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ABSTRACT

The rise of carbapenem-resistant Acinetobacter baumannii (CRAB) presents significant challenges in clinical
management and has been identified by the World Health Organization as a priority pathogen requiring new
antibiotic strategies. In our previous study, the novel antimicrobial peptide Cec4 demonstrated notable efficacy in
reducing clinical CRAB biofilms, yet its underlying mechanism remains unclear. To assess the therapeutic
potential of Cec4, it is essential to investigate how it disrupts mature biofilms.Transcriptomic analysis was
employed to identify key genes associated with CRAB biofilm reduction by Cec4. Based on bioinformatic
findings, the CRISPR-Cas9 system was used to generate gene deletion strains, and the pYMAb2 plasmid
facilitated the creation of complementation strains. The involvement of these genes in Cec4-mediated biofilm
disruption was then evaluated using crystal violet staining, podocyte staining, laser confocal microscopy, and
determination of MBC and MBECS50 values.Transcriptome data suggested that OmpH is a critical gene in the
Cec4-mediated removal of CRAB biofilms. While deletion of OmpH did not affect bacterial growth, it reduced
capsule thickness, enhanced biofilm formation, and increased the susceptibility of biofilm-embedded A.
baumannii to Cec4.Cec4 disrupts CRAB biofilms through targeting OmpH. Loss of OmpH leads to thicker
biofilms but simultaneously increases bacterial sensitivity to Cec4, thereby facilitating more effective biofilm
removal.
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Introduction

Acinetobacter baumannii, a Gram-negative pathogen frequently encountered in intensive care units (ICUs) and
operating rooms, represents a significant opportunistic threat in healthcare settings worldwide [1]. This bacterium
rapidly acquires multidrug-resistant and even pan-resistant phenotypes at an alarming rate [2], contributing to
approximately 60% of hospital-acquired infections. A. baumannii can cause a range of infections, including
ventilator-associated pneumonia, bloodstream infections, and skin and soft tissue infections, affecting both
healthy and immunocompromised individuals [3]. Unfortunately, the development of effective antibiotics against
Gram-negative bacteria has lagged due to their diverse resistance mechanisms [4].

Biofilms are structured bacterial communities composed of extracellular polysaccharides, DNA, and secreted
proteins [5], and they are a major driver of antibiotic resistance in A. baumannii, with most infections being
biofilm-associated. Biofilm formation, from initial adhesion to mature development, involves complex regulation
of multiple genes. For instance, the Csu operon, part of the fimbrial system, mediates adhesion, and its expression
is regulated by quorum sensing pathways and two-component systems such as BfmS/R and GacSA. Additionally,
genes encoding outer membrane proteins (OMPs) initiate biofilm formation, while phosphoglucose mutase
(PGM) contributes to the biofilm matrix [6]. These genes are closely linked to the biofilm formation process in
A. baumannii. Biofilms confer significant antibiotic resistance, resulting in mortality rates ranging from 40% to
60% [7]. For example, the A. baumannii ST1894 strain exhibits a 2048-fold increase in resistance to imipenem
and a 32-fold increase to fucoxanthin when in a biofilm state [8]. The protective structure of biofilms enables
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infections to persist for extended periods, spreading to other organs and becoming progressively resistant to
antibiotics [9, 10]. Thus, biofilm-associated A. baumannii poses a greater clinical threat than planktonic cells,
highlighting the importance of developing strategies to target biofilm-residing bacteria.

Antimicrobial peptides (AMPs) are key components of innate immunity in humans and other organisms and are
currently a major focus of antimicrobial research [11]. These short polypeptides, typically fewer than 50 amino
acids in length, are amphiphilic and carry a net positive charge [12, 13], allowing them to bind to negatively
charged bacterial membranes, inhibit growth, and exert bactericidal effects. AMPs have been shown to inhibit or
eliminate bacterial biofilms through several mechanisms [14], including disruption of cellular signaling [15],
suppression of stress-response systems, inhibition of RNA synthesis [16], and downregulation of binding protein
transporter genes essential for biofilm formation [17]. However, the detailed processes by which AMPs disrupt
biofilms remain incompletely understood [18].

Cecropin-4 (Cec4), an AMP, demonstrates potent activity against Gram-negative bacteria, particularly A.
baumannii [19, 20]. Preliminary studies have shown that Cec4 effectively reduces carbapenem-resistant A.
baumannii biofilms [21]; however, the specific targets and mechanisms involved remain unclear. Building on our
previous work, we employed transcriptomic and proteomic analyses to investigate the action of Cec4 on biofilms
of carbapenem-resistant A. baumannii using high-throughput sequencing and tandem mass spectrometry. Based
on these omics analyses, we performed gene knockout experiments to explore the regulatory mechanisms and
potential molecular targets of Cec4 in biofilm clearance.

Materials and Methods

Strain culture conditions and Cec4

A. baumannii ATCC 17978 was maintained at the School of Biology and Engineering, Guizhou Medical
University. Cec4 (GWLKKKIGKKKIERVGQNTRDATIQAIGVAQQQAANVAATLKGK) was synthesized to
>97% purity using high-performance liquid chromatography (HPLC) via solid-phase chemical synthesis by Gill
Biochemicals (Shanghai) Co. Ltd.

Bacterial stocks were stored at —80 °C. Glycerol stocks were removed and streaked onto plates using an
inoculating loop. Following overnight incubation at 37 °C, single colonies were selected and cultured in 5 mL of
Luria-Bertani (LB) broth at 37 °C with shaking at 220 rpm until reaching the logarithmic growth phase for
subsequent phenotypic assays.

Transcriptome data analysis

Transcriptome sequencing data (PRINA607078) were downloaded from the Sequence Read Archive (SRA) at the
National Center for Biotechnology Information (NCBI) and subjected to quality control using fastp software
(https://github.com/OpenGene/fastp) to remove low-quality reads and unknown bases, generating clean reads.
Data analysis was conducted in R (https://cran.r-project.org/) and Bioconductor (https://www.bioconductor.org/)
using the A. baumannii ATCC 19606 reference genome.

Bioinformatics analysis of OmpH

Due to limited reports on OmpH, bioinformatic analyses were performed. The protein sequence was analyzed
with SignalP 5.0 for signal peptides, TMHMM for transmembrane domains, and SMART for domain architecture.
Hydrophilicity was predicted using ProtScale. OmpH and Cec4 structures were modeled using Discovery Studio
2019 (DS2019) and AlphaFold2 [22], with molecular docking performed in DS2019.

Homologs of OmpH were identified in Escherichia coli [23], Bdellovibrio bacteriovorus [24], Flavobacterium
psychrophilum [25], Pasteurella multocida [26], and Klebsiella spp. [27]. NCBI BLAST was used to identify
sequences with 100% coverage and identity, followed by phylogenetic analysis using MEGA 11 with the neighbor-
joining method.

Construction of the OmpH mutant strain

The OmpH deletion strain was generated using CRISPR-Cas9 following Wang et al. [28]. Shuttle plasmids
pCasAb and pSGADb, expressing Cas9, RecAb recombinase, and sgRNA, were used. Homologous repair ssDNA
was synthesized by Sangon Biotech Co. Ltd. Recipient cells were prepared by washing with 10% sterile glycerol
at 4 °C, and plasmids along with ssDNA were sequentially electroporated. Cas9 and RecAb expression were
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induced with IPTG. Positive transformants were identified via resistance markers, and gene deletion was verified
by colony PCR and sequencing.

AOmpH complementation strain construction

The OmpH gene was amplified using primers OmpH-F (5'—3"
CGCGGATCCTGGTCCAATTTGGTACAGAG) and OmpH-R (5'—>3"
GCTCGAGTGCGGCCGCACTCGCCAAGTTTGAAAATT) and cloned into BamHI and Notl sites of
pYMADb2-Hyg plasmid. The construct was introduced into the OmpH deletion strain via electroporation to
generate the complemented strain AOmpH. The empty pYMAb2-Hyg plasmid served as the vector control.
Successful complementation was confirmed by sequencing.

Determination of growth curve

Fresh bacterial suspensions were adjusted to 1 x 10° CFU/mL in TSB medium, and 200 uL of this suspension was
added to each well of a 96-well plate, which was incubated continuously for 24 h. The optical density (OD) at
intervals of 2 h was measured using the Agilent BioTek Cytation5 multifunction enzyme labeler to monitor
bacterial growth.

Quantification of biofilm formation in A. baumannii

Biofilm production was quantified using crystal violet staining as previously described [29]. After removing the
planktonic cells, the bacteria were washed, resuspended, and adjusted to 1 x 10*6 CFU/mL in TSB medium. Then,
200 pL of bacterial suspension was added to each well of a 96-well plate, with three replicates per group. The
control group received TSB medium only. After incubation at 37 °C for 24 h, free bacteria were removed, and
200 pL of 10% methanol was added per well for 30 min to fix the biofilm. The biofilm was stained with 0.1%
crystal violet solution, washed three times with PBS, and the OD 620 was measured after solubilizing the dye in
95% ethanol.

Gene expression analysis

Total RNA was extracted using the M5 EASY spin plus kit (Mei5 Biotechnology Co. Ltd), and complementary
DNA (cDNA) was synthesized with the RR047A reverse transcription kit (Takara). RT-qPCR was performed in
10 pL reactions using ROX and 16S rRNA as internal controls. Expression levels of the most differentially
expressed genes (H1126, H1233, H3691, CspG, GspG, and PaaH) and other biofilm-associated genes were
analyzed before and after OmpH knockdown using the 2744CT method.

Minimal Inhibitory Concentration (MIC) assay

MIC assays were performed as previously described [30]. Mueller-Hinton Broth (MHB) was added to each well
of a 96-well plate (100 uL/well). Cec4 solution was added to achieve a final concentration of 128 pg/mL, and 100
pL from this solution was serially diluted across wells to obtain final concentrations of 1, 2, 4, 8, 16, and 32 pg/mL
after addition of bacterial suspension at 2 x 10"6 CFU/mL. Negative and blank controls did not receive Cec4.
Plates were incubated at 37 °C for 16-20 h, and MIC was defined according to CLSI standards as the lowest
concentration preventing visible bacterial growth.

Broth and agar dilution methods

Using previously published methods with minor modifications [30], LB agar plates containing 1/2 MIC of Cec4
were prepared, and different concentrations of bacterial suspensions (1-10"6 CFU/mL) were spotted. Colony
growth was assessed after 8 h.

Minimal Bactericidal Concentration (MBC) assay

TSB medium containing sequential concentrations of Cec4 (1/16xMIC to 8xMIC) was prepared, with three
replicates per concentration, and incubated at 37 °C. Blank and negative control wells contained medium only or
bacterial suspension only, respectively. The final bacterial concentration was adjusted to 1 x 10*7 CFU/mL as
previously described [31]. Cec4 inhibition of biofilm formation before and after gene knockout was determined
using crystal violet staining.
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Minimal Biofilm Eradication Concentration (MBEC) assay

Bacterial suspensions at 1 x 10° CFU/mL were inoculated into 96-well plates (200 uL/well) [32]. Plates containing
TSB medium without bacteria served as blank controls. Cec4 was added at final concentrations of 4-512 pg/mL,
and plates were incubated at 37 °C for 24 h. Biofilm content was quantified by crystal violet staining, and the
clearance rate was calculated as: clearance rate = (OD_620 experimental / OD_620 control) x 100%. MBEC 50
values were recorded for each group.

Capsule staining

Slides were prepared with 10 uL. Congo red dye and 3 pL bacterial suspension (1 x 10"6 CFU/mL). After air-
drying, slides were decolorized with 5% hydrochloric acid for 30 s, rinsed with ddH 20, and stained with crystal
violet for I min. Following rinsing and drying, slides were examined under a 100x inverted microscope (CKX53,
Olympus) and photographed.

Statistical analysis

Bioinformatics figures and graphs were generated in R v4.2.1, while other images were prepared using GraphPad
Prism 9. Two-group comparisons were performed using t-tests, and multiple-group comparisons were analyzed
using one-way ANOVA.

Results and Discussion

Transcriptome of A. baumannii with strong biofilm phenotype after Cec4 treatment

To investigate the mechanism of Cec4-mediated biofilm removal, transcriptome data from A. baumannii with
strong biofilm-forming ability following Cec4 treatment were reanalyzed using the ATCC 19606 genome. Initial
sequencing data contained adapter and low-quality reads, which were removed during quality control. For
example, single-end sequencing of ABF1 showed improved base quality after filtering, with no significant overall
changes.

Principal component analysis (PCA) indicated that, despite outliers in Con2 and ABF4 samples, the between-
group differences exceeded within-group differences, confirming the suitability of the data for downstream
analyses.

Differential gene expression analysis using normalized counts and a coefficient of variation matrix identified 425
genes significantly affected by Cec4 treatment, including 242 upregulated and 183 downregulated genes (|log2FC|
> 1, P <0.05). A volcano plot illustrated these differentially expressed genes (Figure 1a), while a heatmap of the
top 20 genes by |log2FC| demonstrated consistent within-group expression, with most significantly altered genes
being upregulated following Cec4 exposure (Figure 1b).
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Figure 1. Transcriptomic Analysis of A. baumannii with Strong Biofilm Treated by Cec4.

(a) Volcano plot of differentially expressed genes, with genes meeting |log2FC| > 2 and P < 0.05 annotated.
(b) Heatmap showing expression of the top 20 differentially expressed genes after normalization; colors
indicate expression levels. Most genes exhibited consistent expression within groups, and those significantly
altered by Cec4 treatment were primarily upregulated. (c) Bubble plot of GO enrichment for differentially
expressed genes. (d) Bubble plot of KEGG enrichment for differentially expressed genes.

Gene Ontology (GO) and KEGG pathway enrichment

GO enrichment analysis of the differentially expressed genes revealed significant involvement in four biological
pathways: secondary metabolic processes, redox reactions, monocarboxylic acid catabolism, and oxidoreductase
activity (Figure 1¢). KEGG pathway enrichment analysis identified significant involvement in sulfur metabolism,
ABC transport, and two-component systems (Figure 1d).

RT-gPCR validation of transcriptome data

To confirm the transcriptomic findings, several genes showing differential expression were selected for reverse
transcription quantitative PCR (RT-qPCR). The results demonstrated that HMPREF0010 02297 (H2297), PgaA,
HMPREF0010 02766 (H2766), HMPREF0010 01126 (H1126), GspG, HMPREF0010 02313 (H2313),
HMPREF0010 03691 (H3691), PaaH, CspG, and HMPREF0010 01233 (H1233) exhibited up- or
downregulation patterns consistent with the transcriptomic analysis.

Identification of key genes during Cec4-mediated biofilm clearance

To refine candidate genes for knockout experiments, the thresholds for differential expression were tightened to
padj < 0.05, yielding 338 differentially expressed genes, of which 208 were upregulated and 130 downregulated
(Figure 2a). Sixteen genes were associated with the ABC transporter pathway (Figure 2b), primarily encoding
components of the binding protein-dependent transport system responsible for amino acid and sulfur/phosphate
transport. Within this pathway, Glt-family genes were mostly downregulated, while Ssu-family genes were
generally upregulated.

Antimicrobial peptides such as Cec4 may inhibit or disrupt biofilms by interfering with cell signaling, suppressing
bacterial stress responses, downregulating binding protein transporter genes necessary for biofilm formation, and
altering membrane potential within biofilms. Functional enrichment analysis of differentially expressed genes
revealed significant GO terms including redox processes (BP) and oxidoreductase activity (MF), while KEGG
enrichment highlighted the ABC transporter pathway (Figures 3a and 3b). After narrowing the GO-enriched
genes to 22 related to redox processes, these were not selected as candidates because redox-related proteins are
broadly involved in bacterial physiology and unlikely to be specific targets of Cec4 in biofilm clearance.
Nevertheless, the GO results indicated that Cec4 does interfere with redox processes in A. baumannii.

Based on this analysis, proteins associated with the ABC transporter pathway from KEGG enrichment and outer
membrane-related proteins from differential gene annotation were selected as candidate genes for further
investigation. Detailed information on these candidate genes is provided in Table 1.
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Table 1. The candidate genes selected from the transcriptome

Gene Protein log:FC P value
KEGG-ABC transporter
aotQ - 1.479873143 0.000332958
ginQ DO0C804 —1.658356275 0.000395028
gltl DO0C807 —1.603455392 0.009493657
gtk DO0C805 —1.45762851 0.000184436
hisM - 1.29203391 0.000113647
HMPREF0010_00886 - 1.189703016 0.001059408
HMPREF0010 01038 - 1.290063642 0.000108447
HMPREF0010 01713 - 1.153820896 0.003645927
HMPREF0010 02504 D0CCM4 1.515294175 0.000346461
HMPREF0010_02965 - 1.034329905 0.001250861
HMPREF0010 03358 - 1.46539906 0.001734293
HMPREF0010 03359 DOCF29 1.033785341 0.006549767
HMPREF0010 03362 - 1.095054779 0.000570843
metl - 1.44042682 0.003325411
pstB DOCBX9 —1.516288566 0.001054119
taud DOC855 1.105759376 0.007925973
Anno-Outer membrane
HMPREF0010_00354 DO0C6H4 —1.173563632 0.000844949
HMPREF0010_00477 DO0C6U7 1.494831376 1.95E-05
HMPREF0010_00883 D0C803 1.675727823 0.000174084
HMPREF0010 01445 - 1.210494913 0.001251835
HMPREF0010 01710 - —1.315163688 0.00056472
HMPREF0010 01714 DOCAD4 1.14440349 0.000746119
oprM DOCDQO —1.061593702 0.003945246
Notes: “—” in the table denotes genes for which no corresponding proteins were identified in the transcriptome; KEGG-ABC transporter refers

to genes significantly enriched in the ABC transporter pathway in KEGG; and Anno-Outer membrane indicates genes associated with the

outer membrane according to differential gene annotation.
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Figure 2. Adjusted differential genes and ABC transporter pathway genes. (a) Volcano plot of differentially
expressed genes after adjustment for padj. (b) Genes enriched in the ABC transporter pathway, identified

:
1

through KEGG functional enrichment analysis of the adjusted differential genes from (b).
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Figure 3. GO and KEGG Enrichment Bubble Plots. (a) Adjusted GO pathways showing significant
enrichment. (b) Adjusted KEGG pathways with significant enrichment.

Previous observations using laser confocal microscopy demonstrated that Cec4 localizes primarily on the outer
membrane of A. baumannii. Guided by this finding, we focused on seven genes from the transcriptome associated
with the outer membrane (Table 1). Of these, three were downregulated, and only HMPREF0010_ 00354 (OmpH)
had a corresponding protein, making it a novel target for study in A. baumannii. Structural domain analysis
confirmed that this protein contains an OmpH domain (Figure 4a), and the generation of the OmpH knockout
strain is shown in Figure 4b.

Bioinformatic predictions indicated that OmpH is 167 amino acids in length and may undergo N-terminal cleavage
of'a 23-residue signal peptide. The protein displays a hydrophobic N-terminal region and a hydrophilic C-terminal
region, with a predicted molecular weight of 18,710.3 Da and a transmembrane segment, resembling OmpH-like
proteins in Xanthomonas caldophilus. Three-dimensional models of both OmpH and Cec4 were constructed
(Figures 4c¢ and 4d), and their interaction was examined through protein docking using DS2019 (Figure 4e).
Phylogenetic analysis revealed low sequence similarity of OmpH between A. baumannii and other bacterial

species (Figure 4f).
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Figure 4. Bioinformatics predictions and molecular docking analyses of OmpH. (A) SMART-predicted
structural domains of OmpH. (B) SMART-predicted structural domains for the OmpH deletion. (C)
AlphaFold2-predicted 3D structure of Cec4. (D) AlphaFold2-predicted 3D structure of OmpH. (E) Protein—
protein docking results between Cec4 and OmpH. (F) Phylogenetic tree analysis following OmpH BLAST;
the red box highlights OmpH.

OmpH gene knockout

OmpH deletion strains were generated using the CRISPR-Cas9 system. A vector plasmid containing the full
OmpH gene fragment was then constructed using the pYMADb2-Hyg expression plasmid for complementation.
The CRISPR-Cas9 pSGAD plasmid carries a kanamycin-resistance marker; however, since the clinical strain
CRAB78 is kanamycin-resistant, ATCC 17978 was selected for the deletion strain construction.
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Effects of OmpH on A. baumannii growth and biofilm formation

We assessed growth (Figure 5a) and biofilm formation (Figure 5b) in the wild-type (ATCC 17978), OmpH-
knockout (AOmpH), and back-complemented (AOmpH::OmpH) strains. Growth curves were similar among all
strains during the first 4 h of incubation. From 4 to 8 h, AOmpH showed slightly reduced growth compared with
ATCC 17978 and AOmpH::OmpH, but after 10 h, growth curves overlapped completely (Figure 5a), indicating
that OmpH deletion did not markedly affect overall growth. Notably, AOmpH produced significantly more biofilm
than ATCC 17978 (P < 0.05) and a similar amount to AOmpH::OmpH (Figure Sb). Previous research has shown
that OmpH acts as an upstream regulator of LuxR. Experiments in Vibrio alginolyticus demonstrated that OmpH’s
regulation of LuxR and biofilm formation is temperature-dependent; at 22°C, OmpH deletion upregulated LuxR
and reduced biofilm, whereas at 37°C, the OmpH-deficient strain exhibited significantly higher biofilm than wild-
type strains [33]. In this study, A. baumannii was cultured at 37°C, suggesting that the observed increase in biofilm
formation may be linked to temperature.
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Figure 5. The impact of OmpH deletion on growth, biofilm formation, and Cec4 susceptibility. (a) Growth
curves of wild-type (ATCC 17978), OmpH knockout (AOmpH), and back-complemented (AOmpH::OmpH)
strains. (b) Biofilm formation and its effect on growth and susceptibility in the same strains. (c) Cec4
sensitivity of OmpH deletion strains assessed by agar spot plate. (d) OD620 measurements for MBC
determination. (¢) MBECS50 of antimicrobial peptide Cec4 against ATCC 17978, AOmpH, and
AOmpH::OmpH.

Effect of OmpH deletion on A. baumannii sensitivity to Cec4
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We assessed Cec4 susceptibility in A. baumannii following OmpH deletion. The MIC of AOmpH was about one
dilution lower than that of ATCC 17978 (~2—4 pg/mL vs. ~4 pg/mL). Agar spot plate assays confirmed these
results (Figure 5c), indicating that OmpH deletion increased ATCC 17978’s sensitivity to Cec4. The MBC of
AOmpH was identical to ATCC 17978 at 8 pg/mL; although AOmpH biofilms were slightly thicker at 1, 2, and
16 ng/mL, differences were not statistically significant (Figure 5d). MBECS50 testing revealed that Cec4 cleared
AOmpH biofilms at 256 pg/mL, whereas ATCC 17978 did not reach 50% removal at 512 pg/mL, and
AOmpH::OmpH reached 50% removal at 512 pg/mL. These findings suggest that AOmpH biofilms are slightly
but significantly more susceptible to Cec4 than wild-type biofilms (P < 0.05, Figure Se), implying potential
interactions between OmpH and Cec4 during biofilm clearance.

Effect of OmpH on capsule thickness in A. baumannii

Capsules contribute critically to biofilm formation. Staining revealed that the extracellular region appears pink,
cells purple, and the transparent layer represents the capsule. AOmpH strains exhibited markedly thinner capsules
compared with ATCC 17978, indicating that OmpH positively influences capsule formation.

Regulatory role of OmpH in A. baumannii

We examined expression levels of biofilm-associated genes after OmpH knockout. In AOmpH, BfmR (part of the
two-component system) was upregulated, whereas BfmS, CsuE (pili system), and phosphoglucose-mutase (PGM)
were downregulated. Prior studies indicate that BfmS is negatively regulated by BfmR [34], consistent with these
findings. qPCR confirmed that OmpH expression was higher in overexpressed strains, supporting its regulatory
role. Coupled with reduced capsule thickness in AOmpH, these results suggest that the OmpH-BfmR-CsuE/PGM
pathway modulates A. baumannii physiology.

Biofilms are microbial communities embedded in an extracellular matrix that protects them from environmental
stress, composed of extracellular DNA, polysaccharides, proteins, and insoluble compounds [35]. Matrix
composition may vary with growth conditions or external changes [36], although the regulatory mechanisms
remain unclear. Previous studies demonstrated that Cec4 effectively inhibits A. baumannii biofilm formation [20,
21], but the molecular basis was unresolved, prompting the use of transcriptomics to identify key genes involved
in Cec4-mediated biofilm clearance.

Transcriptomic analysis identified three KEGG pathways significantly enriched during Cec4 treatment: sulfur
metabolism, ABC transporters, and the two-component system. Genes in the sulfur metabolism pathway were
mainly involved in the uptake of extracellular sulfate, taurine, and alkane sulfonates, which can feed into
prokaryotic carbon sequestration pathways, suggesting that Cec4 may impact bacterial carbon metabolism during
biofilm removal. Other genes in this pathway, such as sulfide oxidoreductases, were also involved, and previous
studies have shown that sulfur metabolism-related genes are generally upregulated during biofilm formation [37].
In the present analysis, 11 of 12 genes were upregulated, indicating that bacteria respond to Cec4-mediated biofilm
clearance by increasing sulfur metabolism. Because elemental sulfur is essential for methionine and cysteine
biosynthesis, Cec4 treatment may also inhibit these processes in bacteria.

The two-component system pathway was enriched with four genes related to acidic amino acid uptake and
metabolism, including gInQ, gltK, HMPREF0010 00886, and gltl, which are homologs of AatP/M/Q/J genes,
and these were significantly downregulated. Acidic amino acids such as aspartic and glutamic acid are reported
to enhance the solubility of many insoluble drugs [38]. Additionally, genes homologous to the LuxI/LuxR
quorum-sensing system, bpsl (LuxI family acyl-homoserine lactone synthase Soll) and HMPREF0010 03224
(LuxR-family regulator SolR), were upregulated in response to Cec4 in mature biofilms. Although the precise
relationship between LuxI/LuxR expression and biofilm formation is unclear [39], their upregulation indicates
that Cec4 influences population-sensing pathways.

KEGG enrichment also highlighted the ABC transporter pathway, with 16 co-enriched genes identified, including
members of the Glt and Ssu families. Glt genes are associated with aspartic acid transport, which, when elevated,
can inhibit biofilm formation and promote planktonic growth [40, 41]; their downregulation after Cec4 treatment
may reflect bacterial attempts to maintain biofilm integrity. Ssu family genes, involved in aliphatic sulfonate
transport, currently have no clear link to biofilm formation [42]. Notably, the efflux pump gene MacB was
upregulated in Cec4-treated planktonic and biofilm A. baumannii, as well as in Cec4-induced drug-resistant
strains, consistent with its role in macrolide resistance by affecting ribosomal protein function and bacterial protein
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synthesis [43, 44]. This suggests that MacB upregulation may be a bacterial response to Cec4 entering cells and
impacting ribosome-related processes.

Annotation of the transcriptome revealed several outer membrane-associated genes. Given that previous studies
demonstrated Cec4 co-localizes with A. baumannii biofilms, outer membrane differential genes were prioritized,
and OmpH was selected for knockout experiments due to its reported potential as an OmpH-like antigen. OmpH
is predicted to encode a structural domain similar to OmpH proteins, which function as Skp periplasmic
chaperones in E. coli. OmpH-like proteins, such as those in Flavobacterium psychrophilum, are approximately
166 amino acids with an N-terminal signal peptide, and may serve as vaccine antigens [25]. A. baumannii OmpH
contains 167 amino acids with a 22-residue N-terminal signal peptide, also suggesting antigenic potential. OmpH
deletion did not affect bacterial growth but enhanced biofilm formation, implying that OmpH negatively regulates
biofilm production. Cec4 targeting OmpH may reinforce its inhibitory effect on biofilm formation.

Literature review indicates that BfmS, CsuE, and Pgm are negatively correlated with biofilm formation, whereas
BfmR is positively correlated. RT-qPCR results showed that OmpH positively regulates BfmS, CsuE [45], and
Pgm, and negatively regulates BfmR. OmpH deletion led to BfmS downregulation and BfmR upregulation. BfmR
subsequently activates TetR-family transcriptional regulators [46], further repressing Pgm, reducing capsule
thickness, and increasing biofilm in OmpH deletion strains. CsuE showed a slight downward trend, suggesting
that OmpH primarily influences Cec4-mediated biofilm clearance rather than direct biofilm synthesis. MIC and
MBECS50 values for Cec4 decreased in OmpH deletion strains, demonstrating that OmpH directly affects A.
baumannii sensitivity to Cec4 and likely interacts with it, consistent with findings by Martinez-Guitian et al.,
where OmpH deletion increased strain susceptibility [47].

Conclusion

Transcriptomic analysis identified the outer membrane protein OmpH as a key target in Cec4-mediated reduction
of A. baumannii biofilms. While OmpH deletion did not alter bacterial growth, it resulted in increased biofilm
formation and reduced MIC and MBECS50 values for Cec4. These findings suggest that OmpH may serve as a
critical mediator in Cec4-driven biofilm clearance, representing a potential target for antimicrobial strategies
against biofilm-forming A. baumannii (Figure 6).

Biofilmed of A. baumannii

> -

o5

‘,-;?F Ceca

Capsular
polysaccharide

Inner membrane

BfmS —— BfmR Biofilm formation and mair

Pgm ——— Biofilm and capsule formation '

Figure 6. Cec4 reduces A. baumannii biofilms via OmpH. Deletion of the OmpH gene alters the two-
component system BfmRS and Pgm, resulting in increased biofilm formation and heightened sensitivity of
the knockout strain to Cec4. Glycan synthesis is initiated by a specific glycosyltransferase, which generates

lipo-oligosaccharides (LLO) through the transfer of sugars to phosphorylated lipids.
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