydroxylated, polyunsaturated fatty acids
(9Z,11E)-13-hydroxy-9,11-octadecadienoic acid (13-HODE, 4) and
(10E,12Z)-9-hydroxy-10,12-octadecadienoic acid (9-HODE, 5),
previously isolated from A. altissima stem bark, was carried out at
35 °C on a Reprospher 100 C18-DE column (150 mm x 3 mm ID, 5
um particle size, Dr. Maisch, Ammerbuch, Germany) using a
mobile phase flow rate of 0.6 mL/min. The gradient of water
containing 0.1% formic acid (A) and methanol containing 0.1%
formic acid (B) was as follows: 0-12 min, 77% B; 12-15 min, 77—
100% B; 15-18 min, 100% B and 18.1-20 min, 77% B. The analytes
were detected in negative ESI ionization mode using a spray voltage
of —2.0 kV. The ion transfer tube temperature was maintained at
320 °C, the vaporizer temperature was 250 °C, and nitrogen was
used as both the sheath and auxiliary gas (10 and 5 arbitrary units,
respectively). Tandem mass (HRMS/MS) spectra were acquired in
PRM mode with a mass isolation of the target molecule, in HCD
fragmentation mode using normalized collision energies of 25%, a
quadrupole isolation window of m/z 0.4 for precursor ion selection,
an MS? resolution of 120,000, and a maximum IT of 100 ms.
Instrument control, operation, and data processing were performed
with Xcalibur 4.7.69 software (Thermo Fisher Scientific).

2.6 UV spectroscopy
UV spectra were recorded at room temperature using a Lambda

35 spectrophotometer (PerkinElmer, Waltham, MA, USA).
Measurements were performed in the wavelength range of 190-
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400 nm with a scan speed of 60 nm/min and a slit width of 1 nm.
Spectra were processed and analyzed by the UV WinLab software
(PerkinElmer, version 5.2.0.0646).

2.7 ATR-FTIR spectroscopy

ATR-FTIR spectra were obtained using a PerkinElmer
Spectrum 400 FT-IR/FT-NIR instrument equipped with a dia-
mond/ZnSe ATR crystal and an MIR TGS detector. Spectra were
collected in the range of 4000-650 cm™" with a spectral resolution of
4 cm™" and 32 scans per sample. Data were processed and analyzed
by PerkinElmer Spectrum Software (version 6.3.1).

2.8 Polarimetry

Optical rotations were measured in chloroform at 25 °C using a
PerkinElmer 341 LC polarimeter with a thermostated cell (optical
path length: 1 dm), employing the sodium D-line (589.3 nm).

2.9 NMR spectroscopy

The isolated compounds were dissolved in chloroform-d (CDCl;)
and transferred to standard 5-mm NMR tubes for analysis. All NMR
spectra were acquired on a Bruker AVANCE NEO 600 spectrometer
(*H: 600.18 MHz, °C: 150.93 MHz; 14.1 T) equipped with a 5-mm
quadruple-resonance, z-gradient, cryogenically cooled probe (CP 2.1
QCI 600S3 H&F-P/C/N-D-05 Z XT) (Bruker Corporation, Billerica,
MA, USA) at 298 K. Instrument operation, control, and data
acquisition were performed by Bruker TopSpin 4.0.8 software
(Bruker Corporation). 'H and 13C NMR chemical shifts (8) are
reported on the delta scale as parts per million (ppm) referenced to
the NMR solvent used (CHCl; residual peak at dy = 7.26 ppm and
CDCl; at ¢ = 77.16 ppm). Spin-spin coupling constants (J) are given
in Hz. The signal multiplicities are denoted as follows: s — singlet, t —
triplet, m — multiplet, dd - doublet of doublets, dq — doublet of
quartets, ddd - doublet of doublet of doublets. The multiplicity of
overlapped resonances could not be determined and was therefore
not reported. The complete 'H and ">C resonance assignments were
achieved using standard one-dimensional 'H (zg30) and 13C DEPTQ
(deptqgpsp) experiments, along with two-dimensional homonuclear
"H-"H COSY (cosygpmfppqf), 'H-"H TOCSY (dipsi2gpphzs, mixing
time: 80 ms), "H-"H ROESY (roesyphpp.2, mixing time: 200 ms), and
heteronuclear 'H-">C multiplicity-edited HSQC (hsqcedetgpsp.3, 'Jc-
u = 145 Hz) and 'H-">C HMBC (hmbcetgpl3nd, "Jc_y = 8 Hz)
experiments. In case of compounds 2 and 3, 2D band-selective
"H-">C HSQC (shsqcetgpsisp2.2, 'Jo_yy = 145 Hz) and 2D band-
selective HMBC (shmbcctetgpl2nd, "Jc_y = 8 Hz) spectra were also
recorded to enhance the spectral resolution in F; dimension. All
measurements were carried out using the pulse sequences listed in
parentheses above and included in the standard spectrometer soft-
ware library.

2.10 Microplate assays

Determination of the minimum inhibitory concentration (MIC)
values of the isolated compounds (1-5) against the Gram-positive
B. subtilis, C. flaccumfaciens pv. flaccumfaciens, C. michiganensis, R.
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fascians, and the Gram-negative D. chrysanthemi, P. carotovorum,
P. atrosepticum, X. citri pv. malvacearum, P. syringae pv. tomato, P.
syringae pv. maculicola, and A. tumefaciens was performed using
non-treated, flat-bottom 96-well microplates (VWR, Debrecen,
Hungary) as previously described in (Baglyas et al., 2025). MIC
was defined as the lowest concentration of the tested compound
required that inhibited bacterial growth compared with the negative
control. MIC values were considered as the lowest repeatable
concentrations at which bacterial growth was reduced to below
3% of the negative control, based on OD measurements. In
addition, the antifungal activity of the isolated compounds (1-5)
against F. graminearum was evaluated, and half-maximal inhibitory
concentration (ICs() values were determined using non-treated, U-
bottom 96-well microplates (Nest Scientific, Woodbridge, NJ, USA;
cat. no. 701111). Technical replicates (two or three per concentra-
tion) were averaged to generate a single data point per biological
replicate. Individual ICs, values for each independent experiment
were determined by linear interpolation from the regression line
fitted to the linear range of the dose-response curve. The final
reported ICs, values are expressed as the mean + standard deviation
of at least two independent experiments. B. subtilis was grown in LB
broth at 37 °C by shaking at 120 rpm. C. flaccumfaciens pv.
flaccumfaciens and C. michiganensis were cultured in Nutrient
Broth (NB; 11 g/L peptones, 5 g/L sodium chloride; Biolab,
Budapest, Hungary) at 28 °C by shaking at 120 rpm for 12 h,
while R. fascians was grown on Waksman agar plate (5 g/L meat
extract, 5 g/L peptone (Scharlab), 5 g/L sodium chloride (Reanal),
10 g/L D-glucose (Reanal), 15 g/L agar, pH adjusted to 7.2 with
a 40% aqueous sodium hydroxide (Reanal) solution) at 30 °C for
24 h. Gram-negative bacterial strains were grown on LB agar plate
at 28 °C for 12h. F. graminearum was cultured in LB broth at 21 °C
for 72 h by shaking at 120 rpm.

Neomycin (0.1 or 1 mg/mL in water) and benomyl (25 mg/mL
in ethanol) served as positive controls for the antibacterial and
antifungal assays, respectively, while ethanol was used as a negative
control. Literature data confirm that neomycin is effective against
several plant pathogenic bacteria under both in vitro and in vivo
conditions (Cui et al., 2009; Tao et al., 2011). A two-fold ethanolic
dilution series of 10 pL of the isolates dissolved in ethanol (8 mg/mL
for compound 1 and 2 mg/mL for compounds 2-5) and positive
controls (5 pL per well) was prepared. Following dilution, ethanol
was evaporated from the wells in a laminar box (BA-900, Radel &
Hahn, Debrecen, Hungary). For bacterial assays, 150 uL of bacterial
suspension (10> CFU/mL) was added to each well. For F.
graminearum tests, 70 puL of LB broth was mixed with 50 uL of a
mycelium suspension (ODggp = 0.2 in LB broth) in the wells. The
absorbance at 600 nm was measured using a microplate reader
(Clariostar® Plus, BMG LABTECH, Ortenberg, Germany) imme-
diately and following incubation with shaking at 900 rpm (PHMP
Twin microplate shaker-incubator, Grant Inc., Beaver Falls, PA,
USA). The incubation time and temperature were for B. subtilis 24 h
at 37 °C, for C. flaccumfaciens pv. flaccumfaciens and C.
michiganensis 48 h at 28 °C, for R. fascians 48 h at 30 °C, and for
Gram-negative bacterial strains 24 h at 28 °C. Antifungal assays
were incubated for 72 h at 21 °C without shaking. All experiments
were performed in duplicate or triplicate (two or three technical
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replicates) and were independently repeated on at least two separate
occasions (at least two biological replicates).

3 Results and discussion

3.1 Detection and isolation of antibacterial
compounds

The methanolic extracts of the A. altissima petioles were
screened by TLC combined with UV detection, derivatization
using p-anisaldehyde reagent, and a B. subtilis bioassay. Similar
chemical profiles were observed for samples collected at different
locations and time points (Supplementary Table 1, Supplementary
Figures 1, 2). Compounds in the antibacterial zones revealed in
TLC-B. subtilis assay (white zones in Figure 1; Supplementary
Figures 2c) were further characterized using TLC hyphenations
(UV/FLD, chemical derivatization, HRMS) as well as fractionated
and optionally purified by flash column chromatography. In the
inhibitory zone at hRg 69, a mixture of palmitic acid, linolenic acid,
and linoleic acid was identified by comparison with reference
standards and TLC-HRMS. The antibacterial activities of these
compounds have previously been reported (Moricz et al., 2017). In
the zones at hRp 41 and 47, a mixture of hydroxylated
octadecadienoic acid (HODE, with mass signal at m/z 295.2271
[M-H]") and hydroxylated octadecatrienoic acid (HOTrE, with
mass signal at m/z 293.2113 [M-H]") isomers was detected, which
were enriched in the H18/36-39 and H19/34-38 flash chromato-
graphic fractions (Figures 1 and S3). The presence of 13-HODE
(compound 4 with characteristic fragment ion at m/z 195.1) and 9-
HODE (compound 5 with characteristic fragment ion at m/z 171.1)
in the petiole extracts, which were previously isolated from stem
bark (Cselotey et al., 2024), was confirmed by HPLC-HRMS/MS
analysis (Supplementary Figure 4). Note that HPLC-HRMS/MS
also enabled the tentative identification of 10/12-HODE, 9-HOTTE,

4
4

5+2
1+3

H18 (10 uL)
H19 (10 uL)

5+2

1+3
H18 (15 puL)
H19 (15 uL)
H18 (10 uL)
H19 (10 uL)
H18 (15 uL)
H19 (15 uL)

FIGURE 1
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10/12-HOT<E, 13-HOTrE, and 16-HOTYE, with characteristic
fragment ions at m/z 183.1, m/z 171.1, m/z 183.1, m/z 195.1, and
m/z 235.2, respectively (Koch et al., 2023). Preparative normal- and
reversed-phase flash column chromatographic fractionation pro-
cess was guided by TLC-bioassay, TLC-p-anisaldehyde reagent,
and TLC-HRMS, resulting in the isolation of compounds 1 and 3
from the zones at hRg 51 and 66, respectively (Figures 1, 2). This
approach also enabled the detection of a previously invisible
inhibitory zone in the crude extract at hRy 24, corresponding to
compound 2, which appeared only after the first fractionation step
in fractions H18/40-54 and H19/39-52 (Figure 2; Supplementary
Figure S3).

3.2 Structure elucidation

The structures of the isolated compounds (1-3) were elucidated
by comprehensive, in-depth spectroscopic and spectrometric meth-
ods and comparison with literature data. The novelty of compounds
2 and 3 was confirmed using CAS SciFinder® and Reaxys databases.
The recorded one-dimensional (1D) and two-dimensional (2D)
NMR spectra (Supplementary Figures 7-15 for 1, Supplementary
Figures 20-29 for 2, Supplementary Figures 36-45 for 3), HR-
HESI-MS(/MS) spectra (Supplementary Figures 16-19 for 1,
Supplementary Figures 30-33 for 2, Supplementary Figures 46-49
for 3), UV spectra (Supplementary Figure 34 for 2, Supplementary
Figure 50 for 3), and ATR-FTIR spectra (Supplementary Figure 35
for 2, Supplementary Figure 51 for 3) are provided in the
Supplementary Materials.

Shoreic acid (1) (Figure 3) was obtained as a white amorphous
solid. Its molecular formula was established as C3yHs0O,4, deduced
from the '*C DEPTQ NMR spectrum and based on the positive-ion
mode (m/z 497.3602 [M+Na]" (calculated for C;,Hs,04Na*, m/z
497.3601 [M+Na]", error: +0.1 ppm)) and the negative-ion mode
HR-HESI-MS spectra (m/z 473.3633 [M-H]" (calculated for
C30H4904 ™, m/z 473.3636 [M-H], error: —0.7 ppm)), indicating
6 double bond equivalents (DBEs). The 'H NMR spectrum of

d
-
*
i -
Oz-

%

d -

5 o9 n N 5 < N 5 5 = N ¢
3 = H a = = 3 =
o O n n uwn
22 2 2 22
0 O 0 O 0 O
- - - - - -
T T T T T T

TLC chromatograms (a, b, d) and bioautogram (c) of the methanolic Ailanthus altissima petioles crude extracts (H18 and H19), and their antibacterial
isolated components (1-5) developed with toluene—isopropyl acetate—methanol (5:4:1, V/V), detected at UV 366 nm (a), 254 nm (b), after B. subtilis
assay (under white light, (c) and derivatization with p-anisaldehyde reagent [under white light, (d)].
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FIGURE 2

TLC chromatogram of the flash chromatography fractions (fr. 16—20 and 59-66) of the methanolic Ailanthus altissima petiole crude extracts (H.18
and H.19) developed with toluene—isopropyl acetate—methanol (5:4:1, V/V) after derivatization with p-anisaldehyde reagent (a), and TLC-HR-HESI™
MS (b, d, f) and TLC-HR-HESI"-MS (c, e, g) spectra of the bioactive zones of compounds 1-3 obtained via the elution head-based TLC-MS
interface and background subtraction.

compound 1 (Table 1; Supplementary Table S2) exhibited proton  seven methyl groups (6c 27.5, 24.4, 23.6, 23.3, 20.3, 16.5, 15.4), one
resonances corresponding to seven methyl groups at 8y 1.73 (s, 3H,  vinylic methylene (¢ 113.6) and ten aliphatic methylene groups (dc
Hs-29), 1.21 (s, 3H, H5-26), 1.13 (s, 3H, H5-21), 1.12 (s, 3H, H3-27),  35.9, 34.4, 34.0, 31.6, 28.4, 27.4, 26.3, 25.8, 24.7, 22.2), one
1.00 (s, 3H, H;-18), 0.88 (s, 3H, H;3-30), 0.84 (s, 3H, H3-19), a  oxygenated methine (8¢ 83.5) and four aliphatic methine groups
methylidene group at oy 4.84 (t, ] = 2.0 Hz, 1H, H,-28a), 4.66 (m,  (dc 50.9, 49.6, 43.2, 41.3), and seven non-hydrogenated carbons,
1H, H,-28b), and an oxymethine group at & 3.73 (t, /= 7.4 Hz, 1H,  including one carboxylic (8¢ 179.8), one olefinic (8¢ 147.6), two
H-24). Based on >C DEPTQ (Tables 1; Supplementary Table S2),  oxygenated (dc 86.6, 71.7), and three aliphatic carbons (J¢c 50.5,
'H-"*C multiplicity-edited HSQC (edHSQC), and 'H-">C HMBC  40.2, 39.2). Thus, the presence of one carboxyl group and one
spectroscopic data, the thirty '>C NMR resonances were assigned to  carbon-carbon double bond was revealed, indicating a tetracyclic

3
» OH (0]
18WM/M
=N 1°OH

12 10

FIGURE 3
The chemical structures of the isolated compounds (1-5) with the atomic numbering (blue).
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TABLE1 *H NMR (600 MHz, CDCl5) and **C NMR (151 MHz, CDCls) spectroscopic data for the isolated compounds (1-3) in chloroform-d (§in ppm, J in Hz).

(20S,24R)-epoxy-25-hydroxy-A-homo-4-

Shoreic acid (1) Foveolin C (2)
oxadammaran-3-one (3)
Position
Sn (ppm), Multiplicity, 6 (ppm), Multiplicity, Sn (ppm), Multiplicity, o
J (H2) oc (ppm), Type J (H2) doc (ppm), Type J (H2) dc (ppm), Type
la 242, m 1.81°
1.61* 344, CH, 349, CH, 40.5, CH,
1b 1.78% 1.58*
2a 2.38, ddd (J = 15.9, 10.0, 6.4 Hz) 249, m 2.64, ddd (J = 14.3, 12.8, 4.6 Hz)
28.4, CH, 29.3, CH, 325, CH,
2b 2.18, m 220, m 2.51, m
3 - 179.8, C - 178.3,C - 175.2, C
4 - 147.6, C - 76.9, C - 86.3, C
5 1.97,dd (J = 12.7, 3.1 Hz) 50.9, CH 1.42* 51.9, CH 1.77, dd (J = 12.5, 3.3 Hz) 53.3, CH
6a 1.82* 1.56* 1.69*
24.7, CH, 22.7, CH, 23.7, CH,
6b 1.36,dq (J = 13.5, 3.4 Hz) 1.46* 1.42°
7a 1.53* 1.50* 1.53*
34.0, CH, 34.9, CH, 34.4, CH,
7b 1.23% 1.24* 1.29*
8 - 40.2, C - 40.2, C - 403, C
9 1.51* 413, CH 1.49* 42,6, CH 1.43* 51.5, CH
10 - 392, C - 414, C - 394, C
11a 142, m 1.52% 1.52*
22.2, CH, 21.4, CH, 229, CH,
11b 1.24° 1.18* 1.28°
12a 1.79* 1.79* 1.80°
27.4, CH, 27.5, CH, 27.6, CH,
12b 1.24° 1.24% 1.24°
13 1.59* 432, CH 1.59, m 432, CH 1.63* 434, CH
14 - 50.5, C - 50.5, C - 50.1, C
15a 1.46* 1.45* 1.45, m
31.6, CH, 31.6, CH, 31.4, CH,
15b 1.10, m 1.08, m 1.10*
16a 1.78* 1.78* 1.77°
25.8, CH, 25.8, CH, 25.7, CH,
16b 1.46* 1.48* 1.49*
17 1.81* 49.6, CH 1.81% 49.6, CH 1.82* 49.5, CH
18 1.00, s 15.4, CH, 0.97, s 15.5, CH, 1.01, s 15.0, CH,
19 0.84, s 20.3, CH; 1.01, s 20.8, CH; 1.07, s 18.5, CH;
20 - 86.6, C - 86.5, C - 86.4, C
21 1.13, s 23.6, CH; 1.13, s 23.6, CH; 1.14, s 23.6, CH;
22a 1.70, m 1.70, m 1.70*
35.9, CH, 36.0, CH, 36.0, CH,
22b 1.63* 1.64, m 1.64*
23a 1.87, m 1.87, m 1.87, m
26.3, CH, 26.3, CH, 26.3, CH,
23b 1.78* 1.79* 1.79*
24 3.73,t (J = 7.4 Hz) 83.5, CH 3.73,t (J = 7.4 Hz) 83.5, CH 3.73,t (J = 7.4 Hz) 83.5, CH
25 - 71.7,C - 716, C - 716, C
26 1215 s 275, CH, 1.21% s 27.6% CH; 121% s 27.6", CH,
27 1.12% s 24.4°, CH, 1.12% s 24.4°, CH, 1.12% s 24.4°, CH,
28a 4.84,t (J = 1.9 Hz)
113.6, CH, 1315 s 3475, CH, 1485 s 31.15 CH,
28b 4.66, m
29 1.73, s 23.3, CH; 1.265 s 27.5% CH, 1.415s 27.05 CH;
30 0.88, s 16.5, CH; 0.86, s 16.4, CH; 0.86, s 16.3, CH;

*Overlapped signals (multiplicities could not be determined).
b “Interchangeable resonances.
The multiplicity of the overlapped (ov.) signals could not be determined and was therefore not reported.
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molecule to account for the required number of DBEs. A total of 48
hydrogen atoms were accounted for, and the remaining two
exchangeable hydrogens were assigned to one carboxyl and one
hydroxyl group. 2D NMR spectroscopic data along with compar-
ison to previously reported data (Roux et al., 1998; Guo et al., 2023)
supported the identification of compound 1 as shoreic acid, a 20,24-
epoxy-3,4-secodammarane triterpene with a (20S,24R) absolute
configuration. Note that the stereoisomers eichlerianic acid
(20S,24S isomer) (Lavie et al., 1984) and isoeichlerianic acid
(20R,24S isomer) (Seger et al., 2008) can be distinguished from
shoreic acid based on the "H NMR chemical shift and multiplicity of
H-24, *C NMR chemical shifts, and '"H-'"H NOE correlations
(Seger et al., 2008). Shoreic acid has been reported from several
trees, including the leaves of A. altissima (Guo et al., 2023), the bark
of Aglaia foveolate (Roux et al., 1998), and the leaves of Cabralea
canjeranaand (Leitdo et al., 2008). However, to the best of our
knowledge, the present study constitutes the first report of the
isolation of shoreic acid from the petioles of A. altissima.

Foveolin C (2) (Figure 3) was obtained as a white amorphous
solid with a specific optical rotation of [¢] b>> +19.3 (¢ 0.25, CHCL3).
It gave a molecular formula of C30Hs5,05 based on the 13C DEPTQ
NMR data and the positive-ion HR-HESI-MS signal at m/z
515.3706 [M+Na]" (calculated for C;yHs,0OsNa*, m/z 515.3707
[M+Na]", error: 0.2 ppm) and at m/z 491.3739 [M-H]" (calcu-
lated for C;0Hs,0s5, m/z 491.3742 [M-H]", error: —0.6 ppm),
demanding 6 DBEs. The 'H and ">C NMR spectroscopic data
(Table 1) demonstrated that compound 2 shared the same 20,24-
epoxy-3,4-secodammarane skeleton of shoreic acid (1), except for
the presence of a tertiary alcohol [C(OH)(CH3),] moiety at C-5in 2
replacing the terminal isopropenyl group in 1. This was indicated by
the C-OH resonance at 8¢ 76.9 (C-4) and signals at &y 1.31 (s, 3H,
H;-28) and J¢ 34.7 (C-28) corresponding to an additional tertiary
methyl group. "H-">C HMBC correlations (Figure 4) from H;-28 to
C-29 and from H3-29 to C-28, together with the fact that H;-28 and
H3-29 shared all other correlations (to C-4 and C-5), confirmed the
presence of two geminal-related methyl groups. The attachment of
C(OH)(CH3;), moiety to C-5 was confirmed by the HMBC corre-
lations from H3-28 to C-5, from H3-29 to C-5, and from H-5 to C-4.
The intense, sharp IR absorption band at 1708 cm! (C=0 stretch-
ing vibration) is indicative of a carboxyl moiety. The relative
configuration of 2 was deduced to be the same as that of 1 by

10.3389/fpls.2026.1888371

comparing their 'H and "*C NMR chemical shifts (Table 1) and
'H-'H NOE interactions, including the key NOE enhancements
between H-5/H-9, H-9/H;-30, H;3-30/H-17 for a-oriented hydro-
gens and between H;-19/H;-18, H;-18/H-13, H-13/H;-21 for f3-
oriented hydrogens (Figure 5). Foveolin A (20S,24S-isomer, 2a,
Supplementary Figure 5) and foveolin B (20R,24S-isomer, 2b,
Supplementary Figure 5) possess the same planar structure as
compound 2; however, key differences were revealed in their
NMR data. In compounds 2 and 2b H-24 resonated as a triplet
(04 3.73 (t, ] = 7.4 Hz) for 2 and 6y 3.73 (t, ] = 7 Hz) for 2b),
whereas in compound 2a it appeared as a doublet of doublets [Jy
3.62 (dd, J = 10, 5.5 Hz)] (Supplementary Table 3) (Roux et al.,
1998). In addition, significant ’C NMR chemical shift differences
were observed at C-21 (8¢ 23.6 for 2, 27.0 for 2a, and 22.0 for 2b), at
C-22 (8¢ 36.0 for 2, 34.8 for 2a, and 37.5 for 2b), at C-24 (¢ 83.5 for
2, 86.3 for 2a, and 84.5 for 2b), and at C-25 (¢ 71.6 for 2, 70.3 for
2a, and 71.6 for 2b) (Supplementary Table 4) (Roux et al., 1998;
Seger et al., 2008). The >C NMR chemical shifts of compound 2 in
the stereochemically variable region of the tetrahydrofuran (20,24-
epoxy) ring closely matched those of compound 1 and differed
significantly from those of foveolins A and B, supporting the
assignment of compound 2 to the same stereochemical series as
compound 1. "H-"H ROESY spectrum featured a strong cross peak
between H;-21/H-24 (Figure 5), corroborating their co-facial ori-
entation on the ring, and between H-13/H;-21 (Figure 5), confirm-
ing the (208,24R) configuration. Compound 2 was consequently
identified as a previously undescribed 20,24-epoxy-3,4-
secodammarane triterpene, representing the (20S,24R) diastereo-
mer relative to foveolins A and B, and was accordingly named
foveolin C. Foveolins A and B were firstly isolated from the bark of
A. foveolate, and their stereochemistry was originally assigned as
(208,248) and (20S,24R), respectively, by Roux et al (Roux et al.,
1998). However, it was subsequently demonstrated that the absolute
configuration of foveolin B is not identical to that of shoreic acid
[(20S,24R)], and its configuration was revised to (20R,24S) (Seger
et al., 2008). The present work further supports and is fully
consistent with this stereochemical revision.
(208,24R)-Epoxy-25-hydroxy-A-homo-4-oxadammaran-3-one
(3) (Figure 3) was obtained as a white amorphous solid with a
specific optical rotation of [op>® +40.8 (c 0.085, CHCI;). Its
molecular formula was determined to be C;yHs,0,, the same as

FIGURE 4

Key 'H-'H COSY (blue) and *H-*C HMBC (red) correlations of foveolin C (2) and (20S,24R)-epoxy-25-hydroxy-A-homo-4-oxadammaran-3-one (3).
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FIGURE 5

Key *H-'H NOE correlations (green) of foveolin C (2) and (20S,24R)-epoxy-25-hydroxy-A-homo-4-oxadammaran-3-one (3).

that of compound 1, deduced from the 3¢ DEPTQ NMR and
positive- and negative-ion mode HR-HESI-MS spectra at m/z
497.3603 [M+Na]* (calculated for Cs;oHs0O4Na*, m/z 497.3601
[M+Na]™, error: +0.3 ppm) and m/z 473.3634 [M—H]~ (calculated
for C30Hy9O, , m/z 473.3636 [M-H] ", error: 0.6 ppm), demand-
ing 6 DBEs. The 'H and ">C NMR spectroscopic data (Table 1)
revealed that compound 3 is a structural isomer of compound 1 and
showed similar structural pattern as that of compound 2. However,
notable differences were observed in the "H NMR chemical shifts of
H,-1 (84 1.81, 1.58 in 3; 2.42, 1.78 in 2), H,-2 (8 2.64, 2.51 in 3;
2.49,2.20 in 2), H5-28 (85 1.48 in 3, 1.31 in 2), H5-29 (8 1.41 in 3,
1.26 in 2), H-5 (0y 1.77 in 3, 1.42 in 2). Furthermore, corresponding
differences were also evident in the *C NMR chemical shifts of C-3
(0c 175.2in 3, 178.3 in 2; Adc = -3.1 ppm), C-4 (¢ 86.3 in 3, 76.9
in 2; Adc = +9.4 ppm), C-1 (8¢ 40.5 in 3, 34.9 in 2; ASc = +5.6 ppm),
C-2 (8¢ 32.51in 3,29.3 in 2; A = +3.2 ppm), and C-28 (Oc 31.1 in
3, 34.7 in 2; ASc = —3.6 ppm). In addition, the loss of H,O unit
between the molecular formulae of compounds 2 (C;3yHs5,05) and 3
(C30H5004) proposed the presence of an ester bond between the
carbonyl group of C-3 and the quaternary oxygenated carbon of C-
4, resulting in the closure of the 3,4-seco A ring to form a seven-
membered lactone. The &-lactone ring formation was confirmed by
the key HMBC correlations from H;-29 to C-3, from H,-1 to C-3,
and from H,-2 to C-3 (Figure 4) and corroborated by an intense,

sharp IR absorption band at 1728 cm™ !

, corresponding to a 20 cm™
shift to higher wavenumbers relative to compound 2. The relative
configuration of compound 3 was determined to be identical to that
of compounds 1 and 2 based on the comparison of their "H-'H
NOE interactions (Figure 5) and 'H and >C NMR chemical shifts
(Table 1), indicating the 208, 24R configuration of the epoxy group.
(208,248)-epoxy-25-hydroxy-A-homo-4-oxadammaran-3-one (3a,
Supplementary Figure 6) and (20R,24S)-epoxy-25-hydroxy-A-
homo-4-oxadammaran-3-one (3b, Supplementary Figure 6) was
isolated from the stem bark of A. foveolate (Pan et al., 2010) and
both possess the same planar structure as compound 3. Comparison
of their NMR data with those of compound 3 demonstrated slight
but distinctive differences in the tetrahydrofuran ring signals. In
particular, H-24 resonated as a triplet in compounds 3 and 3b (Jy
3.73 (t, ] = 7.4 Hz) for 3 and 8y 3.77 (t, ] = 7.2 Hz) for 3b), whereas
the resonance of H-24 was observed as a doublet of doublets in
compound 3a [8y 3.65 (dd, J = 9.9, 5.6 Hz)] (Supplementary
Table 5) (Pan et al., 2010). Furthermore,">C NMR chemical shift
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differences were observed at C-21 (8¢ 23.6 for 3, 27.2 for 3a, and
22.1 for 3b), at C-22 (J¢ 36.0 for 3, 34.8 for 3a, and 37.8 for 3b), at
C-24 (¢ 83.5 for 3, 86.4 for 3a, and 84.9 for 3b), and at C-25 (6¢
71.6 for 3, 70.2 for 3a, and 71.5 for 3b) (Supplementary Table 6)
(Pan et al., 2010). "H-"H ROESY spectrum displayed a strong cross
peak between Hj; 21 and H-24 (Figure 5), supporting their co-facial
orientation on the tetrahydrofuran ring, and between H-13/H;-21
(Figure 5), confirming the (20S,24R) configuration. Thus, com-
pound 3 was therefore elucidated as a previously undescribed 20,24-
epoxy-3,4-secodammarane triterpene, (20S,24R)-epoxy-25-hy-
droxy-A-homo-4-oxadammaran-3-one, the (20S,24R) isomer of
its known diastereomers.

Compounds 4 and 5 (Figure 3) were identified in our previous
work (Cselotey et al., 2024) as the monohydroxylated, polyunsat-
urated fatty acids (9Z,11E)-13-hydroxy-9,11-octadecadienoic acid
(13-HODE; 4) and (10E,12Z)-9-hydroxy-10,12-octadecadienoic
acid (9-HODE; 5), respectively. Their structures were confirmed
by comparison of their NMR spectroscopic data (Trapp et al., 2015)
and their characteristic MS/MS fragmentation patterns (Koch et al.,
2023) with those reported in the literature. The purity of all isolated
compounds (295% for 1, ~90% for 2, ~75% for 3, 4, and 5), as
assessed by 'H NMR spectroscopy, was considered sufficient for the
in vitro antimicrobial bioassays.

3.3 Compound characterization

Shoreic acid (1): White amorphous solid; 'H (600 MHz, CDCl;)
and "°C (151 MHz, CDCl;) NMR spectroscopic data, see Table 1;
HR-HESI-MS m/z 497.3602 [M+Na]* (calculated for
C3oHs0O4Na*, m/z 497.3601 [M+Na]*, error: +0.1 ppm), m/z
4733633 [M-H]" (calculated for CsoHuO4 , miz 4733636 [M
—H]", error: —0.7 ppm); TLC (silica gel): hRg 51 (toluene-isopropyl
acetate-methanol 5:4:1, V/V); color after derivatization with p-
anisaldehyde reagent under white light: pink.

Foveolin C (2): White amorphous solid; [o]p® +19.3 (¢ 0.25,
CHCl;); UV (EtOH) Ay (log €) 204 nm (3.46); IR (ATR) Viax
3415, 2961, 2930, 2872, 1708, 1459, 1377, 1289, 1265, 1207, 1180,
1114, 1082 cm™'; "H (600 MHz, CDCl;) and "*C (151 MHz, CDCl,)
NMR spectroscopic data, see Table 1; HR-HESI-MS m/z 515.3706
[M+Na]* (calculated for C;oHs,OsNa*, m/z 5153707 [M+Na]™,
error: —0.2 ppm), m/z 491.3739 [M—-H] ™ (calculated for C;,Hs,05,
m/z 491.3742 [M-H]", error: —0.6 ppm); TLC (silica gel): hRg 24
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(toluene-isopropyl acetate-methanol 5:4:1, V/V); color after deriv-
atization with p-anisaldehyde reagent under white light: pink.
(208,24R)-Epoxy-25-hydroxy-A-homo-4-oxadammaran-3-one
(3): White amorphous solid; [o]p* +40.8 (c 0.085, CHCL3); UV
(EtOH) Apax (log €) 205 nm (3.37); IR (ATR) Vipax 3442, 2962, 2930,
2871, 1728, 1459, 1375, 1329, 1284, 1246, 1211, 1183, 1140, 1112,
1071, 1026 cm™; 'H (600 MHz, CDCl;) and *C (151 MHz, CDCl5)
NMR spectroscopic data, see Table 1; HR-HESI-MS m/z 497.3603
[M+Na]* (calculated for C;oHsqO4Na*, m/z 497.3601 [M+Na]",
error: +0.3 ppm), m/z 473.3634 [M—-H] ™ (calculated for C5,H490,",
m/z 473.3636 [M-H]", error: —0.6 ppm); TLC (silica gel): hRy 66
(toluene-isopropyl acetate-methanol 5:4:1, V/V); color after deriv-
atization with p-anisaldehyde reagent under white light: pink.
(9Z,11E)-13-Hydroxy-9,11-octadecadienoic acid (4): White
amorphous solid; "H NMR (600 MHz, CDCl3) § 6.49 (ddd,
J =152, 11.1, 1.2 Hz, 1H, H-11), 5.97 (t, J = 10.9 Hz, 1H, H-10),
566 (dd, J = 15.2, 6.7 Hz, 1H, H-12), 5.44 (dt, J = 10.9, 7.7 Hz, 1H,
H-9), 4.18 (q, ] = 6.6 Hz, 1H, H-13), 2.34 (t, ] = 7.4 Hz, 2H, H-2),
2.17 (m, 2H, H-8), 1.63 (p, ] = 7.3 Hz, 2H, H-3), 1.54 (m, 2H, H-14),
1.38 (p, ] = 6.6 Hz, 2H, H-7), 1.31 (m, 12H, H-4-H-6, H-15-H-17),
0.89 (t, J = 6.7 Hz, 3H, H-18); *C NMR (151 MHz, CDCl;) §178.0
(C, C-1), 1359 (CH, C-12), 133.0 (CH, C-9), 128.0 (CH, C-10),
125.9 (CH, C-11), 73.1 (CH, C-13), 37.4 (CH,, C-14), 33.8 (CH,, C-
2), 31.9 (CH,, C-16), 29.4 (CH,, C-7), 28.9 (CH,, C-4-C-6), 27.7
(CH,, C-8), 25.3 (CH,, C-15), 24.8 (CH,, C-3), 22.7 (CH,, C-17),
14.2 (CH;, C-18); HR-HESI-MS m/z 319.2243 [M+Na] " (calculated
for C,gH3,03Na*, m/z 319.2244 [M+Nal®, error: —0.3 ppm), m/z
295.2277 [M-H]™ (calculated for C,sH3,03", m/z 295.2279 [M
—-H], error: —0.7 ppm); TLC (silica gel): hR 47 (toluene-isopropyl
acetate-methanol 5:4:1, V/V); color after derivatization with p-
anisaldehyde reagent under white light: pink.
(10E,122)-9-Hydroxy-10,12-octadecadienoic acid (5): White
amorphous solid; '"H NMR (600 MHz, CDCl;) § 6.48 (ddt,
J =152, 11.0, 1.1 Hz, 1H, H-11), 597 (tt, J = 11.1, 1.8 Hz, 1H,
H-12), 5.66 (dd, J = 15.1, 6.9 Hz, 1H, H-10), 5.45 (dt, J = 10.9,
7.6 Hz, 1H, H-13), 4.15 (qd, ] = 6.3, 2.4 Hz, 1H, H-9), 2.34 (t,J= 7.5
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Hz, 2H, H-2), 2.18 (m, 2H, H-14), 1.63 (p, ] = 7.4 Hz, 2H, H-3), 1.54
(m, 2H, H-8), 1.38 (p, ] = 7.3 Hz, 2H, H-15), 1.30 (m, 12H, H-4-H-
7, H-16, H-17), 0.89 (t, J = 6.7 Hz, 3H, H-18); '*C NMR (151 MHz,
CDCl,) §178.2 (C, C-1), 135.8 (CH, C-10), 133.3 (CH, C-13), 127.8
(CH, C-12), 126.1 (CH, C-11), 73.1 (CH, C-9), 37.4 (CH,, C-8), 33.9
(CH,, C-2), 31.6 (CH,, C-16), 29.5, 29.4, 29.3 (CH,, C-5, C-6, C-
15), 29.1 (CH,, C-4), 27.9 (CH,, C-14), 25.5 (CH,, C-7, C-15), 24.8
(CH,, C-3), 22.7 (CH,, C-17), 14.2 (CHs, C-18); HR-HESI-MS m/z
319.2243 [M+Na]" (calculated for C;3H3,05Na*, m/z 319.2244 [M
+Nal®, error: —0.1 ppm), m/z 295.2277 [M—H]~ (calculated for
CisH31057, m/z 295.2279 [M-H], error: —0.7 ppm); TLC (silica
gel): hRg 41 (toluene-isopropyl acetate-methanol 5:4:1, V/V); color
after derivatization with p-anisaldehyde reagent under white
light: pink.

3.4 Antimicrobial activity of isolated
compounds

The antibacterial and antifungal efficacy of compounds 1-5 was
assessed by an in vitro microdilution assay against the Gram-
positive, non-pathogenic soil bacterium B. subtilis and the Gram-
positive, plant pathogenic bacteria C. flaccumfaciens pv.
flaccumfaciens, C. michiganensis, and R. fascians, as well as the
fungal plant pathogen F. graminearum. All isolated compounds
showed varying degrees of inhibitory activity against certain tested
bacteria, with MIC values ranging from 1.0 to 133.3 pg/mL
(Table 2). The strongest antibacterial effect of the isolates was
observed for compound 1, with MIC values two-fold lower than
those of the positive control neomycin against C. michiganensis and
R. fascians, and MIC values equal to or slightly higher than those of
the positive control against C. flaccumfaciens pv. flaccumfaciens and
B. subtilis. Compound 1 also displayed the highest antifungal
activity among the isolated compounds against F. graminearum,
with an ICs, value approximately 3 times higher than that of the
known fungicide benomyl (Table 2). Compound 2 demonstrated
notable antibacterial and antifungal activity, especially against R.

TABLE 2 The minimum inhibitory concentration (MIC) values for bacterial strains and half-maximal inhibitory concentration (ICso) values (mean +
standard deviation) for the fungal pathogen, both expressed in pg/mL, of the isolated compounds (1-5), and the positive controls neomycin and
benomyl, determined against the Gram-positive bacterial strains Bacillus subtilis, Curtobacterium flaccumfaciens pv. flaccumfaciens, Clavibacter
michiganensis, and Rhodococcus fascians, as well as the fungal pathogen Fusarium graminearum.

Curtobacterium
. o flaccumfaciens Clavibacter Rhodococcus Fusarium
Bacillus subtilis . : : .
pv. michiganensis fascians graminearum
flaccumfaciens
Compound MIC (ug/mL) ICs50 (ng/mL)
1 2.1 1.0 1.0 2.1 132 +29
2 333 333 167 8.3 854 + 53
3 >133.3* >133.3 333 8.3 >166.7
4 66.7 1333 333 4.2 >166.7
5 66.7 1333 333 8.3 >166.7
Neomycin * 1.7 1.0 2.1 4.2
Benomyl © 42+04

“positive control for antibacterial assay.
Ppositive control for antifungal assay.
*20% inhibitory activity was observed at a concentration of 133.3 pg/ML
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fascians and C. michiganensis, with MIC values approximately 2
and 8 times higher than those of neomycin, respectively.
Compounds 3, 4, and 5 exhibited weak to moderate antimicrobial
activity overall; however, all three exerted a more pronounced
antibacterial effect against R. fascians, with MIC values equal to
or two-fold higher than that of the positive control.

The isolates were also evaluated against Gram-negative plant
pathogenic bacteria, such as D. chrysanthemi, P. carotovorum ssp.
carotovorum, P. atrosepticum, X. citri pv. malvacearum, P. syringae
pv. tomato, P. syringae pv. maculicola, and A. tumefaciens, but
remained inactive at the studied concentrations (maximum tested
concentration: 133.3 ug/mL).

In previous studies, shoreic acid (1) showed cytotoxic (Farabi
et al, 2017) and antimycobacterial (Leitdo et al., 2008) effects, while
the epimeric mixture of shoreic and eichlerianic acid exhibited
moderate antibacterial activity against B. subtilis, Staphylococcus
aureus, Escherichia coli, and Pseudomonas aeruginosa (Hutagaol
et al.,, 2025). In agar plate diffusion tests, both 13-HODE (4) and 9-
HODE (5) were found to be active against B. subtilis, S. aureus, and
Micrococcus flavus (Mundt et al., 2003), while in another study, 13-
HODE (4) also demonstrated antibacterial effect against
Streptococcus pyogenes and P. aeruginosa (Gebrehiwot et al.,
2024). The antibacterial activity of 13-HODE (4) and 9-HODE
(5) against B. subtilis, isolated from A. altissima stem bark, was
previously confirmed in our laboratory by a microdilution assay
(Cselotey et al., 2024).

Our results indicate that the isolated compounds are highly
specific, showing pronounced selectivity against Gram-positive
plant pathogenic bacteria. This result is particularly relevant;
although the majority of economically important bacterial plant
pathogens belong to Gram-negative groups, there are several Gram-
positive species that also cause substantial economic damage
(Mansfield et al., 2012; Sharma et al., 2025). Generally, Gram-
positive bacteria are typically more susceptible to terpene treat-
ments, including triterpenes (Khameneh et al., 2019). The intrinsic
resistance and lower susceptibility of Gram-negative bacteria to the
hydrophobic isolated compounds (1-5), 1-3 identified as
triterpenes, may be explained by the fundamental structural differ-
ences between Gram-positive and Gram-negative bacteria. This is
because, the outer membrane of Gram-negative bacteria - located
external to the peptidoglycan layer - acts as an effective permeability
barrier, restricting the penetration of many lipophilic natural
products and thereby reducing their antibacterial efficacy. The
hydrophilic nature of this outer membrane, primarily due to
embedded lipopolysaccharide (LPS) molecules, inherently may
reduce the uptake of lipophilic terpenes (Nikaido, 2003; May and
Grabowicz, 2018). In addition, terpenes diffuse relatively easily
through the porous peptidoglycan layer of Gram-positive bacteria,
while the lipoteichoic acid constituents present in their cell mem-
branes may further enhance the cellular uptake of these hydropho-
bic molecules (Nazzaro et al., 2013; Miorner et al., 1983).
Furthermore, terpenes have been shown to inhibit efflux pumps
more frequently and effectively in Gram-positive bacteria than in
Gram-negative species, which further contributes to the higher
susceptibility of Gram-positive phytopathogens (Dias et al., 2022).
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Additionally, the selective porin channels in the outer membrane of
Gram-negative bacteria favor the passage of small, hydrophilic
molecules, making it difficult for hydrophobic compounds to pass
through (Galdiero et al., 2012). From a practical perspective, our
findings suggest that the isolated secondary metabolites are unlikely
to serve as broad-spectrum antibacterial agents for plant disease
control. However, their selectivity could be highly relevant for
targeted disease management. Their pronounced activity against
several Gram-positive plant pathogens, particularly C.
michiganensis and R. fascians, together with the moderate antifun-
gal activity of compound 1 against F. graminearum, implies that
they may serve as promising lead structures for developing more
potent plant protection agents.

4 Conclusions

In this work, a non-targeted, effect-directed phytochemical
analysis of the methanolic extracts of A. altissima petioles was
carried out using TLC coupled with UV detection, derivatization
with p-anisaldehyde reagent, direct bioautography using B. subtilis,
and HRMS. The bioassay-guided isolation process yielded three
antimicrobial seco-dammarane triterpenes (1-3), which were char-
acterized by HR-HESI-MS/MS, one- and two-dimensional NMR
spectroscopy, and polarimetry. Foveolin C (2) and (20S,24R)-
epoxy-25-hydroxy-A-homo-4-oxadammaran-3-one (3) are re-
ported here as new natural products, while the known shoreic
acid (1) and the previously isolated 13-HODE (4) and 9-HODE (5)
were identified in A. altissima petioles for the first time.

In microdilution assays, compound 1 exhibited strong antibac-
terial activity against the plant pathogenic bacteria C. michiganensis
and R. fascians, with MIC values two-fold lower than those of the
positive control neomycin. Among the isolates, compound 1 also
showed the highest antimicrobial activity against B. subtilis, C.
flaccumfaciens pv. flaccumfaciens, and the fungal plant pathogen F.
graminearum. Compound 2 demonstrated notable antimicrobial
activity against all tested pathogens, while compounds 3-5 showed
weak to moderate activity overall, with more pronounced antibac-
terial effects against R. fascians. After proper structure optimization,
these compounds could become valuable leads for the development
of novel antimicrobial agents. Future research can evaluate their
antimicrobial efficacy under in planta conditions, along with the
assessment of their phytotoxicity, chemical stability, and environ-
mental safety profile. In addition, future studies can investigate
formulations to assess their feasibility as sustainable plant protec-
tion products.
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