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Purpose: Biofilms significantly contribute to the persistence and antibiotic r taphylococcus aureus infections. However,
the regulatory mechanisms governing biofilm formation of S. aureus r

cross various S. aureus lineages and to examine
its structural features. The impact of desKR on S. aureus pathogen ed using in vivo mouse models, including skin

assays, and RT-qPCR.
Results: The prevalence of desKR varied i "\Wkreus lineages, with notably low carriage rates in ST398 and ST59

Introduction
Staphylococcus aureus is a prevalent pathogen responsible for a wide range of infectious diseases, including skin and soft

tissue infections, necrotizing pneumonia, and septicemia.' The ability of S. aureus to form biofilms on various surfaces,
including medical devices and host tissues, is a critical factor contributing to its pathogenicity and persistence.? Biofilms
are complex communities of microorganisms encased in a self-produced extracellular matrix that confers enhanced
resistance to antibiotics and host immune defenses.” The formation of S. aureus biofilms is a multifaceted process

involving the coordination of various regulatory systems, especially two-component systems (TCSs).*>
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TCSs are ubiquitous signaling pathways in bacteria that enable them to sense and respond to environmental stimuli.®
TCSs typically consist of a histidine kinase (HK) and a response regulator (RR).” HKs are generally transmembrane
proteins with a highly variable N-terminal sensory domain and a C-terminal domain containing a conserved histidine
residue.® Upon external signal binding, HKs undergo autophosphorylation and subsequently transfer the phosphate group
to the aspartate residue on RRs.*? RRs, usually cytoplasmic proteins, undergo a conformational change upon phosphor-
ylation, activating their effector domains to bind DNA and regulate gene expression.

In S. aureus, 16 pairs of TCSs have been identified that play crucial roles in virulence, antimicrobial resistance, and
biofilm formation.>'® Several TCSs have been implicated in the regulation of S. aureus biofilm formation, including agr;
arIRS, and saeRS.""'* However, the roles of many other TCSs in S. aureus biofilm formation remain largely unexplored.
Most TCSs are conserved across the species, contributing to survival and virulence under infectious conditions, making

them ideal targets for novel anti-infective strategies.'*'> However, the function of the sevent pair (TCS-7),

S. aureus pathogenicity.
To test this hypothesis, we used a combination of bioinformatics, genetic, and p

regulatory systems in S. aureus to better understand the complex mechani
to different niches.

Methods

Bacterial Strains
The strains and plasmids used in this study are listed in
Collection of Type Culture. Strains SA27 and SA42 w
Jiangsu province, China. These strains unde

. aureus NCTC8325 was obtained from the National
m cows with subclinical mastitis in a herd in
Sequence Typing (MLST) for seven housekeeping genes
(arcC, aroE, glpF, gmk, pta, tpi, and yqiL plification methods."”
Bioinformatics Analysis
To explore the presence of des, different strains, all available S. aureus genome sequences in the

National Center for Biotec tion (NCBI) RefSeq database (as of November 30, 2023, totaling 15,626
strains) were downloade typed using MLST by leveraging the tool available at the MLST website
(https://pubmlst.org/o Screening for desK (Gene ID: 3920139) and desR (Gene ID
3920140) was performe 'AST with a minimum identity of 95%. The structural domains of the DesK and

DesR proteins ? i e Simple Modular Architecture Research Tool (SMART), and their structures were
f 2% Comparative genomic analysis of the desKR gene cluster across different strains,
8 (GCA_000013425), ST59 (GCF _000237125), and ST398 (GCF_000009585), was

performed and alized using Clinker.”’

Construction of Deletion Mutants, Complementation Mutants, and Overexpression

Strains

The shuttle plasmids, pKOR1 and pLI50, were acquired from Addgene (plasmids #13573 and #133446). Deletion
mutants of desKR were constructed using homologous recombination, as described by Bae and Schneewind, with some
modifications.* Briefly, upstream and downstream DNA fragments of desKR were amplified from NCTC8325 chromo-
somal DNA. These fragments were linked by fusion PCR and cloned into the pKOR1 vector using Gateway BP Clonase
IT (Thermo Fisher Scientific). The plasmid was then transformed into Escherichia coli strains DH50 and DC10B, and
electroporated into NCTC8325. Homologous recombination between the plasmid’s homology arms and the genome,
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Table | Strains and Plasmids Used in This Study

Strain or Plasmid Description Reference or source
Strains

ST8 (GCA_000013425) S. aureus for comparative genomic analysis NCBI

ST59 (GCF_000237125) S. aureus for comparative genomic analysis NCBI

ST398 (GCF_000009585) S. aureus for comparative genomic analysis NCBI

DH5a E. coli cloning strain Invitrogen
DCloB E. coli Adem restriction-deficient cloning strain [18]

NCTC8325 Laboratory strain

NCTC8325AdeskR NCTCB8325 strain with the deskR gene deleted

NCTC8325AdeskR-C NCTC8325AdesKR strain complemented with the deskKR ge

ATCC29213 Standard quality-control strain for crystal violet staini

ATCCI12228

SA27 This study

SA42 This study

SA27: pLI50 This study

SA42: pLI50 This study

SA27: pLI150-deskR-C This study

SA42: pLI50-deskR-C This study

Plasmids

pKORI [22]

pLI50 S. aureus-E. lcting complementation and overexpression strains [23]

pLI50-desKR pLI50 with gene encoding desKR This study
driven by chlora i uction and incubation at 43°C, resulted in deletion of desKR. To create complementation

xpression S. aureus strains SA27 and SA42, resulting in the strains SA27: pLI50-desKR-C and

SA42: pLISS@ksKR-C, respectively. The primers used are listed in Table 2.

Minimum Inhibitory Concentrations (MICs) Determination

MICs of oxacillin, ampicillin, gentamicin, linezolid, vancomycin, levofloxacin, moxifloxacin, erythromycin, clindamy-
cin, teicoplanin, tigecycline, and rifampicin were determined using the microdilution broth method. All antimicrobial
susceptibility testing and interpretive criteria were performed in accordance with the breakpoints specified in the Clinical
and Laboratory Standards Institute guidelines (CLSI, 2023).%® S. aureus ATCC 29213 served as a quality control strain
for MIC testing.
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Table 2 PCR Primers are Used for PCR Assays

PCR Product | Primer Description Primer Sequence

gyrB-RT-F RT-qPCR ACATTACAGCAGCGTATTAG

gyrB-RT-R RT-qPCR CTCATAGTGATAGGAGTCTTCT

icaA-RT-F RT-qPCR GTTGGTATCCGACAGTATA

icaA-RT-R RT-qPCR CACCTTTCTTACGTTTTAATG

icaD-RT-F RT-gPCR TGTTTAGTTGTTCTACTCGTTTA

icaD-RT-R RT-gPCR CTCTTCCTCTCTGCCATT

icaB-RT-F RT-gPCR CCTATCCTTATGGCTTGATGA

icaB-RT-R RT-qPCR CATTGGAGTTCGGAGTGA

icaC-RT-F RT-qPCR AATGGAGACTATTGGAA

icaC-RT-R RT-qPCR AAAGAATGAGAAAGC \TC

atl-RT-F RT-qPCR

atl-RT-R RT-qPCR

IytM-RT-F RT-qPCR

IlytM-RT-R RT-qPCR

sle | -RT-F RT-qPCR

sle I-RT-R RT-qPCR

desKR-U-F Gene knockout GGGGAC GCAGGCTAATCATAATGGCACTATCAA
desKR-U-R Gene knockout TTTG AGATCCAGCCATAGACGATATTTCAGCAAT
desKR-D-F Gene knockout TGC TATCGTCTATGGCTGGATCTAAATACAAA
deskKR-D-R GTACAAGAAAGCTGGGTACGCACTATGGTTATTATG

desKR-C-F CGCGGATCCGCAATAGCGATATTAGTTAT

desKR-C-F CCCAAGCTTGTATTTAGATCCAGCCTTT

Mouse Bloodst
Age-matched (6 d-type (WT) BALB/c mice were purchased from Yangzhou University with

fugation, washed thrice with sterile PBS, and resuspended in PBS. Subsequently, 100 pL of PBS
ony-forming units (CFU) was injected into the tail vein, with sterile PBS serving as a control to

collected by
containing 1x10°
exclude the effects of'the solvent and the operation. Following inoculation, the health status of the mice was continuously
monitored and survival rates were recorded over a 7-day period.

Skin Abscess Model

Forty 6-week-old female BALB/c mice were randomly divided into four groups, with ten mice in each group. After preparing the
bacterial suspensions as described above, 100 uL of 1x10” CFU was injected subcutaneously into the flank of each mouse.
Control mice received 100 pL of sterile PBS. Abscess size was measured 48 h later using the formula A =t x (L x W),
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where L and W are the length and width, respectively. Following euthanasia, the skin tissues were dissected and homogenized, and
the bacterial load was quantified by serial dilution on blood agar plates.

Nasal Colonization Model

The nasal tissue colonization experiment was conducted with modifications to previously described methods.”® Forty
6-week-old female BALB/c mice were randomly divided into four groups, with ten mice in each group. Each received
a 30 pL droplet containing 1x10” CFU of NCTC8325, AdesKR, or AdesKR-C in their nostrils. Control mice received 30
pL of sterile PBS. After 48 h, the mice were euthanized, nasal tissues were collected and decontaminated with 70%
ethanol, homogenized, diluted, and plated on blood agar for overnight incubation to count CFU.

Growth Curves Assay and Viable Cell Count
Log-phase S. aureus strains NCTC8325, AdesKR, and AdesKR-C were inoculated into TSB
shaking at 220 rpm. Sterile TSB served as a control. Bacterial growth was monitored by
600 nm over a 24-hour period. After 24 h of growth, bacterial suspensions were seri
plates. Following overnight incubation, CFU were counted to determine vial
performed in triplicate.

Crystal Violet Staining Assay
S. aureus strains NCTC8325, AdesKR, and AdesKR-C were cultured ®verni a0 TSB at
The cultures were diluted 1:200 in TSBG (containing 0.5%
incubation at 37°C for 24 h, the supernatant was discarded a

7°C with shaking (220 rpm).
and werSg@dded to sterile 96-well plates. After

the biofilmg were gently washed three times with sterile
PBS. The plates were air-dried and the biofilms were fix us methanol for 10 min. The liquid was

discarded and the biofilms were stained with crystal violet (C , China) for 20 min. The plates were gently

al density was measured at 600 nm. S. aureus
and S. epidermidis ATCC 12228 served as negative

washed with running water and air dried at room
ATCC 29213 served as a positive control, whereas
controls. The experiments were repeated thzamatimes.

®

ass-botto

Confocal Laser Scanning
S. aureus biofilms were preparedd

M) Analysis

cell culture dishes (FCFC020, Biyuntian, China) under culture
e biofilms were washed three times with sterile PBS and stained with 500
¥ 9 (Thermo Scientific, United States) and 0.067% propidium iodide
ere incubated in the dark for 30 min. The biofilm structure was observed using

BS, biofilms were scraped, resuspended in 500 uL EDTA (0.5 M, pH 8.0), and boiled. Supernatants were
oteinase K, spotted onto methanol-activated PVDF membranes, blocked, and probed with WGA-HRP.
Detection was d®he using ECL, and grayscale values were analyzed with Image].

Extracellular DNA (eDNA) Quantification Assay

Isolation and quantification of eDNA were performed as previously described.*® S. aureus strains NCTC8325, AdesKR, and
AdesKR-C were cultured in six-well plates as described above. After biofilm formation and subsequent processing, the
biofilms were resuspended in 500 pL of EDTA (0.5 M) and placed on ice for 1 h. Next, the biofilms were resuspended in buffer
(50 mM Tris-HCI, pH 8.0; 10 mM EDTA, 500 mM NacCl). The samples were centrifuged at 16,000 rpm for 10 min and the
supernatant was transferred to new tubes. Equal volumes of phenol-chloroform-isoamyl alcohol (25:24:1) and chloroform-
isoamyl alcohol (24:1) were added. After thorough mixing, the samples were stored at —20°C overnight, and 10% 3M sodium
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acetate ethanol was added. Subsequently, the eDNA was collected by centrifugation at 16,000 rpm for 10 min, washed with
75% ethanol, and dissolved in TE buffer. The eDNA was quantified using a NanoDrop 2000 spectrophotometer. Relative
eDNA secretion was determined by dividing the total eDNA (ng) by the biofilm ODgqq value.

Autolysis Assay

To determine the effect of desKR deletion on S. aureus autolysis, an autolysis assay was performed as previously
described.>? Briefly, log-phase cultures of S. aureus NCTC8325, AdesKR, and AdesKR-C were centrifuged, washed twice
with sterile distilled water, resuspended in 50 mM Tris-HCI buffer (pH 7.5) containing 0.05% (v/v) Triton X-100, and
adjusted to an ODg of 1.0. The suspensions were incubated at 37°C with shaking at 220 rpm. The ODg(, was measured
every 1 h for 5 h to monitor the autolysis.

Reverse Transcription Quantitative PCR (RT-qPCR)
S. aureus strains NCTC8325, AdesKR, and AdesKR-C were cultured in TSBG at 37°C with sh: 4 h. Total
RNA was isolated using a Total RNA Purification Kit (Sangon Biotech, China), accordi N@gacturgd® protocol.
expression was normalized to the level of gyrB and calculated using the 27T methad. rformed using the
ChamQ Universal SYBR qPCR Master Mix (Vazyme) on a Roche LightCycler
shown in Table 2. Each reaction was performed in triplicate.

Statistical Analysis

All experimental data were analyzed by unpaired Student’s #-test
8.0 software (GraphPad Inc., San Diego, CA, USA). P<.05 was s
figures represent the standard deviation of the datase ean=s
**EEP<0001.

one-way AGNOVA (analysis of variance) using Prism

kstically corfdered to be significant. Error bars in the

ation). *P <.05, **P < .01, ***P<.001,

Results

Distribution of desKR in S.
We retrieved 15,626 S. aureus whol om the NCBI RefSeq database (on November 30, 2023).
Local BLAST analysis revealed th, SR, were present in 84.85% (13,259/15,626) and 85.34% (13,336/15,626)
WS. aureus strains showed that the carriage rates of desK and desR
varied among different se . The detailed distributions of desKR in different STs are listed in Table 3.
ction of ST398 (2/1180, 0.17%) and STS9 (1/229, 0.44%) strains, while
frequencies in ST398 (3/1180, 0.25%) and ST59 (1/229, 0.44%) strains. However, the

desR was similarly d

prevalence of des/gR i

desR. The he ides a more intuitive representation of the lineage-dependent prevalence of desKR.
@G for dgX

located upstrog

Structural DoMain Analysis of DesKR in S. Aureus
The desKR two-component system in S. aureus is composed of a histidine kinase, DesK, and a response regulator, DesR.
DeskK is a protein consisting of 363 amino acids, while DesR is composed of 200 amino acids. To understand the
potential functions of these proteins, we performed a detailed structural domain analysis using the SMART database.
DeskK was predicted to be a membrane-anchored protein characterized by five transmembrane (TM) domains, which
are crucial for spanning the cell membrane (Figure 2A and B). These TM domains suggest that DesK likely plays a role
in sensing environmental or membrane-associated signals. Structural analysis further revealed that DesK contains
a HisKA 3 domain (spanning residues 176-242), responsible for dimerization and containing a critical phosphoacceptor
histidine residue (Figure 2A and B). The presence of this domain is indicative of its role in signal transduction via
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Table 3 The Presence of desKR in Different STs

desK Positive Strains desR Positive Strains
MLST | No./total Percentage (%) | No./total Percentage (%)
ST5 2862/2946 97.15% 2903/2946 98.54%
ST8 2401/2449 98.04% 2435/2449 99.43%
ST22 1464/1486 98.52% 1474/1486 99.19%
ST398 2/1180 0.17% 3/1180 0.25%
ST105 629/634 99.21% 631/634 99.53%
ST239 314/351 89.46% 349/351 99.43%
ST45 341/349 97.71% 349/349 100.00%

STI 319/337 94.66% 330/337

ST30 327/337 97.03% 336/337

ST9 285/294 96.94% 292/294

ST59 11229 0.44% 11229

STI5 206/213 96.71%

ST36 2017201 100.00% 0/201

STI21 197/197 100.00% 197/197 100.00%

ST7 185/185 100.00% 5/185 100.00%

ST97 165/172 95.9 169/172 98.26%

STI88 145/148 147/148 99.32%
125/125 100.00%
124/125 99.20%
98/98 100.00%
2978/3570 83.42%
13,336/15,626 | 85.34%

regulator Des

DesR, the response regulator, is composed of two main domains: an REC (Receiver) domain (residues 2—115) and
a LuxR-type Helix-Turn-Helix (HTH) domain (residues 137-194) (Figure 2C and D). The REC domain functions as the
phosphoacceptor site, where it receives the phosphate group from the histidine residue in DesK. This phosphorylation
typically induces a conformational change in DesR, which is crucial for its regulatory function. The conformational
change activates the LuxR-type HTH domain, enabling DesR to bind to specific DNA sequences in the promoters of
downstream genes. This binding is essential for the regulation of gene expression, either activating or repressing target
genes involved in biofilm formation and other cellular processes.
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2 o a5 selected, and strains GCF_000237125 (ST59) and GCF_000009585
(ST398) from NCBI were included for comparison. Black arrows indi lesK and'desR in NCTC 8325.

The Impact of desKR Deletjo Antibiotic Susceptibility

To further investigate the biologic desKR, we constructed a desKR deletion mutant (AdesKR) and its
complemented strain (AdesKR- imicrobial agents were determined using the broth microdilution
method. As shown in Table n of desKR resulted in a 2- to 4-fold increase in the MICs of oxacillin,
ampicillin, vancomycin, wever, the MICs of gentamicin, linezolid, levofloxacin, moxifloxacin,
erythromycin, tigecyc in, and clindamycin were not affected. These results indicate that desKR specifically

The Img S. aureus Acute Pathogenicity, Adhesion, Colonization, and
Growth

To investigate th&@fluence of desKR on the in vivo pathogenicity of S. aureus, we established a bloodstream infection
model. Thirty-six ho®s post-infection, the mortality rates of the mice in the NCTC8325, AdesKR, and AdesKR-C groups
were consistently 70%, with no statistically significant differences (Figure 3A). To assess the effect of desKR on the
ability of S. aureus to form skin abscesses, we established a mouse skin abscess model. As shown in Figure 3B, there
were no significant differences in the area of skin abscesses between the wild-type NCTC8325, AdesKR, and AdesKR-C
groups. Moreover, colony counting of the abscess tissues demonstrated no significant differences in the bacterial load
among the three groups (Figure 3C). Collectively, these findings suggest that the desKR two-component system does not
significantly affect acute pathogenicity of S. aureus.

Given that S. aureus nasal carriage is a well-established risk factor for subsequent infections, we also established
a mouse nasal colonization model to investigate the effect of desKR on the adhesion and colonization ability of S. aureus.
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12 3135 54 61 8387 104 124 146 176 242 275 361
—mn ™ ™ Pfam: HisKA_3 HATRase_c
1 363
B

HATRase ¢

T o
—

—
Pfam: HisKA_3 fTeRdwew

HTH LUXR

HTH LUXR

nalysis of DesKR. (A) Predicted domain of DesK based on SMART (http://smart.embl-
heidelberg.de/). (B) 3D protein simulation of DesK d & erver. (C) Predicted domain of DesR based on SMART. (D) 3D protein simulation of

30 pL of a suspension containing 1.5x10” CFU of S. aureus, the CFU
count in the nasal tiss ificantly lower bacterial burden in mice infected with AdesKR compared to the

burden in the miS{Q with AdesKR-C was comparable to that in the control group. These results indicate that

desKR play e i

Table 4 MIC Determination of
Antibiotics for NCTC8325 and AdesKR

Antibiotics | NCTC8325 | AdeskR
Oxacillin 0.125 0.25
Ampicillin 0.125 0.5
Gentamicin 0.5 0.5
Linezolid 4 4
Vancomycin 0.5 2
(Continued)
Infection and Drug Resistance 2024:17 htps: 4045

Dove!


http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
https://www.dovepress.com
https://www.dovepress.com

Ma et al Dove

Table 4 (Continued).

Antibiotics | NCTC8325 | AdeskR
Levofloxacin | 0.125 0.125
Moxifloxacin | 0.25 0.25
Erythromycin | 0.5 0.5
Clindamycin 0.125 0.125
Teicoplanin | 2
Tigecycline 0.125 0.125
Rifampicin 0.125 0.125
To rule out the possibility that the desKR two-component regulatory system reduc i fS. aureus

by affecting its normal growth, we evaluated the growth curves at 37°C. As i no significant
differences were observed in the growth trends of NCTCS8325, AdesKR, or Ad, . e viable bacterial

A B C
. 2.5%107+
R 100 P . .
T 8 2x107
S 754 3
§ £ 1.5x1071
C
G 50 —e- NCTC8325 = 7]
2 —+ AdeskR _— g Ll
§ 25 —+ AdeskR-C * &5 5x10°
] PBS
o 0 1 T 1 0
0 12 24 36
Time (h) /\0‘9
L
D F
40000 g 1.5 2x1010
(=3
g o
_, 30000 5 oo E1.5%1071
=i g —— NCTC8325 2
= 20000 < —— AdeskR 9 1x1070-
|3 = =
®)] 205_ —— AdesKR-C %
50. ko)
10000+ = TSB > 5x10%-
<
153
g
0 1 1 1 OOO LIl LI 1 1 1 1 L] 1 1 0 1 1 1
0 2 4 6 81012141618202224
R SIS | S N
IS, & B Time (h) & o B3
D v ® N v ®
S v < v

Figure 3 Impacts of deskR deletion on S. aureus virulence, adhesion, colonization, and growth. (A) Mouse bloodstream infection model. Kaplan-Meier estimates of survival
in mice infected with S. aureus NCTC8325, AdeskR, and AdesKR-C. Sterile PBS was used as a control to exclude the influence of solvents and manipulation. (B) Mouse skin
abscess model. Skin abscess area in mice (n=10 per group) two days after infection with S. aureus NCTC8325, AdeskR, and AdeskR-C. (C) Bacterial burden in mouse abscess
homogenates determined by serial dilution and culturing on blood agar plates. (D) Mouse nasal colonization model. Bacterial burden in nasal tissues of mice (n=10 per
group) 48 hours after infection with S. aureus NCTC8325, AdesKR, and AdeskKR-C. (E) 24-hour growth curves of S. aureus NCTC8325, AdeskR, and AdesKR-C. (F) Colony-
forming units of S. aureus NCTC8325, AdesKR, and AdeskR-C cultures following 24 hours of incubation. ****P <0.0001.
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nasal colonization by the AdesKR strain is not attributable to impaired growth but rather to a specific effect on adhesion
and colonization.

AdesKR Exhibits Significantly VWeakened Biofilm Formation Ability

Adhesion to biological and non-biological surfaces is the first step in the formation of S. aureus biofilms. To investigate
the effect of desKR on biofilm formation by S. aureus, we conducted a semi-quantitative crystal violet assay. As depicted
in Figure 4A, crystal violet staining revealed that both NCTC8325 and AdesKR-C formed distinct adhesions with ODggq
values of 2.91 + 0.04 and 2.88 + 0.10, respectively. In contrast, the adhesion formed by AdesKR was considerably

A B

NCTC8325

:
®
©

E i

=)

o % % % %k

g | —

] 34 Sy har W
— L d
a

S 2

g -

i

‘B

5

S - 4

<

2

=

j=B

S o0

o) @
S ) S
A
® Vo
o D
IS * kK = * ok Kk
c 2.0 1.59
S S —
g g -
© ©
a 107
<
=, =2 -
§ € 0.5+
©
g E
§ 0.0+ . . § 00—+ . .
1 Q
ng’ W \(\?"O QP‘DQ/ ) \,\6Q \(\9’0
7 Q 3e° Q 3e°
Sla Q\/\E)Q s Q\>6°
o %P*ﬂ

Figure 4 Impacts of deskR on S. aureus biofilm formation ability. (A) Detection of biofilm formation ability of NCTC8325, AdesKR, and AdesKR-C using crystal violet staining
assay. (B) Confocal laser scanning microscopy images of biofilms formed by NCTC8325, AdeskKR, and AdeskR-C. (C) Impacts of desKR overexpression on the biofilm
formation ability of clinical strain SA27 (ST59). (D) Impacts of deskR overexpression on the biofilm formation ability of clinical strain SA42 (ST398). ***P < 0.0001.
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weaker, with an ODg, value of 1.04 £ 0.10. Notably, the amount of biofilm formed by AdesKR was reduced by 64.4%
compared to NCTC8325 (P < 0.0001), highlighting the significant impact of desKR on biofilm formation.

To further elucidate the changes in biofilm formation at higher resolutions, CLSM analysis was employed. To
differentiate between live and dead cells within the biofilm, we utilized a fluorescent dye staining technique, wherein
SYTO9 dye was used to stain live bacteria green, whereas propidium iodide dye penetrated the membranes of dead cells,
causing them to appear red. As illustrated in Figure 4B, the biofilms formed by NCTC8325 and AdesKR-C on glass
dishes comprised a large number of live and dead cells, forming dense biofilm structures. In stark contrast, the biofilm
structure of AdesKR was sparse, with few accumulations of cell clusters and only a small number of live and dead cells
attached to the culture surface. These findings strongly suggest that desKR plays a crucial role in promoting the formation
of S. aureus biofilms, and that its deletion significantly impairs biofilm development.

Overexpression of desKR Enhances Biofilm Formation Ability in ST,

Strains
To investigate whether promotion of S. aureus biofilm formation by deskKR is a nism, we
expressed desKR in strains lacking the desKR gene. We selected one ST398 STS9 strain
(SA42) of S. aureus. Both strains were isolated from bovine subclinical masig#y )

confirmed that SA27 and SA42 did not carry the desKR gene. We electr ctor pLISO and the
complementation plasmid pLI50-desKR-C into the SA27 and SA42 strai a crystal violet staining
experiment to detect changes in their biofilm formation ability. As shown in Figu and D, overexpression of desKR

in the ST398 and STS9 strains significantly enhanced their biofil
ability of SA27: pLI50-desKR-C (1.76 + 0.04) was significantly h
+ 0.03) (P < 0.0001). Similarly, the biofilm forming ability of
higher than that of the control group SA42: pLI50 (Q
introduction of desKR into strains naturally lacking this em can enhance biofilm formation regardless

f the control group SA27: pLI50 (1.005
sKR-C (1.32 + 0.03) was significantly
1). These results demonstrate that the

of the specific lineage.

desKR Affects the Synthesis g elease of eDNA
PIA and eDNA are important compo A m matrix. To investigate the mechanism by which desKR
affects biofilm formation, we used assay to quantify PIA production in biofilms. As shown in Figure 5A,

compared to the wild-type straj production of AdesKR was significantly reduced, while the PIA
production of AdesKR-C w. estored. To determine whether desKR affects eDNA release, we extracted
eDNA and performed q shown in Figure 5B, the amount of eDNA released by the AdesKR strain

Cell lysis ig .1 the release of eDNA, which plays a key role in biofilm development. The autolysis
assay offerg Q whether desKR modulates cell wall integrity or autolytic activity, both of which are
crucial for 20 nd stability. To further assess the effect of desKR on eDNA release in S. aureus, we used

gduce autolysis. As shown in Figure 5C, the autolysis rate of AdesKR between 2—4 h was slightly lower
85 and AdesKR-C.

Triton X-100 to
than that of NCT

desKR May Primarily Affect the Biofilm Formation Ability of S. aureus by Influencing

the Expression of the ica Operon

To investigate the mechanism by which desKR regulates biofilm formation in S. aureus, we used RT-qPCR to analyze
differences in gene transcription. As shown in Figure 6, in AdesKR, the four genes of the ica operon (icad, icaD, icaB,
icaC) that encode PIA biosynthesis were downregulated to 17.03%-19.44% of the NCTC8325 levels (P < 0.0001). In
contrast, icaR, which can directly negatively regulate the expression of the ica operon, was significantly upregulated to
5.48 times that of NCTC8325 (P < 0.0001). The expression of these genes in the AdesKR-C strain was restored to levels
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Figure 5 Impacts of deskR deletion on S. aureus biofilm
eDNA in S. aureus NCTC8325, AdesKR, and AdeskR-

PIA production of S. aureus NCTC8325, AdeskR, and AdeskKR-C. (B) Quantification of
reus NCTC8325, AdeskR, and AdeskKR-C. *P < 0.01; ***P <0.0001.
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Figure 6 RT-qPCR detection of the impacts of deskR deletion on the expression of biofilm-related genes. The relative expression level of the wild-type strain NCTC8325
was set to |. ¥¥P <0.0001.

similar to those in the wild-type strain. Furthermore, we detected the expression levels of autolysis-related genes,
including at! encoding autolysin, /ytM encoding endopeptidase, and sle/ encoding l-lysine aminopeptidase. The results
showed that, compared with NCTC8325, the expression levels of atl, IytM, and slel in AdesKR and AdesKR-C were not
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significantly changed. Therefore, we concluded that desKR primarily changes the biofilm formation ability of S. aureus
by affecting the expression of the ica operon.

Discussion

The emergence and rapid spread of antibiotic-resistant S. aureus pose significant threats to public health worldwide.*
The ability of S. aureus to form biofilms further exacerbates this problem, as biofilm-associated infections are notoriously
difficult to treat due to their increased tolerance to antibiotics and host immune responses.” Therefore, a deeper under-
standing of the molecular mechanisms governing biofilm formation in S. aureus is crucial for developing effective
strategies to combat biofilm-related infections. In this study, we investigated the distribution and biological functions of
the desKR two-component system in S. aureus. Our bioinformatic analysis revealed that the prevalence of desKR varies

that the acquisition and maintenance of desKR may be influenced by lineage-specific evolutiq

Protein structural analysis revealed that DesKR possesses the typical structural
regulatory system, including the transmembrane domain of HK, His dimerization ph
domain, and the receiver and effector domains of RR. These structural domains fo
the two-component regulatory system.> The presence of transmembrane domai

type HTH domains in DesR indicate their role as transcriptional regul
response to the signal sensed by DesK.*¢

Two-component systems (TCSs) in bacteria, including S. auz sing environmental stress and
or instance, is well-documented for its
*8-39 Building on this, it is reasonable to

lating genes involved in peptidoglycan

constructed a desKR deletion mutant and performed an tibility assays, which revealed that desKR sig-
nificantly influences the resistance of S. aure d glycopeptides. Notably, the MIC for antibiotics that do
i inolones) remained unchanged. This suggests that desKR
does not broadly affect antibiotic r - cxerts a specific regulatory effect on cell wall-targeting
antibiotics. These results support t hat desKR modulates pathways directly involved in cell wall synthesis

or modification, which are the actam and glycopeptide antibiotics. This finding is consistent with
previous reports implicatin systems in the regulation of antibiotic resistance in S. aureus.*® However,
the precise molecular desKR influences antibiotic resistance remain to be elucidated. Future
studies should focus & i#nc the downstream targets of desKR and unravel the regulatory networks that link this

two-component

a well-estab
persistence of eus in the host, potentially increasing the risk of infection. This highlights the potential of desKR
as a novel strategy WPprevent S. aureus colonization and subsequent infections.

One of the most striking findings of our study was the significant effect of desKR on the biofilm forming ability of
S. aureus. The deletion of desKR resulted in a 64.4% reduction in biofilm formation, whereas overexpression of desKR in
the ST398 and ST59 strains, which naturally lacking this two-component system enhanced their biofilm formation ability.
These results demonstrate that desKR is a key regulator of biofilm formation in S. aureus, and its presence or absence can
significantly influence the biofilm forming capacity of S. aureus, regardless of the specific lineage. The ability of desKR
to enhance biofilm formation in diverse genetic backgrounds highlights its potential as a target for anti-biofilm strategies
and underscores the importance of further investigating the molecular mechanisms by which it regulates this critical

aspect of S. aureus pathogenesis.
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Our study further revealed that desKR affects the synthesis of PIA and the release of eDNA, two essential components
of the S. aureus biofilm matrix.** These results suggest that desKR may promote the synthesis of PIA and release of
eDNA in S. aureus. The reduction in PIA production in the AdesKR strain is consistent with the observed impairment in
biofilm formation, as PIA is a key component of the biofilm matrix that facilitates cell-cell adhesion and structural
integrity. The significant downregulation of ica operon genes in the AdesKR strain is consistent with the observed
reduction in PIA production and impaired biofilm formation. The ica operon is responsible for the synthesis of PIA
polysaccharide, which is a crucial component of the biofilm matrix. The concomitant upregulation of icaR, a negative
regulator of the ica operon, suggests that desKR may influence PIA synthesis by modulating icaR expression.
Furthermore, although we observed a slower autolysis rate in the AdesKR strain, the lack of significant changes in the
expression of autolysis-related genes (atl, [ytM, and slel) indicates that desKR does not influence autolysin production at
gd with the modest

the transcriptional level but may affect post-translational processing of autolysins. This finding

molecular basis of desKR-mediated regulation of biofilm formation in S. aureus.
DesKR represents a promising target for the development of novel anti-biofilm

significantly impact the treatment of biofilm-related infections

Our study had certain limitations. Although our research Wi sKR can regulate the expression of the ica
or indirect. Understanding the regulatory cascade t synthesis could provide valuable insights into
the complex network of factors that control biofilm aureus and may reveal new targets for anti-biofilm

therapies. Further investigation of the moleg s underlying desKR-mediated resistance to cell-wall-targeting

formation in S. aureus (Figure 7). The lineage-dependent distribution of
train-specific differences when studying the pathogenesis and antibiotic

ADP + Pi PIA synthesis
Biofilm
DesR — DesR®
Autolysis v —»eDNA release

Antibiotic susceptibility to B-lactams and glycopeptides

Figure 7 Schematic overview of the S. aurues DesKR two-component system and its regulatory effects on biofilm formation and antibiotic susceptibility.
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Abbreviations

CLSM, Confocal laser scanning microscopy; MIC, minimum inhibitory concentration; MLST, multilocus sequence typing;
NCBI, National Center for Biotechnology Information; STs, sequence type; SMART, Simple Modular Architecture Research
Tool; CFU: Colony-forming units; CLSM, Confocal Laser Scanning Microscopy; PIA, polysaccharide intercellular adhesin;
eDNA, extracellular DNA; TSBG, Tryptic Soy Broth containing 0.5% glucose; RT-qPCR, Real-time quantitative PCR.
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