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A B S T R A C T

Bioprospecting of a rice culture of Trochila sp. BGP15P7IS3, an undescribed endophytic fungus from Lilium 
carniolicum, resulted in isolation and identification of eleven specialized metabolites, of which four pyridone 
alkaloid derivatives (1, 2, 4, and 5) and a biphenyl derivative (8) were identified as previously undescribed 
natural products. Moreover, two dibenzofuran derivatives, isousnic acid and usnic acid (9 and 10) with S ab
solute configuration were reported for the first time from an endophytic fungus. Additionally, the absolute 
stereochemistry of the previously described compound 7 was determined. The structure of the compounds iso
lated was established by means of HR-ESI-MS, 1- and 2D NMR, and ECD calculations, as well as utilizing pre
viously published data. All isolates available in sufficient quantities were evaluated for their antimicrobial 
activity against a plant pathogen, Botrytis cinerea, and four human pathogens, Aspergillus fumigatus, Aspergillus 
flavus, Candida albicans, and Cryptococcus neoformans, as well as a human sextually transmitted parasite, Tri
chomonas vaginalis. Compound 3 displayed antifungal activity only against C. neoformans with an MIC value of 
12.5 μg/mL, and compound 6 exhibited promising antifungal activity with MIC values of 0.39–3.25 μg/mL 
against all the aforementioned fungal pathogens, and a concentration-dependent growth inhibitory property 
against T. vaginalis. Based on the identification of derivatives, a revised biosynthetic pathway for pyridone-type 
alkaloids was proposed.

1. Introduction

Plant disease outbreaks continue to pose a growing risk to global 
food security, biodiversity loss and various socio-economic burdens. 
These outbreaks have been exacerbated by climate change, resulting in 
the emergence of new pathogens, increased plant susceptibility to 
pathogens and/or the rise of multi-drug resistant phytopathogens (Singh 
et al., 2023). For example, in the case of the phytopathogen Botrytis 
cinerea, which infects more than 200 plant species, the global economic 
loss caused by it has been calculated from $10 to $100 billion worldwide 
(Roca-Couso et al., 2021). In addition, several studies have revealed the 
emergence of some strains of this pathogen that are resistant to con
ventional fungicides (Sofianos et al., 2023). Similar to plants, antimi
crobial resistance (AMR), which occur in various human infectious 
pathogens, imposes multifaceted issues including increasing health care 

costs, elevating the death rate, and pushing millions of people into 
extreme poverty (Aslam et al., 2024). Considering this, there is indeed a 
huge quest for the discovery and development of new antimicrobial 
substances to help reduce the burden of AMR in both plant and human 
pathogens. Among the various sources, microbial natural products stand 
out as promising and sustainable contributors to drug discovery due to 
their substantial impact. In recent years, endophytic microorganisms 
have gained increasing attention as promising sources of bioactive 
natural products with applications in the agricultural and pharmaceu
tical industries. These symbiotic microorganisms protect their hosts 
from the deleterious effects of various biotic (e.g., pathogen attack) and 
abiotic stresses (e.g., drought, UV radiation), particularly through the 
production of bioactive molecules (Hardoim et al., 2015; Fadiji and 
Babalola, 2020).

During a screening campaign for the discovery of novel antimicrobial 
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natural products from endophytic fungi of plants growing in the alpine 
region, a potentially new fungal species, Trochila sp. BGP15P7IS3, iso
lated from the leaves of Lilium carniolicum Bernh. ex W.D.J.Koch, dis
played promising antimicrobial activities against a panel of plant and 
human pathogens with MIC values ranging from 25 to 50 μg/mL. 
L. carniolicum belongs to the Liliaceae family, with distribution in the 
southeastern alps, and is a native species to Austria, Italy, and north
western Balkan Peninsula (https://powo.science.kew.org/). To date, no 
studies have investigated its endophytes or the specialized metabolites 
they produce. Thus, this study aims to explore its chemical space by 
implementing LC-MS/MS and Feature-Based Molecular Networking 
workflow (FBMN) (Nothias et al., 2020), and to further isolate and 
identify its active compounds through various chromatographic and 
spectroscopic methods.

Herein the isolation and characterization of eleven specialized me
tabolites from Trochila sp. BGP15P7IS3 are reported, of which five me
tabolites (1, 2, 4, 5, and 8) were identified as undescribed natural 
products, and two metabolites (9 and 10) were identified as rare ste
reoisomers, previously unreported from an endophytic fungus (Fig. 1). 
All isolated compounds were evaluated for their bioactivities against 
several plant and human pathogens.

2. Results and discussion

2.1. Identification of Trochila sp. BGP15P7IS3

The phylogenetic analysis (Fig. 2) placed this isolated Lilium endo
phyte unambiguously in the genus Trochila Fr. (Leotiomycetes, Helot
iales, Cenangiaceae). Trochila craterium (DC) Fr. is the type species of the 
genus Trochila. Within the genus, Trochila sp. BGP15P7IS3 forms a well- 
supported lineage with four reference sequences (100 % sequence 
identity in the rDNA ITS region) originating from endophytes from four 

different plant species. This indicates that Trochila sp. BGP15P7IS3 also 
represents an endophytic Trochila species. The detected relationships 
indicate that this endophyte very likely has a low host specificity and a 
broad geographic range: it was detected as endophyte of L. carniolicum 
(Austria, accession No.: PV706653), Coleostephus myconis (Portugal, 
accessionF No.: ON754208.1), Braya fernaldii (Canada, accession No.: 
ON599033.1), Arabidopsis thaliana (Spain, accession No.: JX982480.1) 
and of herbal tea (Iran, accession No. OR936275.1). More thorough 
taxonomical investigations based on several pure culture isolates are 
necessary for a formal description of this taxon as a new species of 
Trochila. Species of Trochila have, up to the present, been considered as 
saprotrophs or weak parasites: Trochila ilicina, the most closely related 
known species, was reported as both a weak parasite and a saprotroph of 
Ilex aquifolium L. (Aquifoliales, Aquifoliaceae). T. laurocerasi is a parasite 
on the leaves of Prunus laurocerasus L. (family Rosaceae); T. symploci is a 
pathogen on Symplocos japonica A. DC. (Ericales, Symplocaceae); 
T. colensoi grows on the leaves of Cordyline australis (G.Forst.) Endl. 
(Asparagaceae); T. uredinophila grows on the underside of a Ficus max
ima Mill. leaf, where it is affected by a rust; and the fungus 
T. xishuangbanna lives on petioles (Gómez-Zapata et al., 2021). Based on 
our phylogenetic analysis including environmental sequences there is 
growing evidence for the presence of at least two additional endophytic 
Trochila spp., one from Brassica napus L., and one from Festuca rubra L., 
Ornithopus compressus L., and Dalea purpurea Vent.

2.2. FBMN of the ethyl acetate extract of Trochila sp. BGP15P7IS3

The LC-MS/MS data obtained for 40 subfractions of an EtOAc extract 
of a rice culture of Trochila sp. BGP15P7IS3 were analyzed by MZmine 
3.0 (Schmid et al., 2023) and subsequently submitted to the GNPS 
(Global Natural Product Social Molecular Networking) platform for 
generating a Feature-Based Molecular Network (FBMN) (Nothias et al., 

Fig. 1. Structure of the compounds isolated from a rice culture of Trochila sp. BGP15P7IS3.
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2020) and annotating compounds present in the extract. The results 
were visualized using Cytoscape 3.9.1 (Shannon et al., 2003) (Fig. S1). 
In parallel, SIRIUS (Dührkop et al., 2019) was utilized for further in silico 
dereplication and annotation of potential metabolites. The results indi
cated the presence of three main classes of compounds including alka
loids, polyketides, and terpenoids (See Fig. S2). Using GNPS, two nodes 
at m/z 345.096 (tR: 16.43 min) and m/z 345.096 (tR: 15.62 min) could 
be dereplicated as two known dibenzofurans, isousnic acid (9) and usnic 
acid (10). Furthermore, SIRIUS revealed presence of various 
pyridone-type alkaloids, including nodes with m/z 394.2015 (tR: 14.69 

min) and 430.2225 (tR: 11.53 min), which could be dereplicated as 
pyridone-type alkaloids, didymellamide B (3 (Haga et al., 2013), and 
didymellamide C (7, (Haga et al., 2013), respectively (Fig. 3). The 
structures of both compounds were confirmed using 1 and 2D NMR (See 
Supplementary Material). Additionally, two known specialized metab
olites, N-hydroxyapiosporamide (6) (Lee et al., 1996) and oosporein 
(11) (Feng et al., 2015) were also isolated. Both classes of compounds 
have previously been shown to possess strong antimicrobial activities 
(Haga et al., 2013; Ingólfsdóttr, 2002) and may contribute significantly 
to the observed bioactivity of the crude extract. Besides the nodes 

Fig. 2. ML phylogram of Trochila rDNA ITS sequences (Cenangiopsis was used as outgroup). Branch support (ML bootstrat and Bayesian PP) are provided above 
branches. Phylogenetic relationships of the Trochila Lilium endophyte based on rDNA ITS sequences. Maximum Likelihood phylogram (log likelihood − 1542.04) is 
shown. T92+G was used as the best model (+G, parameter = 0.2647). Branch support is based on MP bootstraps (100 replicates) in black and Bayesian Posterior 
Probabilities (2.000000 generations) in red. The dataset included 21 sequences and 376 positions. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.)

Fig. 3. FBMN of Trochila sp. BGP15P7IS3 revealing a cluster of pyridone-type alkaloids. Nodes were annotated using the GNPS spectral library and SIRIUS using MS/ 
MS spectral similarity.
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corresponding to known metabolites, several other nodes could not be 
dereplicated, indicating the presence of potential undescribed de
rivatives. The fractions containing these compounds were therefore 
subjected to the targeted isolation.

2.3. Isolation and structural elucidation of compounds isolated

Compound 1 was obtained as a white-brownish solid. Its molecular 
formula of C24H27NO5 was determined based on HRESIMS data ([M +
H]+ m/z 410.1959, calcd. for C24H28NO5

+, 410.1962), indicating 12 
indices of hydrogen deficiency. The 1H NMR spectrum (Table 1) dis
played three aromatic protons [δH 6.68 (1H, dd, J = 8.1, 2.1 Hz, H-21), 
6.72 (1H, d, J = 8.1 Hz, H-22), and 6.84 (1H, d, J = 2.1 Hz, H-25)], two 
methyl groups [δH: 0.76 (3H, d, J = 7.1 Hz, H-18)] and [δH: 0.88 (3H, d, 
J = 6.5 Hz, H-19)], three olefinic protons [δH 7.50 (1H, d, J = 6.1 Hz, H- 
6), 5.40 (1H, brd, J = 9.7 Hz, H-15), and 5.59 (1H, ddd, J = 9.7, 4.6, 2.5 
Hz, H-16)], five methine groups [δH: 4.37 (1H, dd, J = 11.4, 5.7 Hz, H- 
8)], [δH: 1.46 (1H, m, H-9)], [δH: 1.45 (1H, m, H-12)], [δH: 1.78 (1H, m, 
H-14)], and [δH: 2.78 (1H, m, J = 6.2 Hz, H-17)], and three methylene 
groups [δH: 1.80 (1H, m, H-10a) and 0.82 (1H, m, H-10b)], [δH: 1.64 
(1H, m, H-11a) and 0.95 (1H, m, H-11b)], and [δH: 1.67 (1H, m, H-13a) 
and 0.73 (1H, m, H-13b)]. The 13C NMR together with HSQC spectrum 
revealed 24 carbon signals, including signals corresponding to the 
above-mentioned structural units, along with signals for six quaternary 
carbons (δC: 106.8, 175.9, 112.7, 123.8, 144.9, and 144.8) and two 
carbonyl groups (δC: 161.3 and 209.7). The COSY correlations indicated 
three spin systems, H-9/H-8/H-10b/H-14; from H-17/H-8/H-16/H3-18; 
H-15/H-14; from H-13b/H-12. Moreover, HMBC spectrum illustrated 
correlations from H-19 to C-11, C-12, and C-13 (δC: 35, 32.5, and 41.3); 
from H-18 to C-17, C-8, and C-16 (δC: 30.6, 51.8, and 131.6); from H-8 to 
C-7, C-9, and C-17 (δC: 209.7, 35.8, and 30.6); and from H-15 to C-9, C- 
13, and C-14 (δC: 35.8, 41.3, and 41.3), collectively indicated the pres
ence of a decalin moiety. Furthermore, the HMBC correlations from H-6 
to C-2, C-4, C-5, and C-20 (δC: 161.3, 175.9, 112.7, and 123.8) suggested 

the existence of a 4-hydroxypyridone moiety (Fig. 4). Comparison of the 
chemical shifts with literature data revealed a strong similarity to 
didymellamide B (Haga et al., 2013). The main difference between 1 and 
didymellamide B (3) lies in the substitution pattern in the benzene ring, 
where a typical AA’BB′ spin system is substituted by an ABX spin system, 
assigned to protons H-21, H-22 and H-25. As a result, the planar struc
ture of 1 was elucidated and named as 24-hydroxy didymellamide B 
(Fig. 1). The NOESY spectrum of 1 displayed correlation between H-9 
and H-18, H-8 and H-14, as well as H-14 and H-12, establishing its 
relative configuration as 8*R,9*R,12*R,14*S,17*R (Fig. 5A). Calcu
lating the ECD spectrum at TD-DFT/B3LYP/6-31G(d, 
p)/CPCM//B3LYP/6-31G(d,p) level in MeOH and comparison with the 
experimental spectrum resulted in determining the absolute configura
tion of 1 as 8R,9R,12R,14S,17R (Fig. 5A).

Compound 2 was obtained as a white-brownish solid. Its molecular 
formula of C25H29NO5 was determined based on HRESIMS data ([M +
H]+ m/z 424.2119, calcd. for C25H30NO5

+, 424.2118), corresponding to 
12 degrees of unsaturation. Its 1H and 13C NMR spectra (Tables 1 and 2) 
was identical to that of 1, except for the presence of a new peak at δH 
3.78 and δC 55.7, characteristic of a methoxy group. Further examina
tion of the HMBC correlations from H-26 (δH 3.78) to C-23 (δC 147.1) 
revealed the position of this methoxy group (Fig. 4), establishing its 
structure as 23-methoxy-24-hydroxy didymellamide B. To further 
analyze whether this compound was an artefact of the isolation process 
due to the use of methanol during the isolation steps or was originally 
present in the extract, LC-MS analysis was performed on the EtOAc 
extract of the fungus dissolved in THF, as well as on compound 2. The 
results clearly confirmed the presence of this compound in the fungal 
extract (see Fig. S20). This compound revealed a matching ECD spec
trum to that of 1, resulting in establishing its absolute configuration as 
8R,9R,12R,14S,17R (Fig. 5A).

Compound 4 was obtained as a white-brownish solid. Its molecular 
formula of C25H29NO4 was determined based on HRESIMS data ([M +
H]+ m/z 408.2169, calcd. for C25H30NO4

+, 408.2169), corresponding to 

Table 1 
1H (600 MHz) NMR Data of compounds 1, 2, 4, 5, and 8 (δ in ppm, J in Hz).

Position 1 (DMSO‑d6) 2 (DMSO‑d6) 4 (DMSO‑d6) 5 (CD3OD) Position 8 (CDCl3)

1 11.63 d (6.1) 11.61 brs 11.72 brs – 1 –
2 – – – – 2 –
3 – – – – 3 –
4 – – – – 4 –
5 – – – – 5 –
6 7.50 d (6.1) 7.52 brs 7.59 brs 7.48 brs 6 –
7 – – – – 7 2.14 s
8 4.37 dd (11.4, 5.7) 4.38, dd, (11.4, 5.8) 4.37 dd (11.4, 5.7) 3.18 t (7.4) 8 –
9 1.46 m a 1.49 m a 1.46 m a 1.66 m 9 2.73 s
10 α 1.80 m b 1.83 m b 1.80 m b 1.42 m a 10 3.55 s
10 β 0.82 m 0.84 m 0.81 m 1.38 m a 1′ –
11 α 0.95 m 0.97 m 0.96 m 1.19 m 2′ –
11 β 1.64 m b 1.68 m b 1.65 m b 1.38 m a 3′ –
12 1.45 m a 1.46 m a 1.45 m a 1.50 m 4′ –
13 α 0.73 m c 0.75 m c 0.75 m c 1.90 m 5′ –
13 β 1.67 m b 1.73 m b 1.67 m b 2.07 m 6′ –
14 1.78 m b 1.77 m b 1.78 m b 5.50 m 7′ 2.14 s
15 5.40 brd (9.7) 5.39 brd (9.8) 5.39 brd (9.8) 5.96, m 8′ –
16 5.59 ddd (9.7, 4.6, 2.5) 5.59 ddd (9.8, 4.6, 2.7) 5.59 ddd (9.8, 4.5, 2.5) 6.00 m 9′ 2.73 s
17 2.78 m 2.78 m 2.79 m 5.55, m 10′ 3.55 s
18 0.76 d (7.1) c 0.77 d (7.2) c 0.77 d (7.2) c 1.70 d (6.1) ​ ​
19 0.88 d (6.5) 0.89 d (6.5) 0.88 d (6.5) 0.88 d (6.7) ​ ​
20 – – – – ​ ​
21 6.68 dd (8.1, 2.1) 6.83 dd (8.2, 2.2) 7.38 m 7.28 m ​ ​
22 6.72 d (8.1) 6.93 d (8.2) 6.95 m 6.82 m ​ ​
23 – – – – ​ ​
24 – – 6.95 m 6.82 m ​ ​
25 6.84 d (2.1) 6.90, d (2.2) 7.38 m 7.28 m ​ ​
26 – 3.78 s 3.77 s – ​ ​
23-OH 8.92 s 8.90 – – ​ ​
24-OH 8.95 s – – – ​ ​

a, b, c: overlapping signals.
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12 degrees of unsaturation. The 1H NMR spectrum of 4 revealed four 
characteristic aromatic protons [δH 7.38 (2H, m, H-21, 25), and 6.95 
(2H, m, H-22, 24)], two methyl groups [δH: 0.77 (3H, d, J = 7.2 Hz, H- 
18)] and [δH: 0.88 (3H, d, J = 6.5 Hz, H-19)], one methoxy group [δH: 
3.77 (3H, s, -OCH3)], three olefinic protons [δH 7.59 (1H, brs, H-6), 5.39 
(1H, dt, J = 9.8, 1.7 Hz, H-15), and 5.59 (1H, ddd, J = 9.8, 4.5, 2.5 Hz, 
H-16)], five methine groups [δH: 4.37 (1H, dd, J = 11.4, 5.7 Hz, H-8)], 
[δH: 1.46 (1H, m, H-9)], [δH: 1.45 (1H, m, H-12)], [δH: 1.78 (1H, m, H- 
14)], and [δH: 2.79 (1H, m, H-17)], and three methylene groups [δH: 
1.80 (1H, m, H-10a) and 0.81 (1H, m, H-10b)], [δH: 1.65 (1H, m, H-11a) 
and 0.96 (1H, m, H-11b)], and [δH: 1.67 (1H, m, H-13a) and 0.75 (1H, 
m, H-13b)]. The 13C NMR and HSQC spectrum revealed 24 carbon sig
nals, including signals corresponding to the above structural units and 
additional signals for five quaternary carbons (δC: 106.8, 175.9, 111.2, 
125.5, and 158.5) and two carbonyl groups (δC: 161.4 and 209.9). 
Detailed analysis of the 1- and 2D NMR data indicated the planar 
structure of 4 to be a methoxy derivative of didymellamide B (3) (Haga 
et al., 2013), and according to the observed HMBC correlation from 

H-26 to C-23 (δC: 158.5), its position determined to be at C-23 (Fig. 4). 
Similar to 2, LC-MS analysis was carried out to confirm the presence of 
the compound in the EtOAc extract of the Trochila sp. BGP15P7IS3. The 
result indicated that this compound was produced by the fungus and was 
not an artefact of the isolation process (see Fig. S29). The NOESY 
spectrum showed NOE correlations between H-8 and H-18, H-14 and 
H-12, and H-8 and H-14. In addition, the experimentally measured ECD 
spectrum in MeOH showed also a good agreement with that of didyl
lamide B (3), as well as 1 (Fig. 5A), resulting in determining its absolute 
configuration as 8R,9R,12R,14S,17R.

Compound 5 was obtained as a white-brownish solid. Its molecular 
formula of C24H29NO4 was determined on the basis of a HRESIMS data 
peak at m/z 396.2172 [M + H]+ (calcd. for C24H30NO4

+, 396.2169) and 
corresponding to 11 degrees of unsaturation. The 1H NMR spectrum 
(Table 1) of 5 showed four aromatic protons [δH 7.28 (2H, m, H-21, 25), 
and 6.82 (2H, m, H-22, 24)]. In addition, two methyl groups [δH: 1.70 
(3H, d, J = 6.1 Hz, H-18)] and [δH: 0.88 (3H, d, J = 6.7 Hz, H-19)], five 
olefinic protons [δH 7.48 (1H, brs, H-6), 5.50 (1H, m, H-14), 5.96 (1H, m, 

Fig. 4. COSY (blue lines) and HMBC correlations (red arrows) for compounds 1,2, 4, 5, and 8. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)

Fig. 5. A) NOESY correlations of 1, and experimental ECD spectrum of compounds 1, 2, 3, and 4 and calculated ECD spectrum of 1, B) experimental and calculated 
ECD spectra of compound 5 in MeOH.
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H-15), 6.00 (1H, m, H-16), and 5.55 (1H, m, H-17)], one methine group 
[δH: 1.50 (1H, m, H-12)] and five methylene groups [δH: 3.18 (2H, t, J =
7.4 Hz, H-8)], [δH: 1.66 (2H, m, H-9)], [δH: 1.42 (1H, m, H-10a) and 1.38 
(1H, m, H-10b)], [δH: 1.38 (1H, m, H-11a) and 1.19 (1H, m, H-11b)], 
and [δH: 2.07 (1H, m, H-13a) and 1.90 (1H, m, H-13b)] were distin
guished. The 13C NMR (Table 2) and HSQC spectra revealed 24 carbon 
signals, including signals corresponding to the above structural units 
and additional signals for two carbonyls (δC: 164.2 and 209.9) and five 
quaternary carbons (δC: 107.7, 177.1, 112.2, 125.2, and 158.3). Com
parison of the NMR spectroscopic data of 5 (Tables 1 and 2) with 
didymellamide B (3) reveals that both compounds possess a similar 
benzene ring and a 4-hydroxypyridone moiety. However, the decalin 
moiety in compound 3 was replaced by an unsaturated dodecane moiety 
in compound 5, as indicated by the presence of five above-mentioned 
CH2 groups, four unsaturated CH groups, and one aliphatic CH group, 
compared to three CH2, two unsaturated CH, and five aliphatic CH 
groups in compounds 1–4. This substitution was corroborated by the 
COSY correlations from H-9 to H-8, H-10a, and H-10b, from H-11b to H- 
10a, H-10b, and H-12, from H-12 to H-11, H-13, and H3-19, from H-13a 
to H-12, H-14, and H-15, from H-15 to H-14, and H-16, and from H-17 to 
H-16, and H-18, along with the HMBC correlations observed from H-19 
to C-11, C-12, and C-13 (δC: 37.5, 34.5, and 41.1), from H-18 to C-17 and 
C-16 (δC: 127.4 and 133), and from H-8 to C-7 and C-9 (δC: 209.9 and 
25.7) (Fig. 4). The configuration of the double bonds in C-14 to C-17 (δC: 
131.2, 133.1, 133, and 127.4) was determined to be a S-trans configu
ration based on the similarity of 1H and 13C chemical shifts to those of 
ilicicolin H and epi-ilicicolin H biosynthesis precursors (bis-diene de
rivatives) (Zhang et al., 2019) and also lovastatin biosynthesis pre
cursors such as (7R)-(E,E-10,10-Dimethoxy-7-methyldeca-2,4-diene 
(Witter and Vederas, 1996). Thus, the planar structure of 5 determined 
to be an undescribed pyridone-type alkaloid and was named didy
mellamide I (5) (Fig. 1). The absolute configuration of the chiral center 
at C-12 was deciphered as R by comparing the calculated and experi
mentally obtained ECD spectrum in MeOH (Fig. 5B).

Compound 8 was obtained as a white-brownish solid. Its molecular 
formula of C20H22O8 was determined on the basis of a HRESIMS peak at 
m/z 391.1388 [M + H]+ (calcd. for C20H23O8

+, 391.1387) and 

corresponding to 10 degrees of unsaturation. The 1H NMR spectrum 
(Table 1) of 8 in CDCl3 showed two methyl groups [δH: 2.73 (3H, s, H-9, 
9′)] and [δH: 2.14 (3H, s, H-7 and H-7′)], one methoxy group [δH: 3.55 
(3H, s, H-10 and H-10′)]. The 13C NMR (Table 2) and HSQC spectra 
revealed 10 carbon signals, including the signals corresponding to the 
structural units mentioned above, and additional signals for a carbonyl 
group (δC: 204.7) and six quaternary carbons (δC: 164.7, 107.4, 156.5, 
163.4, 112.1, and 101.7). Analyzing the 1- and 2D NMR data of 8, along 
with its calculated molecular formula suggested that it possesses a 
highly symmetric structure. The HMBC spectrum for 8 revealed corre
lations from H-9 to C-8 and C-3 (δC: 204.7 and 107.4), confirming the 
position of acetyl moiety; from H-10 to C-5 (δC: 163.4), and from H-7 to 
C-6, C-5, and C-1 (δC: 112.1, 163.4, and 101.7), determining the position 
of methoxy and methyl group, respectively (Fig. 4). The remaining 13C 
NMR signals were attributable to two sp2 quaternary carbons, indicating 
the presence of two hydroxyl groups, the position of which could be 
established through the long-range correlations from H-7 to C-2 and C-4 
(δC: 164.7 and 156.5). Furthermore, taking into account the degrees of 
unsaturation and the lack of correlation from or to C-1, this carbon could 
be identified as the center of symmetry. Considering all the above in
formation, the structure of compound 8 was identified as a previously 
undescribed biphenyl derivative and named as trochinol A (Fig. 1). To 
determine whether it is optically active due to the presence of the 
chirality axis (C1–C1′), the optical rotation and ECD spectrum were 
measured. However, no optical activity was observed, suggesting the 
presence of a racemic mixture.

Besides the undescribed compounds reported, compound 7 was 
identified as didymellamide C, however, its absolute configuration was 
not fully deciphered in the previous reports (Haga et al., 2013). To this 
end, the relative configuration of 7 at the decalin ring was first deter
mined using a NOESY spectrum (Fig. S54), which was similar to the 
compound 1 (Fig. 6A). Subsequently, ECD calculations were performed 
for two possible epimers of 7 (8R,9R,12R,14S,17R,20R and 8R,9R,12R, 
14S,17R,20S), since only the relative configuration at C-22 remained 
ambiguous. Comparison of the calculated and experimental ECD spectra 
obtained in MeOH led to the determination of the absolute configuration 
of 7 as 8R,9R,12R,14S,17R,20R (Fig. 6A). Compounds 9 and 10 were 

Table 2 
13C (150 MHz) NMR Data of compounds 1, 2, 4, 5, and 8.

Position 1 (DMSO‑d6) 2 (DMSO‑d6) 4 (DMSO‑d6) 5 (CD3OD) Position 8 (CDCl3)

1 – ​ – – 1 101.7
2 161.3 161.4 161.4 164.2 2 b 164.7
3 106.8 106.8 106.8 107.7 3 107.4
4 175.9 175.9 175.9 177.1 4 b 156.5
5 112.7 112.1 111.2 112.2 5 163.4
6 140.7 140.5 141.0 140.6 6 112.1
7 209.7 212.2 209.9 209.9 7 8.77
8 51.8 51.7 51.8 44.0 8 204.7
9 35.8 35.8 35.8 25.7 9 33.5
10 29.3 29.3 29.4 28.0 10 60.8
11 35.0 34.9 35.0 37.5 1′ 101.7
12 32.5 32.4 32.5 34.5 2′ b′ 164.7
13 41.3a 41.3a,b 41.3a,b 41.1 3′ 107.4
14 41.3a 41.2a,b 41.3a,b 131.2 4′b′ 156.5
15 130.3 130.2 130.3 133.1 5′ 163.4
16 131.6 131.5 131.6 133.0 6′ 112.1
17 30.6 30.5 30.6 127.4 7′ 8.77
18 17.8 17.7 17.8 18.1 8′ 204.7
19 22.4 22.3 22.4 20.0 9′ 33.5
20 123.8 125.5 125.5 125.2 10′ 60.8
21 120.0 119.7 130.2 131.4 ​ ​
22 115.4 112.1 113.6 116.1 ​ ​
23 144.9 147.1 158.5 158.3 ​ ​
24 144.8 146.0 113.6 116.1 ​ ​
25 116.6 116.5 130.2 131.4 ​ ​
26 – 55.7 55.1 – ​ ​

b,b′ interchangeable signals.
a overlapping signals; .
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identified as isousnic acid and usnic acid derivatives, respectively, ac
cording to the obtained NMR data (see Figs. S55–58 and Table S2) and 
comparison to the literature data (Bui et al., 2021; Rashid et al., 1999). 
To determine their absolute configuration, their ECD spectrum was 
measured in acetonitrile and compared with the simulated ECD spec
trum for 10, as an example (Fig. 6B). The results show a great match 
with the calculated ECD spectrum, corresponding to an S configuration 
at the corresponding stereocenter. To the best of our knowledge, this is 
the first report of S-usnic acid and S-isousnic acid from endophytic re
sources. The S stereoisomer is quite rare in nature and has only been 
reported from lichen species belonging to a few genera including Alec
toria (Parmeliaceae) and Cladonia (Cladoniaceae) (Xu et al., 2022; 
Bézivin et al., 2004).

Han et al. (2017) and Wang et al. (2015) have previously proposed 
two possible biogenesis pathways for pyridone-type alkaloids, starting 
from one L-tyrosine, one acetyl-CoA, and six malonyl-CoA units, in both 
of which, cyclization through Diels-Alder reaction to form the decalin 
ring takes place prior to intramolecular Claisen cyclization to form the 

tetramic acid core c (Fig. 7). However, another potential biogenetic 
pathway for the pyridone-type alkaloids is postulated here (Fig. 7), since 
in this study the isolation of compound 5 can serve as a likely precursor 
for biosynthesis and identified another potential derivative of 5 via 
FBMN (Fig. 7). The linear polyketide precursor initially condenses with 
an activated L-tyrosine to form the intermediate a. The intermediate an 
undergoes intramolecular Claisen cyclization to yield tetramic acid core 
(intermediate b), which in turn subjects to ring expansion through series 
of hydroxylation, dehydration, and rearrangement to form pyridone 
core (intermedia c). Conversely, the polyketide chain reduces to form 
intermediate d and subsequently e, which in turn undergoes a 
Diels-Alder reaction to generate decalin ring and intermediate f (com
pound 3). Through series of transformations, including reduction, and 
hydroxylation, and O-methylation, respective compounds are produced.

2.4. Antimicrobial activity of the compounds isolated

The compounds isolated were evaluated for their bioactivity against 

Fig. 6. A) NOESY correlations of 7, and experimental versus calculated ECD spectra for two epimers of 7 in MeOH, B) experimental ECD spectra of 9 and 10 and 
calculated ECD spectrum of 10 in acetonitrile.

Fig. 7. Putative biosynthesis pathway of 1–7.
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B. cinerea, a human protozoal parasite T. vaginalis, and additional four 
human fungal pathogens, A. fumigatus, A. flavus, C. albicans, 
C. neoformans. As shown in Fig. 8A, the results obtained revealed com
pound 6 to inhibit B. cinerea growth with a MIC value of 0.78 μg/mL, 
which was comparable to hygromycin B, the positive control used in this 
study (MIC = 0.39 μg/mL) (Fig. 8A and Table 3). Furthermore, com
pounds 6 and 9 illustrated a concentration-dependent growth inhibition 
of human sextually transmitted parasite, T. vaginalis (Fig. 8B and C, 
respectively). Evaluation of antifungal activities of the compounds iso
lated against four human fungal pathogens after 48 h incubation indi
cated compound 6 with MIC values of 6.25, 25, 3.12, and 3.12 μg/mL to 
be the most active substance against A. fumigatus, A. flavus, C. albicans, 
C. neoformans, respectively. Additionally, compound 3 displayed anti
fungal activity only against C. neoformans with MIC value of 12.5 μg/mL 
(Fig. 9, Table 3).

3. Conclusions

In conclusion, a total of eleven compounds were isolated from the 
rice culture of Trochila sp. BGP15P7IS3, an endophytic fungus of 
L. carniolicum. Compounds 1, 2, 4, 5, and 8 were identified as unde
scribed natural products. S-isousnic acid (9) and S-usnic acid (10) were 
identified as rare stereoisomers and previously unreported from an 
endophytic fungus. Evaluation of the bioactivity of the compounds 
against several human and plant pathogens resulted in identification of 
compound 6 as the most active compound against B. cinerea, T. vaginalis, 
A. fumigatus, A. flavus, C. albicans, and C. neoformans. Compound 3 
conversely could inhibit only C. neoformans.

In this study, implementing molecular networking of the GNPS 

platform provided valuable information on the chemical space of the 
fungus, Trochila sp. BGP15P7IS3 and its genus for the first time. This 
approach enabled the dereplication of several pyridone alkaloid and 
dihydobenzofuran derivatives, as well as the identification of previously 
unreported substances for targeted isolation. As demonstrated, and in 
line with previous reports on antimicrobial activity of this class of 
compounds, their occurrence in endophytes may enhance the ability of 
plants to withstand biotic stresses imposed by phytopathogens such as 
Botrytis species. Furthermore, two rare isomers of usnic acid and isousnic 
acid, which were isolated in this work, have previously been reported to 
promote plant growth and exhibit promising antimicrobial activities 
against various plant pathogens. The biosynthesis of these two com
pounds, together with other potential derivatives in relatively high 
amounts in this fungus, along with the occurrence of bioactive pyridone- 
type alkaloids indicates its potential role as a biocontrol agent. None
theless, further studies are required to investigate this hypothesis 
through greenhouse and field experiments.

4. Experimental section

4.1. General experimental procedures

Optical rotations measurements were carried out using a Jasco P- 
2000 polarimeter (Jasco, Japan), in a 10.0 cm length cell, using MeOH 
or CHCl3. IR spectra were recorded on an Alpha-II FTIR spectrometer 
(Bruker). UV and ECD spectra were measured on a J-1500 spec
tropolarimeter (JASCO, Japan). NMR spectra were acquired on an 
Avance II (600 MHz, Bruker, USA) and residual solvent peaks were 
utilized for internal referencing of the chemical shifts. HRESIMS 

Fig. 8. A) MIC values of compound 6 against B. cinerea. The spores (104/well) were incubated for 48 h with various concentrations of 6. The images were taken by 
Incucyte 3.0 at 50× magnification. All experiments were performed in triplicate (n = 3) and representative images from one replicate are shown. Hygromycin B was 
utilized as the positive control with MIC value of 0.39 μg/mL; B and C) Concentration-dependent growth inhibition effect of compound 6 (8-B) and 9 (8-C) against 
human sextually transmitted parasite, T. vaginalis. The experiments were conducted in triplicate (n = 3) and the results are presented as %growth ± SEM. Statistical 
significance was determined using one-way ANOVA followed by Dunnett’s multiple comparisons test, comparing each concentration to the control group. p < 0.05 
was considered statistically significant (***p = 0.0002, ****p < 0.0001). Metronidazole with EC50 value of 3 μg/mL was utilized as the positive control in this study 
(data not shown).
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analyses were carried out using Exploris-120 Orbitrap mass spectrom
eter coupled to a Vanquish UPLC system, equipped with a Vanquish 
variable wavelength detector (Thermo Fischer Scientific, MA, USA). 
Fractionation of the fungal extract was carried out on a Reveleris® 
system (Buchi, Switzerland) using a silica gel cartridge. For conventional 
column chromatography silica gel or Sephadex LH-20 (Sigma-Aldrich, 
USA) were utilized as the stationary phase. Analytical HPLC was per
formed on an Agilent 1200 system equipped with a degasser, autosam
pler, column compartment, and a PDA detector, using a Phenomenex 
Synergi MAX-RP 250 × 10 mm, 4 μm, 80 Å column. TLC analysis of the 
fractions was performed on precoated silica gel 60 F254 (0.25 mm, 
Merck) plates, and spots were visualized using an anisaldehyde spray 
reagent and heat. All solvents required for extraction and isolation were 
purchased from VWR (Austria). Ultrapure water was produced by a 
Sartorius arium 611 UV system (Germany).

4.2. Fungal material

4.2.1. Isolation and identification
Fungal species were isolated from the leaves of L. carniolicum, 

collected in the botanical garden in Mt. Patscherkoferl (1700 m a.s.l), 
Innsbruck, Austria, after surface sterilization. Briefly, leaf surfaces were 
treated in the sequence 70 % ethanol, 2 % sodium hypochlorite solution, 
70 % ethanol, and ultimately sterilized water. Sterilized leaves were cut 
into pieces, placed on a Malt Extract Agar (MEA) plate and, alterna
tively, Wickerham medium plates and incubated for 4 weeks at 25 ◦C in 
the dark. Pure cultures of Trochila sp. BGP15P7IS3 have been deposited 
at the culture collection of the Department for Microbiology, University 

Innsbruck (Herbarium No. IBF20210185). Microscopic data was docu
mented with a Nikon camera DSFi1 in combination with the computer 
program NIS-Elements D 3.0. Microscopical examinations showed that 
the pure culture isolate of Trochila sp. BGP15P7IS3 did not produce any 
reproductive structures. For identification of the fungus, genomic DNA 
(gDNA) was extracted from mycelium harvested from Wickerham me
dium. The identification was based on a multigene approach including 
the rDNA region LSU, ITS, SSU, and the RPB2 region. The internal 
transcribed spacer (ITS) regions of the ribosomal DNA were amplified 
using the primer pair ITS-1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and 
ITS-4 5′-TCCTCCGCTTATTGATATGC-3′). Sequencing of the PCR prod
ucts was performed by Microsynth (Microsynth AG, Switzerland). Se
quences are available from GenBank under the respective accession 
numbers (see Table S1). BLAST-searches were conducted against UNITE 
(http://unite.et.ee) and GenBank (http://ncbi.nlm.nih.gov/). Highly 
similar sequences were downloaded from UNITE. Sequences of type 
material were also included in the analysis (see Table S1). The phylo
genetic analysis of rDNA ITS sequences involved 23 nucleotide se
quences. The outgroup was selected based on published sister group 
relationships (Gómez-Zapata et al., 2021). The concatenated rDNA 
analysis included 5 sequences, the analysis of RPB2 7 sequences. Se
quences were automatically aligned in MUSCLE (Edgar, 2004) and 
analyzed with RAxML on T-REX (Alix et al., 2012). Evolutionary history 
was inferred by Maximum Likelihood with the GTR model with discrete 
Gamma distribution. It was run with Rapid Bootstrapping, searching for 
the best scoring ML tree, and 500 replicates. Additionally, branch 
robustness was tested with Bayesian Inference in MrBayes v. 3.2.6 
(Huelsenbeck and Ronquist, 2001). GTR was used as substitution model, 

Table 3 
Minimum inhibitory concentration (MIC) values of the isolated compounds against B. cinerea and four human fungal pathogens.

MIC (μg/mL) ranges

Compounds B. cinerea A. fumigatus A. flavus C. albicans C. neoformans

3 >50 >50 >50 >50 12.5
6 0.78 6.25 25 3.12 3.12
Hygromycin B 0.39 – – – –
Voriconazole – 0.25 1 0.02 0.5

Fig. 9. Antifungal activity of compounds 3 and 6 against four human fungal pathogens. The concentrations are illustrated as μg/mL. The spores (104/well) were 
incubated for 48 h with various concentrations of 3 and 6. Microscopic images were taken after 48 h using the IncuCyte S3 Live-Cell Analysis System. All experiments 
were performed in triplicate (n = 3) and representative images from one replicate are shown. Voriconazole was used as the positive control for all strains with the 
following MIC values: 0.25 μg/mL (A. fumigatus), 1 μg/mL (A. flavus), 0.02 μg/mL (C. albicans), and 0.5 μg/mL (C. neoformans).
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and a gamma distribution of rate variation across sites was chosen. For 
prior probability settings defaults were kept. For the Markov Chain 
Monte Carlo (MCMC) analyses, four chains were run for 2 M genera
tions, with trees being sampled every 1000 generations. The analysis 
was stopped as the convergence diagnostic (average standard deviation 
of split frequencies) was below 0.05 after 10 M generations. From the 
sampled trees, 25 % were discarded as burn-in before summary statistics 
were calculated (using sump and sumt commands). Diagnostic plots, as 
well as the convergence diagnostics EES (Estimated Sample Size; min 
ESS around 10 K) and PSRF (Potential Scale Reduction Factor; 1.000 for 
all parameters), indicated stationarity.

4.2.2. Upscaling and extraction of fungal material
Trochila sp. BGP15P7IS3 was cultured in MEA plates and were 

inoculated on rice medium (100 g rice+110 mL H2O) in 10 × 1L 
Erlenmeyer flasks. The flasks were kept at 25 ◦C and in dark conditions 
for 60 days to reach the maximum growth. The fungal materials were 
combined and extracted eight times with EtOAc (8 × 800 mL) using 
ultrasonic bath (20 min). Obtained extract was evaporated on a rotary 
evaporator to yield 2.5 g of a crude extract.

4.3. Extraction and isolation

The obtained crude extract (2.5 g) was subsequently fractionated on 
a silica gel column using an MPLC system using gradients of petroleum 
ether-DCM (100:0 to 0:100) and DCM-MeOH (100:0 to 0:100) to yield 
40 subfractions. Fractions 4 and 8, eluted from petroleum ether-DCM at 
approximately 45:55 and 40:60, respectively, were obtained as pure 
crystalline substances, yielding compounds 10 (29 mg) and 9 (12.1 mg). 
F12 (55 mg) was separated on a silica gel column (Ø: 0.5 mm, L: 30 mm) 
using DCM-MeOH (85:15) to afford compound 8 (3.5 mg). Fraction 15 
(76.1 mg) was further separated on a Sephadex LH-20 column (Ø: 25 
mm, L: 870 mm) using DCM-Acetone (85:15) to yield further 7 sub
fractions. F15_5 (9.2 mg) was purified on a silica gel column (Ø: 10 mm, 
L: 31 mm) with DCM-MeOH (99.3:0.8) as the mobile phase to yield 
compound 4 (4.9 mg). Fraction 18 (233.2 mg) was subjected to chro
matography on an LH-20 column (Ø: 25 mm, L: 870 mm) using DCM- 
Acetone (85:15) as the mobile phase to yield compound 6 (17.6 mg) 
and compound 3 (29.5 mg). Subsequently its subfraction F18_25 (17.5 
mg) was subjected to a silica gel column (Ø: 35 mm, L: 900 mm) using 
isocratic elution with DCM-MeOH (98:2) as the mobile phase, yielding 2 
(1.2 mg) and 7 (6.6 mg). Additionally, subfraction F18_39 (6 mg) was 
purified on a silica gel column (Ø: 0.5 mm, L: 30 mm) using DCM-MeOH 
(85:15) to afford compound 5 (1.5 mg). F20 (22.1 mg) was subjected to 
chromatography on a Sephadex LH-20 column (Ø: 35 mm, L: 900 mm) 
using MeOH as the mobile phase to give compound 1 (3.4 mg). F27-29 
were combined (132 mg) and were purified on a Sephadex LH-20 col
umn (Ø: 35 mm, L: 900 mm) using MeOH as the mobile phase to give 
compound 11 (20 mg).

4.3.1. 
24-hydroxy didymellamide B (1): white-brownish solid; [α]25

D − 30.2 
(c 0.05, MeOH); UV (MeOH) λmax (log ε) 211 (3.02), 254 (2.73), 309 
(2.26) nm; ECD (c = 1.33 mg/mL) MeOH) λmax (mdeg) 209.5 (− 7.64), 
248 (− 3.80), 317.1 (+2.59); UV λmax (log ε) 198 (1.72), 250 (0.88), 346 
(0.296); IR (ATR) νmax: 2916, 1648, 1604, 1520, 1456, 1209, 1024 
cm− 1; 1H NMR (600 MHz, DMSO‑d6) and 13C NMR (150 MHz, 
DMSO‑d6) data (Table 1, Table 2); HRESIMS m/z: 410.1959 [M + H]+

(calcd. for C24H28NO5
+, 410.1962).

4.3.2. 
23-methoxy-24-hydroxy didymellamide B (2): white-brownish solid; 

[α]25
D − 64.6 (c 0.05, MeOH); UV (MeOH) λmax (log ε) 198 (4.15), 249 

(3.78), 285 (3.66), 348 (3.22) nm; ECD (c = 0.1 mg/mL MeOH) λmax 
(mdeg) 206.6 (− 6.88), 242.8 (− 3.47), 314 (+1.99); IR (ATR) νmax: 

2917, 1649, 1603, 1513, 1455, 1211 cm− 1; 1H NMR (600 MHz, 
DMSO‑d6) and 13C NMR (150 MHz, DMSO‑d6) data (Table 1, Table 2); 
HRESIMS m/z: 424.2119 [M + H]+ (calcd. for C25H30NO5

+, 424.2118).

4.3.3. 
Methoxydidymellamide B (4): white-brownish solid, [α]25

D − 145.8 (c 
0.068, MeOH); UV (MeOH) λmax (log ε) 191.5 (4.21), 246.6 (3.86), 349.7 
(3.33) nm; ECD (c = 0.13 mg/mL, MeOH) λmax (mdeg) 205.4 (− 13.4), 
246.5 (− 8.4), 276.7 (+1.26), 319 (+3.17); IR (ATR) νmax: 
2908,1649,1600, 1451, 1247, 1034, 831 cm− 1; 1H NMR (600 MHz, 
DMSO‑d6) and 13C NMR (150 MHz, DMSO‑d6) data (Table 1, Table 2); 
HRESIMS m/z: 408.2169 [M + H]+ (calcd. for C25H30NO4

+, 408.2169).

4.3.4. 
Didymellamide J (5): white-brownish solid, [α]25

D +36.1 (c 0.19, 
MeOH); UV (MeOH) λmax (log ε) 193 (4.35), 230 (4.15), 348 (3.49) nm; 
ECD (c = 0.084 mg/mL, MeOH) λmax (mdeg) 203.2 (− 4.147), 308.8 
(+0.75), 353.2 (− 0.35); IR (ATR) νmax: 2.5, 1650, 1609, 1456, 1269, 
835 cm− 1; 1H NMR (600 MHz, CD3OD) and 13C NMR (150 MHz, CD3OD) 
data (Table 1, Table 2); HRESIMS m/z: 396.2171 [M + H]+ (calcd. for 
C24H30NO4

+, 396.2169).

4.3.5. 
Trochinol A (8): white-brownish solid, UV (MeOH) λmax (log ε) 224 

(4.05), 280 (4.03), 341 (3.41) nm; IR (ATR) νmax: 2931, 1586, 1411, 
1368, 1279, 1106, 584 cm− 1; 1H NMR (600 MHz, CDCl3) and 13C NMR 
(150 MHz, CDCl3) data (Table 1, Table 2); HRESIMS m/z: 391.1387 [M 
+ H]+ (calcd. for C20H22O8

+, 391.1387).

4.4. UHPLC-HR-MS/MS analysis

Subfractions obtained in sufficient amounts (>15 mg) from the 
EtOAc extract of Trochila sp. BGP15P7IS3 were analyzed by a Vanquish 
UPLC system coupled with an Exploris-120 mass spectrometer (Thermo 
Scientific, USA). The separation was carried out on an Accucore C18, 
150 × 2.1 mm, 2.6 μm column using the following gradient and pa
rameters: mobile Phase: A = H2O+0.1 % FA, B––CH3CN+0.1 % FA, 
gradient: t = 0 Min: 5 % B; t = 0–20 Min: linear increase to 99 % B; t =
20–27 Min: hold at 99 % B; temperature: 35 ◦C; flow rate: 0.4 mL/min, 
injection volume: 1 μL (Conc.: 3 mg/mL). The instrument was controlled 
by Thermo Scientific Xcalibur 4.4 software. The MS analysis was con
ducted in positive mode using the following parameters for MS1: Spray 
voltage: 3200 V, Sheath gas (N2): 45 arbitrary unit, auxiliary gas (N2): 
17 arbitrary units, ion transfer tube temperature: 350 ◦C, vaporizer 
temperature: 400 ◦C., RF Lense (%): 70, microscans: 1. MS1 data were 
recorded in a mass range of 150–1500 m/z with a resolution of 60000 
FWHM, and in centroid mode. Data dependent experiments (dd-MS2) 
were carried out for top 3 ions, resolution was set to 15000 FWHM, for 
precursor fragmentation in the HCD mode, a normalized collision en
ergy (stepped) of 15, 30 and 45 % was utilized and the data was recorded 
in centroid mode. The following filters were included in the measure
ments: intensity threshold (1.5 E5), dynamic exclusion (exclude after 1 
time, duration: 3, mass tolerance ±10 ppm), apex detection (30 %), 
isotopic exclusion filter (assigned), charge state (1), as well as a targeted 
mass exclusion list.

4.5. MS data analysis, Feature-Based Molecular Networking, SIRIUS

Raw MS/MS data of the fractions with sufficient amounts were 
processed via MZmine 4.6 software (Pluskal et al., 2010). Aligned 
feature list were submitted to the GNPS Web platform (http://gnps.ucsd. 
edu) for generation of the Feature-Based Molecular Network. The 
following parameters were utilized: precursor mass tolerance, 0.02 Da; 
MS/MS fragment ion tolerance, 0.02 Da; minimum cosine score, 0.7; 
minimum matched fragment ions, 5; minimum cluster size, 2; network 
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TopK, 10. The generated molecular network was further visualized and 
analyzed using Cytoscape 3.8.2 (Shannon et al., 2003). The job can be 
accessed from the GNPS platform using the following link: https://gnps. 
ucsd.edu/ProteoSAFe/status.jsp?task=3dae1a6830b64150baa75a7ae 
558caab. To obtain information on the structural classes presented in 
the extract, the aligned feature list was submitted to SIRIUS. The data 
obtained were filtered using following criteria: min_ZodiacScore = 0.9, 
min_ConfidenceScore = 0.1, min_class_confidence = 0.8. The filtered 
features and the respective annotations were summarized in a.tsv file 
and used for visualization of compound classes using a python script (see 
Fig. S2).

4.6. ECD calculation

Conformational analysis of the compounds was carried out using 
MacroModel 9.1 (Schrödinger. LLC, New York, NY, USA) and OPLS-3 as 
the force field, and in the gas phase. Geometrical optimization and en
ergy calculations of conformers occurring in the energy window of 5 
kcal mol− 1 were carried out at DFT/6-31G(d,p) level in gas phase using 
Gaussian 16 (Frisch et al., 2016). No imaginary frequencies were 
observed. Subsequently, the conformers with population over 3 % (refer 
to the Supplementary Material) were subjected to ECD calculation at 
TD-DFT/B3LYP-6-31G(d,p)/CPCM in methanol or acetonitrile. ECD 
spectra obtained (with a half-band of 0.25 eV) were 
Boltzmann-averaged and further compared with experimental spectra 
obtained in methanol or acetonitrile using SpecDis v. 1.71 (Bruhn et al., 
2017). No UV shift correction was required.

4.7. Antimicrobial activity assays

4.7.1. Antifungal susceptibility testing and minimum inhibitory 
concentration (MIC) evaluation against fungal pathogens

Aspergilli conidia and yeast cells were amplified on Sabouraud 
dextrose (SAB, Sigma-Aldrich Corp., St. Louis, MI, USA) medium with 
incubation at 37 ◦C for 3 and 2 days, respectively. For the screening of 
extracts, fractions, and compounds for potential antifungal activity 
against A. fumigatus (A1160P+) (Fraczek et al., 2013), A. flavus (ATCC, 
204304) (Espinel-Ingroff et al., 1997), C. albicans (SN152) (Homann 
et al., 2009)and C. neoformans (H99) (Jung et al., 2015), RPMI-1640 
containing 2 % glucose was used. Generally, assays were perfo =
rmed in 96-well plates with an inoculum of 1 × 105/mL conidia or yeast 
cells in a final volume of 200 μl at 37 ◦C for up to 48 h. Initial screenings 
for cell extracts with antifungal activity were performed with a final 
concentration of 100 μg/mL of each extract. For extracts with antifungal 
activity, broth microdilution (2-fold) MICs were determined. MIC values 
were evaluated by eye. Microscopic images were taken after 24 and 48 h 
using the IncuCyte S3 Live-Cell Analysis System (Essen Bioscience Inc., 
Ann Arbor, MI, USA) as previously described (Kühbacher et al., 2024). 
All experiments were performed in triplicate (n = 3) and representative 
images from one replicate are shown.

4.7.2. Antifungal assay against Botrytis cinerea
B. cinerea (B05.10) was cultivated on Potato Dextrose Agar (PDA) 

medium and incubated at 25 ◦C for 10 days. The conidia were harvested 
with spore buffers and counted. The bioassay was performed in 96-well 
plates using Potato Dextrose Medium (PDB), containing an inoculum of 
1 × 105/mL spores in a final volume of 100 μL at 25 ◦C. The extracts and 
fractions were evaluated at single concentration of 100 and 50 μg/mL, 
respectively and for the pure metabolites, broth microdilution (2-fold) 
MICs were determined. MIC values were evaluated by eye and micro
scopic images were taken after 24 and 48 h using the IncuCyte S3 Live- 
Cell Analysis System (Essen Bioscience Inc., Ann Arbor, MI, USA). All 
experiments were performed in triplicate (n = 3) and representative 
images from one replicate are shown.

4.7.3. Antiparasitic activity of assessment against Trichomonas vaginalis
Trichomonas vaginalis strain G3 (ATCC PRA-98) was cultivated in 

TYM medium. After the cells reached their maximum growth (typically 
48 h), the protozoites were counted and seeded in 96 well plate, con
taining 60 × 104 protozoa per well in final of volume of 200 μL media. 
Concomitantly the cells were treated with various concentrations of 
extracts, fractions, and/or pure compounds and the plates were placed 
inside a sealed box along with a CO2 generating Sachet (Fischer Scien
tific, USA) to make an anaerobic environment for its growth. After 48h 
incubation at 37 ◦C, the plates were evaluated by microscope and 
turbidity of the wells were measured at OD600 to evaluate the 
concentration-dependent growth inhibitory effects of the compounds 
isolated. The experiments were conducted in triplicate (n = 3) and the 
results were expressed as %growth ± SEM. Statistical analysis was car
ried out using one-way ANOVA followed by Dunnett’s multiple com
parisons test, where each drug concentration was compared to the 
control group. A p-value of less than 0.05 was considered statistically 
significant. Graphs were generated using GraphPad Prism v. 9.0.
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Döring, M., Sessitsch, A., 2015. The hidden world within plants: ecological and 
evolutionary considerations for defining functioning of microbial endophytes. 
Microbiol. Mol. Biol. Rev. 79, 293–320. https://doi.org/10.1128/mmbr.00050-14.

Homann, O.R., Dea, J., Noble, S.M., Johnson, A.D., 2009. A phenotypic profile of the 
Candida albicans regulatory network. PLoS Genet. 5, e1000783. https://doi.org/ 
10.1371/journal.pgen.1000783.

Huelsenbeck, JP., Ronquist, F., 2001. MRBAYES: Bayesian inference of phylogenetic 
trees. Bioinformatics 17, 754–755. https://doi.org/10.1093/bioinformatics/ 
17.8.754.
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Ponomarov, K., Mutabdžija, L., Damiani, T., Pudney, C.J., Earll, M., Helmer, P.O., 
Fallon, T.R., Schulze, T., Rivas-Ubach, A., Bilbao, A., Richter, H., Nothias, L.F., 
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