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Abstract
Antimicrobial resistance is emerging as a global health challenge that requires immediate and concerted attention. Accord-
ingly, the WHO has issued alerts urging to continue developing antibiotics with novel mechanisms of action toward clinically 
important pathogens, including Acinetobacter baumannii. In this context, fungi have played a crucial role in the discovery 
and development of antibiotics. Therefore, in this work, three fungal strains were prioritized based on their metabolic profiles 
and antibacterial activity against a pan-resistant isolate of A. baumannii, to identify potential antibiotic molecules. Chemical 
investigation of the selected fungi (mangrove endophytes) led to the isolation of asperazine (1), aurasperone B (2), aurasp-
erone F (3), TMC-256A1 (4), fonsecin B (5), dianhydroaurasperone C (6), aurasperone A (7), pyrophen (8), and penicillide 
(9). Moreover, an in vitro assay to detect ligands of the filamentous temperature-sensitive mutant Z enzyme of A. baumannii 
(AbFtsZ), a GTPase that plays a central role in bacterial division, was developed to correlate the antibacterial properties of 
the isolated molecules to a mechanism of action. Compounds 1–4 and 9 inhibited the growth of A. baumannii. Interestingly, 
compounds 2, 3, and 5–9 interacted with AbFtsZ1-412, increasing its GTPase activity. Conversely, compound 4 exhibited an 
outstanding ability to act as an inhibitor of both the enzymatic activity and the growth of the strain under study.
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Introduction

Antimicrobial resistance (AMR) has emerged as a major 
health challenge of the twenty-first century and is consid-
ered the most serious infectious syndrome in developing 
countries (Murray et al. 2022). In 2019, infectious diseases 
caused by bacterial organisms resulted in 4.95 million 
deaths, of which 1.27 million were directly attributable to 
resistant bacterial strains (Murray et al. 2022). The top six 

pathogens responsible for AMR-related deaths are Escheri-
chia coli, Staphylococcus aureus, Klebsiella pneumoniae, 
Streptococcus pneumoniae, Acinetobacter baumannii, and 
Pseudomonas aeruginosa (WHO 2017; Murray et al. 2022). 
In Mexico, antimicrobial resistance is already a significant 
healthcare challenge. Major infections are caused by pan-
drug-resistant A. baumannii, penicillin-resistant E. coli, and 
third-generation cephalosporins-resistant K. pneumoniae 
and P. aeruginosa (Founou et al. 2017; Sosa-Hernández 
et al. 2020). Considering the ever-growing rate of resist-
ant infections, the World Health Organization (WHO) has 
called for increased efforts in the discovery and develop-
ment of antibiotics with novel mechanisms of action to 
combat AMR. If current trends continue, AMR is projected 
to become the leading cause of death by 2050, resulting 
in approximately 10 million deaths annually worldwide 
(O'Neill 2016; Founou et al. 2017; Tacconelli et al. 2018).

One strategy for preventing bacterial growth is to inhibit cell 
division, which is a fundamental process in the spread of infec-
tions. In bacteria, the protein FtsZ (a GTPase enzyme) plays a 
key role in cell division. It is the first protein to be located at the 
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dividing site (Adams and Errington 2009). Through autopo-
lymerization processes, it assembles a ring-like structure (the 
Z-ring) that facilitates the generation of two new cells from 
one. FtsZ consists of two domains connected by an α-helix 
(Tripathy and Sahu 2019). The N-terminal domain contains 
a parallel β-strand surrounded by two and three helices and 
holds the nucleotide binding site. In addition, the C-terminal 
domain is a central β-strand supported by two helices, and it 
harbors the T7 loop, which is essential for the formation of the 
catalytic site (Kusuma et al. 2019). This enzyme offers several 
advantages as a molecular target for antibiotic development: 
(i) it is indispensable for bacterial growth (Carro 2019); (ii) it 
is highly conserved in prokaryotes and absent in eukaryotic 
animal cells (Carro 2019); (iii) ligands that inhibit or enhance 
the activity of this protein can disrupt the Z-ring structure, 
preventing bacterial division (Carro 2019); and (iv) currently 
there are no approved drugs targeting this protein, even less 
AbFtsZ ligands (Hurley et al. 2016; Carro 2019).

Based on these considerations, in this study, a multi-
informative approach joining in bioassay-guided method-
ologies was used to find fungal antimicrobial metabolites 
against a pandrug-resistant A. baumannii strain (A564); 
to establish a putative molecular target for the isolated 
molecules, an in vitro assay to monitor the binding prop-
erties of candidate molecules toward A. baumannii FtsZ 
(AbFtsZ) was developed. Chemical investigation of three 
selected mangrove endophytes identified as Aspergillus sp. 
IQ-503, Aspergillus sp. IQ-548, and Talaromyces sp. I-567 
led to the isolation and characterization of asperazine (1), 
aurasperone B (2), aurasperone F (3), TMC-256A1 (4), fon-
secin B (5), dianhydroaurasperone C (6), aurasperone A (7), 
pyrophen (8), and penicillide (9). Among these metabolites, 
compounds 1–4 exhibited bacterial growth inhibition with 
IC50 values ranging from 6.9 ± 0.7 to 9.9 ± 0.8 µg/ml, while 
compounds 2, 3, and 5–9 increased the activity of AbFtsZ. 
In addition, compound 4 acted as the sole inhibitor of the 
activity of AbFtsZ while inhibiting bacterial growth.

Material and Methods

Fungal Isolation

Biological samples for fungal isolation were collected from 
lagoons in Guerrero (Tecomate: 16° 41′ 29.6″N 99° 19′ 
42.6″W; Chautengo: 16° 36′ 51.5″N 99° 07′ 17.5″W) and Oax-
aca (Corralero: 16° 13′ 23.9″N 98° 11′ 07.8″W, Chacahua: 16° 
00′ 00.3″N 97° 44′ 16.0″W; Ventanilla: 15° 40′ 20.5″N 96° 
34′ 47.5″W), Mexico, by the Rivera-Chávez Natural Products 
Research Laboratory in February 2020. Samples collected 
included mangrove soil, leaf, and root samples (from Rhiz-
ophora mangle and Laguncularia racemosa). Fungal microor-
ganisms were isolated from soil samples using a serial dilution 

protocol, starting with a suspension of 1 g of soil in 9 ml of 
water. From this suspension, four serial dilutions (concentra-
tions of 10−2, 10−3, 10−4, and 10−5 g/ml) were prepared. Then, 
100 μl of each solution was plated on potato dextrose agar 
(PDA) supplemented with amoxicillin (500 mg/l). Mangrove 
leaves and roots were sampled in small pieces and placed on 
PDA plates containing amoxicillin. The plates were then incu-
bated at room temperature for 48–72 h until clear growth was 
observed. Emerging microorganisms were then transferred 
to new plates. This procedure resulted in a collection of 250 
axenic cultures (Jiménez-Arreola et al. 2020).

Antibacterial Activity

Test Microorganisms

The multidrug-resistant clinical bacterial strain of Acine-
tobacter baumannii (A564) was supplied by the National 
Institute of Pediatrics, Mexico City. It was cultured in 
Müller-Hinton broth at 37 °C and then stored in Müller-
Hinton broth and sterile glycerol (4:1) at − 80 °C.

Antibacterial Assay

This assay was performed according to the method described 
in CLSI M07-A10 guidelines (microdilution assay) (CLSI 
2015). The bacterial strain was suspended in Müller-Hinton 
broth at 37 °C for 12 h and the turbidity was adjusted to 0.5 
McFarland standard units (108 CFU/ml). Molecules were 
evaluated at 100 µg/ml and extracts and fractions were evalu-
ated at 250 µg/ml in DMSO. The microdilution setup consisted 
of 10 µl bacterial suspension, 2 µl sample (extracts/fractions/
molecules), and 88 µl Müller-Hinton broth. The optical density 
of the plate was then measured at 600 nm (OD600) using a plate 
reader. The plate was then incubated at 37 °C for 24 h, and the 
measurement was repeated to calculate the inhibition percent-
age and growth rate. Gentamicin was used as a positive control 
in the assay (100 µg/ml). Inhibition values were calculated by 
nonlinear regression using GraphPad Prism 8.0 software.

where S.OD is sample optical density, and C.OD is negative 
control optical density.

Equation 2 was used to calculate IC50 values using 
Graph Pad Prism 8.0 software.

where X is the concentration and S is the Hill slope of each 
curve.

(1)

%Inhibition =

(

1 −
S.ODt=24 − S.ODt=0

C.OD −t=24 −C.OD−t=0

)

∗ 100%

(2)%Inhibition =
100

1 + 10[logIC50−X]∗S
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Molecular Network Analysis

Of the initial 250 isolates, 222 were discarded based on 
the antibacterial activity of their extracts (Fig. S1). The 
remaining 28 microorganisms were grown on a larger scale 
to increase the yield of organic extracts, and these extracts 
were analyzed through molecular networking. The com-
plexity of the extract was then analyzed using UPLC-MS/
MS. Chromatographic analyses were performed using an 
Agilent 1260 Infinity HPLC system coupled to an Agilent 
G6530BA MS-(ESI+)-SQ-TOF mass spectrometer, and a 
Gemini NX-C18 reverse phase column (3 µm, 2.0 × 75 mm; 
Phenomenex, Torrance, CA, USA) was used for separa-
tion, with a binary elution system of MeCN-H2O (0.1% 
formic acid). The gradient started at a ratio of 15:85 and 
reached 100:0 over 8 min, followed by isocratic hold for 
1.5 min at a flow rate of 0.4 ml/min. The parameters for 
the mass spectrometric analysis were as follows: positive 
ionization mode in the range of 100–2500 m/z, selecting 
the two most abundant ions per cycle for fragmentation 
in automatic mode (Auto MS2). The mass spectra in  .d 
format were converted to .mzML format using the Prote-
oWizard tool MsConvert (version 3.0.20239). The resulting 
files were analyzed on the Global Natural Products Social 
(GNPS) platform (https://​gnps.​ucsd.​edu) using the method-
ology described by Aron et al. (2020). The data was filtered 
by removing all MS/MS fragment ions within ± 17 Da of 
the precursor m/z. MS/MS spectra were window filtered 
by choosing only the top six fragment ions in the ± 50-Da 
window throughout the spectrum. The precursor ion mass 
tolerance was set to 2.0 Da and a MS/MS fragment ion tol-
erance of 0.5 Da. A network was then created where edges 
were filtered to have a cosine score above 0.7 and more 
than six matched peaks. Further, edges between two nodes 
were kept in the network if and only if each of the nodes 
appeared in each other’s respective top 10 most similar 
nodes. Finally, the maximum size of a molecular family 
was set to 100, and the lowest scoring edges were removed 
from molecular families until the molecular family size 
was below this threshold. The spectra in the network were 
then searched against GNPS spectral libraries. The library 
spectra were filtered in the same manner as the input data. 
All matches kept between network spectra and library spec-
tra were required to have a score above 0.7 and at least 
6 matched peaks. The molecular networks generated on 
GNPS were dereplicated using the Derreplicator+  and 
MolNetEnhancer algorithms (Shannon et al. 2003; Van Der 
Hooft et al. 2016; Mohimani et al. 2018; Ernst et al. 2019). 
The criteria considered for a reliable tentative identification 
were an error < 10 ppm (Δ ppm) and a cosine score > 0.7 
(Table S1-S2). Each of the identified compounds was com-
pared with the databases on the GNPS platform (MIADB, 
CASMI, MASSBANK, and NIST) (Aron, et al. 2020). 

Molecular networks were visualized using Cytoscape 3.8.1. 
(Shannon et al. 2003).

Fermentation and Extraction

Seed cultures for each fungus were prepared in centrifuge 
tubes containing 15 ml of potato dextrose broth (PDB). 
After 5 days of agitation, the seed cultures were poured 
onto 10 g of commercially available Cheerios® cereal 
(× 10). The cultures were allowed to grow and undergo 
fermentation for a span of 30 days, under regular light 
and dark cycles and at room temperature. After fermenta-
tion, each organic extract was obtained by maceration and 
liquid-liquid partition. Initially, 80 ml of a 9:1 mixture of 
AcOEt-Me2CO was added to each replicate. The biomass 
underwent fragmentation with stirring for 24 h. Following 
this period, the cultures were vacuum filtered, and the 
filtrate was concentrated. The extract was reconstituted 
using a 1:1 mixture of aqueous MeOH (4:1):CH2Cl2. The 
resulting two-phase system was transferred to a separa-
tion funnel. The organic layer was further concentrated in 
vacuo. Finally, the organic extract was reconstituted with 
a mixture of MeOH:MeCN (1:1) and hexane. The two-
phase mixture was transferred to a separation funnel and 
the MeOH:MeCN phase was concentrated and stored for 
further analysis (Jiménez-Arreola et al. 2020).

Analytical Techniques

NMR experiments were performed in CDCl3 or MeOD-
d4. Spectra were acquired using a BRUKER-AVANCE 700 
spectroscope operating at 700 MHz for 1H and 175 MHz for 
13C. All chemical shifts (δ) were referenced to the deuter-
ated solvent peak. The exact masses of compounds were 
determined using either a JEOL AccuTOF JMS-T100LC 
spectrometer (HR-DART-MS) with PEG-600 as an internal 
standard or HPLC (Agilent 1260 Infinity) coupled with MS-
(ESI+)-SQ-TOF (Agilent 1260 Infinity-Agilent G6530BA).

HPLC separations were performed on a Waters sys-
tem (2535 quaternary pump) connected to an autosam-
pler and equipped with PDA (2998) and ELSD (2424) 
detectors. Data acquisition and analysis were performed 
using Empower 3 software (Waters). Analytical and 
semi-preparative HPLC was performed on C18 Gemini-
NX columns (5 µm) (4.6 × 250 mm for analytical and 
10.0 × 250 mm for semi-preparative; Phenomenex, Tor-
rance, CA, USA) (Rivera-Chávez et al. 2019a, b, c).

Isolation and Purification

The fungal extracts IQ-503 (0.5 g), IQ-548 (1.1 g), and 
IQ-567 (1.2 g) underwent molecular exclusion chromatog-
raphy using Sephadex LH-20 as the stationary phase and 

https://gnps.ucsd.edu
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MeOH as the mobile phase at a flow rate of 2 ml/min. These 
procedures were performed on a Buchi Pure C-810 instru-
ment equipped with a PDA detector (190–800 nm), resulting 
in the acquisition of 10 fractions (F1-F10) for IQ-548 fungal 
extract, 26 fractions (FI-FXXVI) for IQ-503, and 14 frac-
tions (FA-FN) for IQ-567 (Rivera-Chávez et al. 2019a, b, c).

For all the selected fungal extracts, the fractions show-
ing promising antibacterial activity (> 40%, at 250 µg/ml) 
and good yield (> 10 mg) were selected to proceed with 
the isolation of the active metabolites. From the extract of 
the microorganism IQ-548, fractions F4–F7 were selected; 
for IQ-503, fraction FX was selected; and finally for the 
extract of fungus IQ-567, fraction FD was chosen. Metabo-
lite isolations were performed by semi-preparative HPLC 
using a Gemini NX-C18 column, 5 μm (10.0 × 250 mm; 
Phenomenex, Torrance, CA, USA) as the stationary phase 
and an elution gradient specific for each fraction (solvent A, 
MeCN; solvent B, H20:0.1% formic acid). The resolution 
of fraction F4 was performed using a gradient of 30–50% 
solvent A for 30 min and led to the isolation of compounds 
1 and 2 (tR = 12.9 min, 4 mg; tR = 28.0 min, 1.5 mg, respec-
tively). Resolution of fraction F5 was performed using a 
gradient of 35–60% solvent A for 30 min and led to the 
isolation of 7 (tR = 34.0 min, 1.5 mg). Resolution of frac-
tion F6 was performed using a gradient of 30–60% solvent 
A for 30 min and led to the isolation of 4 (tR = 13.6 min, 
6.0 mg) and 5 (tR = 16.5 min, 4.3 mg). Fraction F7 was 
resolved on the same column using a gradient of 30–50% 
solvent A for 30 min and led to the isolation of compounds 
3 (tR = 25.2 min, 6.0 mg) and 6 (tR = 33.7 min, 4.3 mg). Frac-
tion FX was resolved on the same column using a gradient 
of 30–70% solvent A for 30 min and led to the isolation of 8 
(tR = 12.1 min, 2.4 mg). FD fraction was eluted on the same 
column using a gradient of 35–65% solvent A for 30 min and 
led to the isolation of compound 9 (tR = 19.2 min, 8.0 mg).

The chemical structure of each compound was deter-
mined by comparison of spectroscopic (1D and 2D NMR) 
and spectrometric (HR-DART-MS or MS-SQ-TOF) data 
with those reported in the literature: asperazine (1) (Var-
oglu et al. 1997; Loach et al. 2016), aurasperone B (2) 
(Priestap 1984; Siriwardane et al. 2015), aurasperone F 
(3) (Bouras et al. 2005; Antonov et al. 2021), TMC-256A1 
(4) (Sakurai et al. 2002), fonsecin B (5) (Priestap 1986), 
dianhydroaurasperone C (6) (Pilevneli et al. 2021), aurasp-
erone A (7) (Campos et al. 2005), pyrophen (8) (Zhang 
et al. 2010), and penicillide (9) (Suzuki et al. 1991).

Expression and Purification AbFtsZ1‑412

The codon-optimized sequence of the protein filament 
temperature-sensitive mutant FtsZ1-412 of Acinetobacter 
baumannii (ID GenBank CU459141.1) was cloned into 
expression vector pET-28-HT (Addgene), which thrombin 

site has been changed for TEV site. The construction was 
amplified by PCR using the specific oligonucleotide FtsZ 
Fwd 5′-CCG​CAT​ATG​GCC​TCA​TTT​GAA​TTT​ATA​GAA​
G-3′ and FtsZ Rev 5′-TTC​AAG​CTT​ACT​TAC​GTT​GCT​
GAT​TTTTC-3′ which introduce 5′-NdeI and 3′-HindIII 
restriction sites. The resulting vector AbFtsZ1-412 was veri-
fied by DNA sequencing (Laragen, Inc) (Chen et al. 2005).

To express the recombinant protein, 20 ml of LB media 
containing kanamycin (50 µl/ml) and chloramphenicol 
(30 µl/ml) was inoculated with one colony of previously 
transformed E. coli Rosetta (DE3) pLysS strain (Novagen, 
Madison, WI, USA) with AbFtsZ1-412 vector and grown 
overnight at 37 °C with continuous shaking. The next day, 
the culture was diluted at 1:20 in fresh LB media with 
antibiotics and incubated at 37 °C until it reached an OD600 
of 0.6. Protein expression was induced by addition 0.5 mM 
IPTG (Goldbio, USA) at 30 °C for 6 h. The cell pellet was 
harvested by centrifugation (5500 × g, 10 min, 4 °C) and 
kept at  − 20 °C until required for protein purification.

Purification of FtsZ (A. baumannii) was carried out 
following the procedure described by Jiménez-Arreola 
et al. (2020) and Chen et al. (2005) with some modi-
fications. Briefly, the cell pellet from a 500-ml culture 
was thawed on ice and suspended in 40 ml of lysis buffer 
(300 mM KCl, 50 mM Tris, and 10% glycerol at pH 8). 
Lysis was carried out by sonication (Misonix 3000) with 
an output of 750 W, by intervals of 5 s on and 30 s off for 
a total of 4 min of total sonication time. The soluble frac-
tion was clarified by centrifugation (45 min at 30,000 × g, 
4 °C), after filtration with a PVDF membrane (pore size 
of 45 µm). AbFtsZ1-412 enzyme was purified by affinity 
chromatography (His-Trap). The affinity column was 
equilibrated with lysis buffer. The elution consisted of 
lysis buffer and imidazole (50 mM). The protein was used 
immediately or stored at  − 80 °C in the same lysis buffer.

Enzymatic Assay of AbFtsZ1‑412

This assay was performed according to the methodology 
reported by Quan and Robinson (2005), Martín-García et al. 
(2012), and Baykov et al. (1988). Briefly, the assay was 
completed in 96-well plates with a final volume of 100 μl. 
Each well contained final concentrations of AbFtsZ1-412 at 
4 μM, GTP at 50 μM, test compounds at 100 µg/ml, and 
berberine at 186 µg/ml (or 500 µM). Assays were performed 
at pH 7 in assay buffer (300 mM KCl, 50 mM Tris, 2.5 mM 
MgCl2). The negative control (used for percent inhibition) 
was prepared by mixing the enzyme (4 μM), GTP (50 μM), 
assay buffer, and DMSO (sample volume). The plate was 
then incubated at 37 °C for 30 min, followed by the addi-
tion of 20 μl of a final malachite green solution. The plate 
was further incubated at 37 °C with agitation for 5 min. 
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Finally, the absorbance of each well was read at 630 nm. 
The percentage of enzyme activity activation was calculated 
as a percentage relative to DMSO according to Eq. 3. The 
entire assay procedure up to incubation was performed in 
a cold room at 4 °C. The final malachite green solution 
was prepared by combining 500 μl of a stock solution of 
malachite green (1.22 mg/ml malachite green reagent in 
sulfuric acid (20% v/v)) with the addition of 125 μl ammo-
nium molybdate (7.5% w/v in deionized water) and 10 μl 
Tween 20 (11% v/v).

All experiments were performed in quadruple. Data are 
presented as mean ± standard deviation.

Results and Discussion

This study began with the isolation of fungi associated 
to Mexican wetlands along the Pacific coast (Guerrero 
and Oaxaca, Mexico). The outcome of this procedure was 
a collection of 250 axenic isolates. Then, each microor-
ganism was fermented in a solid medium (PDA). After 
the incubation period, the organic extract for each fun-
gal strain was prepared and evaluated against multidrug-
resistant A. baumannii (Fig. S1). Through this process, 
the 28 most promising fungi (inhibition greater than 40%: 
preselected fungi) were selected for up-scaling in a solid 
medium (Cheerios® cereal), taxonomic identification, 
and subsequent antibacterial evaluation. This procedure 
selected strains IQ-503 (Aspergillus sp.), IQ-548 (Asper-
gillus sp.), and IQ-567 (Talaromyces sp.), from which nine 
active molecules were isolated (Fig. S1-S2).

Diversity of Mangrove Fungi

Mexico is ranked in the sixth position in mangrove abun-
dance worldwide (Lacerda et al. 1993). Mangroves are highly 
biodiverse ecosystems that harbor a wide range of species, 
especially heterotrophic microorganisms such as fungi, with 
ecological, chemical, and economic importance (Sosa-Rod-
ríguez et al. 2009). These microorganisms perform various 
functions in this environment, such as decomposition of 
wood or organic matter from sediments, fragmentation of 
leaves, and as endophytes in symbiotic processes with man-
grove roots and leaves (Sosa-Rodríguez et al. 2009). A review 
by Devadatha et al. (2021) indicates that approximately 850 
mangrove fungi have been identified by 2020, being Xylaria 
spp., Aspergillus spp., Penicillium spp., Trichoderma spp., 
and Fusarium spp. the most represented, in agreement with 
outcomes from this work. In this scenario, endophytic fungi 

(3)%Activity =

(

Abssample

Absnegativecontrol

)

∗ 100%

isolated from Mexican mangroves were studied looking for 
molecules with promising biological activity.

The taxonomic identification of 24/28 preselected micro-
organisms was performed using molecular methods. For this 
purpose, the ITS region of the ribosomal DNA was ampli-
fied and sequenced. The data are available in GenBank. To 
show the evolutionary relationships among the organisms, 
the sequences were then aligned and placed in a phyloge-
netic tree constructed using the maximum likelihood method 
(Fig. 1). In this study, 24 nucleotide sequences from fungi 
associated with Mexican Pacific wetlands and 38 refer-
ence sequences were included in the analysis. All identified 
fungi belong to the orders Botryosphaeriales, Eurotiales, and 
Hypocreales of the phylum Ascomycota. Within the Euroti-
ales, the genera Talaromyces, Aspergillus, and Penicillium 
were the most abundant, while the genera Phyllosticta and 
Lasiodiplodia, Botryosphaeriales, were less copious.

Prioritization of Microorganisms

Activity Screening

The 28 preselected isolates were cultured in solid medium 
(Cheerios®) to increase yields. The antibacterial potential 
of each extract was assessed against A. baumannii to con-
firm its activity. Extracts with growth inhibition greater 
than or equal to 40% at 250 µg/ml toward A. bauman-
nii A564 were selected. Some of the most outstanding 
extracts were (Fig. S3) IQ-503 (Aspergillus sp., 54.3 ± 5), 
IQ-512 (Aspergillus sp., 75.9 ± 3%), IQ-547 (Fusarium sp., 
35.0 ± 3%), IQ-548 (Aspergillus sp. 60.2 ± 2), IQ-567 (Tal-
aromyces sp, 75.0 ± 5), IQ-568 (Penicillium sp., 41.9 ± 6), 
IQ-573 (Penicillium sp., 42.7 ± 7), and IQ-574 (Talaromy-
ces sp., 40.3 ± 8). Aspergillus and Penicillium correspond 
to the two strains with the highest reported number of natu-
rally occurring, structurally diverse products, with 2607 
and 2192 products, respectively (NPAtlas, 2023).

Untargeted Metabolomic Studies

Simultaneously, the chemical composition information 
obtained by LC-MS/MS for the 28 extracts was organized 
into molecular networks using the GNPS platform with 
the Derreplicator+ and MolNetEnhancer algorithms. The 
molecular network was constructed with 6123 mass spectra 
grouped into 930 nodes and categorized into 13 groups of 
composite families (Fig. 2). The molecular families (clus-
ters) illustrated in the molecular networks are based on the 
similarity of the mass spectra. The largest group was that 
of benzoic acids with 108 nodes, whereas the pyrones and 
pyrans group with 13 nodes was remarkable. In contrast, the 
smallest group comprised benzodiazepines with only two 
nodes. Furthermore, this analysis facilitated the dereplication 
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of 32 metabolites (with mass error < 10 ppm and cosine simi-
larity > 0.7, Table S2), including some mycotoxins such as 
citrinin, harmane, meleagrin, and sterigmatocystin (Fig. 2). 
It is worth noting that out of the 32 identified molecules, 
nine have been reported to possess hepatotoxic (Flajs and 
Peraica 2009), neurotoxic (Lešić et al. 2019), nephrotoxic 
(Hamed et al. 2021), and/or mutagenic activities (Gupta et al. 
2018) (Table S1). This analysis was performed to exclude 
extracts containing previously reported cytotoxic compounds 

(15 out of 28: Table S2) thus prioritizing the isolation of 
chemical entities with promising biological activity toward 
A. baumannii. Based on the results of antibacterial activ-
ity (inhibition > 40%, Fig. S1) and dereplication (Table S1), 
three extracts were prioritized. The selected microorganisms 
included Aspergillus sp. IQ-503, Aspergillus sp. IQ-548, and 
Talaromyces sp. IQ-567, all endophytic microorganisms from 
the species Rhizophora mangle (red mangrove), collected in 
Tecomate Lagoon, Guerrero, Mexico.

Fig. 1   The phylogenetic tree of 24/28 preselected fungal microorganisms. The tree is drawn to scale, with branch lengths measured in the num-
ber of substitutions per site
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Chemical Study

The bioassay-guided chemical study of the bioactive extract 
of Aspergillus sp. IQ-548 led to the isolation of seven mol-
ecules characterized as asperazine (1) (Varoglu et al. 1997; 
Loach et al. 2016), aurasperone B (2) (Siriwardane et al. 
2015; Priestap 1986), aurasperone F (3) (Antonov et al. 
2021), TMC-256A1 (4) (Sakurai et al. 2002), fonsecin B 
(5) (Priestap 1986), dianhydroaurasperone C (6) (Pilevneli 
et al. 2021), and aurasperone A (7) (Campos et al. 2005). 
In parallel, investigation of Aspergillus sp. IQ-503 and 
Talaromyces sp. IQ-567 allowed the isolation of pyrophen 
(8) (Zhang et al. 2010) and penicillide (9) (Suzuki et al. 
1991), respectively. All isolated molecules were identified 
by matching their spectroscopic and spectrometric data with 
those reported in the literature (Supporting Information).

Asperazine (1) belongs to the diketopiperazine group and 
inhibits the growth of human leukemia, murine, and human 
colon cell lines. It was isolated from a marine A. niger (Varo-
glu et al. 1997). Compounds 2–7 (aurasperone F, TMC-256A1, 
fonsecin B, dianhydroaurasperone C, and aurasperone A) are 
benzophenones derived from Aspergillus spp., principally A. 
niger; however, this kind of molecules and other benzophe-
nones (e.g., penibenzophenones, tenellones, asperphenin) have 
also been isolated from Penicillium spp., Diaporthe spp., and 
Phomopsis spp. (Ibrahim et al. 2023). Pyrophen (8) is a pyrone 
that was first isolated from A. niger from maize in Puerto Rico 
(Barnes et al. 1990) and later in the species A. brasiliensis 
(Perrone et al. 2007). Finally, penicillide (9) is a benzodioxocin 
previously isolated from Penicillium sp., Pestalotiopsis sp., and 
various Talaromyces species with relevant biological activities 
(see below) (Salituro et al. 1993; Tao et al. 2017).

Fig. 2   Untargeted metabolomic studies. A Molecular network generated using the MS2 data, obtained for 28 extracts from preselected fungi. B 
Selected examples of dereplicated compounds through the GNPS platform
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After the structural characterization, compounds 1–9 
were manually annotated into the constructed molecu-
lar networking (Fig. S4). Asperazine (1) falls within the 
indole derivatives group and can be observed within a 
two-node cluster. Compounds 2–7 are found in small 
clusters. Compounds 2 and 3 exhibit a high degree of 
similarity in their molecular structure, differing only in 
small changes at positions 2′, 3′,   and 8, specifically a 
dehydration and loss of methoxy group, respectively. 
Likewise, compounds 6 and 7 also formed a single clus-
ter because these benzophenones have distinct substitu-
ents at C-8, hydroxy, and methoxy groups, respectively. 
However, although compounds 4 and 5 are related, both 
were found in different clusters. Compound 8 appears as 
a member of a cluster formed by 10 nodes, indicating that 
some other analogues of pyrophen are present in fungal 
extracts. Penicillide (9) was found only in a single node.

Antimicrobial Potential of Isolates

The antimicrobial potential of the isolated molecules was 
determined according to the CLSI guidelines (CLSI 2015). 
The results of this evaluation showed that compounds 1 (IC50 
6.9 ± 0.7 µg/ml), 2 (IC50 9.9 ± 0.8 µg/ml), 3 (IC50 8.3 ± 0.9 µg/
ml), 4 (IC50 7.4 ± 1 µg/ml), and 9 (40 ± 9% inhibition, at 
100 µg/ml) inhibited the growth of multidrug-resistant A. 

baumannii A564 (Fig. 3A and Table S3) in a concentration-
dependent manner, with IC50 values below 10 µg/ml for com-
pounds 1–4. Compound 9 displayed an inhibition of 40 ± 9% 
at 100 µg/ml. In all cases, the inhibition of bacterial growth 
exceeded that of the positive control gentamicin (20 ± 1% at 
100 µg/ml). These results highlight the potential of benzo-
phenones 2–4 and asperazine (1) as suitable candidates for 
developing antibacterial agents against A. baumannii A564, 
an intrahospital isolate resistant to last-generation drugs, 
including ciprofloxacin, gentamicin, meropenem, imipenem, 
doripenem, cefepime, ceftriaxone, ceftazidime, piperacillin, 
and ampicillin. In addition, it shows moderate resistance 
to colistin, a last-generation antibiotic (García-Patiño et al. 
2017; Raorane et al. 2019). Based on these findings, com-
pounds 1–4 and 9 are proposed as possible references for 
developing antibiotics to help combat AMR, particularly 
against A. baumannii, as it has become one of the main 
causes of resistant infections worldwide.

In 2018, Zulqarnain et al. (2020) reported the antifungal 
activity of asperazine (1) against Fusarium oxysporum (at 
a minimum inhibitory concentration of 60 µg/ml). Further-
more, a more recent study in 2021 showed that 1 inhibited 
the proliferation of cervical cancer cells (Abdou et al. 2021). 
To date, this is the first report of this molecule as a growth 
inhibitor of a multidrug-resistant A. baumannii. Com-
pounds 2 and 3, aurasperones B and F, are benzophenones 
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with antioxidant (Leutou et al. 2016; Zhang et al. 2007), 
antifungal (Zhang et al. 2007), anticancer (Antonov et al. 
2021; Fang et al. 2016), and antimicrobial activities against 
B. subtilis and E. coli (Bouras et al. 2005; Song et al. 2004). 
However, there are no reports of these molecules as inhibi-
tors of multidrug-resistant A. baumannii strains. Compound 
4 belongs to the naphthopyrone group and has been reported 
as an antioxidant (Leutou et al. 2016); furthermore, it exhib-
its anticancer activity against human cervical (Sakurai et al. 
2002), liver (Huang et al. 2011), brain (Huang et al. 2011), 
and mama (Huang et al. 2011) cells and showed inhibition 
of IgE antibody activity, leading to its proposal as an antial-
lergic agent (Sakurai et al. 2002); to date, this is the first 
report of compound 4 as a bacterial inhibitor. Penicillide 
(9) has been reported to be an anticholesterolemic (Zeng 
et al. 2022), anticancer (Tao et al. 2017), and antimicrobial 
agent against strains such as S. aureus, S. albus, Vibrio algi-
nolyticus, and V. parahaemolyticus (Song et al. 2022). This 
is the first report of compounds 1, 2, 3, 4, and 9 as growth 
inhibitors of A. baumannii.

AbFtsZ1‑412 as a Putative Mechanism of Action

To establish a possible mechanism of action for the iso-
lated molecules with antimicrobial potential, the enzyme 
AbFtsZ1-412 was selected as a candidate. This selection was 
based on the fact that molecules with similar nuclei to com-
pounds 2–7, such as mycopyranone and viriditoxin (binaph-
thopyranones), interact with FtsZ proteins of S. aureus and 
E. coli (Rivera-Chávez et al. 2019a, b, c), suggesting this 
protein as a putative molecular target. To test this hypothe-
sis, AbFtsZ1-412 was cloned and expressed in a heterologous 
host (Supporting Information).

Enzymatic Assay  Once the enzyme was obtained, a pho-
tometric assay was developed in a 96-well plate format 
at 37 °C to screen pure molecules as protein ligands. For 
this assay AbFtsZ1-412 (4 μM) and GTP (50 μM) were 

used in a final volume of 100 μl at pH 7. Assay conditions 
were adapted from the literature with minor modifications 
(Quan and Robinson 2005, Baykov et al. 1988, Martín-
García et al. 2012). Malachite green was used to monitor 
enzyme activity and inhibition at 630 nm. To validate the 
ability of the assay to detect molecules capable of altering 
the GTPase activity of AbFtsZ1-412, berberine was used 
as a positive control. This alkaloid has previously been 
reported as an inhibitor of the FtsZ enzyme in S. aureus 
(Domadia et al. 2008). In this study, berberine was found 
to inhibit AbFtsZ1-412 activity by no more than 50% at a 
concentration of 186 µg/ml (500 μM) (Fig. S6).

Compounds as AbFtsZ Binders  Compounds 1–9 were evalu-
ated against AbFtsZ1-412 at 100 µg/ml. Compound 4 showed 
inhibition of AbFtsZ1-412 activity, while compounds 2–3 and 
5–9 showed interaction with the enzyme and enhanced its 
activity (Fig. 3B, Table S3). In addition, compound 4 also 
inhibited bacterial growth of A. baumannii A564 strain, 
suggesting AbFtsZ as a possible molecular target. In 2008, 
Rai et al. (2008) found that curcumin activates the GTPase 
activity of the FtsZ enzyme in E. coli. Similarly, in 2012, 
Ma et al. (2013) reported a group of trisubstituted benzimi-
dazoles that activate GTPase activity of FtsZ in M. tubercu-
losis. In addition, vitamin K increases the GTPase activity 
of Streptococcus pneumonia FtsZ enzyme (Pushpakaran 
et al. 2022). In these reports, the authors discussed that 
increasing the enzyme activity raises the concentration of 
GDP in the bacterial cell, leading to depolymerization of 
the Z-ring and subsequently inhibiting cell division, result-
ing in enlargement and finally death. None of the FtsZ 
binders (2–9) identified in this study has previously been 
reported as ligands of any FtsZ enzyme.

Compound 5, fonsecin B, has been previously reported 
(Carboué et al. 2019) to possess antioxidant capacity. Lee 
et al. (2010) demonstrated that fonsecin B has the ability to 
affect the expression of specific genes involved in the pro-
duction of immunoglobulins in germinal cells. Compound 

Fig. 3   Antimicrobial potential 
of isolated metabolites. A Con-
centration response curves for 
compounds 1–4 vs A. bauman-
nii A564. B Effect of com-
pounds 1–9 on the activity of 
AbFtsZ. C + indicates positive 
control (berberine)
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6, dianhydroaurasperone C, is also a naphthopyrone with 
activity against skin cancer. This compound increases the 
intracellular concentration of vinblastine in KB-8-5 cancer 
cells and prevents its efflux, potentially enhancing the effi-
cacy of vinblastine in the treatment of drug-resistant cancer 
(Ikeda et al. 1990). Compound 7, aurasperone A, has been 
reported to have antibacterial activity against B. subtilis, 
E. coli, and P. fluorescence, and antifungal activity against 
Candida albicans and Trichophyton rubrum (Lu et al. 2014). 
No inhibitory activity against A. baumannii was detected in 
this study, but it acts as a ligand for the enzyme AbFtsZ1-412. 
Moreover, pyrophen (8) and penicillide (9) showed signifi-
cant biological activity as AbFtsZ ligands.

In prior studies, pyrophen (8) was found to hinder the 
growth of Aeromonas hydrophila (Agrawal et al. 2020), Mic-
rococcus luteus (Agrawal et al. 2020), and Listeria innocua 
(Agrawal et al. 2020). Additionally, penicillide (9) exhibited 
inhibition against the microorganisms S. aureus (Song et al. 
2004), C. albicans (Song et al. 2004), and E. coli (Song et al. 
2004). This is the initial report of these compounds (2–9) 
with activity against FtsZ of A. baumannii.

Based on these considerations, it is proposed that 
compounds 2–9 have the potential to be FtsZ-targetting 
antimicrobials. The bacterial growth inhibition observed 
in A. baumannii by compounds 2–4 and 9 supports this 
hypothesis. Despite being activators of the AbFtsZ protein, 
compounds 5–8 did not demonstrate bacterial growth inhi-
bition against A. baumannii, suggesting the activation of 
varied resistance mechanisms in A. baumannii, including 
changes in membrane permeability that inhibit the entry 
of molecules, as well as effluence of xenobiotics medi-
ated by efflux pumps (García-Patiño et al. 2017; Raorane 
et al. 2019; Kyriakidis et al. 2021). Based on a structural 
analysis of compounds 2 and 3 in comparison to 6 and 
7, it can be inferred that having a hydroxy group at posi-
tion C-2 in molecules 2 and 3 affects their antibacterial 
activity, probably due to the hybridization (sp3) of C-2 and 
in consequence, the geometry of itself. In contrast, com-
pounds 6 and 7 lacking this moiety displayed no inhibition 
against multi-resistant A. baumannii. There is currently 
no other documented fungal inhibitor AbFtsZ1-412 enzyme 
that simultaneously inhibits bacterial growth. Therefore, 
compound 4 presents a potential opportunity to develop 
antibiotics targeting a novel molecular pathway.

Conclusions

Natural products from fungi have often been an important 
source for antimicrobial drug development. In this study, 
250 axenic fungal extracts from Mexican mangroves were 
screened against a multidrug-resistant strain of Acinetobacter 

baumannii. Bioassay-guided studies combined with untar-
geted metabolomic, taxonomic analyses, and dereplication 
tools enabled the prioritization of the most promising strains 
for isolating molecules with antimicrobial potential. By 
applying these criteria, the chemical study of three prioritized 
fungal isolates resulted in the isolation of nine molecules 
(1–9) with biological activity, either as inhibitors of bacte-
rial growth or as ligands of the A. baumannii FtsZ enzyme.

Compound 4 (TMC-256A1) is the first reported fungal 
inhibitor of the AbFtsZ1-412 enzyme. Furthermore, this mol-
ecule inhibited bacterial growth of the multi-resistant clini-
cal strain A. baumannii A564. Conversely, compounds 2, 
3, and 9 increased FtsZ enzyme activity and showed anti-
bacterial properties. Compounds 1–3 showed antibacterial 
activity only against A. baumannii A564, whereas products 
5–8 interacted with AbFtsZ1-412 and enhanced its enzymatic 
activity. In brief, this study highlights the importance of 
studying the mycobiota of under-explored ecosystems in 
Mexico to obtain and uncover molecular scaffolds to develop 
antibiotics with different structural classes and novel tar-
gets that can contribute to the fight against antimicrobial 
resistance.
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