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The antibacterial potential of Aspergillus oryzae (A. oryzae) EO product (AOEP) extract against Klebsiella pneu-
moniae (K. pneumoniae) strains BAA-1706 and BAA-1705 was investigated through minimal inhibitory concen-
tration (MIC), biofilm inhibition assays, electron microscopy, and gene expression analysis. AOEP extract
exhibited inhibitory activity with MICs values ranging from 3.1 % to 50 % for both strains. Notably, AOEP
suppressed biofilm formation at low concentrations (3.1 %-12.5 %), outperforming the positive control, kana-
mycin, at 6.25 %. Morphological examination revealed significant alterations upon AOEP treatment, including
reduced colony size and fragmented cells, distinct from kanamycin-induced changes. qRT-PCR demonstrated that
AOEP significantly downregulated key virulence genes ompA, IppA, and mrkA in strain BAA-1706, and ompA and
IppA in strain BAA-1705, while pal and wzi expression remained unaffected. LC-MS/MS profiling identified
several lactone-related secondary metabolites, including acyl homoserine lactone (AHL) analogs and butyr-
olactone I analogs, suggesting possible quorum sensing interference as a mechanism of action. These findings
highlight AOEP extract as a promising multifunctional antibacterial agent that disrupts K. pneumoniae growth,

biofilm formation, and virulence, with potential applications in combating antibiotic-resistant infections.

1. Introduction

The rapid rise of multidrug-resistant (MDR) pathogens has emerged
as one of the most pressing global health crises of the 21st century.
K. pneumoniae, a major causative agent of nosocomial infections, has
been classified as a critical priority pathogen by the World Health Or-
ganization due to its ability to acquire resistance to a broad range of
antibiotics, including the p-lactam class of drugs [1]. Particularly con-
cerning is the emergence of K. pneumoniae strains that produce
K. pneumoniae carbapenemase (KPC), an enzyme capable of hydrolyzing
the p-lactam ring of carbapenems, thereby rendering them ineffective
[2]. Carbapenem-resistant K. pneumoniae (CRKP) infections are associ-
ated with high morbidity and mortality rates, particularly in immuno-
compromised individuals or those with comorbidities, compounded by
limited treatment options and the ability of these pathogens to acquire
additional mechanisms of resistance [3,4]. Consequently, there is an
urgent need to develop novel antimicrobial agents that can effectively
target these resistant pathogens and mitigate the public health threat
posed by carbapenem resistance.

In response to the growing challenge of antibiotic resistance, the

exploration of natural products, particularly microbial secondary me-
tabolites, has gained substantial attention as a promising strategy for
discovering new therapeutic agents [5]. Secondary metabolites are
organic compounds produced by microorganisms, such as fungi, bacte-
ria, and actinomycetes, which are not essential for their primary meta-
bolic processes but often confer ecological advantages, including
antimicrobial activity [6]. A. oryzae, a filamentous fungus renowned for
its use in traditional food fermentation processes, has emerged as a rich
source of secondary metabolites, including peptides, polyketides, and
terpenoids, many of which exhibit potent antibacterial, antifungal, and
anticancer properties [7-10]. Despite its extensive use in food produc-
tion, A. oryzae has not been thoroughly investigated for its potential to
combat antibiotic-resistant pathogens, particularly those producing
B-lactamases such as KPC. Notably, our previous study demonstrates
that A. oryzae secondary metabolites exhibit the ability to disrupt cell
envelope integrity and inhibit quorum sensing-associated virulence
factors and biofilm formation in K. pneumoniae extended-spectrum
p-lactamase (KP-ESBL) strains [9,10]. Nonetheless, the molecular
mechanisms underlying the antibacterial effects of these metabolites
remain poorly understood, making A. oryzae as an attractive candidate
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for further investigation. Additionally, A. oryzae is recognized as a safe
organism, classified as Generally Recognized as Safe (GRAS) by regu-
latory bodies like the US Food and Drug Administration (FDA) [11]. Its
well-established safety profile, combined with its potential to produce
novel antimicrobial agents, presents a unique opportunity to bridge the
gap between traditional food-based applications and contemporary
pharmaceutical needs. Herein, in this study, we aim to investigate the
antimicrobial activity of secondary metabolites isolated from A. oryzae
against carbapenem-resistant K. pneumoniae (CRKP) strains harboring
KPC. Specifically, our objectives are to (1) isolate and characterize the
bioactive metabolites produced by A. oryzae and (2) evaluate their
antibacterial activity against CRKP strains.

2. Materials and methods
2.1. Bacterial and fungal isolates

K. pneumoniae carbapenemase (KPC)-producing strain (BAA-1705)
and K. pneumoniae strain AIS 2007023 [6179], lacking the blaKPC gene
(BAA-1706), were obtained from the Laboratory of Microbiology, Fac-
ulty of Medicine, Brawijaya University, Indonesia, while A. oryzae was
provided by the Indonesian Culture Collection (Ina-CC). All experi-
mental procedures were approved by the Ethical Committee of the
Faculty of Medicine and Health Sciences, Maulana Malik Ibrahim State
Islamic University (Ref. No. 027/EC/KEPK-FKIK/2020).

2.2. Preparation of A. oryzae extracellular protein (AOEP)

A 100 mL volume of potato dextrose broth (PDB) medium was
inoculated with 8-mm A. oryzae mycelium and incubated in a 250 mL
Erlenmeyer flask containing 2 % glucose for 72 h at 27 °C under static
conditions (OD600 = 1.2). After incubation, the culture was filtered
through 0.22-pm filter paper (Whatman, Sigma Aldrich). The superna-
tant, containing extracellular proteins, was centrifuged at 12000 rpm for
15 min at 4 °C. To precipitate the proteins, ammonium sulfate was added
to 80 % saturation, followed by stirring in an ice bath for 1 h. The
mixture was incubated overnight at 4 °C, and the precipitate was
collected by centrifugation at 12000 rpm for 15 min at 4 °C. The crude
protein extract was then dialyzed for 24 h in 0.01 M phosphate buffer
(pH 7). Protein concentration was determined using the Bio-Rad Protein
Assay (Bradford method), as previously described [12].

2.3. Determination of minimal inhibitory concentration

Minimum inhibitory concentration (MIC) was determined using
microdilution broth [13]. Fresh bacterial cultures were inoculated into
LB medium at a turbidity of 0.5 McFarland standard. Each well of a
96-well plate was inoculated with 100 pL of bacterial suspension and
treated with either AOEP with various concentrations (3.1, 6.25, 12.5,
25, and 50 %). After 24 h of incubation at 37 °C, absorbance was
measured at 600 nm. The MIC was defined as the lowest concentration
reducing absorbance by >90 % compared to the negative control. All
experiments were performed in triplicate.

2.4. Biofilm inhibition assay

The biofilm inhibition assay was performed following previously
established protocols [10]. Briefly, 100 pL of AOEP at varying concen-
trations (3.1 %, 6.25 %, and 12.5 %) was added to each well of a 96-well
microplate, followed by the addition of 100 pL of BAA-1706 or
BAA-1705 bacterial suspension. The negative control well contained LB
medium supplemented with 1 % glucose, while the positive control well
contained either 64 pg/mL kanamycin or J8-C8 (Sigma), an AHL analogs
(AHL synthase inhibitor, ProbeChem), at a concentration of 50 pM. The
plate was then incubated at 37 °C for 24 h, and stained with 0.1 % crystal
violet. After several washes, the stain was dissolved in 96 % ethanol, and
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the absorbance was measured at 570 nm using a microplate reader.
2.5. Scanning electron microscopy (SEM)

To evaluate the effect of AOEP on the morphology of both of BAA-
1706 and BAA-1705, scanning electron microscopy (SEM) was per-
formed. Briefly, the bacteria were cultured in LB broth at 37 °C for 24 h
under aerobic conditions. At concentration of 1 x 10® CFU/mL, 1 mL of
the bacterial suspension was treated with 12.5 % AOEP for 2 h. Simul-
taneously, another 1 mL sample was used as control. Samples were
centrifuged at 1400 rpm for 3 min and washed with PBS. Cells were then
fixed in 2.5 % glutaraldehyde at 4 °C for 2 h, followed by dehydration by
a series of ethanol, centrifuged at 1400 rpm for 10 min, and air-dried.
Finally, the samples were coated with an 80:20 ratio of gold and
palladium and examined under SEM (model Zeiss 224 EVO 50 VP,
Germany) at 20 kV with a working magnification of less than 10 mm for
optimal focus. Bacterial length was measured using ImageJ, and the
number of fragmented cells was quantified and expressed as a
percentage.

2.6. qRT-PCR

RNA extraction was performed using the hot-phenol method, fol-
lowed by cDNA synthesis. A total of 1 ug of total RNA was reverse
transcribed using M-MulV-RT (Thermo Fisher Scientific) [14,15].
Quantitative real-time PCR (qQRT-PCR) was performed on a LightCycler
480 instrument (Roche) using SYBR Green I Master Mix (Roche) with the
following primer sequences listed in Table 1. The 16S rRNA gene served
as an internal reference control.

2.7. LC-MS/MS

LC-MS/MS analysis was performed as previously described [16].
Briefly, 5 pL of the extract were injected into an LC-MS/MS system with
a Phenomenex Gemini Column C18 (150 x 2 mm, 5 pm particle size) at
50 °C. The mobile phase consisted of 0.1 % formic acid and 200 pM
EDTA in water (phase A) and 0.1 % formic acid in acetonitrile (phase B).
The gradient profile was: isocratic for 1 min, linear increase from 10 %
to 50 % B over 0.5 min, further increase to 99 % B over 4 min, hold at 99
% B for 1.5 min, and re-equilibration for 2.9 min at 0.45 ml/min flow
rate. Mass spectrometry (MS) analysis was performed on a 4000 QTRAP
hybrid triple-quadrupole linear ion trap mass spectrometer in positive
ion electrospray mode using Analyst 1.4.1 for data acquisition and
processing.

2.8. Statistical analysis

All data are presented as mean + SEM. Statistical significance was
examined using one-way analysis (ANOVA), followed by a post-hoc test
using GraphPad Prism ver. 10. Group was considered significant dif-
ference if p < 0.05.

3. Results
3.1. Antibacterial and antibiofilm activities of AOEP extract

The antibacterial and antibiofilm activities of AOEP extract was
evaluated using two assays: determination of the minimal inhibitory
concentration (MIC) and biofilm inhibition. The results showed that the
AOEP extract inhibited both K. pneumoniae strains, with relatively uni-
form absorbance across different concentrations of the extract. The MIC
threshold of 90 % inhibition was not achieved for either strain, with
maximal inhibition reaching approximately 83 % in BAA-1706 and ~75
% in BAA-1705. Consequently, the MICso was determined to fall within
the range of 3.1 %-50 % for both strains (Fig. 1A and B). Notably, a
stronger inhibitory effect of the AOEP extract was observed in BAA-1706
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Table 1
Primer used for qRT-PCR experiments.
No. Gene Forward Reverse
1 wzi-3 GCTTAYGCRGCYGGGTTAGTRGT GGCCASGTCGACARGCTCAG
2 pal GAGAATTGCATGAGCAGTAAC TTCTTTGATTCCTTTAATAATC
3 IppA TAGATTGAGTTAATCTCCATG GAGTTCTGGTAATAAAAATGGCGC
4 ompA GTTTTTTTATCGGTTATAAC TTAACAACAAGTCACGCCCCCG
5 mrkA CGGTAAAGTTACCGACGTATCTTGTACTG GCTGTTAACCACACCGGTGGTAAC
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Fig. 1. (A-C) Effects of A. oryzae extracellular protein (AOEP) on the minimum inhibitory concentration (MIC) and (C-D) biofilm formation, in non-KPC-producing

BAA-1706 and KPC-producing BAA-1705. Data are presented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, *

than in BAA-1705 across all tested concentrations (Fig. 1C). At con-
centrations ranging from 3.1 % to 12.5 %, AOEP extract inhibited bio-
film formation in both BAA-1706 and BAA-1705 strains, with
concentrations as low as 6.25 % showing greater inhibitory activity than
the positive control (kanamycin) (Fig. 1D and E).

3.2. Morphological alterations induced by AOEP extract

We further examined whether AOEP extract affected the morphology
of BAA-1706 and BAA-1705 strains using electron microscopy. In un-
treated samples, bacterial colonies were evenly distributed in both
strains. Upon treatment with positive control (kanamycin), colonies of
BAA-1706 appeared more separated, whereas those of BAA-1705
remained less dispersed. In contrast, treatment with AOEP extract
resulted in notable morphological changes in both strains, characterized
by smaller colony sizes and the presence of fragmented cells compared

“*p < 0.0001.

to the positive control (kanamycin). No significant morphological dif-
ferences were observed between BAA-1706 and BAA-1705 across all
measured parameters, except that BAA-1706 exhibited more fragmen-
tation than BAA-1705 after treatment with AOEP (Fig. 2A and B).

3.3. AOEP suppresses virulence-associated genes in K. pneumoniae

Several genes associated with the virulence of K. pneumoniae were
assessed. QRT-PCR analysis revealed that the expression of ompA, IppA,
and mrkA was significantly suppressed in strain BAA-1706 following
AOEP treatment. In contrast, in strain BAA-1705, only ompA and IppA
showed a significant reduction, while mrkA exhibited a non-significant
downward trend. Notably, the reduction in IppA expression was
slightly stronger in BAA-1706 compared to BAA-1705, although the
difference did not reach statistical significance (p = 0.06). No changes
were observed in the expression levels of pal and wzi in either strain
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Fig. 2. (A-B) Electron microscopy and quantitative analysis of bacterial length and fragmentation reveal the effects of A. oryzae extracellular protein (AOEP) on the
morphology of non-KPC-producing K. pneumoniae BAA-1706 and KPC-producing strain BAA-1705. Data are presented as mean + SEM. **p < 0.01, ***p < 0.001,

wHxkp < 0.0001.

(Fig. 3A).

3.4. LC-MS/MS profiling reveals lactone-related metabolites in AOEP

Based on the total solids and protein quantification of AOEP, the
protein fraction accounted for approximately 16.5 %, while the
remaining 83.5 % consisted of non-protein components, likely metab-
olites. Thus, to characterize the chemical profile of secondary metabo-
lites produced by A. oryzae, LC-MS/MS analysis was performed. LC-MS/
MS analysis of AOEP extracts revealed several lactone-related com-
pounds with precursor ions from m/z 214 to 288 and diagnostic frag-
ment ions at m/z 101.5 and 158.5. Compounds 1-3 are likely isomers of
3-0x0-C6-acyl homoserine lactone (AHL) analogs, molecules typically
associated with bacterial quorum sensing. Compounds 4 and 7

correspond to butyrolactone I analogs, well-known fungal secondary
metabolites involved in regulating development and secondary meta-
bolism in Aspergillus species. Compound 5, an aromatically substituted
AHL-like molecule, and compound 6, a heavier, more hydrophobic
lactone derivative (see Table 2, Fig. 3B).

3.5. Comparative effects of J8-C8 and AOEP on biofilm inhibition and
virulence gene expression

While we demonstrated that AOEP contains AHL analogs, to confirm
that AHL secondary metabolites are responsible for quorum sensing
inhibitor, four experimental groups were conducted: negative control,
positive control treated with J8-C8, AOEP, and heated AOEP (to dena-
ture proteins). We observed that all treated groups exhibited inhibition



L.N. Rachma and Z.S. Ulhaq

A . BAA-1705
BAA-1706
OmpA
-
—
15 .
< ——
§
2
el ]
g10
<
F
]
805
=
S
4
00 =
Before After
Pal
15
8
o
folm &
3
<
F3
]
05
2
s
S
3
00
Before After

Relative mRNA expression

Relative mRNA expression

&

B

o
o

°
s

Before

5 &
—

Relative mRNA expression
e :

Adter Before After

Wzi

o

wlg |

Before

o
o

e
5

After

Medicine in Microecology 27 (2026) 100161

. NL: 2.62E2
B o0 RT: 2.53
50 RT: 3.77
B : NL: 2.51E1
e RT: E.ez
L 5 EA RT:373  RT:531
<] N A h _ o
: NL: 6.84E2
5100 RT: 3.55
3 I
2 50
e R A
- NL: 7.79E2
5.0 RT:3.15
['4
soi RT:2.90
ey
- NL: 2.02E2
it RT: 3.15
|
5% |
i NL: 2.38E1
RT:2.84 22
100 | RT:3.06
RT: 1.33 RT: 4.98
50 ‘
i Ao .
R R
1 2 3
Time (min)

m/z=101.50-102.50 F: + ¢ ESI SRM ms2 214.000

| m/z=101.50-102.50 F: + ¢ ESI SRM ms2 216.000

f\ m/z=101.50-102.50 F: + ¢ ESI SRM ms2 256.000

m/z= 158.50-159.50 F: + ¢ ESI SRM ms2 272.000

m/z= 158.50-159.50 F: + ¢ ESI SRM ms2 288.000

m/z= 158.50-159.50 F: + ¢ ESI SRM ms2 300.000
[101.850-102.150, 158.850-159.150]

Fig. 3. (A) Effects of A. oryzae extracellular protein (AOEP) on the expression of virulence-associated genes in K. pneumoniae strains before and after AOEP treatment.
(B) Chemical characterization of AOEP metabolites by LC-MS/MS. Data are presented as mean + SEM. *p < 0.05, **p < 0.01.

Table 2
Preliminary compound identification based on LC-MS/MS.
No. RT m/z m/z Compound Possible structure/Function Notes
(min) Precursor Fragment
1 3.15 214.0 101.5 3-0x0-C6-HSL analog Acyl-homoserine lactone is a short chain with a 3-oxo group. QS mimic, similar to AHL
2 2.62 214.0 101.5 Isomers of compound No. 1 Possible stereo-isomers or structural isomers Similar biological activity
3 2.53 214.0 101.5 Other isomers Early retention, likely more polar compound
4 3.55 256.0 101.5 Butyrolactone I analog Lactones with larger side chains Possible Aspergillus -specific
metabolites
5 3.73 272.0 158.5 Aromatic-substituted AHLs Homoserine lactone with phenolic/aromatic substituents Potential as a QS inhibitor
6 5.31 288.0 158.5 Heavy AHLs or lactone It may be a long chain AHL, a complex lactone, or a heavy Slow elution, more nonpolar
derivatives phenolic compound. compounds
7 3.06 256.0 101.5 Duplicate compound No. 4 Butyrolactone-like from different fractions

of biofilm formation in both BAA-1706 and BAA-1705 strains (Fig. 4A)
compared to the control. Additionally, three genes previously shown to
be significantly downregulated by AOEP treatment were reassessed. All
treated groups again displayed significant reduction in expression in
both strains, with a greater reduction observed in BAA-1706 than in
BAA-1705, although the difference was not statistically significant
(Fig. 4B). Our analysis thus demonstrates that AOEP’s heat-stable lac-
tones function as AHL synthase inhibitors similar to J8-C8, effectively
suppressing quorum sensing, biofilm formation, and virulence gene
expression in both KPC- and KPC + K. pneumoniae strains.
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4. Discussion

Our results demonstrated that the AOEP extract exerts notable
antibacterial properties against K. pneumoniae, encompassing inhibition
of bacterial growth, biofilm formation, and virulence factor expression.
These findings corroborate previous evidence supporting the therapeu-
tic potential of fungal secondary metabolites as alternatives or adjuncts
to conventional antibiotics [17,18], particularly against problematic
pathogens such as K. pneumoniae, which is known for its multidrug
resistance. The MICsg range of 3.1 %-50 % observed in this study is

BAA-1706 | BAA-1705 |

== OmpA
LppA
MrkA

Relative mRNA expression

Fig. 4. (A-B) Comparative analysis of biofilm inhibition and virulence gene xxpression by J8-C8 and AOEP in in non-KPC-producing BAA-1706 and KPC-producing
BAA-1705, respectively. Data are presented as mean + SEM. *p < 0.05, ****p < 0.0001.
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consistent with previous reports where fungal extracts and metabolites
demonstrate broad antibacterial effects at relatively moderate concen-
trations [19]. The uniform absorbance profile across concentrations
further suggests a dose-dependent but stable inhibition, indicating that
AOEP exerts a robust effect on both K. pneumoniae strains regardless of
their antibiotic resistance status. This broad efficacy is crucial given the
phenotypic heterogeneity among K. pneumoniae clinical isolates,
including differences in capsule composition and virulence [20]. The
biofilm inhibition data are particularly striking since biofilms represent
a major clinical challenge by conferring antibiotic tolerance and pro-
tecting bacteria from host immune responses [21]. AOEP’s ability to
inhibit biofilm formation at low concentrations, even outperforming
kanamycin at 6.25 %, implies that it interferes with critical early stages
of biofilm development, such as bacterial adhesion or quorum sensing
signaling [22]. This antibiofilm activity likely contributes to the ex-
tract’s overall antibacterial effectiveness, as biofilms increase bacterial
tolerance to treatments. Electron microscopy revealed significant
morphological changes after AOEP treatment, including smaller colony
sizes and cellular fragmentation. These changes may indicate direct
damage to bacterial cell envelopes or activation of cell death pathways.
This physical disruption contrasts with the more subtle colony dispersal
caused by kanamycin, which primarily inhibits protein synthesis. The
differing morphological effects suggest that AOEP components may act
through unique mechanisms, possibly involving membrane destabili-
zation or interference with the cell division machinery, which is well
recognized among natural antimicrobial agents [23,24].

Indeed, molecular analysis of virulence gene expression further
elucidates the extract’s mechanism. The significant downregulation of
ompA, IppA, and mrkA in strain BAA-1706 and selective suppression in
BAA-1705 demonstrate that AOEP impairs key determinants of
K. pneumoniae pathogenicity. OmpA and LppA are outer membrane li-
poproteins implicated in bacterial adhesion, serum resistance, and im-
mune evasion [25,26], while MrkA forms the major pilin subunit of type
3 fimbriae essential for robust biofilm formation on abiotic surfaces
[27]. Suppression of these genes is consistent with the observed
phenotypic inhibition of biofilms and cellular integrity, supporting a
possibility that AOEP not only kills bacteria but also attenuates their
virulence potential. Strain-specific differences in mrkA repression may
reflect underlying genomic or regulatory variations, emphasizing the
genetic diversity of K. pneumoniae and its complex regulation of viru-
lence factors [28,29]. Using LC-MS/MS, the chemical characterization of
AOEP reveals an intriguing profile dominated by lactone-related me-
tabolites, including analogs of acyl homoserine lactones (AHLs) and
butyrolactones. AHLs are canonical quorum sensing signals in
Gram-negative bacteria, coordinating population-level behaviors such
as virulence and biofilm maturation [30]. The presence of AHL analogs
in AOEP suggests a plausible quorum quenching mechanism, whereby
fungal metabolites disrupt bacterial communication pathways to pre-
vent coordinated expression of virulence traits [31,32]. Butyrolactones,
known as fungal autoregulatory molecules that regulate secondary
metabolism and development [33], may have unexplored roles in
cross-kingdom signaling and antimicrobial activity [34], warranting
further investigation.

In conclusion, our results indicate that AOEP acts through a complex
antimicrobial mechanism, combining direct bactericidal effects with
inhibition of biofilm formation and virulence gene expression, likely by
disrupting bacterial quorum sensing. This approach is particularly
valuable against persistent pathogens like K. pneumoniae, which rapidly
develop resistance and form protective biofilms. Future studies should
focus on isolating and characterizing the specific active compounds
within AOEP, evaluating their individual and synergistic effects, and
validating the quorum sensing inhibition hypothesis through molecular
and phenotypic assays.

Medicine in Microecology 27 (2026) 100161
CRediT authorship contribution statement

Lailia Nur Rachma: Methodology, Investigation, Formal analysis,
Data curation. Zulvikar Syambani Ulhaq: Writing — review & editing,
Writing — original draft, Validation, Formal analysis, Supervision.

Ethical approval and informed consent

The study did not involved any human subjects or animals. All
experimental procedures were approved by the Ethical Committee of the
Faculty of Medicine and Health Sciences, Maulana Malik Ibrahim State
Islamic University (Ref.No. 027/EC/KEPK-FKIK/2020).

Funding source

None.

Declaration of competing interests

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgement

None to declare.

References

[1] Silvester R, Madhavan A, Kokkat A, Parolla A, B m A, M H, Abdulla MH. Global

surveillance of antimicrobial resistance and hypervirulence in Klebsiella pneumoniae

from LMICs: an in-silico approach. Sci Total Environ 2022;802:149859. https://doi.
org/10.1016/j.scitotenv.2021.149859.

Karampatakis T, Tsergouli K, Behzadi P. Carbapenem-resistant Klebsiella

pneumoniae: virulence factors, molecular epidemiology and latest updates in

treatment options. Antibiotics 2023;12:234. https://doi.org/10.3390/
antibiotics12020234.

[3] Nordmann P, Cuzon G, Naas T. The real threat of Klebsiella pneumoniae
carbapenemase-producing bacteria. Lancet Infect Dis 2009;9:228-36. https://doi.
org/10.1016/51473-3099(09)70054-4.

[4] Zhang Y, Guo L-Y, Song W-Q, Wang Y, Dong F, Liu G. Risk factors for carbapenem-

resistant K. pneumoniae bloodstream infection and predictors of mortality in

Chinese paediatric patients. BMC Infect Dis 2018;18:248. https://doi.org/10.1186/

$12879-018-3160-3.

Giurini EF, Godla A, Gupta KH. Redefining bioactive small molecules from

microbial metabolites as revolutionary anticancer agents. Cancer Gene Ther 2024;

31:187-206. https://doi.org/10.1038/541417-023-00715-x.

Demain AL, Sanchez S. Microbial drug discovery: 80 years of progress. J Antibiot

(Tokyo) 2009;62:5-16. https://doi.org/10.1038/ja.2008.16.

Jangid H, Garg S, Kashyap P, Karnwal A, Shidiki A, Kumar G. Bioprospecting of

Aspergillus sp. as a promising repository for anti-cancer agents: a comprehensive

bibliometric investigation. Front Microbiol 2024;15. https://doi.org/10.3389/

fmicb.2024.1379602.

[8] Jia X, Song J, Wu Y, Feng S, Sun Z, Hu Y, Yu M, Han R, Zeng B. Strategies for the

enhancement of secondary metabolite production via biosynthesis gene cluster

regulation in Aspergillus oryzae. J Fungi 2024;10:312. https://doi.org/10.3390/
jof10050312.

Rachma LN, Fitri LE, Prawiro SR, Raras TYM. Secondary metabolite of Aspergillus

oryzae impairs cell envelope integrity Klebsiella pneumoniae producing extended-

spectrum beta-lactamase. J Appl Pharm Sci 2023;13:137-45. https://doi.org/
10.7324/JAPS.2023.106333.

[10] Rachma LN, Fitri LE, Prawiro SR, Raras TYM. Aspergillus oryzae attenuates quorum
sensing -associated virulence factors and biofilm formation in Klebsiella pneumoniae
extended-spectrum beta-lactamases. 2022. https://doi.org/10.12688/
f1000research.123391.1.

[11] Machida M, Yamada O, Gomi K. Genomics of Aspergillus oryzae: learning from the
history of Koji mold and exploration of its future. DNA Res Int J Rapid Publ Rep
Genes Genomes 2008;15:173-83. https://doi.org/10.1093/dnares/dsn020.

[12] Ulhagq ZS, Tse WKF. Perfluorohexanesulfonic acid (PFHxS) induces oxidative stress
and causes developmental toxicities in zebrafish embryos. J Hazard Mater 2023;
457:131722. https://doi.org/10.1016/j.jhazmat.2023.131722.

[13] Ulhaq ZS, Hendyatama TH, Hameed F, Santosaningsih D. Antibacterial activity of
Citrus hystrix toward Salmonella spp. infection, Enfermedades Infecc Microbiol
Clin Engl Ed 2021;39:283-6. https://doi.org/10.1016/j.eimce.2020.05.016.

[14] Ulhagq ZS, You M-S, Jiang Y-J, Tse WKF. p53 inhibitor or antioxidants reduce the
severity of ethmoid plate deformities in zebrafish type 3 Treacher Collins syndrome

[2

—

[5

[}

[6

=

[7

—

[9

—


https://doi.org/10.1016/j.scitotenv.2021.149859
https://doi.org/10.1016/j.scitotenv.2021.149859
https://doi.org/10.3390/antibiotics12020234
https://doi.org/10.3390/antibiotics12020234
https://doi.org/10.1016/S1473-3099(09)70054-4
https://doi.org/10.1016/S1473-3099(09)70054-4
https://doi.org/10.1186/s12879-018-3160-3
https://doi.org/10.1186/s12879-018-3160-3
https://doi.org/10.1038/s41417-023-00715-x
https://doi.org/10.1038/ja.2008.16
https://doi.org/10.3389/fmicb.2024.1379602
https://doi.org/10.3389/fmicb.2024.1379602
https://doi.org/10.3390/jof10050312
https://doi.org/10.3390/jof10050312
https://doi.org/10.7324/JAPS.2023.106333
https://doi.org/10.7324/JAPS.2023.106333
https://doi.org/10.12688/f1000research.123391.1
https://doi.org/10.12688/f1000research.123391.1
https://doi.org/10.1093/dnares/dsn020
https://doi.org/10.1016/j.jhazmat.2023.131722
https://doi.org/10.1016/j.eimce.2020.05.016

L.N. Rachma and Z.S. Ulhaq

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

model. Int J Biol Macromol 2024;266:131216. https://doi.org/10.1016/j.
ijbiomac.2024.131216.

Ulhaq ZS, You M-S, Yabe T, Takada S, Chen J-K, Ogino Y, Jiang Y-J, Tse WKF. Fgf8
contributes to the pathogenesis of Nager syndrome. Int J Biol Macromol 2024:
135692. https://doi.org/10.1016/j.ijbiomac.2024.135692.

Ortori CA, Dubern J-F, Chhabra SR, Camara M, Hardie K, Williams P, Barrett DA.
Simultaneous quantitative profiling of N-acyl-L-homoserine lactone and 2-alkyl-4
(1H)-quinolone families of quorum-sensing signaling molecules using LC-MS/MS.
Anal Bioanal Chem 2011;399:839-50. https://doi.org/10.1007/s00216-010-4341-
0.

Keller NP. Fungal secondary metabolism: regulation, function and drug discovery.
Nat Rev Microbiol 2019;17:167-80. https://doi.org/10.1038/s41579-018-0121-1.
Zhang W, Lu X, Wang H, Chen Y, Zhang J, Zou Z, Tan H. Antibacterial secondary
metabolites from the endophytic fungus Eutypella scoparia SCBG-8. Tetrahedron
Lett 2021;79:153314. https://doi.org/10.1016/].tetlet.2021.153314.

Al-Fakih AA, Almaqtri WQA. Overview on antibacterial metabolites from
terrestrial Aspergillus spp. Mycology 2019;10:191-209. https://doi.org/10.1080/
21501203.2019.1604576.

Paczosa MK, Mecsas J. Klebsiella pneumoniae: going on the offense with a strong
defense. Microbiol Mol Biol Rev 2016;80:629-61. https://doi.org/10.1128/
mmbr.00078-15.

Hall CW, Mah T-F. Molecular mechanisms of biofilm-based antibiotic resistance
and tolerance in pathogenic bacteria. FEMS Microbiol Rev 2017;41:276-301.
https://doi.org/10.1093/femsre/fux010.

Costerton JW, Stewart PS, Greenberg EP. Bacterial biofilms: a common cause of
persistent infections. Science 1999;284:1318-22. https://doi.org/10.1126/
science.284.5418.1318.

Hemaiswarya S, Kruthiventi AK, Doble M. Synergism between natural products and
antibiotics against infectious diseases. Phytomedicine 2008;15:639-52. https://
doi.org/10.1016/j.phymed.2008.06.008.

Eshboev F, Mamadalieva N, Nazarov PA, Hussain H, Katanaev V, Egamberdieva D,
Azimova S. Antimicrobial action mechanisms of natural compounds isolated from

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Medicine in Microecology 27 (2026) 100161

endophytic microorganisms. Antibiotics 2024;13:271. https://doi.org/10.3390/
antibiotics13030271.

March C, Cano V, Moranta D, Llobet E, Pérez-Gutiérrez C, Tomas JM, Sudrez T,
Garmendia J, Bengoechea JA. Role of bacterial surface structures on the interaction
of Klebsiella pneumoniae with phagocytes. PLoS One 2013;8:e56847. https://doi.
org/10.1371/journal.pone.0056847.

Hsieh P-F, Liu J-Y, Pan Y-J, Wu M-C, Lin T-L, Huang Y-T, Wang J-T. Klebsiella
pneumoniae peptidoglycan-associated lipoprotein and murein lipoprotein
contribute to serum resistance, antiphagocytosis, and proinflammatory cytokine
stimulation. J Infect Dis 2013;208:1580-9. https://doi.org/10.1093/infdis/jit384.
Schroll C, Barken KB, Krogfelt KA, Struve C. Role of type 1 and type 3 fimbriae in
Klebsiella pneumoniae biofilm formation. BMC Microbiol 2010;10:179. https://
doi.org/10.1186,/1471-2180-10-179.

Navon-Venezia S, Kondratyeva K, Carattoli A. Klebsiella pneumoniae: a major
worldwide source and shuttle for antibiotic resistance. FEMS Microbiol Rev 2017;
41:252-75. https://doi.org/10.1093/femsre/fux013.

Murphy CN, Clegg S. Klebsiella pneumoniae and type 3 fimbriae: nosocomial
infection, regulation and biofilm formation. Future Microbiol 2012;7:991-1002.
https://doi.org/10.2217/fmb.12.74.

Ng W-L, Bassler BL. Bacterial quorum-sensing network architectures. Annu Rev
Genet 2009;43:197-222. https://doi.org/10.1146/annurev-genet-102108-134304.
Grandclément C, Tanniéres M, Moréra S, Dessaux Y, Faure D. Quorum quenching:
role in nature and applied developments. FEMS Microbiol Rev 2016;40:86-116.
https://doi.org/10.1093/femsre/fuv038.

Defoirdt T. Quorum-sensing systems as targets for antivirulence therapy. Trends
Microbiol 2018;26:313-28. https://doi.org/10.1016/j.tim.2017.10.005.

Shi R, Luo Q, Liu Y, Meng G, Chen W, Wang C. Effect of y-butyrolactone, a quorum
sensing molecule, on morphology and secondary metabolism in Monascus. LWT
2022;172:114225. https://doi.org/10.1016/j.1wt.2022.114225.

Ren B, Shi X, Guo J, Jin P. Novel insights on biofilm development in sewers: cross-
kingdom exchange of quorum-sensing signaling molecules. J Clean Prod 2024;484:
144302. https://doi.org/10.1016/j.jclepro.2024.144302.


https://doi.org/10.1016/j.ijbiomac.2024.131216
https://doi.org/10.1016/j.ijbiomac.2024.131216
https://doi.org/10.1016/j.ijbiomac.2024.135692
https://doi.org/10.1007/s00216-010-4341-0
https://doi.org/10.1007/s00216-010-4341-0
https://doi.org/10.1038/s41579-018-0121-1
https://doi.org/10.1016/j.tetlet.2021.153314
https://doi.org/10.1080/21501203.2019.1604576
https://doi.org/10.1080/21501203.2019.1604576
https://doi.org/10.1128/mmbr.00078-15
https://doi.org/10.1128/mmbr.00078-15
https://doi.org/10.1093/femsre/fux010
https://doi.org/10.1126/science.284.5418.1318
https://doi.org/10.1126/science.284.5418.1318
https://doi.org/10.1016/j.phymed.2008.06.008
https://doi.org/10.1016/j.phymed.2008.06.008
https://doi.org/10.3390/antibiotics13030271
https://doi.org/10.3390/antibiotics13030271
https://doi.org/10.1371/journal.pone.0056847
https://doi.org/10.1371/journal.pone.0056847
https://doi.org/10.1093/infdis/jit384
https://doi.org/10.1186/1471-2180-10-179
https://doi.org/10.1186/1471-2180-10-179
https://doi.org/10.1093/femsre/fux013
https://doi.org/10.2217/fmb.12.74
https://doi.org/10.1146/annurev-genet-102108-134304
https://doi.org/10.1093/femsre/fuv038
https://doi.org/10.1016/j.tim.2017.10.005
https://doi.org/10.1016/j.lwt.2022.114225
https://doi.org/10.1016/j.jclepro.2024.144302

	Antimicrobial potential of Aspergillus oryzae secondary metabolites against carbapenem-resistant Klebsiella pneumoniae
	1 Introduction
	2 Materials and methods
	2.1 Bacterial and fungal isolates
	2.2 Preparation of A. oryzae extracellular protein (AOEP)
	2.3 Determination of minimal inhibitory concentration
	2.4 Biofilm inhibition assay
	2.5 Scanning electron microscopy (SEM)
	2.6 qRT-PCR
	2.7 LC-MS/MS
	2.8 Statistical analysis

	3 Results
	3.1 Antibacterial and antibiofilm activities of AOEP extract
	3.2 Morphological alterations induced by AOEP extract
	3.3 AOEP suppresses virulence-associated genes in K. pneumoniae
	3.4 LC-MS/MS profiling reveals lactone-related metabolites in AOEP
	3.5 Comparative effects of J8-C8 and AOEP on biofilm inhibition and virulence gene expression

	4 Discussion
	CRediT authorship contribution statement
	Ethical approval and informed consent
	Funding source
	Declaration of competing interests
	Acknowledgement
	References


