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Mechanism of antibacterial and
antibiofilm of thiazolidinone
derivative TD-H2-A against
Staphylococcus aureus

Bingyu Du5, Fen Xue'+®, Hui Xu?, Rui Zhao?, Tiantian Zhang?, Shiqing Han?, Tao Zhu**",
Yefei Zhu'** & Yanfeng Zhao'™*

Staphylococcus aureus is one of the most common pathogens causing widespread infections. It has
been demonstrated that thiazolidinone derivative (TD-H2-A), a small molecule compound that
targets WalK protein through high-throughput screening, exerts antibacterial and anti-biofilm effects
on S. aureus. In this study, we further ascertained the impact of TD-H2-A on biofilms at different
stages. The phosphorylation assay and RNA sequencing were carried out to elucidate the underlying
mechanism. The results revealed that TD-H2-A inhibited WalK autophosphorylation, implying that the
antibacterial effect of TD-H2-A may be achieved by inhibiting the activity of WalK. The transcriptome
analysis showed that TD-H2-A treatment induced 994 differentially expressed genes (DEGs), of which,
481 were upregulated and 513 were downregulated. Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis revealed that 43 among 58 genes involved in ribosome synthesis were
upregulated, and the transcript levels of the genes responsible for membrane transport were altered
significantly. According to our research, TD-H2-A has an antibacterial mechanism with multitarget
and multipathway. This study provided new ideas for the development of new drug target screening
against S. aureus infections.
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Staphylococcus aureus, one of the most common human pathogens, can cause an extensive range of illnesses,
ranging from simple skin infections to major tissue infections and sepsis, depending on the invasion site, extent,
and the immune status of the host!2. S. aureus is the second-most prevalent pathogen among hospital-acquired
pneumonia cases. In Europe, 29.9% of S. aureus isolates were resistant to oxacillin>%. Owing to antibiotic
resistance and the lack of a viable vaccination, treatment of S. aureus, especially methicillin-resistant S. aureus
(MRSA) infections, has become more difficult and complicated5.

The formation of biofilms further complicates the treatment of S. aureus infections. Bacteria embedded in a
biofilm are in a low metabolic state or a stable growth phase, which is difficult to be penetrated by host defense
molecules and antibiotics. They can resist the host'’s immune response and escape killing by antibiotics. Their
resistance to antimicrobial agents can be 10 to 1000 times higher compared to their planktonic lifestyle®~. Biofilms
lead to the development of a persistent infection that is less susceptible and more resistant to environmental
stimuli. Biofilms are, therefore, an important target for the treatment of infections.

Bacteria utilize two-component signaling systems (TCSs) to perceive and respond to environmental changes,
which are crucial for the adaptation of pathogenic bacteria to their host environment!’. Among the 17 TCSs
identified in S. aureus, WalKR (YycFG) stands out as the sole TCS essential for bacterial viability'!. The WalK/R
signal transduction system has been demonstrated to regulate key cellular processes, including cell membrane
metabolism, cell wall synthesis, and biofilm formation in S. aureus'®2, After stimulation by the external
environment, the histidine protein kinase WalK is autophosphorylated, and the phosphate group is transferred
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to the cognate response regulator WalR. Phosphorylated WalR binds to the promoter region of the target genes
and modulates their expression'?.

Previously, we found that thiazolidinone derivative (TD-H2-A), a small molecule compound obtained via
high-throughput screening to target the WalK protein, possesses excellent bactericidal as well as antibiofilm
activity against S. aureus ATCC 35556 both in vitro and in vivo'*. However, the mechanisms underlying this
process remain unknown. In this study, we further ascertained the impact of TD-H2-A on biofilm development,
in addition, TD-H2-A was confirmed to inhibit the phosphorylation of His-WalK’ via an in vitro phosphorylation
inhibition assay with purified recombinant proteins. RNA-seq is a powerful tool for analyzing the adaptability
of bacteria under antibiotic selection pressure, elucidating the mechanism of antibiotics action, and identifying
novel drug targets'®. Therefore, we sought to investigate the antibacterial and antibiofilm mechanisms of TD-
H2-A against S.aureus using RNA-seq.

Results

Effect of TD-H2-A on S. aureus ATCC 35,556 biofilms

In previous study, we found that TD-H2-A (Figs. S1-S4) had potent bacteriocidal activities toward cells in
mature biofilms by assessing the inhibitory and bacteriocidal activities of it against S. aureus embedded in mature
biofilms!. In order to better understand the impact of TD-H2-A on the S. aureus biofilm at various stages, we
used Scanning electron microscopy (SEM) to study the effects of TD-H2-A on the biofilm development during
the initial attachment and the maturation phase. As illustrated in Fig. 1, on the initial attachment phase (6 h),
SEM images reveal that untreated cells exhibit pronounced biofilm formation on the glass surface. Vancomycin
demonstrated an inhibitory effect on bacterial biofilms. In contrast, upon 5xMIC TD-H2-A treatment, we
noticed that some cells presented rough and shrunken surfaces. TD-H2-A at 5xMIC significantly decreased
cellular aggregation on glass surfaces. In TD-H2-A treated group, S. aureus biofilms also showed a decrease at
the maturation phase (48 h).

Inhibition assay for walk part autophosphorylation

To confirm whether TD-H2-A inhibited the autophosphorylation activity of the WalK, we performed an in vitro
phosphorylation assay using a commercially available recombinant S. aureus WalK (Lys208-Glu608) protein
with an N-His tag. This assay utilized an ATP kit that quantitatively measures light produced by luciferase-
catalyzed enzymatic reactions. The remaining ATP amount is inversely proportional to kinase activity; higher
kinase activity results in less ATP and lower luminescence, while higher luminescence indicates more remaining
ATP. As shown in Fig. 2, we assessed the His-WalK’ protein’s ability to undergo autophosphorylation. The
luminescence value significantly decreased with the addition of His-WalK;, indicating that WalK indeed has
autophosphorylation activity. Next, we examined the effect of TD-H2-A on the autophosphorylation of the His-
WalK’ protein. The luminescence value was resorted to the level comparable to ATP control group after the drug

Fig. 1. SEM observation of the effect of different inhibitory concentration of TD-H2-A on S.aureus ATCC
35,556 biofilms structure at the initial attachment phase (6 h) or the maturation phase (48 h). SEM images of
biofilms taken at x5,000, x10,000 magnification, respectively.
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Fig. 2. The reaction system was composed of 4 ug His-WalK’ protein and 4 uM ATP, without His-WalK’
protein served as control. The effect of TD-H2-A on the His-WalK’ protein phosphorylation. All experiments
were performed with three biologically independent experiments, and the mean + SD is shown, *** indicates
$<0.0001.
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molecular was supplemented to reaction mixture, suggesting that TD-H2-A inhibited the autophosphorylation
of the His-WalK’ protein.

Differential expression analysis

In order to investigate the antibacterial mechanism of TD-H2-A in further detail, we used RNA-seq to conduct a
transcriptome study. Between the TD-H2-A-treated group and the 1% DMSO control group, the gene expression
analysis revealed a total of 994 significantly DEGs, of which 481 were downregulated, and 513 were upregulated
(Fig. 3). The top 15 upregulated DEGs (Table 1) were mainly genes related to drug efflux pumps in S. aureus, such
as mepA, mepB, and mepR (multidrug efflux MATE transporter MepA, MepB and MepR), farE (fatty acid efflux
MMPL transporter FarE), vraD, and vraE (peptide-resistance ABC transporter permease subunit).

Quantitative reverse transcription polymerase chain reaction (qQRT-PCR) validation of
selected DEGs

To verify the RNA-seq results, we randomly selected ten genes ndk, ugpC, gntK, sdpB, ftsL, ytkD, sdrC, sdrD,
vraD, vraE from the DEGs to detect their expression by qRT-PCR on the same samples. As shown in Fig. 4, the
DEGs validation results were consistent with the RNA-seq analysis, indicating that the RNA-seq analysis in this
work was highly accurate and reliable.

Gene ontology (GO) and KEGG enrichment analysis of DEGs

The GO classification was performed according to molecular function, biological process, and cellular
component; the top 10 GO term items with the smallest P-value, namely the most significant enrichment in
each GO classification, were selected, including rRNA binding, structural constituent of ribosome, ribosomal
subunit and so on (Fig. 5A). With the results of KEGG enrichment, the degree of enrichment was measured by
the Rich factor, False discovery rate (FDR) values, and the number of genes enriched by this pathway. The top
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Fig. 3. Volcano plot of DEGs. The two vertical dashed lines are the 2-fold expression difference threshold, and
the horizontal dashed line is the P=0.05 threshold. Red dots indicate the upregulated genes, blue dots indicate
the downregulated genes and gray dots indicate non-significant DEGs.

Scientific Reports|  (2025) 15:10380 | https://doi.org/10.1038/s41598-025-94571-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

TD-H2-A vs. 1%DMSO
Gene-ID Gene | Product Log,Fold Change
SAV_RS01855 | mepA | Multidrug efflux MATE transporter MepA 9.03
SAV_RS01860 | - MepB family protein 6.83
SAV_RS01850 | mepR | Multidrug efflux MATE transporter transcriptional repressor MepR 5.98
SAV_RS13920 | farE | Fatty acid efflux MMPL transporter FarE 5.71
SAV_RS14200 | - Aspartate aminotransferase family protein 5.05
SAV_RS14015 | - PTS transporter subunit IIC 5.04
SAV_RS14730 | vraD | Peptide resistance ABC transporter permease 4.94
SAV_RS07225 | - Hypothetical protein 4.52
SAV_RS05285 | clpB | ATP-dependent chaperone ClpB ubunit 4.46
SAV_RS13690 | - DUF2188 domain-containing protein 4.45
SAV_RS11215 | ilvD | Dihydroxy-acid dehydratase 4.32
SAV_RS05580 | - YxeA family protein 4.23
SAV_RS14735 | vraE | Peptide resistance ABC transporter permease subunit 4.20
SAV_RS01210 | - M23 family metallopeptidase 4.17
SAV_RS12940 | - YhgE/Pip domain-containing protein 4.17
SAV_RS13085 | - Hypothetical protein -6.49
SAV_RS07905 | ndk | Nucleoside-diphosphate kinase -5.55
SAV_RS01215 | ugpC | sn-glycerol-3-phosphate ABC transporter ATP-binding protein UgpC | - 5.19
SAV_RS07145 | - Hypothetical protein —-4.81
SAV_RS13675 | - GntR family transcriptional regulator -4.72
SAV_RS13670 | gntK | Gluconokinase - 4.66
SAV_RS01100 | - DUF871 domain-containing protein —4.56
SAV_RS01755 | - N-acetylneuraminate lyase —-4.50
SAV_RS13630 | sarU | HTH-type transcriptional regulator SarU —-4.49
SAV_RS06985 | - Aquaporin family protein -4.49
SAV_RS07090 | - Hypothetical protein —-4.48
SAV_RS01585 | - CHAP domain-containing protein —4.46
SAV_RS12615 | sdpB | CPBP family intramembrane metalloprotease SdpB -4.33
SAV_RS07900 | - Hypothetical protein —-4.20
SAV_RS05610 | - TM2 domain-containing protein -4.10
SAV_RS04090 | - Threonine/serine exporter ThrE family protein -393

Table 1. The top 15 up- and down—regulated DEGs.

20 KEGG pathways with the smallest FDR values and the most significant enrichment terms were selected for
display, including ribosome, ABC transporters, Lysine biosynthesis and so on. The results are shown in Fig. 5B.

Functional analysis of differentially expressed genes

Our previous study demonstrated that TD-H2-A has an inhibitory effect on the mature biofilms of S. aureus.
As shown in Fig. 6, TD-H2-A also affects the transcription of genes involved in biofilm formation in S. aureus.
In addition, the expression of numerous 50 S ribosomal protein and 30 S ribosomal protein genes were found
to be upregulated in the TD-H2-A treatment (Fig. 7A), indicating that the translation capacity of S. aureus was
significantly improved after the TD-H2-A treatment.

Furthermore, according to the sequencing data and bioinformatics analysis, the differentially expressed
genes were those involved in membrane transport. They mainly encode ABC transporters protein, the
phosphotransferase system (PTS), and the bacterial secretion system (Fig. 7B). The present findings are in line
with previous ones!, implying that TD-H2-A influences the cell membrane permeability of S. aureus.

Discussion
The present time is witnessing a global health crisis as a result of the rise in antibiotic resistance and the decline
in the discovery of new antibiotics'®. Multidrug-resistant S. aureus has become one of the major causes of
nosocomial and community-acquired infections. Thus, it is extremely urgent to explore innovative and highly
efficient antibacterial agents with novel antimicrobial modes of action in response to bacterial drug resistance.
The two-component system WalKR is essential for cell viability, and it plays a role in S. aureus virulence. The
knockout strain of this system was not successfully constructed by homologous recombination!”!8. Standard
treatments for multidrug-resistant S. aureus infections include vancomycin, linezolid, daptomycin, and beta-
lactams!®. The WalK mutation was detected in both vancomycin- and daptomycin-resistant strains?*2!. This
finding also indicates that the WalK histidine kinase is a promising antibacterial target. We hypothesize that
the thiazolidinone derivative interacts with S. aureus WalK-HK to exert its bactericidal effect. Drug molecules
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Fig. 4. Validation of DEGs in S. aureus ATCC 35,556 treated with TD-H2-A using qRT-PCR. All assays were
performed with three biologically independent experiments, and the mean + SD is shown.
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Fig. 5. (A) GO enrichment results for DEGs, (B) KEGG enrichment results for DEGs.

are more likely to bind in the CA domain, which results in blockade of ATP binding. Using an in vitro
phosphorylation inhibition assay, we found that TD-H2-A inhibits the auto-phosphorylation of the His-WalK’
protein. However, we are unable to complete the TD-H2-A in vitro binding experiment as the amount of the
recombinant protein we obtained was limited.

An ideal antibiotic would be hard to develop resistance. Despite the fact that antibiotics that are not prone
to induce resistance are attractive clinically, the most common method for characterizing mechanisms of action
(MOA) is to select resistant mutants. This makes it a major challenge to investigate the antimicrobial mechanisms
of new antibiotics without resistant mutants!®. The minimum inhibitory concentration (MIC) of TD-H2-A for
S. aureus HGOO1 isolate was 6.5 pg/mL. In the previous resistance experiment, TD-H2-A did not led bacteria
to develop drug resistance, and no mutations in the walK gene were detected in the sequencing results'®; thus,
WalK could not be identified as the only target of TD-H2-A. The antibacterial and antibiofilm activities of TD-
H2-A may be due to a multifactorial mechanism.

Subsequently, we performed transcriptome analyses to unveil the underlying mechanisms of TD-H2-A
action on S. aureus. Surface attachment is the first stage of biofilm formation. At this stage, the planktonic
staphylococcal cells attach to biotic or abiotic surfaces. During infection, S. aureus mainly encounters biological
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Fig. 6. DEGs associated with the biofilm.

surfaces covered with the host’s matrix, including fibrinogen, fibronectin, vitronectin, and collagen. Cell-wall-
anchored proteins, the best-characterized members of the microbial surface components that recognize adhesive
matrix molecules (MSCRAMM), facilitate binding to these biotic surfaces?’. Some MSCRAMMs are believed
to promote biofilm formation by mediating initial attachment to host matrix components, which include the
serine-aspartate repeat protein family (SdrC and SdrD)*?%, Except for the abovementioned interactions with
the components of the host matrix, SdrC could also promote S. aureus to attach to abiotic surfaces?>?°. The sdrC
and sdrD genes were significantly downregulated in the TD-H2-A-treated group.

The attached bacteria then multiply and form microcolonies on the surface. In the next stage, these
microcolonies develop into distinct structures and form a biofilm. Cell proliferation into clusters and the
further formation of biofilm layers are mediated by the production of intercellular polysaccharide adhesin,
which constitutes the major component of the staphylococcal biofilm and is synthesized by proteins encoded
by icaADBC*"®8. The downregulation of icaC demonstrated that TD-H2-A attenuates S. aureus microcolony
aggregation. Biofilm formation is a social group behavior, and every step, from the initial attachment to the
dissemination of the mature biofilm, is strictly regulated?. In this experiment, the expression levels of some
genes related to the regulation of biofilm formation in S. aureus were changed, including lytR, IrgA (encoding
murein hydrolase regulator), sigB (encoding RNA polymerase sigma factor), and isaA.

Compared to the untreated growth group, a large number of genes related to membrane transport were
differentially transcribed in the TD-H2-A-treated group, including ABC transporters, the phosphotransferase
system (PTS), and the bacterial secretion system. Numerous studies have confirmed that the ABC transport
system is responsible for bacterial nutrient uptake and efflux of toxins and antibiotics, as well as playing a
potentially pathogenic role in infection of the host*®. Furthermore, genes encoding proteins associated with
the PTS transport system were found to be altered in the presence of TD-H2-A. PTS generally phosphorylates
various sugars and their derivatives via phosphocascade and then transports them into the cell’!. In addition,
the inhibition of the PTS transport system is associated with retarded bacterial growth®2. ABC transporters have
been discovered to influence the lipid makeup of the membranes in which they are lodged, in addition to their
notable impacts on drug efflux?>-%. In previous research, using the LIVE/DEAD™ BacLight™ Bacterial Viability
Kit for microscopy and quantitative assays, we found that TD-H2-A treatment could increase the membrane
permeability of S. aureus'.
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Fig. 7. (A) DEGs associated with the ribosome. (B) DEGs associated with cell membrane permeability.

We found that there might be another distinct MoA contributing to TD-H2-A’s antimicrobial action in
addition to membrane perturbation. GO and KEGG enrichment analysis revealed that treatment by TD-H2-A
led to remarkable upregulation of numerous genes encoding 50 S ribosomal subunits and 30 S ribosomal
subunits, which were all enriched in the ribosome pathway. Ribosomes, which translate genetic information into
amino acid sequences, are critical organelles for the survival and growth of bacteria®. The bacterial ribosome is
one of the most important targets of antibacterial agents. So far, approximately 60% of the approved antibacterial
agents work by targeting ribosomes®”. Research proves that peptidomimetic antibiotic 10 showed potent killing
of multiple drug-resistant gram-negative bacteria, KEGG enrichment analysis revealed that treatment by 10
led to large up-regulation of numerous genes encoding 70 S ribosomal subunits that all were enriched in the
ribosome pathway. Additional in vitro translation assay proved compound 10 was able to potently inhibit protein
synthesis of E. coli 70 S ribosome>®®. We hypothesize the bacterial 70 S ribosome as a possible intracellular target
of TD-H2-A.

Most notably, we discovered that, in the TD-H2-A-treated group, the most significantly downregulated gene
was ndk(46.7-fold change). The ndk gene encodes the diphosphate kinase, which is in charge of keeping the
intracellular pool of nucleoside triphosphate (NTP) stable®. NTPs are essential for microbial growth, signal
transduction, and pathogenicity?’. Datas indicate that it is a critical novel host-responsive gene required for
coordinating the virulence of P. aeruginosa during acute infection*!. Therefore, it is worthwhile to investigate
whether ndk has a similar function in S. aureus. We are currently constructing mutant strains of S. aureus ndk
for further investigation.

In summary, our results demonstrated that the antibacterial mechanism of TD-H2-A might be a multitarget
mode that affects several molecular pathways in S. aureus (Fig. 8), suggesting that it is a promising candidate for
developing a new antimicrobial agent.

Materials and methods

Bacterial strains and compounds

S. aureus ATCC 35,556 was donated by the Department of Infection Biology (University of Tubingen, Germany).
The compound used in this study (TD-H2-A; the purity was 95%) was dissolved in dimethyl sulfoxide (DMSO;
Amresco, USA) up to 5 mM for use as a stock solution. TD-H2-A was designed and produced in cooperation
with Nanjing Tech University. (Refer to the Supplementary Materials for further details on TD-H2-A).

Scanning electron microscopy (SEM)

An overnight culture of S. aureus ATCC 35,556 was inoculated into polystyrene 24-well plates, and incubated
for 6-48 h. Then DMSO, vancomycin (10 pg/mL) or 5xMIC TD-H2-A were added into each well, and incubated
for 16 h. The cells were fixed with 2.5% glutaraldehyde at 4 °C for at least 12 h and then washed three times
with PBS. Samples were fixed with 1% osmic acid solution. After aspiration and discarding osmic acid solution,
the samples were rinsed again three times with 0.1 M, pH 7.0 PBS solution for 15 min each time. Dehydration
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Fig. 8. Illustration of the antimicrobial mechanism of TD-H2-A.

was carried out with 30%, 50%, 70%, 80%, 90%, 95% and 100% ethanol sequentially with 10 min each time.
After drying, the plates were plated with gold and examined under a scanning electron microscope [JSM-7900 F
(JEOL)].

Inhibition assay for walk protein autophosphorylation

WalK (Lys208-Glu608) protein with an N-His tag was purchased from Wuhan Chemstan Biotechnology Co., Ltd.
The inhibitory activities of the compound TD-H2-A on the ATPase activity of the WalK protein were measured
by using the Kinase-Lumi™ Luminescent Kinase Assay Kit (Beyotime Co., Ltd., Nanjing, China). Briefly, 4 ug of
purified WalK protein was preincubated with a series of dilutions of TD-H2-A in a reaction buffer (40 mM Tris,
20 mM MgCl, and 0.1 mg/mL BSA, pH 8.0) at 25°C for 30 min, then 4 uM ATP was added and incubated for
30 min at room temperature, after which the Luminescent Kinase Reagent was added to detect the remaining
amount of ATP, as reflected by the luminescence intensity (RLU). In parallel, WalK protein, with no addition
of TD-H2-A, was used as the control, while ATP alone was used as a blank. The rate of inhibition of protein
phosphorylation (Rp) by TD-H2-A was calculated using the following equation:

__ RLU (Protein + compound + ATP + Reagent) — RLU (Protein + ATP + Reagent )

1
RLU (ATP + Reagent) — RLU (Protein + ATP + Reagent ) x 100%

Rp

The 50% inhibition concentration (IC50) values for TD-H2-A inhibition of WalK protein phosphorylation were
obtained by using GraphPad Prism 10.

RNA-seq analysis

S. aureus ATCC 35,556 strain was cultured in TSB at 37 °C for 12 h. The abovementioned overnight culture
of S. aureus ATCC 35,556 strain was inoculated at 1:100 in 3 mL of TSB medium. After approximately 4 h of
37 °C 200 rpm shaking incubation (OD,=0.6-0.8), 1x MIC TD-H2-A was added for 15 min. For the negative
control, the bacteria were inoculated in 1% DMSO. Three biological repeated samples were prepared for each
strain. RNA-seq was performed by Personalbio Co., Ltd. (Nanjing, China). The number of successful reads was
quantified and assessed by Personalbio Co., Ltd. The DEGs were analyzed by the software DESeq.

We used DESeq for differential analysis of the gene expression and screened the DEGs in the following ways:
expression difference multiple |Log,FoldChange| > 1, significant P<0.05. The volcano map of DEGs was plotted
by the ggplots2 software package in R language. GO enrichment analysis of DEGs was performed using the R
package topGO. The list of genes and the number of genes were calculated for each term using the GO term-
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Gene | Primer
Forward 5°- TGGAACTTGCTGAAACACATTATGG -3

ndk Reverse 5’- TTGCGAACACTGGTGCTGATG -3’
Forward 5°- ATATGGCATTTGGGCTAAAGCTACG -3’

uepC Reverse 5’- TGACGCTGTCCACCAGATAACG -3’
Forward 5’- GTTTGTTATTGGTGCGAGTGATGGG-3’

gk Reverse 5- GTACCGATTGTGACAGCAACTTCTC -3’
Forward 5°-GCACTCACAATTGCAGCTTACATAG-3

sdpB Reverse 5’- TGCGCCAATCCCAATCGTATATG-3
Forward 5-TGCGCCAATCCCAATCGTATATG-3’

fist Reverse 5’- CATCCCCTGTTTCTTAGCCTTTTCG -3
Forward 5- CAGCAGGGCCAGTGTTGTTTAAC-3’

YD Reverse 5’- ATCCAAGTGATTGCACCCTCTCTAC-3
Forward 5°- AAGTGGTCATGAAGCTAAAGCGGC -3’

sdrc Reverse 5’- CTGATCTGCAGTTGCAGTTTGCGT-3
Forward 5- GCAGATGGTGGCGAAGTTGACG -3’

sdrD Reverse 5’- CACTGTCTGAGTCTGAGTCGCTGT-3’
Forward 5’- CCAACAGGCGCACTCGACTC -3’

vrab Reverse 5’- GCTGCAACCGGATCATGTGTAAC -3’
Forward 5°- AAACGCATAGGCTTTACGCATACAG -3’

vrak Reverse 5’- AATGCTATTGCGGCGAATACTGC -3’
Forward 5> CCAGGTAAATTAGCCGATTGC -3’

o8 Reverse YATCGCCTGCGTTCTAGAGTC-3

Table 2. Primer sequences for quantitative RT-PCR.

annotated differential genes. Then, the P-value (significant enrichment was defined as P <0.05) was calculated
by using a hypergeometric distribution method to identify the GO terms that were significantly enriched for the
differential genes relative to the whole genomic background so as to determine the main biological functions
performed by DEGs. Based on the KEGG enrichment analysis*>** of the differentially expressed genes, the top
20 pathway with the p-value minimum that is the most significant enrichment were selected for display.

gqRT-PCR

S. aureus ATCC 35,556 strain was cultured in TSB at 37 °C for 12 h. The abovementioned overnight culture
of S. aureus ATCC 35,556 strain was inoculated at 1:100 in 3 mL of the TSB medium. After approximately 4 h
of shaking incubation at 37 °C and 200 rpm, 1xMIC TD-H2-A was added and incubated for 15 min. Tubes
containing bacteria inoculated with 1% DMSO served as control. RNA extraction was performed according
to the manufacturer’s instructions (EASYspin Plus Bacterial RNA Rapid Extraction Kit, Proteinbio, Nanjing).
Next, extracted RNA (1 ug of each) was used as the template for cDNA synthesis by using the TRUEscript
RT MasterMix (OneStep gDNA Removal) (Proteinbio). qRT-PCR was performed by using the SYBR Green II
(Proteinbio) and Roche LightCycler 480 Fluorescence quantitative PCR instrument. The primer pairs used for
qRT-PCR are listed in Table 2, with gyrB as the endogenous gene. The data were analyzed using a previously
described relative quantitative (2744), fold changes in the gene expression were calculated, and the RNA
transcription levels of biofilm-related genes were obtained. Three biological replicates and three technical
replicates were performed for each gene tested.

Data availability
All data generated or analysed during this study are included in this published article. The RNA sequencing data
can be found at PRINA1154930 from Sequence Read Archive (SRA, https://www.ncbi.nlm.nih.gov/sra).
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