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ABSTRACT 

Higher fungi (Basidiomycetes) are known for releasing several bioactive compounds in liquid culture media. Some studies have reported a relevant antibacterial 

activity in extracts from the fungus Stereum hirsutum, however, the molecules responsible have still not been described. In the present work, an effect-directed analysis 

(EDA) using high-performance thin-layer chromatography (HPTLC) coupled to mass spectrometry (MS) was established to detect and identify antibacterial 

compounds in liquid culture of the Stereum hirsutum fungus. Bioactive molecules were separated on HPTLC silica gel 60 F254 plates using a mobile phase composed 

of toluene and ethyl acetate (6.3 + 3.7 v/v), and the antibacterial compound was detected in situ on the plate by applying the Bacillus subtilis bioassay. By HPTLC/MS 

and liquid chromatography (LC)/MS, the antibacterial compound was identified as himanimide B, an N-hydroxylated maleimide derivative with potent antibacterial 

activity. To the best of our knowledge, himanimide B is reported for the first time as a secondary metabolite produced by liquid cultures of Stereum hirsutum. 
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1. INTRODUCTION 

There is a great variety of fungi symbionts, saprophytes, and parasites 

associated with the Chilean endemic flora, many of them still unknown. More 

than 3,000 species of fungi have been described, from which near to 50% are 

classified as higher fungi. Chemical studies have been focused on fruiting bodies 

metabolites; however, liquid cultures have emerged as an unexpected deposit of 

new and potentially valuable molecules with high impact in sustainable 

production[1-3]. Extracts from liquid cultures of Chondrostereum purpureum, 

Serpula himantioides, and Tephrocybe sp. showed a very interesting antibacterial 

activity against Bacillus brevis[4]. The Stereum genus is particularly attractive 

within higher fungi, because of its potential to produce bioactive secondary 

metabolites with relevant functional properties such as antibacterial activity[2; 

3]. These fungi can be found in tropical or sub-tropical regions, commonly 

associated with logs, branches, woody debris, and decaying wood[5]. Several 

bioactivities have been reported for liquid-cultured extracts of Stereum sp., e.g., 

antioxidant activity[6], nematicide[7], antifungal[2], cytotoxic[8; 9], α-

glucosidase[10] and lipase pancreatic inhibitory activities[11], and superoxide 

radical removal capacity[12; 13]. Besides those activities, the main biological 

effect of Stereum species is the antibacterial activity. In previous studies, two 

sesquiterpenic antibacterial compounds (complicatic acid and hirsutic acid C) 

were isolated from S. complicatum Fr.[14]. Additionally, four epoxy-sterols with 

potent activity against Mycobacterium tuberculosis were isolated from S. 

hirsutum[15]. From the same fungus, Ma et al.[16] also found two benzoate-

derived compounds with outstanding antibacterial activity (with a minimum 

inhibitory concentration (MIC) value of 25 μg/mL) against methicillin-resistant 

Staphylococcus aureus (MRSA). Other molecules, such as the terpenes 

stereumamides A-D, have also been isolated from the same fungus. These 

compounds showed antibacterial activity against Escherichia coli, S. aureus, and 

Salmonella typhimurium, with MIC values between 12.5-25 μg/mL [17]. A few 

years ago, three antibacterial compounds were identified on S. rameale liquid 

culture, i.e., MS-3, vibralactone, and vibralactone B. The first compound 

presented a potent activity against gram-positive bacteria (Bacillus subtilis, S. 

aureus, and Bacillus cereus), and the other two compounds were active against 

gram-negative bacteria (Pseudomonas aeruginosa and E. coli) with MIC values 

ranging from 10 to 100 μg/mL[3]. All these studies contribute to the discovery 

of new antimicrobials, which are highly needed for human society due to 

antimicrobial resistance (ARM). This treat was directly responsible for 1.27 

million global deaths in 2019 and contributed to other 4.96 million deaths. 

Further, from an economic point of view, AMR could result in US$1 trillion extra 

healthcare costs by 2050. According to the 2023 World and Health Organization 

(WHO) report about AMR, most of antibiotics (ca. 32) under development to 

address bacterial priority pathogen list (BPPL) only 12 are considered innovative 

and from those just 4 are active against at least one WHO ‘critical’ pathogen[18]. 

Therefore, the evaluation of (new) antimicrobial activity is always important for 

public health. The discovery of new bioactive molecules involves several steps, 

and its identification is by general rule a laborious and time-consuming process. 

First it is necessary to know the approximate composition of the bioactive 

extract, to accomplish this task different types of chromatographic system such 

as High-Performance Liquid Chromatography (HPLC), High Performance Thin-

Layer Chromatography (HPTLC), Gas Chromatography (GC) are applied. Then, 

fractioning and purification processes are required to isolate as many compounds 

as possible employing special techniques and equipment, e.g. semi-preparative 

chromatography. All isolated compounds/groups are individually reevaluated to 

find which compound possess the biological activity. To shorten this laborious 

process some hyphenation methods that combine analytical separation and 

bioassays have been developed, for example HPLC and effect-directed analysis 

(EDA). The main limitation is the use of organic solvents and other additives, 

which are commonly incompatible with biological and biochemistry assays. 

Under this scenario HPTLC arises as an excellent alternative for hyphenation 

with EDA and mass spectrometry (MS)[19]. This type of sequential hyphenation 

allows a high-throughput evaluation, from bioactivity detection to compound 

identification, using a single chromatographic system. First, compound 

separation is achieved on the HPTLC plate, combining different stationary and 

mobile phases, and then the bioassay is directly performed on the plate (in situ). 

Further, using the TLC/MS interface bioactive bands are directly eluted to MS 

to perform a preliminary identification[20-22]. The hyphenation of HPTLC-

EDA-MS has been successfully applied to determine bioactive molecules with 

different effects/activities, such as antibacterial compounds[23], antioxidant[19] 

and cyclooxygenase[24], acetylcholinesterase[25], and α-glucosidase[26] 

inhibitors. In the present work a HPTLC-EDA-MS method was established to 

detect and identify antibacterial compounds in liquid cultures of S. hirsutum.  

2. MATERIALS AND METHODS 

2.1 Regents, chemicals, and solvents 

Thiazolyl Blue Tetrazolium Bromide (MTT), Fast Blue B salt, oxytetracycline 

hydrochloride, vanillin, and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Unless otherwise 

indicated, all solvents were p.a. Ethanol, toluene, ethyl acetate, sulfuric acid, 

acetonitrile (LC grade), methanol (LC grade), acetic acid (glacial), formic acid 

(p.a. & LC grade) ammonia (25%), anisaldehyde, aluminum chloride (AlCl3), 
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ninhydrin, potassium iodide (KI), bismuth (III) nitrate alkaline, di-sodium 

hydrogen phosphate (Na2HPO4), sodium dihydrogen phosphate monohydrate 

(NaH2PO4), potassium chloride (KCl), potassium dihydrogen phosphate 

(KH2PO4), di-potassium hydrogen phosphate (K2HPO4), sodium chloride 

(NaCl), iron (III) chloride (FeCl3), HPTLC plates silica gel 60 F254, yeast extract, 

malt extract, and glucose were obtained from Merck (Darmstadt, Germany). 

Müller-Hinton broth (MHB) and agar were obtained from Becton-Dickinson and 

Company (Sparks, MD, USA). Ultrapure water (18.2 MΩ cm) was produced 

using a PURIST Ultrapure Water system from RephiLe (Shanghai, China). 

Polyvinylidene difluoride (PVDF) 13 mm syringe filters (0.22 µm) and filter 

papers Nº 1, 3, and 4 were obtained from Whatman (Clifton, NJ, USA).  

2.2 Fungal material and pure mycelial cultures 

Stereum hirsutum fruiting bodies were collected from native and exotic forests 

in different zones of Ñuble region from Chile (36º 3’00’’S and 71º 57’ 00’’ W). 

Fungi were identified by Professor Dr. Pedro Aqueveque (botanist), and a 

voucher specimen (LMM-Sh152-11) was incorporated in the Agroindustrial 

Department’s Herbarium located in Campus Chillan of the University of 

Concepcion. Mycelial cultures were produced from spore prints cultured in yeast 

malt glucose medium (YMG, pH 5.5) composed of 4 g/L of yeast extract, 10 g/L 

of malt extract, 4 g/L of glucose, and 20 g/L of agar. All strains were maintained 

at 4 °C on agar slants with YMG medium[2]. Small sections of 5 mm diameter 

plug (15–10) of pure mycelial culture were cut under sterile conditions and 

transferred to a 500 mL Erlenmeyer flask containing 250 mL of liquid YMG 

medium. Flasks were then incubated at 22±1 °C in an orbital agitator with 

constant agitation (120 rpm) for a proper mycelia abundance[2].  

2.3 Sample preparation 

S. hirsutum liquid culture (250 mL) was filtered on Whatman filter paper Nº 3 

to separate broth and mycelium. Culture broth was extracted three times with 

ethyl acetate (1:1 v/v). Pooled extracts were concentrated to dryness at 45 ºC on 

Büchi (Flawil, Switzerland) R-100 rotary evaporator and stored protected from 

light at 4 °C[2]. Ethyl acetate was chosen as extraction solvent based on our 

previous results[3]. 

2.4 Chromatography 

Extracts and controls were applied on 20 × 10 cm HPTLC plates silica gel 60 

F254 using a CAMAG (Muttenz, Switzerland) automatic TLC sampler (ATS4) 

with the following settings: band length 8 mm, track distance 10 mm, dosage 

speed 150 nL/s and first application x-axis and y-axis at 10 mm. Separation was 

carried out inside CAMAG twin-through chamber using a mobile phase of 

toluene and ethyl acetate (6.3:3.7 v/v) up to a migration distance of 70 mm. After 

drying for 30 min at 60 ºC on CAMAG TLC plate heater, plate images were 

photo-documented under white and UV (254 and 366 nm) illumination 

(reflectance) using a Merck TLC explorer documentation system. All CAMAG 

instruments were controlled through CAMAG WinCats 1.4.7 software. Unless 

stated otherwise, extracts were applied in triplicate, dividing the HPLTC plate 

into three sections: the first was used for bioassay, the second for chemical 

derivatization, and the third for MS analysis. 

2.5 Bacillus subtilis bioassay 

Antibacterial compounds presence was evaluated by applying a direct 

bioautography with B. subtilis following the method described by Jamshidi et 

al.[27], with slight modifications. Briefly, plates were automatically immersed 

(3.5 cm/s) for 6 s into bacterial culture (0.05 ≤ OD600nm ≤ 0.1 and 106-107 

CFU/mL) by means of CAMAG immersion device 3. Then, the plate was 

incubated horizontally at 37 °C for 2 h, under aerobic conditions, inside a closed 

moisture chamber containing ca. 50 mL of ultrapure water. After incubation, a 

proper volume of 0.2% w/v phosphate-buffered saline MTT staining solution 

(pH 7.4) was sprayed on the plate employing CAMAG derivatizer and then 

incubated again for 30 min at 37 °C. Finally, the plate was dried on a TLC plate 

heater at 50 °C for 5 min. The plate image was photo-documented under white 

light illumination (reflectance) using the Merck TLC Explorer documentation 

system. Metabolically active microorganisms reduce MTT to formazan purple 

(associated with oxidizing cellular oxidoreductase enzymes dependent on 

NADPH). In contrast, the colorless zone on this purple background indicates the 

presence of antibacterial compounds. 

2.6 Chemical identification of antibacterial compound  

After chromatography (section 2.4), plates were dried inside CAMAG ADC2 

for 30 min and subjected to derivatization reactions to conduct a first chemical 

identification of the antibacterial compounds detected. The following 

derivatization reagents were used: Dragendorff-Munier Macheboeuf for 

alkaloids, DPPH for antioxidants, ninhydrin for amine groups, AlCl3 for 

flavonoids, vaporization with ammonia as a universal reagent, FeCl3 for phenols, 

vanillin-hydrochloric acid for catechins, vanillin-sulfuric acid for phenols, 

steroids, and terpenoids, sulfuric anisaldehyde for terpenes and Fast Blue B for 

(poly)phenols[28]. 

2.7 Preliminary identification of bioactive compound by HPTLC-MS 

Bioactive bands were directly eluted through the Advion (Idaho, ID, USA) 

Plate Express TLC/MS interface using neat methanol (LC grade) as an elution 

solvent at a flow rate of 0.1 mL/min for 2 min to the electrospray ionization (ESI) 

source of Advion expression-L Compact MS (single quadrupole) and analyzed 

applying the following settings: capillary voltage (-3.5 kV), nebulizing gas 

nitrogen (N2) 3 L/min, drying gas flow (N2) 15 L/min, DL temperature 200 °C, 

and block temperature 250 °C. Mass spectra were acquired in full scan mode (m/z 

100–2000). The plate background signals were subtracted for each analysis. Data 

were acquired through Advion Mass Express and processed using Data Express 

software.  

2.8 Purification of bioactive compound 

A Büchi (Essen, Germany) Pure C-900 flash chromatography system was 

employed to purify the antibacterial compound. An aliquot (1 mL) of the extract 

was injected into a column packed with silica gel 60 and eluted using a mobile 

phase composed of n-hexane (A) and ethyl acetate (B), applying the following 

gradient program: 0–20 min, 0%–70% B; 20–30 min, 70% B, at a flow rate of 5 

mL/min for a maximum pressure of 20 bar. Detection was carried out using four 

wavelengths: 254, 275, 325, and 365 nm, collecting automatically 10 mL 

fractions. Each fraction was applied onto a TLC plate to assess its purity and to 

identify the fraction containing the antibacterial compound(s). 

2.9 Identification and structural characterization of antibacterial compound 

The fraction of interest was analyzed employing a Waters (Milford, MA, USA) 

I-Class LC-system coupled to a 2998 PDA detector and an Ion Mobility (IMS)-

High Resolution (HR) Mass Spectrometer-Synapt XS 32K. Compound 

separation was carried out on Phenomenex (Torrance, CA, USA) Kinetex 3.5 μm 

XB-C18 core-shell column (4.6 mm × 150 mm, 100 Å), connected to a guard 

column of the same chemistry, both thermostated at 30°C, using an acidified 

(0.1% v/v formic acid) mobile phase composed of ultrapure water (A) and 

acetonitrile (B). The following gradient program was applied at a flow rate of 0.4 

mL/min: 0–1 min 30% B, 1–4 min 30–70% B, 4–6 min 70% B; 6–8 min 70–30% 

B, with 2 min for column conditioning. MS analysis was performed in negative 

mode using the following conditions: MS in continuum mode, ESI (-), capillary 

voltage of 2.5 kV, cone voltage of 20 V, scan speed of 0.3 s in resolution mode. 

The collision energy was set at 6 V for low energy and 30 V for high energy 

(pseudo-MS/MS). Nebulizer gas (N2) 6.5 bar, desolvation gas (N2) 12 L/min; 

desolvation line temperature 500°C; and heat block temperature 500°C. Full-

scan spectra were acquired from m/z 100 to 1200. For mass correction, a locked 

mass solution of leucine enkephalin was applied at intervals of 30 s. Before 

analysis, the mass detector was calibrated with sodium formate in the m/z range 

of 50–1200. Data were acquired and processed using Waters Masslynx 4.2 

software. Complementary structural characterization was performed using a 

Bruker (Ettlingen, Germany) Avance III 400 MHz NMR spectrometer. 1H NMR 

(400 MHz) and 13C NMR (101 MHz) spectra were acquired in CDCl3, with 

reference signals at δ 7.26 ppm and 77.0 ppm for CDCl3. Coupling constants (J) 

were reported in Hz. 

3. RESULTS AND DISCUSSIONS 

3.1 Antibacterial activity detection 

For bioactive molecules detection by HPTLC-bioassay, it is very important to 

establish a proper mobile phase to screen as many molecules as possible to reduce 

the risk of false negative results[29]. After detection of an inhibitory zone/band, 

several mobile phases were assayed to obtain a clear separation from matrix, i.e. 
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toluene: chloroform (1:1 v/v); cyclohexane: acetone (1:1 v/v); n-hexane: ethyl 

acetate (1:1 v/v); chloroform: methanol (19:1 v/v); toluene: ethyl acetate (12:1 

v/v); toluene: methanol (9:1); and toluene: ethyl acetate (1.7:1 v/v). The last one 

showed the best separation allowing a clear detection of antibacterial band at RF 

= 0.29 observed as a colorless zone on a purple background (Figure 1). 

 

Figure 1. HPTLC chromatogram with S. hirsutum extracts with white light. 
Antibacterial bioassay (a), negative control (b), and positive control (c). 

3.2Preliminary identification of antibacterial molecule 

Structural characterization of the bioactive molecule was conducted by 

spraying or immersing the second HPTLC plate section with several 

derivatization reagents (section 2.6). This approach aligns with previous reports 

on the potential chemical structure of a bioactive molecule found in liquid 

cultures of Stereum sp.[3; 30]. The antibacterial molecule showed a positive 

reaction for terpenes-like molecules, observed as a blue fluorescence band (RF = 

0.29) at 366 nm after the reaction with sulfuric anisaldehyde and vanillin-sulfuric 

acid reagents (Figure 2). Reaction with Universal reagent-ammonia vapors 

showed a yellow fluorescence band at 366 nm. This reaction could be explained 

by forming oxidation products on heating with ammonia[28]. No reaction was 

observed for alkaloids, antioxidants, amine groups, flavonoids, flavones, 

phenols, and catechins. Although no antioxidant activity was observed in the 

band of interest, other compounds from Stereum sp. extract showed an evident 

ability to stabilize the DPPH radical (RF = 0.46). Using the third HPTLC plate 

section, the band with antibacterial activity was directly eluted for MS analysis 

using the Advion TLC/MS interface. Applying the conditions described in 

section 2.7, spectra in full scan mode were obtained after subtracting the signals 

from HPTLC plate background. The mass spectrum showed an important signal 

at m/z 380.1, which could correspond to the deprotonated molecule [M-H]- of 

himanimide B, previously reported in liquid cultures of S. humanoids (Fr.) Karst 

[1]. To carry out an accurate identification, the antibacterial molecule was 

purified using flash chromatography as described in section 2.8. Fractions were 

assayed by HPTLC-bioassay to confirm the presence of the antibacterial 

molecule, confirming its presence at RF value of 0.29. The molecule purity was 

also assessed using LC-DAD system, observing a 97.53% purity and maxima 

absorbance values at 229.2 nm and 357.7 nm[1] (Figure 3A). 

 

Figure 2. Separation on HPTLC plates silica gel 60 F254 of S. hirsutum extract 

and documented under white light (1), 254 nm (2), and 366 nm (3). Chemical 

derivatization with Dragendorff-Munier Macheboeuf (4), DPPH (5), ninhydrin 
(6), AlCl3 (7), vaporization with ammonia (8), FeCl3 (9), vanillin-hydrochloric 

acid (10), vanillin-sulfuric acid (11), sulfuric anisaldehyde (12) and Fast Blue B 
(13).  

 

Figure 3. LC-DAD-HRMS analysis of the antibacterial found Himanimide B isolated from S. hirsutum liquid culture extract. UV chromatogram showing an isolate 

purity >97% (A); Himanimide B MS spectrum (B) and pseudo MS/MS spectrum (C). 
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3.3 Structural confirmation of Himanimide 

The antibacterial molecule identity was confirmed by LC-HRMS and NMR as 

described in section 2.9. The mass spectrum of the parent ion showed a 

deprotonated molecule [M-H]– at a m/z value of 380.1526 (Figure 3B), and the 

MS/MS analysis showed fragments at m/z values of 276.0663, 206.0733 and 

142.0294 (Figure 3C). The LC-HRMS pattern is consistent with the antibacterial 

molecule Himanimide B reported in liquid cultures of Serpula himantoides (Fr.) 

Karst[1]. Himanimide B (MW 381.1576 g/mol) is a N-hydroxylated maleimide 

derivate (3-[4-(2,3-dimethyl-3-methylbutoxy)phenyl-4 phenylmethyl-2,5-dioxo-

3-pyrroline) with a potent antibacterial activity against B. subtilis[1].  

Structural elucidation was completed by NMR, in the 1H-NMR spectrum was 

observed the conventional methyl groups shifts (δ) at 1.24 and 1.27, indicative 

of attachment to a saturated carbon. Protons at δ 4.29, 3.96, and 3.74 are 

downfield-shifted due to their attachment to an oxygen atom, which exerts a 

negative inductive effect. The protons at δ 3.92 were enantiotropic, and the 

deuterium exchange of one of these protons resulted in a chiral compound. 

Double bonds within the structure created a magnetic anisotropy effect, leading 

to a deshielding shift of adjacent protons to the δ 7.5–6.0 range. Substituent 

groups also affect chemical shifts. The oxygen atom in the aromatic ring of 

Himanimide B increased electron density at the ortho and para positions, shifting 

protons to δ 7.02. In contrast, the carbonyl group conjugated with the maleimide 

ring withdraws electron density, shifting protons to δ 7.52. Both protons form 

doublets with a coupling constant (J) of 8.6 Hz, confirming a para-substituted 

aromatic ring. In the 13C-NMR spectrum, methyl groups attached to a quaternary 

carbon exhibit chemical shift in the δ 30–10 range. Secondary and tertiary 

carbons bonded to oxygen appeared at δ 70–40 and δ 80–70, respectively. The 

anisotropic effect of adjacent double bonds influenced the chemical shifts of 

carbons in the maleimide ring. Aromatic carbons typically appeared in the δ 135–

115 range, but the attached -CH2 group shifted them closer to δ 130. The absence 

of signals for some quaternary carbons was likely due to the limited sample 

quantity (ca. 20 mg), reducing the 13C signal intensity. Additionally, the 

deuterated solvent may have facilitated nuclear exchange, further affecting signal 

intensity.  

CONCLUSION 

The discovery of new antibacterial compounds is a worldwide challenge, 

particularly considering the increasing bacterial resistance. In this scenario, 

fungal liquid cultures emerge as an excellent alternative for pharmaceutical 

companies seeking novel natural bioactive compounds. However, the 

identification of these compounds often requires complex and labor-intensive 

purification processes. This study successfully demonstrated the usefulness of 

HPTLC-UV/Vis/-EDA-MS and LC-DAD-HRMS to easily detect antibacterial 

compounds. To the best of our knowledge, for the first time, the antibacterial 

compound himanimide B was identified in the liquid culture extract of S. 

hirsutum. Ongoing research aims to optimize its production in liquid culture to 

enhance its yield and potential applications. 
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