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Abstract

Neonatal incubators may serve as environmental reservoirs for antimicrobial-resistant bacteria in
neonatal intensive care units. In this study, Staphylococcus epidermidis HE23 was isolated from a high-
touch surface of a neonatal incubator and characterized using whole-genome sequencing, comparative
genomics, antimicrobial susceptibility testing, and metabolomic analysis. Hybrid assembly of Illumina
and Nanopore sequencing reads generated a complete genome consisting of a circular chromosome
(2,542,743 bp) and two plasmids (50,114 bp and 9,031 bp). Genomic analysis identified nine antibiotic
resistance genes, including the chromosomal -lactam resistance determinants blaZ and mecA and the
plasmid-borne mupirocin resistance gene mupA. Antimicrobial susceptibility testing further confirmed
resistance to multiple antibiotics, including B-lactams and quinolones. Genes associated with resistance
to cationic antimicrobial peptides were also identified, suggesting potential mechanisms that may
facilitate persistence under antimicrobial pressure. Metabolomic profiling detected several secondary
metabolites, including putatively annotated cinobufagin and harmaline. Comparative genomic analysis
further revealed conserved and strain-specific genomic features of HE23. The coexistence of
chromosomal resistance determinants and plasmid-associated mupA highlights the potential of
incubator-associated S. epidermidis to act as a reservoir of antimicrobial resistance in neonatal intensive
care environments. These findings support strengthened microbial surveillance and targeted infection-
control strategies for neonatal incubators.

Introduction

Hospital incubators are essential for the specialized care of newborns, particularly premature infants
and those with very low birth weights. These devices maintain optimal temperature and humidity, aiding
neonatal adaptation to the external environment. However, they also serve as potential reservoirs for
microbial proliferation, contributing to healthcare-associated infections (HAIs) in neonates|[1]. Pathogens
such as methicillin-resistant Staphylococcus aureus (MRSA), Clostridioides difficile, and Serratia
marcescens can persist on hospital surfaces and medical equipment[2, 3]. These pathogens can be
transmitted through direct contact with contaminated surfaces or indirectly via healthcare personnel [4].
Neonatal incubators, therefore, pose a significant risk of contact-mediated infections, especially for
infants with high-risk factors like low birth weight, prematurity, maternal corticosteroid use, mechanical
ventilation, and underdeveloped immune systems|[5].

Despite extensive research highlighting the importance of environmental disinfection in preventing HAls,
studies show that neonatal incubators remain primary habitats for pathogenic bacteria, such as
coagulase-negative Staphylococci spp, Enterococci spp, and Bacilli spp, which are resistant to
disinfectants and persist in these environments[6]. This underscores the ongoing challenge in infection
control posed by neonatal incubators.

Microorganisms play a crucial role in neonatal health and disease, especially in incubated infants with
immature immune systems, making them more susceptible to environmental microorganisms|[7, 8].
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Microbial exposure can have long-term effects on immune maturation, increasing the risk of future
allergic diseases, autoimmune disorders, and other health complications[9]. Microbial infections can
also trigger gastrointestinal dysbiosis and skin-related infections, posing significant threats to neonatal
well-being. Preterm and low birth weight infants, with underdeveloped immune systems, are particularly
vulnerable to pathogenic microorganisms. Microbial exposure can induce abnormal immune responses,
hindering normal immune development and increasing the risk of subsequent health issues. Additionally,
microorganism infections can disrupt gut microbiota, leading to gastrointestinal problems and impaired
nutrient absorption. Skin infections in neonates can result in inflammatory reactions, skin redness,
itching, ulceration, and, in severe cases, life-threatening complications such as sepsis[10, 11]. Therefore,
effective management and control of microorganism contamination in neonatal environments are
paramount to safeguarding their health. Stricter protective measures are essential for preterm and low-
birth weight infants to minimize exposure to pathogenic microorganisms and mitigate the risks
associated with their immature immune systems. Emphasizing microbial management and
environmental cleanliness will help reduce infection risks and promote healthy development and growth.

Considering the complex and diverse hospital environment where various microorganisms coexist, the
potential microorganism threats within incubators pose significant concerns, especially for vulnerable
neonatal populations, we isolated a bacterial strain from an incubator at the Fourth Affiliated Hospital of
Anhui Medical University and subsequently identified the species through 16S rRNA gene sequencing.
Combined with the findings from whole-genome sequencing, the strain was conclusively characterized
as S. epidermidis. S. epidermidis, a common Gram-positive bacterium, typically exists in the form of
cocci, aerobic and facultative anaerobic bacteria thriving in warm and nutrient-rich environments. Within
the human body, S. epidermidis is widely present on the skin surface, sweat glands, and sebaceous
glands. As a constituent of the normal microbiota, S. epidermidis plays a crucial role in maintaining skin
health and immune function. S. epidermidis is a group of coagulase-negative staphylococci (CoNS),
commonly found in the environment and extensively present on the human skin surface. Although S.
epidermidis has historically been considered a harmless commensal bacterium of the human skin
microbiota, a growing body of research suggests that it is a clinically important opportunistic pathogen.
[12-15]. S. epidermidis has been identified as a primary pathogenic factor in nosocomial surgical device-
related infections[16, 17]. Furthermore, numerous strains of S. epidermidis carry antibiotic-resistance
genes and genes involved in biofilm formation, posing challenges to clinical treatment to some
extent[18, 19]. Of particular note is the association between S. epidermidis and neonatal sepsis. Clinical
studies indicate the presence of S. epidermidis in the bodies of some neonatal sepsis patients. Research
also suggests that S. epidermidis may trigger skin infections in neonates, manifesting as symptoms such
as skin redness, pain, and pustules. In severe cases, these infections may disseminate into the
bloodstream, causing sepsis and even leading to serious complications such as skin tissue necrosis,
posing a threat to the health of neonates[20]. It is noteworthy that studies have shown that S.
epidermidis is not simply pathogenic or nonpathogenic, but that there is a continuum of pathogenicity
influenced by strain-specific genomic and phenotypic variation. Although S. epidermidis is a normal
component of the human skin microbiota, under certain circumstances, it may incite infection.
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Particularly in the case of neonates, whose immune systems are not yet fully developed, they are more
susceptible to allergies or infections after exposure to bacteria in environments such as incubators. As a
common member of the skin microbiota, S. epidermidis may serve as a potential source of infection and
disease at such times. Hence, early prevention and identification are crucial.

We employed multi-omics approaches to characterize this bacterial strain, including whole-genome
sequencing data analysis, comparative genomics, and metabolomics. Our study delineates the features
of S. epidermidis isolated from neonatal incubators, providing novel insights into the risks faced by
vulnerable infants in this understudied yet clinically critical environment, as well as the genomic
adaptations of healthcare-associated strains.

Materials and methods

Samples collection

Clinical samples (n = 4) were collected from neonatal incubators in the NICU at the First Affiliated
Hospital of Anhui Medical University between 2:00-7:00 on August 14. All incubators had been in
continuous use for 14 days with twice-daily disinfection (0.5% hydrogen peroxide spray + 30-min UV
irradiation). Environmental parameters during sampling were recorded as mean temperature 36.5+ 0.3°C
and relative humidity 60 + 5%. Sterile swabs were used to wipe 10x10 cm areas of inner walls and
immediately inoculated into lysogeny broth (LB) broth (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl,
pH 7.2). Cultures were incubated at 36°C with 5% CO, and orbital shaking (100 rpm) for 24 hours,
followed by serial plating on LB agar for pure culture isolation. Strain purity was validated by: (1)
morphological uniformity of colonies; (2) amplification of the 16S rRNA gene of the strain by the
universal primers 27F (5-AGAGAGTTTGATCCTGGCTCAG-3') and 1492R (5-GGTTACCTTGTTACGACTT-
3") under the following PCR conditions: initial denaturation at 94°C for 5 minutes; 35 cycles (94°C for 30
seconds, 55°C for 30 seconds, 72°C for 30 seconds); and final extension at 72°C for 5 minutes. Purified
PCR products were sequenced in both directions and compared using BLASTn against NCBI RefSeq
core_nt database.

Scanning electron microscopy sample preparation and imaging
analysis

The bacterial samples were cultured in LB medium at 36°C with 5% CO, (100 rpm, 48 h), then centrifuged
(3,000 xg, 5 min). Pellets were fixed with 1% 0s0, in 0.1 M PBS (4°C, 1 h), washed with PBS, and
dehydrated through an ethanol series (30-100%). After critical point drying (Quorum K850), samples
were sputter-coated with 10 nm Au/Pd (Hitachi MC1000) and imaged by SEM (Hitachi SU8100, 5-15 kV,
5,000-50,000x%).

Genomic DNA extraction and sequencing
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S. epidermidis HE23 was cultured overnight on LB agar at 37°C. A single colony was inoculated into 100
mL LB broth and grown to logarithmic phase (37°C, 100 rpm). Cells were pelleted by centrifugation
(12,000 x g, 10 min, 4°C), washed with sterile water, and genomic DNA was extracted using a magnetic
bead-based bacterial DNA kit (T07-100, China). DNA quality was verified spectrophotometrically
(A260/A280 =1.8-2.0).

Whole-genome sequencing was performed using lllumina NovaSeq6000 with NovaSeq XP kit (version 2)
(paired-end, 2 x 150 bp) and Oxford Nanopore PromethlON platforms. For lllumina libraries, DNA was
fragmented (~ 400 bp), adapter-ligated (NEXTFLEX Rapid DNA-Seq Kit, version2.0), and size-selected via
agarose gel electrophoresis. Nanopore libraries were prepared using the SQK-LSK109 kit, including DNA
repair, end-polishing, and adapter ligation. lllumina sequencing employed cyclic reversible termination
chemistry with fluorescently labeled dNTPs. Nanopore libraries were loaded onto R9.4.1 Flow Cells for
real-time single-molecule sequencing via current signal detection.

Genome quality control, assembly

Raw Illumina sequencing data were processed using fastp (v0.23.0) [21] for quality trimming, including
removal of low-quality reads (Phred score < Q15), reads with excessive N content (> 10%), and adapter
sequences. Nanopore raw sequencing data, initially stored as binary fast5 files containing raw electrical
signals, were base-called and converted to fastq format. Reads with an average Q score >7 were
retained for downstream analysis. Quality control for both platforms was performed with default
parameters: minimum read length of 15 bp, Phred quality threshold = Q15, and sequence complexity
threshold of 30 (complexity_threshold = 30). Adapter trimming for Nanopore reads was performed with
Porechop v0.2.4 using the —-discard_middle parameter.

Hybrid assembly of quality-controlled Illumina short reads (2x150 bp) and Nanopore long reads was
performed using Unicycler (v0.4.8) [22] under default parameters, configured in hybrid mode (-mode
bold ) to integrate SPAdes-based short-read assembly (k-mer range: 21-127) with long-read scaffolding
(minimum overlap identity: 95%, -min_identity 95). Contigs shorter than 200 bp (-min_fasta_length 200)
and low-coverage regions (< 0.25x depth, --depth_filter 0.25x) were automatically filtered. The resulting
draft genome was polished iteratively using Pilon v1.22 with Illumina short reads mapped via Bowtie2
(minimum base quality: Q20) over three cycles to correct base errors, resolve indels, and fill gaps (-fix
bases, gaps). Assembly quality was assessed using QUAST (v5.2.0)[23]

Functional annotations

The assembled genomic data were annotated using Prokka (version 1.14.6)[24]. Prodigal(version 2.6.2)
[25] was employed for gene prediction across bacterial genomes. Sequences relevant to virulence factor
genes, antibiotic resistance genes, carbohydrate enzyme genes, and phosphorus cycling genes were
identified with Diamond[26] using the Virulence Factor Database (VFDB)[27], ARG database (version 2.0)
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[28], CAZymes (version 3.2.1), and PCyCDB (version 1.1), respectively. METABOLIC (version 4.0)[29] was
utilized for analyzing genes implicated in nitrogen and sulfur cycling within the genome.

Genome-based metabolic analysis

To systematically characterize the metabolic pathways of S. epidermidis HE23, we performed genome-
scale functional annotation and pathway reconstruction. First, protein-coding genes predicted from the
genome assembly were functionally annotated using KofamScan (version1.3.0; GitHub:
https://github.com/takaram/kofam_scan; accessed April 3, 2024). This tool aligns protein sequences
against the KEGG Orthology (KO) entries in the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database through hidden Markov models (HMMs), with thresholds set at e-value < 1e - 5 and score
above KO-specific cutoffs. The raw output was converted into standardized KO annotation tables and
metabolic enzyme gene lists using the built-in kofamscan2table.py script. For metabolic network
elucidation, the annotated data were submitted to the KEGG Mapper platform
(https://www.genome.jp/kegg/mapper; accessed April 3, 2024) [30]. The "Reconstruct Pathway" module
was employed for automated pathway mapping and visualization. Finally, interactive KEGG pathway
network diagrams were generated in RStudio (v2023.12.0) using the ggplot2 and igraph packages.
Nodes represented metabolic pathways (classified by KO hierarchy), and edge weights indicated
functional gene connectivity between pathways, providing a global perspective on the core metabolic
features and potential crosstalk mechanisms of S. epidermidis HE23.

Untargeted metabolomics analysis

S. epidermidis HE23 was inoculated into LB broth (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl) and
cultured aerobically at 37°C with 100 rpm shaking for 72 hours. Three biological replicates and three
blank controls (LB broth only) were included. Bacterial cells at mid-log phase were harvested by
centrifugation (4,000 xg, 10 min, 4°C), followed by metabolite extraction using ice-cold methanol/water
(80:20, v/v). The mixture was vortexed for 30 sec, ultrasonicated on ice for 10 min, and centrifuged
(12,000 xg, 15 min, 4°C) to collect the supernatant for LC-MS analysis.

Chromatographic separation was performed on a Thermo Dionex Ultimate 3000 UHPLC system
equipped with an ACQUITY UPLC HSS T3 column (100 mm x 2.1 mm, 1.8 ym; Waters, USA). The mobile
phases consisted of (A) 0.1% formic acid in water-acetonitrile (95:5, v/v) and (B) 0.1% formic acid in
acetonitrile-isopropanol-water (47.5:47.5:5, v/v/v). The gradient elution program was set as follows: 0—
0.5 min, 40% B to 50% B (linear); 0.5-3.5 min, 50% B to 55% B (linear); 3.5-6.0 min, 55% B to 70% B
(linear); 6.0-7.0 min, 70% B to 100% B (linear), held at 100% B until 8.0 min. The column temperature was
maintained at 40°C with an injection volume of 3 pL. Mass spectrometry was conducted on a Thermo
Scientific UHPLC-Q Exactive HF-X Orbitrap system equipped with an electrospray ionization (ESI) source
operated in separate positive and negative ion modes. lonization parameters included a spray voltage of
+ 3.5 kV, capillary temperature of 325°C, sheath gas flow rate of 50 arb, and auxiliary gas flow rate of 13

arb. Full-scan spectra were acquired over m/z 70-1050 with a resolution of 60,000 (@ m/z 200).
Page 7/31



Raw MS data were processed using Progenesis QI v3.0 (Waters Corporation, USA) for peak picking,
retention time alignment, and feature matrix generation (containing m/z, RT, and intensity). Metabolite
annotation was performed against the KEGG (Kyoto Encyclopedia of Genes and Genomes) databases
with thresholds of MS/MS match score > 80% and mass error < 5 ppm. Multivariate statistical analysis
(e.g., PLS-DA) was implemented in SIMCA 14.1, while pathway enrichment analysis was conducted via
MetaboAnalyst (version 6.0, https://www.metaboanalyst.ca/, accessed April 18, 2024). Differential
metabolites were screened based on the following criteria: (1) absolute fold change (upregulated: FC = 2;
downregulated: FC < 0.5), (2) variable importance in projection (VIP) scores = 1 derived from orthogonal
partial least squares-discriminant analysis (OPLS-DA), and (3) statistical significance confirmed by
Student’s t-test (p < 0.05).

Secondary metabolite gene cluster analysis using antiSMASH

In this investigation, we analyzed the bacterial genomic data using the web tool antiSMASH (version
7.1.0)[31] in conjunction with the antiSMASH database. After the submission of genomic data,
antiSMASH embarked on the detection and prognosis of potential biosynthetic pathways, non-coding
RNAs, secondary metabolic gene clusters, and other pertinent secondary metabolite-associated genes.
Notably, the tool undertakes genome annotation, gene prediction, and enzyme coding prediction among
other operations.

Phylogenetic trees and MLST typing

The 16S rRNA sequences were extracted from the bacterial genomes using Barrnap (version 0.9), and
taxonomic identification was performed through BLAST analysis against the NCBI RefSeq core_nt
database. The top 49 16S rRNA sequences exhibiting the highest similarity to the query sequences were
compiled from NCBI's rRNA database, enriching the dataset for comparative purposes. Finally, maximum
likelihood tree construction was performed using MEGA (version12) software, with the model
configuration set to the K2 + G + | combination (i.e., the Model/Method parameter was set to the Kimura
2-parameter model, and the Rates among Sites parameter was set to the Gamma Distributed with
Invariant Sites mode). Additionally, to achieve precise strain classification within the S. epidermidis
population structure, conventional MLST and rMLST analyses were performed on the assembled whole-
genome sequence of HE23 using the PubMLST platform (https://pubmist.org/).

Antibiotic susceptibility testing

S. epidermidis HE23 was adjusted to a standardized inoculum density of 0.5 McFarland (~ 1.5 x 108
CFU/mL) using sterile saline, inoculated uniformly on LB agar plates, and incubated at 37°C. After
incubation, the growth inhibition zones around each antibiotic disc were observed and measured using
the VITEK2 system (BioMérieux, France) with the Gram-positive cocci susceptibility testing panel.
Results were interpreted according to CLSI (2023) breakpoints for coagulase-negative staphylococci.

Comparative genomic analysis

Page 8/31



To evaluate the phylogenetic relationship and genomic features of S. epidermidis HE23, eight reference
genomes were retrieved from NCBI based on taxonomic classification and completeness. OrthoANI
values between S. epidermidis HE23 and the reference strains were calculated using OAT (version
0.93.10), employing a bidirectional best-hit algorithm to identify orthologous clusters. Genomic synteny
between S. epidermidis HE23 and S. epidermidis NBRC 1009171 (highest ANI: 99.88%) was visualized via
BRIG (version 0.5). Orthologous gene clusters were analyzed with OrthoVenn3 (E-value <1e - 5, identity >
50%, https://orthovenn3.bioinfotoolkits.net ), generating Venn diagrams and bar plots. Visualization
parameters were standardized across tools to ensure consistency.

Results

Cell culture morphological characteristics

The strain exhibited distinct morphologies in solid and liquid cultures. Colonies on nutrient agar formed
discrete circular structures (mean 2 mm diameter) with smooth, milky-white surfaces, central
protrusions, and peripheral depressions after 24 hours (Fig. 1A). Liquid cultures showed uniform
turbidity under shaking, indicating stable planktonic growth, with minor sedimentation after > 48 hours.
Scanning electron microscopy further resolved the coccoid cellular morphology, with cells exhibiting
typical staphylococcal clustering and intact surface structures under high magnification (Fig. 1B).

Genomic characterization and phylogenetic analysis

The total size of the S. epidermidis genome is 2,601,888 base pairs, comprising three contigs, with the
largest contig reaching 2,542,743 base pairs. The N50 and N90 values are 2,542,743 base pairs, with an
average coverage depth of 545-fold, which achieves a complete coverage rate of 100% and a successful
mapping rate of 99.93%. The overall GC content is 32.18%. The genome of this organism was analyzed,
and it was found that it has a chromosome of 2,542,743 base pairs and two plasmids (Plasmid 1: 50,114
bp; Plasmid 2: 9,031 bp). A total of 2,447 protein-coding genes were predicted, with 1,588 genes (64.9%)
annotated as functional genes and 859 genes (35.1%) annotated as hypothetical genes. Additionally,
there are 79 RNA genes, including 63 tRNA and 16 rRNA (5 16S rRNA, 5 23S rRNA, and 6 5S rRNA genes,
Table 1)
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Table 1

Characteristics of the draft genomes of S.
epidermidis strain HE23.

Parameter Numbers
Genome size (bp) 2,542,743
G + C content (%) 32.18

No. of contigs 3

The largest contig (bp) 2,542,743
The shortest contig (bp) 9,031
N50 2,542,743
L50 1
Protein-coding sequences 2,447
Hypothetical proteins 859
Functional proteins 1,588
rRNA 16

tRNA 63
CRISPRs candidates 4

According to the BLAST analysis of the 16S rRNA sequence against NCBI, the bacterium shows a 100%
match with S. epidermidis, a 100% coverage, and an expected value of 0.0, indicating the reliability of the
result. It is preliminary concluded that the bacterium belongs to the species of S. epidermidis. Following
this, a phylogenetic tree was constructed based on the 16S rRNA sequences to infer the evolutionary
relationships among microbes by comparing the differences in this sequence. During the tree-building
process, an evolutionary analysis and the construction of the phylogenetic tree were conducted using
the 49 most similar 16S rRNA sequence data to the target sequence through the maximum likelihood
method. The results of the evolutionary tree show that two clades of S. epidermidis strains (Fussel and
NBRC 100911) are clustered in the same branch as HE23, indicating a close evolutionary relationship.
This finding further validated the species identification established through 16S rRNA sequence analysis,
confirming the isolate as S. epidermidis. (Fig. 2). MLST analysis via PubMLST assigned HE23 to a novel
sequence type (ST-HE23; 6/7 loci match with ST-5, mismatch at arcC), rMLST confirmed species identity
(rST: 313845).

Functional annotation

Through comparative analysis with the antibiotic resistance gene database, we have identified 9 genes
on the bacterial chromosome with potential antibiotic resistance, namely mecA, gyrA, mgrA, norA, dfrC,

Page 10/31



blaz, sdrM, sepA, and norC (Fig. 3A). These genes may play pivotal roles in bacterial resistance to
antibiotics, involving modifications of targets for different antibiotics and drug metabolism mechanisms.
Apart from the genes on the bacterial chromosome, we also detected an antibiotic-related gene named
mupA on a plasmid (Fig. 3B). The presence of mupA could potentially provide bacteria with additional
mechanisms for antibiotic resistance, thereby augmenting bacterial resistance to antibiotics.

Furthermore, these genes were also compared with the virulence factor database, revealing 13 genes
related to virulence on the bacterial chromosome, including atl, ebh, sdrE, and others (Fig. 3A), which are
associated with bacterial virulence factors and pathogenicity. Moreover, an analysis of genes related to
nitrogen, phosphorus, and sulfur cycles in the bacterial genome was conducted. These genes are all
located on the bacterial chromosome, including a nitrogen cycle-related gene (narG), a sulfur cycle-
related gene (sat), and two phosphorus cycle genes (gntK, dut), participating in bacterial nutrient
metabolism processes and utilization of nitrogen, phosphorus, and sulfur resources in the environment.

Metabolomics analysis

KEGG pathway analysis of the S. epidermidis HE23 genome revealed distinct functional enrichments
associated with its adaptation to clinical environments (Fig. 4A, 4B). The Genetic Information Processing
category accounted for 12-15% of annotated genes (184 genes). Key pathways within this category
included Ribosome (55 genes) and Aminoacyl-tRNA biosynthesis (25 genes), which are critical for
maintaining translational efficiency under stress conditions such as antibiotic exposure.

The Environmental Information Processing category (163 genes) was dominated by Two-component
systems (62 genes) and ABC transporters (58 genes), indicating enhanced capabilities for environmental
signal perception and nutrient acquisition. These systems are likely essential for surviving nutrient-
limited hospital environments and resisting antimicrobial pressures. In the Metabolism category (1,896
genes), the prominence of Metabolic pathways (422 genes) and Biosynthesis of secondary metabolites
(208 genes) suggests metabolic versatility, enabling utilization of diverse substrates and production of
stress-responsive compounds. Notably, the Human Diseases category (88 genes) included a high
number of genes linked to antibiotic resistance, such as B-lactam resistance (13 genes) and Cationic
antimicrobial peptide (CAMP) resistance (10 genes), consistent with the strain’s clinical origin.
Additionally, the Cellular Processes category (62 genes) featured Quorum sensing (35 genes) and
biofilm-related pathways, traits previously associated with persistent medical device infections(S7).

These genomic features collectively highlight S. epidermidis HE23's adaptation to hospital niches
through enhanced translational capacity, stress-responsive signaling, and resistance mechanisms,
aligning with its role as a nosocomial pathogen.

Metabolomic analysis of S. epidermidis HE23 revealed distinct metabolic profiles and pathway
enrichments aligned with its genomic adaptations (Fig. 5). The Metabolism category dominated the
KEGG pathway distribution, with "Global and overview maps" (214 genes) and "Amino acid metabolism"
(88 genes) representing the most gene-enriched pathways (Fig. 5A). Pathway enrichment analysis
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highlighted significant associations with pyruvate metabolism, glycerolipid metabolism, and glutathione
metabolism (Fig. 5B), pathways critical for energy homeostasis and oxidative stress response. For
instance, "Pyruvate metabolism" (enrichment ratio = 4.0, p = 0.000001) aligns with the strain’s need for
rapid substrate utilization in nutrient-limited environments. Key secondary metabolite biosynthesis
pathways, such as "Biosynthesis of other secondary metabolites" (33 genes), further underscored the
strain’s metabolic versatility. Among differentially expressed metabolites, 15 were significantly
upregulated and 32 downregulated in bacterial cultures compared to sterile LB medium controls

(Fig. 5C). Among the up-regulated differential metabolites, some substances of interest were found

(Fig. 5D), such as harmaline and cinobufagin. Harmaline is a derivative of B-hydroxy-2-phenylethylamine,
which is common in certain plants, especially those belonging to the family of Rhamnaceae. It has been
found to have potent monoamine oxidase inhibitor activity, which means that it may affect the
metabolism and release of neurotransmitters and thus have an effect on the central nervous system. It
has been shown that Akkermansia muciniphila secretes harmaline and has a mitigating effect on severe
fever with thrombocytopenia syndrome virus infection[30, 32]. Another metabolite of interest is
cinobufagin, a toxic alkaloid found mainly in the skin of toads. It is often used as one of the ingredients
in traditional Chinese medicine and is thought to have anticancer, anti-inflammatory, and blood
circulation-enhancing properties. However, cinobufagin is also highly toxic, and overdose may lead to
poisoning or even death[33, 34]. In addition, the up-regulated metabolite identified the B-lactamase
inhibitor, tazobactam, which irreversibly binds to B-lactamase and blocks its ability to hydrolyze p-lactam
antibiotics (e.g., penicillins and cephalosporins).

These findings collectively illustrate S. epidermidis HE23's metabolic adaptability, integrating genomic
resilience (e.g., antibiotic resistance) with dynamic metabolite production to thrive in clinical settings.

Carbohydrate enzyme analysis

The genomic characterization of S. epidermidis HE23 revealed 489 putative CAZymes, with glycoside
hydrolases (GHs, 208 genes) and glycosyltransferases (GTs, 194 genes) constituting the predominant
functional classes (Fig. 6A). Notably, the GH13 family, a group frequently associated with
starch/glycogen metabolism in Staphylococci accounted for the largest subset of GHs. Similarly[35],
GT2 and GT4 families dominated the GT class, collectively representing 61% of GTs (Fig. 6B). These
families are critical for synthesizing extracellular polysaccharides (EPS), which serve as structural
scaffolds in bacterial biofilms[36]. The observed enrichment of GH13, GT2, and GT4 aligns with the
canonical CAZyme repertoire of S. epidermidis but highlights strain-specific expansions in EPS-related
machinery. Such genomic features may facilitate biofilm-mediated colonization on medical devices, as
EPS production is a well-documented virulence determinant in nosocomial infections.

Secondary metabolite gene clusters

We performed secondary metabolite analysis on the genomic data, revealing information such as gene
cluster types, positional ranges, and similarity to known clusters in different regions (Table 2). In Region
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1, there are multiple types of gene clusters, such as opine-like-metallophore, NRPS, T3PKS, NI-
siderophore, each potentially encoding various categories of secondary metabolites, such as metal
carriers, sugars, and polyketides. Some of these exhibit high similarity (100%) to known metabolic
clusters, such as staphylopine and staphyloferrin A, both compounds produced by Staphylococcus
aureus, playing vital roles in metal ion capture and utilization, as well as serving as iron carriers, crucial
for the survival of S. aureus. Others display lower similarity, such as micrococcin P1, chejuenolide
A/chejuenolide B, and berninamycin. In Region 3, a RiPP-like gene cluster was discovered, potentially
encoding secondary metabolites resembling RiPPs (Ribosomally synthesized and post-translationally
modified peptides).
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Table 2
Biosynthetic gene clusters of S. epidermidis strain HE23.

Region Location Type Most similar known cluster Similarity
(nucleotide to (%)
nucleotide)

Region 144367-166467 opine-like- Staphylopine 100

1.1 metallophore

Region 174260-221423 NRPS - -

1.2

Region 302917-326844 saccharide - -

1.3

Region 394604-435770 T3PKS - -

1.4

Region 478040-507739 saccharide - -

1.5

Region 577898-605951 saccharide - -

1.6

Region 729556-762548 NI-siderophor staphyloferrin A 100

1.7

Region 874708-895416 cyclic-lactone- - -

1.8 autoinducer

Region 1420091- saccharide micrococcin P1 8

1.9 1448978

Region 1923175- fatty_acid chejuenolide A/chejuenolide B 7

1.10 1945372

Region 2295498- saccharide berninamycin K/berninamycin 22

1.11 2337447 J/berninamycin

A/berninamycin B

Region 2428671- saccharide

1.12 2455772

Region 2487008~ saccharide

1.13 2522053

Region 1-9031 RiPP-like - -

3.1

Comparative genome analysis

To analyze the genetic characteristics of S. epidermidis HE23 and its evolutionary relationships with
other clinical strains, we first assessed the genomic similarity between S. epidermidis HE23 and eight
reference strains using Average Nucleotide Identity (ANI) analysis. The phylogenetic heatmap based on
OrthoANI values revealed that the ANI values between S. epidermidis HE23 and other strains ranged
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from 99.33% to 99.88%, with the highest genetic similarity observed with S. epidermidis NBRC 100911
(Fig. 7A). This indicates a highly conserved core genome between these two strains. Further collinearity
analysis using the BRIG tool demonstrated that S. epidermidis HE23 and the reference strain S.
epidermidis ATCC 14990 exhibited a high degree of linear conservation in the main chromosomal
backbone regions (Fig. 7B). However, significant genomic rearrangements and insertion-deletion
variations were evident in localized regions, suggesting that S. epidermidis HE23 may have acquired
unique genetic elements through horizontal gene transfer. Additionally, we performed a proteomics
comparison of S. epidermidis HE23 with four other S. epidermidis strains (ATCC 14990, B1272014,
B1276912, and NBRC 100911). OrthoVenn3 analysis identified a total of 2,095 shared protein clusters,
encompassing core metabolic pathways, DNA repair mechanisms, and cell wall synthesis. Furthermore,
each strain harbored unique protein clusters: S. epidermidis HE23 contained 15 specific clusters, while
ATCC 14990, B1272014,B1276912, and NBRC 100911 possessed 21, 24, 31, and 41 unique clusters,
respectively (Fig. 7C, 7D). Quantification of cluster distribution using bar charts showed that 29 clusters
were strain-specific, 120 clusters were shared by two strains, 54 clusters by three strains, 3 clusters by
four strains, and only one cluster was fully conserved across all five strains (Fig. 7E).

Antibiotic susceptibility testing

The antibiotic susceptibility testing revealed that the strain exhibited resistance to oxacillin (MIC = 4
pg/mL) and penicillin G (MIC = 0.5 ug/mL), consistent with mecA-mediated B-lactam resistance, and to
levofloxacin (MIC = 4 ug/mL). Intermediate susceptibility was observed for moxifloxacin (MIC =1 ug/mL)
and ciprofloxacin (MIC = 2 pg/mL). Full susceptibility was demonstrated to all other tested agents.
(Table 3).
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Table 3
Information on antibiotic resistance and related parameters.

No Antibiotic MIC Drug sensitivity results  Result Flag
1 Oxacillin >=4 resistant R
2 Penicillin G >=0.5 resistant R
3 Erythromycin 0.5 sensitive S
4 Clindamycin <=0.25 sensitive S
5 Levofloxacin 4 resistant R
6 Moxifloxacin 1 intermediate I
7 Quinupristin/dalfopristin 0.5 sensitive S
8 Ciprofloxacin 2 intermediate I
9 Furantoin <=16 sensitive S
10  Compound Xinnuomin <=10 sensitive S
11 Linazolamide 1 sensitive S
12 Rifampicin <=0.5 sensitive S
13  Tetracycline 4 sensitive S
14  Tigecycline <=0.12 sensitive S
15  Erythromycin 1 sensitive S
Discussion

Staphylococcus epidermidis, a common microbe found on human skin, thrives on both skin and mucosal
surfaces. It derives nutrients from substances secreted by hair follicles and sebaceous glands[37]. This
bacterium typically establishes a symbiotic relationship with humans, providing the host with a degree of
protection. Through spatial occupancy and resource competition, S. epidermidis inhibits the growth of
other pathogenic organisms, thereby reducing the risk of infection. Additionally, it enhances its defensive
mechanisms by producing various antimicrobial substances, such as antimicrobial peptides, acidic
compounds, and enzymes, which serve as barriers against bacterial, fungal, and viral infections[38].
These defense mechanisms contribute to the maintenance of skin health. Despite being a part of the
normal microbial flora, S. epidermidis can become opportunistic and potentially pathogenic under certain
conditions, such as in hospital environments or when the host's immune system is compromised,
leading to infections[39].

S. epidermidis is often implicated in infections associated with indwelling surgical devices, such as
artificial heart valves, catheters, and intubation tubes. It possesses the capacity to form biofilms,
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affording the bacteria the ability to adhere to medical device surfaces and resist antibiotics. Once
introduced into the body and allowed to proliferate around the indwelling surgical apparatus, these
bacteria can incite infection. The occurrence of infections related to indwelling surgical devices can lead
to severe complications, particularly in vulnerable populations such as neonates with weakened immune
systems. For these patients, infections may rapidly disseminate, leading to systemic infection and even
life-threatening outcomes[40, 41].

In addition, recent studies have revealed an association between S. epidermidis and late-onset sepsis in
neonates. Late-onset sepsis (LOS) refers to infections and sepsis occurring between 72 hours and 28
days after birth, distinct from early-onset sepsis (EOS) which manifests within the initial 48 hours
postpartum([42, 43]. Late-onset sepsis stands as a major contributor to neonatal mortality, particularly
affecting premature and low birth weight infants. The etiology of LOS is diverse, with bacteria, notably
Gram-negative bacteria, being the most prevalent pathogens[44, 45]. S. epidermidis is a common
pathogen implicated in LOS. Despite its typical commensal role on human surfaces, this bacterium may
emerge as a significant pathogen in hospital settings, especially neonatal intensive care units, where it
contributes to late-onset sepsis in neonates. Given the incomplete development of the neonatal immune
system and the invasive procedures such as intubation and venous catheterization associated with
hospitalization, these factors predispose S. epidermidis to enter the bloodstream of neonates from the
skin surface, triggering sepsis[46—-48].

S. epidermidis exhibits remarkable biofilm formation capability and a high prevalence of antibiotic
resistance, serving as a reservoir for numerous antibiotic-resistant genes. Studies have revealed the
inter-group transfer of antibiotic resistance genes, such as those for erythromycin, tetracycline, and
chloramphenicol, mediated by specific bacteriophages within the S. epidermidis population, along with
bacteriophage-induced chromosomal island transfer. These genes can also be disseminated within the
Staphylococcus population through horizontal gene transfer mechanisms such as transduction[49]. In
our research, we conducted comparative analyses using the KEGG database and scrutinized the
metabolic pathway-associated genes within the bacterial genome. Regarding genes implicated in human
diseases, this strain may pose a potential threat. Primarily, the bacterial genome harbors genes
associated with antibiotic resistance, conferring resistance to B-lactam antibiotics. The B-lactam
antibiotics encompass a specific B-lactam ring within their structure, crucial for their antibacterial
activity, commonly exhibiting efficacy against Gram-positive bacteria and some Gram-negative bacteria,
constituting a widely utilized class of antibiotics in clinical practice for bacterial infection treatment[50].
Among the antibiotic resistance genes identified, the mecA gene is closely associated with B-lactam
antibiotic resistance. It encodes an altered penicillin-binding protein, PBP2a, which has a low affinity for
B-lactam antibiotics. This results in resistance through target modification, preventing the antibiotics
from effectively inhibiting cell wall synthesis[51, 52]. In contrast, the blaZ gene encodes a B-lactamase,
which enzymatically degrades these antibiotics, thereby reducing their efficacy and shielding bacteria
from their inhibition[53].Notably, LC-MS/MS metabolomic profiling detected a metabolite matching
tazobactam in this strain, it's a synthetic B-lactamase inhibitor, irreversibly inactivates p-lactamases and
potentiates B-lactam antibiotics[54]. While bacterial biosynthesis of tazobactam itself is unprecedented,
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some microbes produce analogous inhibitors[55]. S. epidermidis HE23 may exploit such a strategy to
inhibit competing B-lactamase producers in its niche, while maintaining intrinsic resistance via mecA-
encoded PBP2a modification. However, the low MS/MS spectral match score (0 vs. theoretical 37.2)
necessitates further validation. If confirmed, this could indicate a competitive ecological advantage in
clinical environments. Furthermore, the gyrA gene is a critical player in quinolone antibiotic resistance.
This gene encodes an enzyme involved in bacterial DNA synthesis, mutations of which may confer
resistance to quinolone antibiotics. The results of the antimicrobial sensitivity testing also confirmed the
bacterium's resistance to B-lactam antibiotics (such as benzylpenicillin) and quinolone antibiotics (such
as levofloxacin)[56, 57]. In this study, in addition to identifying genes associated with antibiotic
resistance potential on the bacterial chromosome, we also discovered an antibiotic-related gene named
mupA within the bacterial plasmid. The mupA gene may be involved in multiple mechanisms of antibiotic
resistance. It likely encodes a channel protein capable of influencing the entry of antibiotics into
bacterial cells, thereby preventing antibiotics from accumulating sufficiently within the bacteria to exert
bactericidal effects. Furthermore, the mupA gene may also encode an enzyme capable of degrading
specific antibiotics, thus enhancing the bacteria's resistance to this class of antibiotics[58]. The
presence of the mupA gene in the plasmid provides bacteria with another important mechanism of
resistance, which could have significant implications for our understanding of bacterial resistance
mechanisms and the development of new antibiotics. This resistance trait increases the risk of difficulty
in effectively eradicating infections during treatment. Antibiotic resistance poses a significant challenge
in the medical field, especially considering the frequent use of B-lactam antibiotics for infection
treatment.

Furthermore, the genomic repertoire of this strain encompasses certain genes or pathways associated
with antimicrobial peptide resistance, endowing the strain with resilience against cationic antimicrobial
peptides. Antimicrobial peptides (AMPs) stand as one of the most promising alternatives in the quest for
new therapies against microbial resistance mechanisms towards conventional antibiotics. Among
various types of AMPs, cationic antimicrobial peptides exhibit prominent characteristics, serving as vital
constituents in the defense against microbial assaults, constituting a pivotal component of the human
innate immune system, crucial for warding off pathogenic microorganisms [37]. Studies have elucidated
evolutionary adaptations in certain bacteria, such as MRSA, which may reduce susceptibility to certain
cationic peptides by modulating the teichoic acid content on their surface[59]. Additionally, some
bacteria mitigate the affinity to cationic antimicrobial peptides by substituting cationic molecules for
anionic surface components. The emergence of these resistance mechanisms complicates the
treatment of bacterial infections, underscoring the imperative of researching and comprehending these
mechanisms to develop novel antimicrobial strategies to confront the challenge posed by resistant
bacteria[60]. It is plausible that this strain may have developed resistance to these antimicrobial
peptides, potentially facilitating its survival and proliferation in hosts or environments, heightening the
risk of pathogenicity in humans. This underscores the necessity for further investigation into its
resistance mechanisms, along with heightened vigilance concerning resistant bacteria within hospital
environments.
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In recent years, research on the antibiotic resistance of S. epidermidis has increasingly become a focal
point in the global medical community. Clinical observations indicate that S. epidermidis isolated from
hospital environments almost always exhibit resistance to multiple antibiotics, with methicillin-resistant
strains being predominant[61]. It is noteworthy that the proportion of methicillin-resistant S. epidermidis
(MRSE) clinically isolated in China has sharply risen in recent years, becoming one of the primary
pathogens causing clinical infections[62]. The resistance of S. epidermidis is primarily transmitted
through plasmid-encoded resistance genes, which confer multi-drug resistance in clinical settings. Not
only do they exhibit strong resistance to common antibiotics such as penicillin, ampicillin, and
cephalothin, but they also demonstrate resistance to commonly used therapeutic drugs like vancomycin,
further exacerbating the demand for effective treatment methods. While some antibiotics are still
effective in treating infections caused by S. epidermidis, the increasing misuse of antibiotics, exemplified
by the emergence of vancomycin-resistant strains, may gradually diminish their efficacy. Unlike S. aureus,
the pathogenic mechanism of S. epidermidis mainly involves evading the host immune system by
forming biofilms, thus establishing long-term infections within hosts. The formation of these biofilms is
closely associated with the extracellular matrix secreted by bacteria and the multilayered structures they
collectively form, possessing strong adhesion and resistance properties. This enables S. epidermidis to
cause infections on implanted medical devices and wounds while resisting drug treatments. Faced with
the challenge of S. epidermidis resistance, researchers and clinicians urgently need to deepen their
understanding of its resistance mechanisms and infection pathways to devise more targeted treatment
strategies. However, due to its widespread presence on the human body and its multiple beneficial
effects, such as immune modulation, traditional preventive measures against pathogenic infections,
such as vaccination or removal of host surface pathogens, are not applicable. Therefore, in-depth
research on the resistance and pathogenic mechanisms of S. epidermidis fills a gap in understanding its
molecular mechanisms, providing theoretical support for the subsequent analysis of clinically resistant
strains and the development of antimicrobial drugs, which is crucial for finding new effective drugs and
developing new treatment methods.

In recent years, the pathogenicity and antimicrobial resistance of S. epidermidis have garnered increasing
attention, presenting substantial challenges for infection control within healthcare settings. Genomic
analyses conducted in our study have identified genes linked to virulence factors, antibiotic resistance,
and cationic antimicrobial peptide (CAMP) resistance among the isolated S. epidermidis strains. The
presence of these genes suggests the potential pathogenicity and antibiotic resistance of this bacterial
strain. Consequently, future research and clinical efforts should focus on a deeper understanding of the
genetic profiles of S. epidermidis to better mitigate the associated health risks, decrease the prevalence
of nosocomial infections, and safeguard the well-being of both patients and healthcare personnel.

Conclusion

This study reveals critical insights into the multidrug-resistant Staphylococcus epidermidis HE23 strain

isolated from neonatal incubators. Genomic and metabolomic analyses demonstrated that S.

epidermidis HE23 harbors a chromosome and two plasmids encoding nine antibiotic resistance genes,
Page 19/31



including blaZ, mecA, and the plasmid-borne mupA, conferring resistance to B-lactams and quinolones.
Metabolomic profiling identified toxic secondary metabolites (cinobufagin, harmaline) with potential
implications for neonatal infection severity. Comparative genomic analysis highlighted high similarity to
reference strains (ANI >99.3%), yet unique genomic rearrangements and 15 strain-specific protein
clusters linked to multidrug efflux systems suggest adaptive evolution under clinical selection pressures.
Notably, this is the first report of plasmid-mediated mupA coexisting with chromosomal B-lactam
resistance genes (blaZ/mecA) in incubator-derived S. epidermidis, underscoring its role as a reservoir for
horizontal resistance gene transfer. Future studies should prioritize elucidating mupA's transmission
dynamics and synergistic interactions between biofilm formation and metabolite toxicity in neonatal
pathogenesis. These investigations will guide targeted strategies to mitigate multidrug-resistant
infections in NICUs.
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Figures

SU8100 3.00kV x20.0k

Figure 1

Morphological characterization of S. epidermidis HE23. (A) Colony morphology on agar plates after 24-
hour incubation. (B) Scanning electron micrograph of S. epidermidis HE23 (SU8100 microscope, 3.00 kV
acceleration voltage, x20,000 magnification; scale bar: 2.00 um).
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Figure 2

Phylogenetic tree constructed based on the 16S rRNA gene sequences of S. epidermidis HE23 and
other related strains. The tree was built using the Maximum Likelihood method, and the support for each
node was assessed through Bootstrap analysis (1000 replicates). The numbers on the branches indicate
the Bootstrap support values (percentages).
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Figure 3

Functional annotations for S. epidermidis HE23. (A) The chromosomal circular map illustrates the core
genome structure of S. epidermidis HE23 . The map displays the key functional regions of the genome in
an inner-to-outer sequence: the innermost circle represents the genome length scale, the middle region
shows GC content and GC skew, and the outer circle indicates annotated gene positions with some
important genes marked. (B) The functional annotation of Plasmid 1 was visualized and it harbors
antibiotic resistance genes. (C) The functional annotation of Plasmid 2 was visualized.
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Figure 4

KEGG metabolic pathway visualization of S. epidermidis HE23 whole genome. (A) Gene distribution of
KEGG metabolic pathways in the S. epidermidis HE23 genome. (B) KEGG metabolic pathway network in

S. epidermidis HE23.
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Metabolic Features and Dilerential Metabolites of S. epidermidis HE23. (A) Gene distribution of

metabolic pathways in S. epidermidis HE23 . (B) Top 25 enriched metabolic pathways in S. epidermidis

HE23. (C) Volcano plot of dilerential metabolites in S. epidermidis HE23 . (D) Relative abundance
changes of upregulated diGerential metabolites in S. epidermidis HE23 .
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Figure 6

CAZymes in S. epidermidis HE23. (A) Number of CAZymes and their relevant family. (B) CAZymes family
distribution. Numbers near the internal circle and at the top of the bars represent the family ID and the
number of proteins, respectively. AA: auxiliary activity, CBM: carbohydrate-binding module, CE:
carbohydrate esterase, GH: glycoside hydrolase, GT: glycosyl transferase, PL: polysaccharide lyase.
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Figure 7

Comparative genomic analysis of S. epidermidis HE23. (A) Phylogenetic heatmap based on OrthoANI
values between S. epidermidis HE23 and related strains. (B) Circular genome comparison map between
S. epidermidis HE23 and S. epidermidisATCC 14990. (C) Bar chart comparing total protein counts across
five S. epidermidis strains. (D) The distribution of shared and unique protein clusters among the five

strains. (E) Proportional distribution of conserved versus strain-specific protein clusters across the five
strains.
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