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Purpose: The emergence of carbapenem-resistant Acinetobacter baumannii (CRAB) poses great difficulties in clinical treatment, and
has been listed by the World Health Organization as a class of pathogens in urgent need of new antibiotic development. In our previous
report, the novel antimicrobial peptide Cec4 showed great potential in decreasing the clinical CRAB biofilm, but its mechanism of
action is still illusive. Therefore, in order to evaluate the clinical therapeutic potential of Cec4, it is necessary to explore the mechanism
of how Cec4 decreases mature biofilms.

Methods: Key genes involved in the removal of CRAB biofilms by Cec4 were analyzed using transcriptomics. Based on the results of
the bioinformatics analysis, the CRISPR-Cas9 method was used to construct the deletion strain of the key gene. The pYMAD2 plasmid
was used for the complementation strain construction. Finally, the roles of key genes in biofilm removal by Cec4 were determined by
crystal violet staining, podocyte staining, laser confocal imaging, and MBC and MBECs,,.

Results: Combined with transcriptome analysis, we hypothesized that OmpH is a key gene involved in the removal of CRAB biofilms
by Cec4. Deletion of the OmpH gene did not affect 4. baumannii growth, but decreased 4. baumannii capsule thickness, increasing
biofilm production, and made biofilm-state 4. baumannii more sensitive to Cec4.

Conclusion: Cec4 decreases biofilms formed by CRAB targeting OmpH. Deletion of the OmpH gene results in an increase in biofilms
and greater sensitivity to Cec4, which enhances the removal of A. baumannii biofilms by Cec4.

Keywords: Acinetobacter baumannii, antibiofilm mechanism, antimicrobial peptide, OmpH

Introduction

Acinetobacter baumannii, a gram-negative pathogen commonly found in intensive care units (ICUs) and operating rooms, is
an important opportunistic pathogen in healthcare facilities throughout the world." They tend to acquire multidrug resistance
and even pan-resistant phenotypes at a previously unforeseen rate.” Multidrug-resistant A. baumannii is a concern, because it
is responsible for approximately 60% of hospital-acquired infections. It can cause various infections, including ventilator-
associated pneumonia, bloodstream and skin and tissue infections, in both healthy and immunocompromised individuals.’
Unfortunately, the development of antibiotics against gram-negative bacteria has remained stagnant, owing to their diverse
resistance mechanisms.”

A biofilm is an extracellular matrix of polysaccharides, extracellular DNA, and secreted proteins produced by
bacteria, which come together to form a bacterial community.” Biofilms are the leading cause of antibiotic resistance in
A. baumannii, and most infections are caused by biofilms. The formation of biofilm from adhesion to mature diffusion
involves gene regulation of various systems of 4. baumannii. For example, Csu operon of fimbrial system responsible
for adhesion, while Csu fimbrial is regulated by genes related to quorum sensing system and the two-component
systems BfinS/R and GacSA. As well as genes such as the outer membrane protein family (OMP), which is responsible
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for the initiation of biofilm formation, and phosphoglucose mutase PGM, which makes up the biofilm matrix.® These
genes are closely related to the biofilm formation process of A. baumannii. Biofilms render bacteria highly resistant to
antibiotic treatment, resulting in a mortality rate of 40-60%." The A. baumannii ST1894 isolate showed a 2048-fold
increase in resistance to imipenem and a 32-fold increase in resistance to fucoxanthin in the biofilm state.® The
structure of biofilm antibiotics killed bacterial biofilm formation. Infections resulting from biofilms can persist for
weeks or months and become antibiotic-resistant over time. Moreover, these infections can spread to other organs,
resulting in prolonged clinical infections.”'® It is evident that A. haumannii in the biofilm state poses a greater threat
than A. baumannii in the planktonic state.” Therefore, treatment of A. baumannii in the biofilm state is crucial for
clinical treatment.

Antimicrobial peptides (AMPs) are crucial elements of the innate immunity in humans and other organisms.
Currently, they are the major focus of antimicrobial research and development."' AMPs are short-chain polypeptides
that typically contain fewer than 50 amino acids, and are amphiphilic.'"> AMPs generate a net positive charge on the
peptide chains. Consequently, they easily bind to the negatively charged bacterial membranes, inhibiting bacterial
growth, and initiating bactericidal action.'® Previous studies have demonstrated that AMPs hinder or eliminate bacterial
biofilms via three primary mechanisms.'* These mechanisms include disrupting cellular signaling systems,'> inhibiting
the alarm system to prevent bacterial over reactivity, suppressing RNA synthesis,'® and downregulating the expression of
binding protein transporter genes responsible for biofilm formation.!” However, the process by which AMPs eliminate
biofilms is complex and necessitates additional investigation.'®

The AMP cecropin-4 (Cec4) has good antimicrobial activity against gram-negative bacteria, particularly
A. baumannii."®?° Preliminary studies have shown that Cec4 effectively removes carbapenem-resistant A. baumannii
biofilm.*' However, the targets of Cec4 and the mechanism by which it removes 4. baumannii biofilm remain unclear.
Based on our previous study, we performed transcriptome and proteome analyses of Cec4 to clear carbapenem-resistant
A. baumannii biofilms using high-throughput sequencing and tandem mass spectrometry. Based on omics analysis, we
knocked out genes to investigate the regulatory mechanisms and potential targets of Cec4 in the process of A. baumannii
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 with a purity of > 97% by high-
performance liquid chromatography (HPLC) using solid-phase chemical synthesis at Gill Biochemicals (Shanghai) Co. Ltd.
The experimental bacteria were stored at —80 °C. Glycerol stocks were removed from storage and dipped into the
inoculating ring for plate delineation. After overnight incubation at 37°C, single colonies were picked and incubated in
5 mL of Luria-Bertani (LB) liquid medium at 37°C Shock incubator with 220 rpm until the logarithmic growth period for
the following phenotyping experiments.

Transcriptome Data Analysis

Bipartite sequencing data from the Sequence Read Archive (SRA) (PRINA607078) were downloaded from the National
Center for Biotechnology Information (NCBI) and subjected to quality control filtering using fastp software (https:/github.
com/OpenGene/fastp) to remove unknown bases and fragments with poor sequencing quality, resulting in clean read files.

Transcriptome data were analyzed using the R statistical program (https://cran.r-project.org/) and the Bioconductor project

(https://www.bioconductor.org/) provided by the software packages using the 4. baumannii ATCC 19606 reference genome.

Bioinformatics Analysis of OmpH

Since there are few reports on OmpH, we conducted biological information prediction for this gene and submitted the protein
sequence of this gene to SignalP (version 5.0), TMHMM, and SMART for signal peptide, transmembrane structure, and
domain analyses, respectively. Hydrophilicity was predicted using the ProtScale. OmpH and Cec4 were modeled using
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Discovery Studio 2019 (DS2019) and AlphaFold2.?* DS2019 was used to dock OmpH with the Cec4. The results were
visualized and analyzed using DS2019 software.

In addition, we searched for the OmpH of Escherichia coli,23 Bdellovibrio bacteriovorus,”* Flavobacterium
psychrophilum,”® Pasteurella multocida,*® Klebsiella sp.*” We conducted OmpH similarity detection using NCBI’s
Basic Local Alignment Search Tool and selected 4 proteins with 100% query coverage and identity. Subsequently, we
utilized MEGA11 to conduct a phylogenetic tree analysis between the OmpH of other species and these five proteins
using the neighbor-joining method.

Construction of the OmpH Mutant Strain

The OmpH knockout strain was constructed using CRISPR-Cas9 gene editing system following the procedure described
by Wang et al.?® The pCasAb and pSGAb plasmids (provided by Prof. Quanjiang Ji, Shanghai University of Science and
Technology) were A. baumannii shuttle plasmids expressing Cas enzyme, RecAb recombinase, and sgRNA. Single-
stranded DNA (ssDNA) from the homologous repair arm was synthesized by Sangon Biotech Co. Ltd. (Shanghai Co.,
China). 4. baumannii receptive cells were obtained by washing with precooled 10% sterile glycerol at 4°C. pCasAb,
pPSGAD, and single-stranded DNA (ssDNA for homologous repair) were electroporated successively. After pCasAb
electrotransformation, RecAb recombinase and Cas9 nuclease expression were induced with isopropyl-beta
-D-thiogalactopyranoside (IPTG). Positive transformants were screened using corresponding plasmid resistance gene
fragments. Colony PCR was performed to verify the OmpH mutation and sequencing was performed to verify the
accuracy of the results.

A0mpH Complementation Strain Construction

The OmpH gene was amplified using the following cloning primers [OmpH-F (5'—3'), CGCGGATCCT
GGTCCAATTTGGTACAGAG; OmpH-R (5'—>3"), GCTCGAGTGCGGCCGCACTCGCCAAGTTTGAAAATT]. It was
attached to BamHI and Notl sites of the pYMADb2-Hyg plasmid. The 4. baumannii shuttle plasmid was provided by Hua
Xiaoting. The constructed positive vector was transformed into the corresponding deletion strain by electrotransformation to
obtain a complementary strain, AOmpH, and electroporated empty vector pYMAb2-Hyg plasmid to AOmpH as vector
control. The accuracy of complementation was verified by sequencing.

Determination of Growth Curve

The concentration of the fresh bacterial solution was adjusted to 1x10° CFU/mL using a TSB liquid medium, and 200 pL
bacterial solution were added to each well of a 96-well plate, which was incubated continuously for 24 h. The optical
density (OD) was determined using the Multifunction Enzyme Labeler Agilent BioTek Cytation5 every 2 h to measure
the bacterial concentration.

Quantification of Biofilm Formation in A. Baumannii

The yield of 4. baumannii biofilms was quantified using crystal violet staining as previously method.?® After the removal
of the bacterial solution, the cells were washed and resuspended. The concentration was adjusted to 1x10° CFU/mL using
TSB liquid medium. Next, 200 pL of the bacterial solution was added to each well of a 96-well plate with three replicates
per group. The control group received an equal volume of TSB liquid medium. The plates were incubated at 37 °C for
24 h. The free bacteria were removed and 200 pL of 10% methanol per well was added after washing with sterile PBS.
The biofilm was fixed for 30 min, stained with 0.1% crystal violet solution, and the ODg;,, was measured by dissolving
crystal violet in 95% ethanol after washing three times with PBS.

Gene Expression Analysis

Total RNA was isolated using an RNA extraction kit M5 EASY spin plus (Mei5 Biotechnology Co. Ltd).
Complementary DNA (cDNA) was reverse transcribed using a reverse transcription kit RR047A (Takara). RT-qPCR
was performed in 10 pL reactions, with ROX and 16S ribosomal RNA (rRNA) as internal controls (Table S1). The
expression of genes with the greatest transcriptome difference (H1/26, H1233, H3691, CspG, GspG, and PaaH) and
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biofilm-related genes were determined before and after OmpH knockdown using the 2 22T method. The detailed
sequences for target genes and biofilm-associated genes were presented in Tables S2 and S3.

MIC (Minimal Inhibitory Concentration) Assay Before and After Gene Knockdown
Following a previously published method,*® 100 uL of Mueller-Hinton Broth (MHB) liquid medium was added to each
well of a 96-well plate. Then, 128 pg/mL of Cec4 solution was added to the final well. Take 100 pL per well and dilute it
sequentially. The final concentrations of 100 puL of the medium in each well were 2, 4, 8, 16, 32, and 64 ug/mL. The
negative control and blank control groups did not receive the Cec4 solution. Then, a bacterial solution with
a concentration of 2x10° CFU/mL was added to each well, except for the blank control, and the final concentrations
of Cec4 after addition were 1, 2, 4, 8, 16, and 32 pg/mL. Three replicates were used for each treatment. The 96-well
plates were incubated at 37°C for 16-20 h. According to the Clinical and Laboratory Standards Institute (CLSI)
standards, MIC is defined as the lowest concentration of a drug that visibly inhibits bacterial growth.

Broth and Agar Dilution Methods

Based on a previously published method with slight modifications,*® 1/2 MIC of Cec4 was added to LB solid medium
and different concentrations of the bacterial solution (1-10° CFU/mL) were spotted onto resistant plates. The growth of
colonies was analyzed after 8 h.

MBC Assay

TSB liquid medium with sequential additions of Cec4 at final concentrations of 1/16xMIC, 1/8xMIC, 1/4xMIC, 1/2xMIC,
1xMIC, 2xMIC, 4xMIC, and 8xMIC were used. Three replicate wells were used for each concentration and the culture was
maintained at a constant temperature of 37°C. The blank control group received 200 uL of TSB liquid medium and the
negative control group received only the bacterial solution. The final bacterial concentration in the TSB liquid medium was
adjusted to 1x10” CFU/mL according to a published method.*' As mentioned above, the inhibition of Cec4 on the biofilm
formation by 4. baumannii before and after gene knockout was determined by crystal violet staining.

MBEC Assay

The bacterial solution was prepared in a TSB liquid medium at a concentration of 1x10° CFU/mL. Then, 200 uL of the
solution was inoculated into each well of a 96-well plate as published method.** TSB liquid medium without bacterial
solution was used as a blank control. The plate was incubated at a constant temperature of 37°C for 24 h. The TSB liquid
medium was prepared with final concentrations of 4, 8, 16, 32, 64, 128, 256, and 512 pg/mL Cec4. The culture
supernatant was then replaced with the prepared medium. The negative control group received TSB liquid medium
without Cec4. Each treatment was performed in triplicates. The plates were incubated at 37°C for 24 h. The biological
periplasm content in the wells was quantified using crystal violet staining. The clearance rate was calculated according to
the following formula: clearance rate = (1 x experimental group ODgyo/control group ODgy) % 100%. The MBECs,
values for each group were calculated and recorded.

The Capsule Staining Experiment

The slide was dripped with 10 uL of Congo red dye and 3 pL of bacterial solution (1 x 10° CFU/mL). When the solution
on the slide was air-dried, 5% diluted hydrochloric acid was added for 30 s for decolorization. The slides were then
rinsed with ddH,O. An equal volume of crystal violet staining solution was dripped onto the slide, left for 1 min, and
rinsed with ddH,O. After drying, the slides were placed under a 100 inverted microscope (CKX53; OLYMPUS) and
photographed.

Statistical Analysis

Bioinformatic-related images and graphs were generated using R v4.2.1. Other images and graphs were generated using
GraphPad Prism 9. A t-test was used to compare two groups, and a one-way analysis of variance (ANOVA) was used to
compare more than two groups.
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Results

Transcriptome of A. Baumannii with Strong Biofilm Phenotype After Cec4 Treatment
As our previous study did not thoroughly investigate the mechanism by which Cec4 removes biofilm, we obtained
transcriptome data of 4. baumannii with a strong biofilm phenotype after Cec4 treatment in the previous study and re-
matched it to the ATCC19606 genome for reanalysis. The results showed that the direct downstream sequencing data
contained a certain number of adapter-containing reads as well as low-quality, N-containing reads, and the quality control
process then filtered the above reads (Tables S4 and S5). And a portion of poor-quality fragments would be discarded
after the quality control, and taking the single-end sequencing results of ABF1 as an example, the quality control results
obtained by the fastp software are shown in Figure S1, which shows that the quality of illumina sequencing platform is
better, the quality of base sequencing is slightly improved after filtering, and the overall difference is not significant
(Figure S2).

After comparing the quantitative results (Figure S3), we also found by PCA analysis (Figure S4) that although there
were outliers in the between-sample group differences for the Con2 and ABF4 samples, the overall distribution showed
that the between-sample group differences were greater than the within-group differences because of the downscaling of
the between-sample differences by PCA analysis. Therefore, we concluded that the gene expression of the samples in the
present study was in accordance with the requirements of the subsequent analyses.

Based on the above results, we performed a difference analysis using the coefficient of variation matrix after
normalizing the gene expression results (counts) before and after Cec4 treatment, and the final results showed that the
transcriptome of Cec4-treated A. baumannii. compared to that of the untreated group of A. baumannii. We identified 425
differentially expressed genes, with 242 upregulated and 183 downregulated genes, using [log,Fold Change| (|log,FC|) >
1 and P < 0.05. We generated a volcano plot to display these results (Figure 1A), with annotated points representing
genes that met the criteria. We selected the top 20 genes based on [log,FC| to generate a heatmap of gene expression and
observe the consistency of expression within the group. The color in Figure 1B indicates the gene expression after
normalization. The genes showed consistent expression within the group, and those with significant differences after
Cec4 treatment were mostly upregulated.

Gene Ontology (GO) enrichment analysis of the differentially expressed genes revealed significant enrichment in four
pathways: secondary metabolic processes, redox processes, monocarboxylic acid catabolism, and oxidoreductase activity
(Figure 1C). The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of the differentially
expressed genes showed significant enrichment in three pathways: sulfur metabolism, ABC transport, and the two-
component system (Figure 1D).

RT-gPCR Validates the Transcriptome

To assess the accuracy of the transcriptomic analysis, we selected some of the genes that we quantified based on
transcriptomics as well as genes with significant differences based on transcriptomics for reverse transcription quanti-
tative polymerase chain reaction (RT-qPCR) validation. We found that HMPREF0010 02297(H2297), PgaA,
HMPREF0010_02766 (H2766), HMPREF0010 01126 (HI1126), GspG, HMPREF0010 02313 (H2313),
HMPREF0010 03691 (H3691), PaaH CspG and HMPREF0010 01233 (H1233) were upregulated or downregulated
in a manner consistent with the transcriptomic analysis (Figure S5).

Analysis of Key Genes During Cec4 Clearance of A. Baumannii Biofilms

In the process of finalizing the knockout genes in the transcriptome, the thresholds for differential genes were adjusted to
further narrow down the range, adopting padj < 0.05 as the significance threshold, and 338 differential genes were
obtained after the adjustment, with 208 upregulated genes and 130 downregulated genes (Figure 2A). Sixteen genes were
involved in the ABC transporter pathway (Figure 2B), and these genes were functionally related to the inner membrane
components of the binding protein-dependent transport system, transport of amino acids, and sulfur/phosphate transport.
The genes enriched in this pathway were mainly Glt-family and Ssu-family genes, with Glt-family genes generally
showing downregulation and Ssu-family genes generally showing upregulation. In addition, antimicrobial peptides
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Figure | Transcriptomic analysis of A. baumannii with strong biofilm treated by Cec4. (A) The differential gene volcano map. Genes with |log,FC| > 2 and P < 0.05 are
annotated in the volcano plot. (B) The heat map of the expression of the top 20 differential genes. The figure displays gene expression after normalization, with colors
indicating the levels. The results indicate that most genes exhibit consistent intragroup expression, while genes with significant differences after Cec4 treatment show up-
regulation. (C) The bubble map of differential gene GO enrichment. (D) The bubble map of differential gene KEGG enrichment.

inhibit or scavenge the biofilm process, possibly by interfering with cell signaling, inhibiting bacterial response
processes, downregulating binding protein transporter genes responsible for biofilm formation, and interfering with the
bacterial membrane potential in the biofilm, thereby disrupting the biofilm. Differential genes were analyzed for
functional enrichment to select significantly enriched pathways as described previously. GO was enriched for redox
process (BP) and oxidoreductase activity (MF), and KEGG was enriched for ABC transport (Figure 3A and B). GO
enrichment analysis involved a total of 22 related genes after narrowing down the scope, all of which were related to
redox processes, but in this study, the probability of proteins involved in the redox process of bacterial cells to be the key
genes of Cec4 affecting the biofilms of A. baumannii was small, and the redox-related proteins were involved in a wider
range of proteins, therefore, the related genes were not selected as candidate genes from GO-enriched pathways.
However, the GO enrichment results further illustrated the interference of Cec4 with redox processes in A. baumannii.
Therefore, according to the above process, the ABC transporter-related pathway proteins in the KEGG pathway were
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Figure 2 Adjusted differential genes and differential genes in the ABC transport pathway. (A) The padj differential gene volcano map. (B) The gene enriched in the ABC
transporter pathway obtained after KEGG functional enrichment of the differential gene in A.

selected, and the outer membrane-related proteins were selected as candidate genes based on differential gene annotation,
and the detailed candidate genes are shown in Table 1.

Based on our previous findings, Cec4 and A. baumannii co-localization laser confocal results indicated that Cec4 was
located on the outer membrane of A. baumannii. Therefore, we focused on seven genes in the transcriptome that were
associated with the outer membrane (Table 1). Only three genes were downregulated and HMPREF0010_00354 (OmpH) was
downregulated and had a corresponding protein. Thus, we selected OmpH which has not been previously explored in
A. baumannii. Structural domain prediction confirmed that the protein’s structural domain was OmpH (Figure 4A). At the
same time, the results of OmpH knockout were shown (Figure 4B). Bioinformatic prediction suggested that this gene consists
of 167 amino acids and may undergo N-terminal cleavage of a 23-residue signal peptide. The anterior and posterior halves of
the protein exhibited hydrophobicity and hydrophilicity, respectively. The molecular weight of the protein is 18710.3 Da, and
a transmembrane region is predicted (Figure S6), which is consistent with the OmpH-like proteins found in Xanthomonas
caldophilus. We predicted the three-dimensional structures of OmpH and Cec4 (Figure 4C and D) and performed protein-to-
protein docking of OmpH and Cec4 using DS2019 (Figure 4E). In addition, a phylogenetic tree was constructed for this gene
(Figure 4F). The results showed that OmpH homology between 4. baumannii and other species was not high.

OmpH Gene Knockout
We constructed OmpH deletion strains using the CRISPR-Cas9 gene-editing system (Figure S7A-D). Subsequently, we
constructed a vector plasmid containing the entire OmpH gene fragment, using the expression plasmid pYMAb2-Hyg for
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Figure 3 Bubble plots of GO and KEGG enrichment . (A) The adjusted GO significantly enriched pathway. (B) The adjusted KEGG significantly enriched pathway.

complementation (Figure S7E and F). Furthermore, the pSGAb plasmid in the CRISPR-Cas9 system carries
a kanamycin-resistance tag. However, clinical strain CRAB7S is resistant to this antibiotic; therefore, we chose ATCC
17978 to construct the deletion strain.

Effects of OmpH Gene on A. Baumannii Growth and Biofilm Formation

We investigated the growth (Figure 5A) and biofilm formation (Figure 5B) of the wild-type (ATCC 17978), OmpH-
knockout (40mpH), and back-complemented (40OmpH::OmpH) (Figure S8A). The growth curves of ATCC 17978,
AOmpH, and AOmpH::OmpH were almost identical up to 4h of incubation. AOmpH growth was slightly lower than that
of ATCC 17978 and AOmpH::OmpH from 4 to 8 h. However, after 10 h, the growth curves of the three strains
completely overlapped (Figure 5A). This result indicates that OmpH gene deletion did not significantly affect the overall
growth of 4. baumannii. In addition, we found that AOmpH produced significantly more biofilm than ATCC 17978 (P <
0.05), and a similar amount of biofilm as the AOmpH::OmpH strain (Figure 5B). Previous studies have demonstrated that
the OmpH gene serves as the upstream regulator of LuxR. Relevant experiments in Vibrio alginolyticus®® indicated that
the regulation of OmpH on the LuxR gene and biofilm was influenced by temperature. At 22°C, the deletion of the OmpH
gene in V. alginolyticus resulted in the up-regulation of the LuxR gene and a significant reduction in biofilm formation.
Nevertheless, at 37°C, the OmpH deficient strain exhibited significantly higher biofilm production than wild strains. In
this study, the culture condition for 4. baumannii was 37°C, and we ventured a bold speculation that the reason for the
increase in biofilm formation might be associated with temperature.

Effect of OmpH Gene Deletion on A. Baumannii Sensitivity to Cec4

We evaluated the sensitivity of A. baumannii to Cec4 after the OmpH gene be knocked out. The MIC of 40mpH was
approximately one gradient lower than that of ATCC 17978 (Figure S8B), approximately 2—4 pg/mL, and the MIC of
ATCC 17978 was approximately 4 pg/mL. Regarding the sensitivity of the wild-type and OmpH deletion strains to Cec4,
we also conducted agar spot plate experiments, and the results were consistent with the MIC results (Figure 5C). This
suggests that deletion of OmpH makes ATCC 17978 more sensitive to Cec4.
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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
glnQ D0C804 | —1.658356275 | 0.000395028
gltl D0C807 | —1.603455392 | 0.009493657
ghK DO0C805 —1.45762851 0.000184436
hisM - 1.29203391 0.0001 13647
HMPREF0010_00886 - 1.189703016 | 0.001059408
HMPREF0010_01038 - 1.290063642 | 0.000108447
HMPREF0010_01713 - 1.153820896 | 0.003645927
HMPREF0010_02504 | DOCCM4 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 0.00332541 1
pstB DOCBX9 | —1.516288566 | 0.001054119
tauA DO0C855 1.105759376 | 0.007925973
Anno-Outer membrane
HMPREF0010_00354 | DOC6H4 | —1.173563632 | 0.000844949
HMPREF0010_00477 | DOCéU7 1.494831376 1.95E-05
HMPREF0010_00883 | DO0C803 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 indicates genes that do not correspond to proteins in the

transcriptome; KEGG-ABC transporter is ABC transporter-related genes in the
KEGG significantly enriched pathway; and Anno-Outer membrane is genes related
to the outer membrane in the differential gene annotation.

The Cec4 MBC of strain AOmpH was the same as that of strain ATCC 17978 (both 8 pg/mL); although the biofilm of
AOmpH was slightly higher than that of ATCC 17978 at 1, 2, and 16 pg/mL, but the difference between strains was not
significant (Figure 5D).

The MBEC5, measurement showed that the MBECs, of Cec4 for AOmpH was 256 pg/mL, while the MBECsq of
ATCC 17978 did not fully reach 50% removal efficiency at 512 pg/mL, and the removal efficiency of AOmpH::OmpH
reached 50% at 512 ug/mL. Therefore, the results showed that the Cec4 clearance efficiency of 40OmpH biofilm was
slightly but significantly higher than that of the ATCC 17978 biofilm (P < 0.05) (Figure 5E). In summary, it is possible

that OmpH interacts with Cec4 during the Cec4-mediated removal of 4. baumannii biofilms.

Effect of OmpH Gene on Capsule Thickness of A. Baumannii

Capsules play an important role in 4. baumannii biofilm formation. We stained the capsules of strains AOmpH and ATCC
17978. The extracellular region is colored pink, the cells are colored purple, and the extracellular transparent circle is the
capsule layer. After staining, it is found that the capsular thickness of OmpH was significantly reduced (Figure S8C),
indicating that OmpH could affect or positively regulate the capsule of A. baumannii.
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Figure 4 Bioinformatics prediction and molecular docking results for OmpH. (A) The SMART-predicted structural domain region of OmpH. (B) The SMART-predicted
structural domain region of the deletion of the OmpH. (C) The 3D protein structure of Cec4 predicted by AlphaFold2. (D) The 3D protein structure of OmpH predicted by
AlphaFold2. (E) The result of protein-to-protein docking for Cec4 and OmpH. (F) Results of phylogenetic tree analysis were performed after blast of OmpH. Figure in the
red box line is OmpH.

5804 | "tes Drug Design, Development and Therapy 2024:18

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Qiu et al

ATCC 17978 - ns
A 20+ 2A0mpH B 3
' 2A0mpH::OmpH o ==
1.54 o 2-
: :
g 1.0 1-
0.5+
0- T T
00 T T T T T T T T T T T T T (\% %
DY X0 DY YL DDA Y 0@2 0@2
Hours(h) N 9
¥ 0\”{\
%
C
10° 10° 104 10° 107 10! 1 CFU/mL

ATCC 17978

AOmpH

AOmpH::OmpH

D ATCC 17978 E ATCC 17978
0.8 AOmpH —_ 100+ AOmpH
i == AOmpH::0mpH S = AOmpH::OmpH
0 6_ I wn 5 T
T i g T
= L] g . i B b
] .
g 041 g 50 & 1 B
£
0.24 1 E
: i i - £
0.0- T T T T 0 T . T [ 0- T T T T T T
1 2 4 8 16 32 64 0 16 32 64 128 256 512

Cec4 (pg/mL) Cec4 (pg/mL)

Figure 5 Effect of gene OmpH deletion on growth, biofilm formation, and Cec4 sensitivity. (A) The growth curves of wild bacteria (ATCC 17978), OmpH knockout bacteria
(40mpH), and back-complemented bacteria (10mpH::OmpH). (B) The effect of biofilm formation on the growth and susceptibility of wild bacteria (ATCC 17978), OmpH
knockout bacteria (40mpH), and back-complemented bacteria (40mpH::OmpH). (C) The susceptibility of the OmpH deletion strains to Cec4 as tested by an agar spot plate.
(D) The detection of the ODg,¢ MBC results. (E) The MBECs, results of the antimicrobial peptide Cec4 against ATCC 17978, 40mpH, and 40mpH::OmpH.

Regulatory Role of OmpH in A. Baumannii

The relative expression level of genes related to biofilm formation before and after OmpH gene knockout was
verified. The results showed that BfimnR was upregulated in the two-component system associated with biofilm
formation in 4O0OmpH, while another BfinS gene in the two-component system, CsuFE in the pili system, and
phosphoglucose-mutase PGM were down-regulated (Figure S8D). Previous studies have shown that the BfinS
gene is negatively regulated as a BfinR sensor in the two-component system,** which is consistent with quantitative

results. At the same time, in order to ensure the effectiveness of overexpressed strains, we detected the expression of
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OmpH gene in wild strains, knockout strains and overexpressed strains by qPCR, and found that OmpH was indeed
more highly expressed in overexpressed strains. Combined with the results of the capsule thinning of 40OmpH, it is
suggested that the regulatory pathway of OmpH-BfmR-CsuE/PGM does affect the physiological activity of
A. baumannii.

Discussion

A biofilm is a collection of microorganisms enclosed in an extracellular matrix that shields them from unfavorable
conditions. It typically comprises extracellular DNA, water-soluble polysaccharides, proteins, and non-water-
soluble compounds.®>> The components of the biological periplasmic matrix may vary owing to different growth
environments or changes in the external conditions.*® However, the ratios of components and regulatory pathways
related to the matrix remain unclear. We previously discovered that Cec4 can strongly resist biofilm formation by
A. baumannii, we did not determine the mechanism underlying this resistance.’®?' Therefore, we used transcrip-
tomics to investigate the key genes involved in Cec4 clearance from 4. baumannii biofilms.

Transcriptomic analysis revealed significant enrichment in three KEGG pathways: sulfur metabolism, ABC
transporter, and two-component system. Genes enriched in the sulfur metabolism pathway were primarily focused
on the uptake of extracellular sulfate, taurine, and alkane sulfonate. These compounds may be utilized in the
carbon sequestration pathways of prokaryotes. Therefore, Cec4 may affect the carbon sequestration pathway of the
bacterial cells during biofilm removal. Furthermore, other genes in this pathway participate in processes, such as
sulfide oxidoreductases. Genes related to sulfur metabolism have been suggested to be upregulated during
bacterial biofilm formation.>” In this pathway, only one gene was downregulated and the remaining 11 genes
were upregulated. This finding suggests that bacteria upregulate genes related to sulfur metabolism during Cec4-
mediated biofilm removal.

KEGG enrichment of the transcriptome resulted in three notable pathways: the sulfur metabolism pathway, the
ABC transporter pathway, and the two-component system. Most of the genes enriched in the sulfur metabolism
pathway were focused on the uptake of extracellular sulfate, aminoethanesulfonate, and streptansulfonate, which
may ultimately be utilized in the carbon sequestration pathway of prokaryotic organisms, Cec4 may affect the
carbon sequestration pathway of the bacterial during the removal of the biofilms. In addition, other genes in this
pathway are involved in processes, such as sulfide oxidoreductases, and it has been indicated’’ that sulfur
metabolism-related genes have been shown to be upregulated in bacterial biofilm formation. While only one
gene was downregulated in the enriched pathway, the remaining 11 genes showed an upregulation pattern,
suggesting that bacterial cells counteracted the reduction of biofilm by upregulating sulfur metabolism-related
genes during Cec4 scavenging of biofilm. In addition, since elemental sulfur is mainly used in the biosynthesis of
methionine and cysteine in bacteria, we can speculate that treatment with Cec4 causes the synthesis of methionine
and cysteine in bacteria may also be blocked. Another pathway, the two-component system is enriched to four
genes involved in the uptake and metabolism of acidic amino acids, and it has been reported in the literature®®
that acidic amino acids, such as aspartic acid and glutamic acid, increase the solubility of many insoluble drugs.
The four enriched genes were glnQ, gitK, HMPREF0010 00886, and gltl, homologs of AatP/M/Q/J genes, which
were significantly downregulated. The downregulation of these genes may also be a part of the process of
bacterial action against Cec4. In addition, the two-component system was enriched with genes homologous to
the LuxI/R system, bps] and HMPREF0010 03224, the former being the Lux/ family acyl-homoserine lactone
synthase So/l and the latter being the LuxR family group-sensing system transcriptional regulator Sol/R. Both
showed a trend of upregulation after Cec4 treatment of mature biofilm of A. baumannii, but there is no unanimous
conclusion on the relationship between Lux/, LuxR and biofilm, and some studies have suggested that the
downregulation of both may lead to the reduction of biofilm, while others have suggested that both are negatively
correlated with biofilm formation.?® Therefore, the upregulation of genes related to the two in the present study is
not certain that the expression of the change in the amount of Cec4 removal of biofilms, but it can be determined
that Cec4 deletion affects the population sensing-related pathway genes. The ABC transporter pathway of KEGG
was also enriched after narrowing the screen down with padj for transcriptomic differential genes. There were 16
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genes co-enriched before and after range narrowing, and the main genes were related to G/t and Ssu family genes.

40 and according to existing reports,*!

The Glt family of genes is mainly associated with aspartic acid transport,
elevated concentrations of aspartic acid inhibit the formation of bacterial biofilms, reduce bacterial adhesion to the
surface of objects, and promote the transition of bacterial to the planktonic state. The downregulation of Glt
family genes after Cec4 treatment may be due to the role of bacteria in maintaining the biofilm state in the fight
against Cec4. The Ssu family is mainly associated with the transport of aliphatic sulfonates,** and current studies
do not point to a clear role of this class of genes in relation to biofilm formation. Interestingly, we found that the
efflux pump gene MacB was significantly upregulated in the transcriptomes of both Cec4-treated planktonic
A. baumannii and Cec4-induced drug-resistant bacteria during a previous study, and the gene was also upregulated
in Cec4-treated A. baumannii during the current Cec4 treatment of the biofilm state. MacB is mainly used by
bacteria to participate in resistance to macrolide antibiotics,*> which affects the process of bacterial protein
synthesis by influencing the action of bacterial ribosomal proteins, which in turn produces a sterilizing effect.**
Therefore, we hypothesized that MacB gene upregulation after Cec4 treatment might be caused by the entry of
Cec4 into bacterial cells, affecting ribosome-related functions.

After transcriptome annotation, there were found to be associated with the outer membrane. The aim of this
study was to investigate the key genes and related mechanisms of Cec4 to clarify the biofilm state of
A. baumannii, while the results of previous studies showed that the co-localization results of Cec4 with
A. baumannii were on biofilms; the differential genes of the outer membrane were selected among the candidate
genes, and also because the OmpH gene has been mentioned in many studies to have the potential of antigens as
OmpH-like proteins. Therefore, it was selected as the OmpH knockout strain. The OmpH gene is predicted to
encode a structural domain like that of OmpH proteins. In Escherichia coli, OmpH proteins function as skp
periplasmic chaperones. OmpH-like proteins, on the other hand, are modeled as single chains of skp periplasmic
chaperones. Flavobacterium psychrophilum® contains OmpH-like proteins that are approximately 166 amino
acids long and contain a signal peptide at the N-terminus. Therefore, these proteins may serve as vaccine antigens.
OmpH, which contains 167 amino acids and a 22-residue signal peptide at the N-terminus, has the potential to
serve as an antigen. However, the growth of 4. baumannii was not affected by OmpH knockout, and the absence
of this gene enhanced A. baumannii biofilm production. This suggests that the OmpH gene may be one of the
negative regulators of biofilm formation. When Cec4 targets to OmpH, it may promote the inhibition of OmpH on
biofilm formation, resulting in a decrease in the biofilm of bacteria. Therefore, we reviewed the literature and
found that BfmS, CsuE, and Pgm were negatively correlated with biofilms, whereas BfmR was positively
correlated with biofilms. As shown by the RT-qPCR results, OmpH may function as a positive regulator of
BfmS, CsuE,*> and Pgm and as a negative regulator of BfmR. Its deletion downregulated BfinS, leading to
upregulation of the BfimR gene (Figure S8D). In this pathway, BfimR positively regulates the TetR family of
transcriptional regulators,*® leading to the upregulation of TetR transcriptional regulators, which further represses
the downregulation of the Pgm gene, causing a reduction in capsule thickness and an increase in biofilm
production in OmpH deletion strains. In contrast, CsuE showed a downward trend (Figure S8D), suggesting
that OmpH is more likely to function as a regulator of Cec4 clearance from biofilms than to be directly involved
in biofilm synthesis. In the transcriptome, we found that CsuE was downregulated, but the difference was not
significant. This suggested that OmpH is more likely to act on the biofilm clearance process of Cec4. Regulators
act rather than passively downregulating. The MIC and MBECs, of Cec4 decreased in OmpH deletion strains,
indicating that OmpH directly affected the sensitivity of 4. baumannii to Cec4 and that Cec4 might interact with
OmpH gene. This agrees with the study by Martinez-Guitian et al, where deletion of the gene OmpH caused strain
susceptible.*’

Conclusion

To identify the key genes involved in Cec4-mediated biofilm decrease of 4. baumannii, we identified the target from the
transcriptome as the outer membrane protein OmpH. The deletion of OmpH did not affect the growth of 4. baumannii,
but led to an increase in the total amount of A. baumannii biofilm formation, and subsequently decreases in the MIC and
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Figure 6 Cec4 decreases the biofilms of A. baumannii by OmpH. Deletion of the OmpH gene affects the two-component BfmRS and Pgm, which leads to increased biofilms.
Finally, it makes the knockout strain more sensitive to Cec4. Glycan synthesis is initiated by a specialized glycosyltransferase, which produces lipo-oligosaccharides (LLO) by
transferring sugars to phosphorylated lipids.

MBEC5 of 4. baumannii in response to Cec4. It is hypothesized that OmpH may be involved in the removal of biofilm-
forming A. baumannii as a potential target for the removal of biofilm-forming 4. baumannii by the antimicrobial peptide
Cec4 (Figure 6).
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