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Abstract

Our previous studies revealed the existence of a Universal Receptive System that regulates interactions between cells
and their environment. This system is composed of DNA- and RNA-based Teazeled receptors (TezRs) found on the sur-
face of prokaryotic and eukaryotic cells, as well as integrases and recombinases. In the current study, we aimed to pro-
vide further insight into the regulatory role of TezR and its loss in Staphylococcus aureus gene transcription. To this end,
transcriptomic analysis of S. aureus MSSA VT209 was performed following the destruction of TezRs. Bacterial RNA sam-
ples were extracted from nuclease-treated and untreated S. aureus MSSA VT209. After destruction of the DNA-based-,
RNA-, or combined DNA- and RNA-based TezRs of S. aureus, 103, 150, and 93 genes were significantly di erently
expressed, respectively. The analysis revealed di erential clustering of gene expression following the loss of di erent
TezRs, highlighting individual cellular responses following the loss of DNA- and RNA-based TezRs. KEGG pathway gene
enrichment analysis revealed that the most upregulated pathways following TezR inactivation included those related
to energy metabolism, cell wall metabolism, and secretion systems. Some of the genetic pathways were related

to the inhibition of biofilm formation and increased antibiotic resistance, and we confirmed this at the phenotypic
level using in vitro studies. The results of this study add another line of evidence that the Universal Receptive System
plays an important role in cell regulation, including cell responses to the environmental factors of clinically important
pathogens, and that nucleic acid-based TezRs are functionally active parts of the extrabiome.

Keywords Universal receptive system, Regulation, Teazeled receptors, TezR, Staphylococcus aureus, Extracellular DNA,
Extracellular RNA, Extrabiome

Introduction

Bacterial adaptation is a critical component of survival
in changing environments and was believed to be solely
regulated by protein-based receptors [1—-4]. Recently, we
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aspect of cellular reception and regulation and indicates
that the mechanisms involved are more complex than
previously understood. e TezRs have been shown not
only to orchestrate the work of some known protein-
based receptors such as chemoreceptors, but also to reg-
ulate the response of cells to factors whose reception and
regulation were previously unknown.  erefore, the inac-
tivation of cell-surface based TezRs were shown to regu-
late the cell responses to light, geomagnetic fields, and
temperature, for which regulatory protein receptors are
not known [6]. Moreover, we have shown the implication
of TezRs in the formation, maintenance, and “erasure”
of cellular memory [5, 6]. Recently, the receptive role of
nucleic acids was confirmed via the development of the
artificial DNA-based receptors [8]. e fact that extracel-
lular DNA and RNA molecules play roles beyond regular
protein synthesis echoes with the findings of our other
studies, wherein we demonstrated that certain types of
extracellular nucleic acids can act as “pliers” altering the
conformation of already synthesized proteins [9—11].

Although the role of the Universal Receptive Sys-
tem and TezRs has been revealed in the regulation of
the growth of di erent Gram-positive and Gram-nega-
tive bacteria, the underlying transcriptomic alterations
behind these alterations remain largely unknown. e
only in-depth analysis of transcriptomic alterations fol-
lowing the inactivation of TezRs was performed in Bacil-
lus pumilus, which revealed their role in chemotaxis and
regulation of directional migration to unusually large
distances [12, 13].  ese results suggest that TezRs are
involved in complex regulatory networks that govern
bacterial behavior and pathogenic potential.

Here, we analyzed the results of TezR destruction or
inactivation with antibodies in the pathogen Staphylococ-
cus aureus. S. aureus has been implicated in a wide range
of infections characterized by its severity, immune resist-
ance, and high rate of antibiotic resistance [14]. Unlike
many bacterial pathogens that possess only one or a few
virulence factors, S. aureus produces a diverse array of
virulence factors, the expression of which is predomi-
nantly regulated by two-component regulatory systems
and a family of DNA-binding proteins [13, 15].

Another feature of S. aureus infection that makes treat-
ment particularly di cult is the high frequency of anti-
biotic resistance [16]. S. aureus isolates resistant to cell
wall-inhibitory antibiotics, such as B-lactam and gly-
copeptide antibiotics known as methicillin-resistant or
vancomycin-resistant represent a significant clinical
challenge.

S. aureus responds to cell wall antimicrobials using the
two-component regulatory system, VraSR which upreg-
ulates a set of genes involved in cell-wall biosynthesis,
repair, and stress [16, 17]. In response to beta-lactam
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exposure, the system triggers the production of penicil-
lin-binding proteins, which continue to synthesize pepti-
doglycans despite the presence of beta-lactams [17]. For
vancomycin, the system induces the expression of genes
that modify the -Ala- -Ala termini of peptidoglycan
precursors, reducing vancomycin binding a nity and
helping the bacterium counteract the e ects of antimi-
crobial agents. Accordingly, mutations or downregulation
of VraS and VraR decrease the development of resistance
to these antibiotics [17, 18].

Along with antibiotic resistance, S. aureus is charac-
terized by increased tolerance to the negative e ects of
the outer environment and antibiotic therapy due to the
formation of biofilms in which, compared to planktonic
growing bacteria, they are protected from the outer envi-
ronment with additional membrane-like structure and
extracellular polymeric substance [19—21]. Upon biofilm
maturation, the bacteria within these microbial commu-
nities are up to 1000 less sensitive to antibiotics [22, 23].
Biofilm formation is a sequential process regulated by the
expression of di erent genes that govern bacterial attach-
ment, biofilm structure development, maturation, and
dispersal [24]. However, the regulation of biofilm forma-
tion remains insu ciently understood despite its signifi-
cant medical importance.

Here, for the first time, we conducted an in-depth func-
tional annotation of transcriptome alterations and analy-
sis of the alteration of Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways following alteration of S.
aureus’s Universal Receptive System by the inactivation
of cell-surface-bound DNA- and RNA-based TezRs, and
have shown their previously unknown role in the regula-
tion of bacterial growth, biofilm formation, and antibiotic
resistance [25].

Materials and methods

Bacterial strains and culture conditions

S. aureus MSSA VT209 was obtained from a private col-
lection (provided by Dr. V. Tetz). Bacterial strains were
passaged weekly on Columbia agar (BD Biosciences,
Franklin Lakes, NJ, USA) and stored at 4 °C. All subse-
quent liquid subcultures were derived from colonies iso-
lated from these plates and grown in Luria—Bertani (LB)
broth (Sigma-Aldrich, St Louis, MO, USA).

Reagents

Human recombinant DNase | with a specific activity of
2500 Kunitz units/mg (Sigma-Aldrich) and RNase A
(Sigma-Aldrich) were used at a concentration of 10 g/
ml. Penicillin G and vancomycin (Sigma-Aldrich) were
used as antibiotics.
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Generation of anti-RNA and anti-DNA antibodies

For the isolation of extracellular DNA and RNA, 24 h-old
biofilms were prepared, wherein B. pumilus cells were
grown on the agar, collected, washed with PBS, and cen-
trifuged at 4000xg for 15 min. e supernatant was fil-
tered through a 0.22 ym filter (Millipore Corp., Bedford,
MA, USA). Extracellular RNA was extracted by using
RNeasy Mini Kit (Qiagen, Valencia, CA) and extracellu-
lar DNA using DNeasy Mini Kit (Qiagen, Valencia, CA)
according to the manufacturer’s instructions. Antibod-
ies against extracellular DNA and RNA were obtained
after the immunization of 4 month-old New Zealand
White rabbits with nucleic acids and a complete Fre-
und’s adjuvant according to Cold Spring Harbor proto-
col for standard immunization of rabbits [26]. For total
IgG measurement each plate included standard controls
of serially diluted, Rabbit 1gG Isotype Control (550875;
BD). To block DNA- or RNA-based receptors, generated
antibodies were used at 1:3200 dilution. Rabbit IgG Iso-
type (550875; BD) at the same titer was used as a positive
control.

Destruction of Teazled receptors from bacterial surface

To remove primary Teazled receptors (TezRs), S. aureus
grown overnight were harvested via centrifugation at
4000 rpm for 15 min (Microfuge 20R; Beckman Coul-
ter, La Brea, CA, USA), the pellet was washed twice in
phosphate-bu ered saline (PBS, pH 7.2) (Sigma-Aldrich)
to an optical density at 600 nm (ODg) of 0.5 (Promega,
GloMax, Madison, WI, USA). Bacteria were treated
for 30 min at 37 °C with nucleases (DNase | or RNase
A), washed three times in PBS or broth, centrifuged at
4000xg for 15 min after each wash, and resuspended in
PBS. S. aureus, whose TezRs were destroyed with nucle-
ases, were marked with the superscript letter “d”  ere-
fore, S. aureus after the treatment: (i) with DNase were
marked TezR—D19, (ii) with RNase were marked TezR—
R19 and (iii) with DNase and RNase marked TezR—D1%/
R1¢.

Determination of minimum inhibitory concentrations

The minimum inhibitory concentrations (MICs) of the
antibiotics against nuclease-pretreated S. aureus were
determined using the broth microdilution method
according to the CLSI guidelines with some modifica-
tions [27]. A standard inoculum of nuclease-pretreated
S. aureus or untreated S. aureus at 5x10° colony
forming units/ml (CFU)/mL was used. To study the
effect of TezR inactivation with antibodies, S. aureus
were pretreated with anti-DNA or anti-RNA antibod-
ies or with IgG isotype controls. Serial two-fold dilu-
tions were prepared in cation-adjusted MHB broth
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(Sigma-Aldrich, St Louis, MO, USA). Bacteria were
cultivated with antimicrobial agents for 4 or 8 h, after
which a volume of 0.1 mL was removed from wells in
the microtiter plates that showed no microbial growth,
as measured at OD600 (Promega, GloMax), and was
subsequently inoculated onto the surface of Mueller—
Hinton plates (Sigma-Aldrich) [28]. The plates were
incubated for 48 h at 37 °C, with the MIC determined
as the lowest concentration at which no colonies
formed under these conditions. All experiments were
conducted in triplicates.

Bacteria were cultivated with antibiotics for 4 or 8 h,
after which the lowest concentration of the antimicro-
bial agent that completely inhibited bacterial growth,
as measured at OD600, was defined as the absence of
microbial growth.

E ectofTezR inactivation on S. aureus bio Im formation
In each well of a 96-well flat-bottom microtiter plate
(Falcon, Corning, Durham, USA), 200 uL of a standard-
ized S. aureus inoculum (5x10° CFU/mL in LB) were
added. Post-nuclease treatment S. aureus were generated
as described above. Some cells of S. aureus were treated
with anti-DNA or anti-RNA antibodies instead of nucle-
ase treatment. S. aureus cells without nuclease treatment
or treated with 1gG isotype controls were used as con-
trols. Following 8 h incubation at 37 °C, biofilm sample
well contents were aspirated and each well was washed
thrice using 200 pyL PBS (Sigma-Aldrich). Subsequently,
100 uL of 0.1% crystal violet (Innovating Science, Aldon
corporation, Avon, OH, USA) solution was added to the
wells with dried biofilms. After 15 min, excess crystal vio-
let was removed, wells were washed thrice with sterile
water, and 150 L of 95% ethanol was added. e absorb-
ance was measured at 570 nm (Promega, GloMax).
e tests were performed in triplicate in three separate
experiments.

Generation of RNA sequencing data

To isolate RNA, the S. aureus suspension was treated
with nucleases for 30 min, followed by a 2.5 h incuba-
tion post-nuclease treatment. e cells were then washed
thrice in PBS (Sigma-Aldrich) and centrifuged each time
at 4000xg for 15 min (Microfuge 20R, Beckman Coulter)
followed by resuspension in PBS.

e RNeasy Mini Kit (Qiagen) was used to isolate
RNA, according to the manufacturer’s instructions. e
quality of the RNA was spectrophotometrically evalu-
ated by measuring the UV absorbance at 230/260/280 nm
using a NanoDrop OneC spectrophotometer ( ermo
Fisher Scientific, Waltham, MA, USA).

Ribodepletion was performed using the Ribo-Zero
Magnetic Gold kit (Epicenter, Madison, WI, USA)
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according to the manufacturer’s instructions. RNA-
seq libraries were prepared using the lllumina TruSeq
Stranded Total RNA Library Prep Kit. RNA libraries were
pooled and sequenced using a 2x 150 nucleotide paired-
end strategy (lllumina NextSeq 500, Illumina, San Diego,
CA, USA) (130 MM max).

RNA sequencing data processing

Sequencing reads were mapped to the reference genome
of S. aureus NCTC 8325 (NCBI Reference Sequence:
NC-007795) wusing the Bowtie2 (v2.24) (PMID:
22388286) and expression levels were estimated using
Geneious 11.1.5. Transcripts with an adjusted p value of
<0.05 and log?2 fold change value of £0.5 were considered
for significant di erential expression. e read count
tables were generated using HTSeq (v0.6.0) [29], nor-
malized based on their library size factors using DEseq?2
and di erential expression analysis was performed [30].
To compare the level of similarity among the samples
and their replicates, we used two methods: principal-
component analysis and Euclidean distance-based sam-
ple clustering. All the downstream statistical analyses
and generating plots were performed in R environment
(v3.1.1) (https://www.r-project.org/).

We performed Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis for DEGs to find out
their lurking functions by using R package “clusterPro-
filer” [31] Gene sets at p<0.05 were considered signifi-
cantly enriched [25]. Gene set enrichment analysis was
performed using GSEA tool [32]. Venn diagram was gen-
erated by using previously published tools [33].

Fluorescence microscopy

Di erential interference contrast (DIC) and fluorescence
microscopy were used to confirm the existence of pri-
mary TezRs on the surface of S. aureus. Bacteria were
sampled at ODgg, of 0.1, washed from the matrix, fixed in
4% paraformaldehyde/PBS (Sigma-Aldrich) for 15 min at
room temperature, and stored at 4 °C until use. S. aureus
cells were centrifuged at 10,000xg and cell pellets were
dispersed in 10 yL PBS. After that, bacteria were incu-
bated with membrane-impermeable SYTOX Green to
stain cell surface-bound DNA and RNA at a final concen-
tration of 2 yM, and mounted in Fluomount mounting
medium [34]. Cells were imaged using an EVOS FL Auto
Imaging System ( ermo Fisher Scientific) equipped
with a 60x objective.

Statistics

At least three biological replicates were performed for
each experimental condition, unless stated otherwise.
Each data point was denoted by the mean value +stand-
ard deviation (SD). A two-tailed t-test was performed for
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pairwise comparisons, and statistical significance was set
at p<0.05. Statistical analyses for the biofilm assay were
performed using Student’s t-test. GraphPad Prism ver-
sion 10 (GraphPad Software, San Diego, CA, USA) or
Excel 11 (Microsoft, Redmond, WA, USA) was used for
statistical analyses and illustrations.

Results and discussion

General Features of the transcriptome pro le

following TezR destruction

To analyze the consequences of the modulation of the
Universal Receptive System in S. aureus, we performed
RNA-seq analyses 2.5 h after the loss of cell surface-
bound DNA-(TezR-D1), RNA-(TezR-R1), or combined
DNA- and RNA-based (TezR-D1/R1) TezRs. e pres-
ence of cell surface-bound nucleic acids was confirmed
using SYTOX green-staining of S. aureus displaying clear
green fluorescence (Supplementary Fig. 1). Analysis of
di erentially expressed genes (DEGS) using adjusted log2
fold change>0.5 and p-value<0.05 revealed di erent pat-
terns of gene expression following the loss of di erent
primary TezRs [35]. e log2 fold change>0.5 thresh-
old was selected based on that used in previous publica-
tions and on the results of the current study, revealing
that transcriptomic alterations of log2 fold change>0.5
were realized at the phenotypic level [35-37]. ere
were 103 DEGs with 44 and 59 genes showing up- and
downregulation of S. aureus following the loss of TezR-
D1, 150 DEGs with 137 and 13 genes up- and down-
regulated for S. aureus after the destruction of TezR-R1,
and 93 DEGs with 32 and 61 genes up- and downregu-
lated for S. aureus following the combined loss of TezR-
D1 and TezR-R1, respectively, compared with untreated
cells (Supplementary Table 1). e Venn diagram showed
clear di erentiation and clustering of DEGs between
untreated S. aureus and those following the loss of TezR-
D1, TezR-R1, or TezR-D1/R1 (Fig. 1).

Particularly intriguing was that the combined loss of
TezR-D1/R1 resulted in the alteration of di erent genes
compared with the individual loss of TezR-D1 or TezR-
R1 [12]. ese results echo with our previous findings
that the combined destruction of DNA- and RNA-based
TezRs and the generation of the so-called “drunk cells”
have unique regulatory e ects that are not the sum of
the alterations following individual loss; sometimes, the
e ects are opposite in bacterial cells.

Di erently expressed gene analyses following TezR-D1
destruction

e loss of DNA-based TezRs (TezR-D1) resulted in the
upregulation of 44 DEGs and downregulation of 59 DEGs
(Supplementary Table 1). To analyze how the destruc-
tion of TezR-D1 a ected S. aureus pathways, we mapped
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Fig. 1 Venn diagram depicting the di erent regulated and overlapping genes between up- and down-regulated DEGs following the destruction
of DNA-based TezR (TezR-D1%), RNA-based TezR (TezR-R1%) or DNA-based and RNA-based TezR (TezR-D1%/R1%)

these DEGs to the KEGG database and analyzed them
using KEGG pathway enrichment analysis. Among the
top-3 KEGG pathways of the upregulated DEGs with the
highest enrichment factors, two represented amino acid
metabolism and included the histidine and arginine bio-
synthesis pathways, and the third represented the secre-
tion system pathway (Fig. 2, Supplementary Table 2).

In the histidine metabolism pathway, the enzymes
involved in histidine biosynthesis, encoded by hisA
[EC:5.3.1.16], hisC [EC:2.6.1.9], hisD [EC:1.1.1.23], hisF
[EC:4.3.2.10], and hisH [EC:4.3.2.10], were significantly
upregulated compared with the control (Figs. 2, 3). Nota-
bly, three genes related to histidine catabolism to I-glu-
tamate, hutU [EC: 4.2.1.49], hutl [EC: 3.5.2.7], and aldA
[EC: 1.2.1.3], were downregulated, highlighting the role
of this pathway in S. aureus adaptation following the
destruction of TezR-D1.

Histidine in S. aureus regulates a wide range of cellular
processes and cell divisions, including the formation and
repair of the cell wall and cell septum formation [38—40].

erefore, the overall increase in the expression of five
out of 15 key enzymes in the S. aureus histidine biosyn-
thesis pathway following the loss of TezR-D1 potentially
indicates that the destruction of these cell-surface-bound

DNA molecules triggers processes that require cell wall
remodeling, which will be studied in more detail in future
research.

As shown in Fig. 2A and C, along with the upregulation
of histidine biosynthesis; arginine biosynthesis, involved
in the TCA and urea cycles, was also upregulated upon
the destruction of TezR-D1. Both argG and argH, which
control the synthesis of L-arginine, an important energy
source and building block for protein synthesis from glu-
tamate or proline via citrulline metabolism, were upregu-
lated [41].

In the “secretion system pathway” we identified seven
upregulated DEGs related to type 7 secretion system
(T7SS). Because the KEGG database lacks T7SS, we ana-
lyzed this pathway manually by adding genes related to
T7SS, as described in Materials and Methods.

e loss of TezR-D1 resulted in the upregulation of
almost the entire cluster of genes encoding the T7SS
found at the ess (ESAT-6-like secretion system) locus
[42]. erefore, along with the upregulation of three pro-
teins, EsxA, EsxB, and EsxC, which are known to play
important roles in S. aureus pathogenicity, other integral
membrane proteins, EssA, EssB, EssC, and EsaA, which
are required for the synthesis and secretion of these
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down-regulation of the function

extracellular factors, were also upregulated [43—45].
Secreted EsxA and EsxB are pivotal for S. aureus viru-
lence and persistence, modulating cytokine production
and delaying the apoptosis of S. aureus-infected immune
and epithelial cells [43].

Another upregulated virulence factor not revealed in
the KEGG pathways was the enterotoxin Yent2, which
encodes a protein that is the causative agent of toxic
shock [46, 47] (Supplementary Table 2).

e highest enrichment factors of the top KEGG path-
ways of the downregulated DEGs are shown in Fig. 2B,
C (Supplementary Table 2). Among them, the highest
enrichment factors were attributed to valine, leucine,
and isoleucine biosynthesis pathways, including the
downregulation of genes encoding leuA [EC:2.3.3.13],
leuB [EC:1.1.1.85], leuC [EC:4.2.1.33 4.2.1.35], leuD
[EC:4.2.1.33 4.2.1.35], ilvA [EC:4.3.1.19], ilvB [EC:2.2.1.6],
and ilvC; [EC:1.1.1.86] (Fig. 4) [48].

In S. aureus, branched-chain amino acids (valine, leu-
cine, and isoleucine) represent an important group of
nutrients required not only for normal metabolism and
virulence but are also implicated in the synthesis of pro-
teins and membrane branched-chain fatty acids, which
play a role in membrane homeostasis and cellular adapta-
tion [40, 41].

e fructose and mannose metabolic pathways were
also enriched with downregulated enzymes encoding
ManA, MtID, ManP, MtIF, and MtIA. In Gram-positive
bacteria, the ManA protein, which is a component of the
mannose phosphotransferase system, participates in cell
wall formation and maintains the correct carbohydrate
composition of the bacterial cell wall, including teichoic
acid constituents. Bacteria with depleted ManA levels are
characterized by an altered cell wall architecture [49].

Following the loss of TezR-D1, three out of four genes
that comprise the transcriptional regulator, and manni-
tol-1-phosphate dehydrogenase including mtlA (enzyme
11ICB™), mtIF (enzyme IIA™), and mtID were downregu-
lated. e impaired ability of S. aureus to assimilate man-
nitol plays an important role in cell adaptation through
the regulation of glycolytic pathways and the mainte-
nance of cellular redox and osmotic potential [50, 51].

Finally, the pathway related to resistance to cationic
antimicrobial peptide (CAMP) resistance was down-
regulated. We observed downregulation of the whole dit
operon, which comprises four genes (dItA, dItB, dItC,
and dItD), although the expression of dItC was above the
threshold of log2fold change>0.5 (Fig. 2B, Supplemen-
tary Table 1). e dlIt operon catalyzes the incorpora-
tion of d-alanine residues into lipoteichoic acids, and the
inhibition of this process in gram-positive cocci results
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downregulation of the function

in increased electronegativity of the bacterial surface
[52]. isleadsto moree cient binding of cationic com-
pounds and makes cells more susceptible to CAMPs [53,
54].  is finding is particularly interesting because fol-
lowing the destruction of negatively charged DNA-based
TezRs, S. aureus should have higher electropositivity;
therefore, the increased electronegativity by the regula-
tion of the dlIt operon might help maintain the cell sur-
face charge.

Di erently expressed gene analyses following TezR-R1
destruction

e loss of RNA-based TezRs (TezR-R1) resulted in the
upregulation of 137 DEGs and downregulation of 13
DEGs (Supplementary Table 1). e upregulated genes
outnumbered the downregulated genes, suggesting that

gene metabolism in S. aureus increased following TezR-
R1 loss.

e top KEGG pathways of the upregulated DEGs
with the highest enrichment factors following TezR-R1
destruction were the benzoate degradation pathway,
secretion system (Type Il secretion system) pathway,
two-component system pathway, and ABC transporters
(Fig. 5, Supplementary Table 3).

Genes in the benzoate degradation pathway, which
resulted in a higher yield of acetyl-coenzyme A, includ-
ing fadA, fadN, catk, SA0225, and vraB, were upregu-
lated [55] (Fig. 5).

Notably, the upregulation of SA0225 and fadN is
involved in the anaerobic pathway of benzoate degra-
dation in bacteria, despite the fact that in our study, S.
aureus was cultivated under aerobic conditions. It is
consistent with recently published data showing that
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the loss of RNA-based TezR in aerobic-growing Bacil-
lus pumilus results in the upregulation of core anaero-
bic energy metabolism enzymes [55-57]. is echoes
with the results from another study demonstrated the
obligate aerobe Pseudomonas putida became capable of
growing anaerobically after RNA-based TezR destruc-
tion [6].

Following the loss of RNA-based TezRs TezR-R1, we
also observed the upregulation of genes related to the
type Il secretion system (T2S), which in Gram-positive
bacteria is involved in transformation and acts as a
machinery for DNA uptake [58]. e key upregulated
genes were competence proteins required for dsDNA
and ssDNA to pass through the cell wall and cytoplas-
mic membrane, including ComEA, ComEC, comFA,
ComYC, ComYG, and ComC [59, 60]. In addition, the
genes of the comG operon, which are required for DNA
binding to the cell surface, priming pilus assembly, and
transformation, were upregulated [61]. ese over-
expressed genes included comGA, which encodes the

assembly ATPase required for initial extracellular DNA
binding, and comGB, comGC, comGE, and comGD,
which encode the pseudopilus and major and minor
pilin proteins [62—64].  ese results indicated that the
destruction of TezR-R1 resulted in the upregulation of
almost the entire cluster of S. aureus genes related to
bacterial transformation and extracellular DNA uptake.

Within the “Two component system” pathway, we
observed the upregulation of pstS, kdpA, kdpB, vraB,
vraC, vraD, vraE, vraR, vraS, and vraX. e upregula-
tion of the VraSR regulatory system (vancomycin resist-
ance-associated sensor-regulator system) is particularly
interesting because it is known to lead to modifications
in cell wall structure and is associated with resistance to
cell wall-targeting antibiotics such as -lactam and glyco-
peptide antibiotics [17, 65]. Overexpression of the vraSR
is part of the cell wall stress resistance due to cell wall
damage or inhibition of cell wall synthesis, indicating that
the loss of RNA-bound TezR is regulated by the cell as a
stress event for the cell wall [15, 66].
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Significant di erences were found in the expression of
genes involved in “ABC transporter” pathway. In particu-
lar, the expression of pstSCAB, an ABC family importer
comprising the transmembrane channel, and ATPase,
which energizes the translocation of inorganic phos-
phate during its limitation, was upregulated [67, 68].
Other upregulated proteins related to ABC transport-
ers and involved in the transport of manganese ions and
phosphonates as well as the export of teichoic acids play
a role in oxidative stress protection, including MntC,
TagH, PhnD, and YydJ [69, 70].

Additionally, we observed that the overexpressed DEGs
related to S. aureus virulence were not covered by the
KEGG pathways. We found upregulation of genes rel-
evant for host—pathogen interactions, including SA0221,
which blocks C3 convertases; fmtA, which promotes
antimicrobial peptide resistance, neutrophil survival, and
epithelial cell invasion; and exotoxin set15, which inhib-
its the host’s innate immune response (Supplementary
Table 1) [71, 72].

ere were only 11 downregulated DEGs in S. aureus
after the destruction of TezR-R1, and this number was
insu cient to analyze the KEGG pathways (Supplemen-
tary Table 1). However, we were particularly interested by
the downregulation of IrgA and IrgB of the IrgAB operon
at “Two component system” pathway. Both LrgA and
LrgB are associated with the control of murein hydro-
lase activity, which is involved in cell wall growth and
the separation of daughter cells, again showing an asso-
ciation between TezRs and the control of cell wall growth
[73]. Notably, under regular stress conditions, the IrgAB
operon is upregulated, inhibiting murein hydrolase activ-
ity, and thereby preventing cell lysis in unfavorable envi-
ronments [74]. Another down-regulated protein was
MtIA2, which is responsible for the e cient phospho-
rylation of mannitol and its utilization as a carbon source
[75].

Di erently expressed gene analyses following combined
TezR-D1/R1 destruction

Following the combined loss of cell-surface-bound DNA
and RNA TezR (TezR-D1/R1 loss), S. aureus was charac-
terized by the upregulation of 32 and downregulation of
61 DEGs (Supplementary Table 1).

In previous studies, owing to the parodoxal responses
to the outer environment by the cells following the loss
of both DNA- and RNA-based TezRs, they were named
“drunk cells”” e significantly upregulated KEGG altered
pathways highlighted the involvement of upregulated
DEGs in “Bacterial invasion of epithelial cells,” “Staphy-
lococcus aureus infection,” and “Secretion system” path-
ways (Supplementary Table 4).

Page 10 of 16

In the “Bacterial invasion of epithelial cells” pathway,
both fnbA and fnbB were significantly up-regulated as
comparison with the control. In previous studies, FnbA
and FnbB have been demonstrated to be important
adhesins involved in biofilm formation, cell adhesion, and
host cell internalization [76—78] (Fig. 6).

In another upregulated infection-related pathway, the
“S. aureus infection pathway” two genes, sdrE and spa
were upregulated. e surface protein SdrD has been
shown to interact directly with the complement control
protein factor H, facilitating staphylococcal infection,
and in some cases, is involved in platelet aggregation.
Another upregulated cell surface-associated protein,
Spa, promotes bacterial growth and virulence, and is also
implicated in quorum sensing [79-82].

In S. aureus following the loss of DNA- and RNA-based
TezRs, like following the isolated loss of only DNA-based
TezRs, we observed upregulation of “Secretion system”
pathway including T7SS genes which we manually added
to the analysis due to their lack in KEGG database. e
destruction of TezR-D1/R1 upregulates integral mem-
brane proteins (EsaA, EssA, EssB, and EssC) and the
secreted substrate EsxC, which are important for the per-
sistence of S. aureus infection [42, 83, 84].

Among other genes that attracted our attention but
were not covered by existing KEGG pathways, the meth-
yltransferase rImN, which modifies A2503 in 23S rRNA,
showed the highest upregulation of over 4.5 fold (Sup-
plementary Table 1). e role of RImN in S. aureus is
not fully understood, with previous studies showing its
involvement in the interaction of the ribosome with the
nascent peptide, thus a ecting translational speed and
partially controlling antibiotic susceptibility [85, 86].

e analysis revealed that the only significantly
enriched pathways among 61 downregulated DEGs were
“Valine, leucine and isoleucine biosynthesis” (Fig. 6).

e top depressed genes following the combined
destruction of TezRs-D1 and TezR-R1 involved in
“Valine, leucine and isoleucine biosynthesis” pathway
were within ilv-leu region and included leuA, leuB, leuC,
ilvA, ilvC controlling the synthesis of leucine and isoleu-
cine (Fig. 6). Branched-chain amino acids are critical for
the synthesis of anti-branched-chain fatty acids, which
play a role in membrane fluidity [87].  ese data open the
discussion on the role of cell surface-bound DNA- and
RNA-bound TezRs in membrane fluidity; however, more
detailed related studies are planned to be highlighted in
separate articles.

Among the other genes not covered by the KEGG path-
ways, which attracted our attention were downregulated
genes associated with stress response-related genes,
including hupB, dps, and ftsL, that facilitate responses to
various environmental changes.
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biosynthesis pathway (VLP)

In addition, among the genes implicated in transcrip-
tion, yydK, cggR, mraZ, hrcA, and ctsR were downregu-
lated. Downregulation of CtsR- and HrcA-controlled
heat shock regulation is particularly interesting because
this downregulation is known to enhance bacterial sur-
vival under unfavorable temperatures [88].

e depletion of cggR, which encodes a glycolytic
repressor, has also attracted our attention. CggR activates
glycolysis, which is typical of S. aureus under anaerobic
conditions [89, 90].  ese data are in agreement with our
previous findings that the Universal Receptive System
plays an important role in regulating anaerobic energy
metabolism pathways [6, 12]. Notably, this pathway for
the activation of anaerobic energy metabolism was dif-
ferent from that observed in S. aureus following the loss
of RNA-based TezRs alone, highlighting the individuality
of cell responses following the loss of di erent types of
TezRs.

E ectofTezR inactivation on bio Im formation

In this study, we observed that following the loss of
DNA-based TezR, some pathways related to the inhibi-
tion of biofilm formation were altered. For example, the
upregulation of argG and argH, which are responsible for
arginine formation, is known to inhibit biofilm formation
in S. aureus via several pathways, including the preven-
tion of bacterial co-aggregation. Additionally, the down-
regulation of numerous genes within the fructose and
mannose metabolic pathways negatively impacts biofilm
formation by inhibiting the transport and phosphoryla-
tion of sugars [91—-94]. Simultaneously, the loss of RNA-
based TezRs, or combined DNA- and RNA-based TezRs,
did not alter the transcriptomic activity of known genes
involved in biofilm formation.

To confirm these transcriptomic alterations follow-
ing TezR-D1 loss at the phenotypic level, we analyzed
the e ects of TezR depletion on biofilm formation by S.
aureus (Fig. 7a). We analyzed the dynamics of biofilm
formation in its early phases, since we have previously
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Fig. 7 Biofilm formation of S. aureus following the inactivation of di erent TezRs at di erent time points. A S. aureus biofilm

following the destruction of DNA-based TezRs (TezR-D1%), RNA-based TezRs (TezR-R1%), and both DNA- and RNA-based TezRs (TezR-D1%/R1%) using
nucleases. B S. aureus following the inactivation with anti-DNA and anti-RNA antibodies targeting DNA-based TezRs (TezR-D1%), RNA-based TezRs
(TezR-R1%), DNA- and RNA-based TezRs (TezR-D19/R1%), Statistically significant dierences **p<0.01, ***p <0.001. Data represent the mean +SD

from three independent experiments

shown that TezRs following loss restore their function in
approximately 8 h [6].

After 8 h, S. aureus biofilm exhibited OD5;, nm values
of 0.408+0.019. e destruction of DNA-based TezRs
resulted in the inhibition of biofilm formation; thus, the
biofilms formed by S. aureus TezR-D1% exhibited OD;,
nm values of 0.181+0.031 after 8-h incubation. Loss of
RNA-based and combined DNase- and RNase-based
TezRs did not a ect biofilm formation.

To ensure that the observed e ects were because of
the loss of TezR, we conducted the same experiment,
but instead of destruction of TezRs with nucleases, we
inactivated them with anti-DNA or anti-RNA antibod-
ies (Fig. 7B). We observed the same trend—the biofilm
formation in S. aureus treated with anti-DNA antibod-
ies was inhibited as if they were pretreated with DNase.
Notably, as in the case of bacterial treatment with both
DNase and RNase, if both TezR-D1 and TezR-R1 were
inhibited with anti-DNA and anti-RNA antibodies, it has
not inhibited the biofilm formation, again highlighting
the specificity of the responses of the Universal Receptive
System on the inactivation of its di erent components.
Furthermore, the IgG isotype controls did not have an
inhibitory e ect on biofilm formation.

ese findings are particularly interesting because
numerous previous studies have shown that DNase

treatment inhibits S. aureus biofilm formation. e data
from these articles suggest that the action of this nuclease
against microbial biofilms occurs through the inhibition
of bacterial adhesion by destroying sticky extracellu-
lar DNA or by the inhibition of the extracellular DNAs
role as a gene messenger [19, 95—98]. However, in all of
these studies, cell-surface bound DNA-based TezR was
also methodologically a ected by the addition of DNase,
but the role of the loss of these elements in the regulation
of biofilm formation seen in the transcriptomic analysis
was not taken into consideration. Moreover, the lack of
an e ect of the combined DNase and RNase treatment
observed in this study highlights the specificity of the
bacterial response to isolated cell surface-bound DNA
degradation, confirming the specificity of transcriptomic
alterations following the loss of di erent types of pri-
mary TezRs. s observation is consistent with previ-
ous findings, where the loss of di erent TezRs resulted in
complex cellular responses that cannot be explained by
simply summing the e ects of individual TezR inactiva-
tion [6].

E ectof TezR inactivation on antibiotic resistance

Finally, we compared the correlation between transcrip-
tomic alterations in genes related to antibiotic resistance,
which were upregulated following modulation of the
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Universal Receptive System, and phenotypic resistance to
antibiotics. According to the transcriptomic analysis, the
only known DEGs directly related to antibiotic resistance
were genes involved in the two-component regulatory
system following the destruction of RNA-based TezRs.
Specifically, we observed upregulation of the VraSR regu-
lon, which is a key element in the generation of a highly
resistant S. aureus phenotype associated with resistance
to cell wall-targeting antibiotics [18, 66, 99].

erefore, we evaluated the MIC of penicillin G as a
representative of beta-lactams and vancomycin at 2 and
4 h post-TezR destruction with nucleases or their inac-
tivation with anti-DNA or anti-RNA antibodies. We
intentionally selected these time frames because, as was
previously shown, S. aureus did not restore TezRs within
this period [6].

e data received indicate that following the destruc-
tion of RNA-based TezRs, the TezR-R19 with RNase or its
inactivation with anti-RNA antibody exhibited a resistant
phenotype to penicillin G compared to control with MIC
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8 pg/mL (Fig. 8A, B). Inactivation of DNA- or the com-
bined loss of DNA- and RNA-based TezRs did not a ect
the sensitivity of S. aureus to penicillin G.

Contrary to our expectations, the loss or inactivation
of RNA-based TezRs resulted in a higher sensitivity of
S. aureus to vancomycin, that is 0.12 pg/mL, which was
lower than that in untreated control whose MIC was
0.5 pg/mL (Fig. 8B, C). e destruction or inactivation
of DNA- or combined DNA- and RNA-based TezR did
not a ect the sensitivity of S. aureus to vancomycin. e
reason for the increased sensitivity of S. aureus TezR-R1¢
to vancomycin upon upregulation of the VraSR regulon
is unclear. However, it can potentially be explained by
the simultaneous downregulation of IrgB and IrgB, which
confers increased murein hydrolase activity owing to
increased autolysis and the inability to protect against
the specific mechanism of action of vancomycin on pep-
tidoglycan precursors.  ese complex interplays high-
light the complicated processes in bacteria controlled by
the Universal Receptive System and will be studied in a
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Fig. 8 E ect of TezR inactivation on the minimal inhibitory concentration to penicillin G following the A) destruction of TezR with nucleases, B
inactivation with anti-DNA/RNA antibodies; and to vancomycin following the (C) destruction of TezR with nucleases, D inactivation with anti-DNA/
RNA antibodies. S. aureus following the destruction or inactivation of DNA-based TezR (S. aureus TezR-D1%), RNA-based TezR (S. aureus TezR-R1Y)

or TezR-D1 and TezR-R1 (S. aureus TezR-D19/R19). Data represent the mean +SD from three independent experiments



Tetz et al. Microbial Cell Factories (2025) 24:1

separate extended study to determine their role in the
sensitivity of bacteria to antibiotics [100, 101].

Conclusion

is study demonstrates that the Universal Receptive
system and its components, TezRs, regulate a diverse
array of S. aureus cell activities. e proteomic profiles
obtained following the loss of DNA- and RNA-based
TezRs revealed changes in di erent KEGG pathways
and altered the expression of many proteins, including
those involved in the infection process and sensitivity
to antimicrobial agents. Importantly, KEGG enrich-
ment analyses of the transcriptome and proteome
showed a relatively low overlap in enriched pathways
following the individual or combined destruction
or inactivation of DNA-and RNA-based TezRs, sug-
gesting specificity and complexity in the regulatory
mechanisms controlling gene and protein expression
by the Universal Receptive System. e data received
add another line of evidence that the Universal Recep-
tive System plays an important role in cell regulation,
including cell responses to the environmental factors of
clinically important pathogens, and that nucleic acid-
based TezRs are functionally active parts of the extra-
biome [102].

Future research should focus on studying the role of
this system in a more diverse array of microbial patho-
gens, their sensitivity to antibiotics, and their implica-
tions for the regulation of real-life infections.
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