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PECULIARITIES OF STAPHYLOCOCCI 
AND STREPTOCOCCI COMMUNICATION 
IN BIOFILMS
Aim. To summarize and systematize many years of research on the communication mechanisms (quorum sensing) of 
biofi lm representatives such as staphylococci and streptococci, and to analyze the genetic predictors of virulence prop-
erty changes in these bacteria. Methods. A systematic search and analysis of scientifi c literature were conducted using 
the PubMed, Scopus, and Google Scholar databases. Th e review focuses on the molecular and genetic mechanisms of 
Quorum Sensing systems (Agr, LuxS, Fsr, Rgg) in Gram-positive cocci and their role in biofi lm formation on biotic and 
abiotic surfaces. Results. Th e role of the Agr and LuxS regulatory systems of cocci in the expression of genes responsible 
for the synthesis of virulence factors such as toxins, enzymes, and factors that suppress the host immune response is 
described. It has been confi rmed that the eff ect of Agr on biofi lm-associated infection varies: Agr is necessary for biofi lm 
structuring and the spread of infection, but Agr dysfunction leads to enhanced biofi lm formation, which may be ben-
efi cial for bacteria under chronic conditions. Additionally, the mechanisms of antimicrobial resistance gene expression 
under the regulatory infl uence of QS are revealed. Conclusions. Th e review highlights the possibility of infl uencing the 
development of virulence properties of opportunistic microorganisms and their antimicrobial resistance through innova-
tive non-bactericidal therapeutic strategies. Th is opens a new page in the fi ght against multidrug-resistant pathogens of 
nosocomial infections and the correction of the microbiome in general.
Keywords: quorum sensing, biofi lm, Staphylococcus, Streptococcus, virulence factors, antimicrobial resistance.
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As it has already been proven, in such a complex 
consortium of bacteria as a biofi lm, bacteria in-
teract with each other somehow. In 1994, it was 
proposed to designate such features of intercellu-
lar communication of bacteria by the term quo-
rum sensing (QS) (Fuqua et al., 1994). It defi nes 
the process of bacterial intercellular communica-
tion, using various chemical signals ( autoinduc-
ers), synchronize their collective behaviour in the 
bacterial population, and exercise self-control.

Given the signifi cant diff erence in metabo-
lism and other physiological features of diff erent 
bacterial populations, it would be reasonable to 
assume that the mechanisms that ensure their 
QS in biofi lms are diff erent. In this review, we 
tried to analyze such a situation in diff erent bac-
terial species.

Quorum Sensing in Staphylococci. As 
known, staphylococci are mainly commensals 
of human skin and the mucous membranes of 
the upper respiratory tract, but they can become 
pathogenic by entering the bloodstream or diff er-
ent tissues, especially when the skin is damaged 
or the immune system is weakened. Th e treat-
ment of staphylococcal infections is complicated 
by the increase in the number of antibiotic-re-
sistant strains, for example, MRSA, which cause 
a wide range of diseases in humans, including 
life-threatening conditions, such as pneumonia, 
sepsis, toxic shock syndrome, etc. (Crossley et al., 
2009; Klymnyuk & Romanyuk, 2024).

Among the regulatory mechanisms that en-
sure timely adaptation of staphylococci physi-
ological features to the environment, their QS is 
considered one of the most thoroughly studied 
and, probably, the most important mechanisms 
for controlling disease pathogenesis. It has been 
proven that bacterial QS is a population-density-
dependent and environment-dependent mecha-
nism of gene regulation that occurs through 
intercellular communication (Le & Otto, 2015; 
Waters & Bassler, 2005).

Two main regulatory systems are distin-
guished in staphylococci, namely the Agr sys-

tem and the LuxS system. Agr is considered the 
prototype of the QS regulatory system in gram-
positive bacteria (Bleul et al., 2022; Kleerebezem 
et al., 1997; Le & Otto, 2015; Matsumoto et al., 
2021; Waters & Bassler, 2005), while the role of 
LuxS system in the QS mechanism of staphylo-
cocci has not yet been studied suffi  ciently.

Th e Agr system, which is part of the two-com-
ponent signaling and signal-sensing system of 
S. aureus (Bleul et al., 2022), plays a central role 
in the regulation of bacterial virulence (Matsu-
moto et al., 2021). Th e agr locus is 3.5 kb in size 
and consists of two divergent transcription units, 
such as RNA II and RNA III, whose transcrip-
tion is controlled by promoters P2 and P3, re-
spectively (Le & Otto, 2015). Th e RNAII locus 
contains four genes: agrB, agrD, agrC, and agrA 
(Le & Otto, 2015) (Fig. 1). 

Th e agrD transcript encodes the precursor pep-
tide of the extracellular QS signal Agr, which is 
an autoinducer peptide (AIP) (Le & Otto, 2015). 
It consists of 7—9 amino acids and contains the 
characteristic thiolactone ring between the cen-
trally located cysteine and C-terminus (Le & Otto, 
2015). Th e agrB gene product is a transmembrane 
endopeptidase, which is responsible for thiolac-
tone modifi cation, C-terminal cleavage, and AIP 
export (Le & Otto, 2015; Zhang & Ji, 2004). 

In staphylococci, the C-terminal region be-
longs to the end of specifi c bacterial proteins, 
which oft en play a decisive role in virulence, 
evading the immune response, targeting the cell 
wall, or interacting with enzymes. Key C-termi-
nal functions include complement evasion by 
Efb  (extracellular fi brinogen-binding protein), 
binding host factors, and targeting toxins. Th ese 
C-terminal domains are key to staphylococcus 
survival, allowing it to evade human defence 
mechanisms or interact with host cells, making 
them potential targets for new antibiotics.

In the extracellular environment, AIP is cleaved 
by type I signal peptidase SspB P fi nally (Le & 
Otto, 2015). Th e agrA and agrC genes encode the 
two-component signal transduction system com-
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prising the histidine kinase sensor AgrC, a trans-
membrane protein that is phosphorylated upon 
binding to AIP, and the associated whith them 
response regulator AgrA (Le & Otto, 2015). Aft er 
activation by AgrC-dependent phosphorylation, 
AgrA binds to the P2 promoter region for RNA II 
and the P3 promoter region for RNA III (Koenig 
et al., 2004), as well as to the promoters control-
ling the expression of PSMα and PSMβ peptides 
(Koenig et al., 2004; Queck et al., 2008). 

Th e QS scheme functions as follows (Fig.  1): 
An AIP signal is formed from the precursor 
AgrD through the maturation and export of 
AgrB. At a certain threshold concentration, AIP 
activates the two-component AgrC-AgrA system, 

and phosphorylated AgrA activates transcrip-
tion from the P2 promoter, resulting in negative 
feedback through autoregulation. An important 
feature of Agr is group specifi city, which leads to 
cross-inhibition, i.e. suppression of Agr activity in 
strains belonging to other Agr specifi city groups 
or other species.

Most Agr target genes are regulated via RNA 
III, whose transcription is enhanced by AgrA 
via the P3 promoter. RNA III also contains the 
delta toxin gene. RNA III controls target genes 
by forming base pairs with 5'UTR, in most cases 
inhibiting translation. Th is is used to directly re-
press Agr-inhibited target genes, such as protein 
A, while repression of Rot repressor translation 
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leads to derepression of transcription of many 
classic Agr target toxins, like alpha toxin. AgrA 
also increases the transcription of the psmα and 
psmβ operons encoding PSM (phenol-soluble 
modulin) peptides in an RNAIII-independent 
mode of Agr target gene regulation.

Phenol-soluble modulin (PSM) peptides are 
small, amphipathic, and alpha-helical toxins pro-
duced by staphylococci that are crucial for biofi lm 
maturation and virulence, such as neutrophil ly-
sis. Th ey are typically categorized into alpha-type 
(20—25 amino acids) and beta-type (about 44 
amino acids). Th e Shine-Dalgarno sequence is a 
ribosome-binding site in the matrix RNA of bac-
teria and archaea. Th is sequence, which is usually 
located 8 nucleotides before the AUG start co-
don, is important for the initiation of translation 
because it interacts with the ribosome. It interacts 
with a complementary sequence at the 3’-end of 
16S rRNA (the anti-Shine-Dalgarno sequence), 
allowing the ribosome to bind to mRNA at the 
correct location to initiate translation (Rinaldi et 
al., 2016; Wen et al., 2021).

Although agr is generally conservative in staph-
ylococci, variations in the agrB, agrC, and agrD 
sequences cause synthesis of AIPs with diff erent 
signalling specifi cities, allowing the activation of 
own and causing cross-inhibition of a group of 
foreign Agrs, which may refl ect evolutionary se-
lective pressure. In addition, Agr can also be ac-
tivated by various other regulators, particularly 
SarA, SrrAB, or environmental factors, such as 
glucose concentration or pH (Le & Otto, 2015).

Th e presence of RNAIII-dependent gene regu-
lation is a distinctive feature of staphylococci QS. 
Bacterial RNA III is a large intracellular eff ector 
RNA molecule of S. aureus, which is responsible 
for controlling the targets of the Agr quorum sens-
ing system. It is crucial for controlling virulence 
factors such as toxins by activating them during 
late stages of infection prosesses, and surface pro-
teins by suppressing them during early stages. It is 
also a matrix RNA containing the hld gene for del-
ta toxin (or delta haemolysin) (Le & Otto, 2015).

Th e main mechanism by which RNA III con-
trols target gene expression is through antisense 
binding to 5' untranslated regions (5' UTRs), 
forming double-stranded RNAs. With the ex-
ception of alpha toxin, in the synthesis of which 
RNA III can also act as a post-transcriptional 
activator, RNA III usually blocks translation 
(Boisset et al., 2007; Le & Otto, 2015). Owing to 
this direct mechanism, RNA III suppresses the 
production predominantly surface proteins, like 
protein A and others. In addition, RNA III blocks 
the translation of the toxin repressor Rot, which 
belongs to the family of staphylococcal auxiliary 
transcription regulators (Le & Otto, 2015).

RNA III works by binding to target mRNAs, 
oft en using an antisense mechanism to block 
translation or trigger degradation (via RNase III), 
and can also activate the expression of genes as-
sociated with mechanisms suppressing the host’s 
pentose phosphate pathway to create a more fa-
vourable environment for survival and infection. 
Th is pentose phosphate pathway in S. aureus is 
a crucial metabolic pathway for the production 
of NADPH (protection against stress /redox bal-
ance) and pentose sugars (for nucleotides/cell 
wall), necessary for its survival, growth, biofi lm 
formation, virulence, infl uencing antibiotic re-
sistance and interaction with host immune cells.

Th e staphylococcal protein Rot or toxin repres-
sor, is S. aureus common regulator for controls 
of the expression of numerous virulence factors, 
including toxins, proteases, and adhesion mol-
ecules. It acts as a transcription factor capable of 
activating or repressing gene expression and plays 
a key role in regulating biofi lm formation, oft en 
by repressing proteases that would otherwise in-
hibit biofi lm formation by bacteria. Rot activity 
is infl uenced by other regulatory systems, such 
as the Agr system, which can regulate Rot itself 
and its target genes (Said-Salim et al., 2003). Rot 
binds to the promoter region of many exoproteins 
and toxins, blocking their transcription. Th ese 
mechanisms allow for a rapid increase in the 
levels of enterotoxins, alpha-toxin, leukocidins, 
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and degradative exoenzymes and for a decrease 
in the regulation of surface proteins, depending 
on the bacterial density. Moreover, genome-wide 
gene expression analysis shows that, in addition 
to controlling virulence determinants, Agr also 
controls some metabolic targets that can help 
adapt the physiology of bacteria to the changed 
requirements during infection process (Cheung 
et al., 2011; Le & Otto, 2015).

RNAIII has long been considered the only 
mechanism by which Agr controls target genes, 
but it has recently been discovered that the AgrA 
response regulator not only binds to the P2 and 
P3 promoters but also directly enhances the tran-
scription of phenol-soluble modulins (PSMs) 
psmα and psmβ by binding to the correspond-
ing promoter sequences (Le & Otto, 2015; Queck 
et al., 2008). Th ese PSMs belong to the family of 
staphylococcal peptide toxins, which also in-
cludes delta toxin produced by S. aureus, and act 
as virulence factors (Cheung et al., 2014; Wright 
et al., 2005). PSMs play diff erent roles, including 
inducing cell lysis (e.g., of erythrocytes and leuko-
cytes), stimulating infl ammatory responses, and 
promoting biofi lm formation. Some FRMs also 
promote the colonization and spread of staphylo-
cocci on the surfaces. As the delta toxin gene is 
embedded in RNAIII, it has been suggested that 
the evolution of the RNAIII delta toxin gene is 
linked to an older regulatory network consisting 
of AgrA and, possibly, QS control of psm genes, 
which control virulence determinants via RNAIII 
and Rot (Le & Otto, 2015; Queck et al., 2008).

In several animal models with acute infection 
caused by S. aureus, it has been demonstrated 
that Agr increases the synthesis of virulence fac-
tors that are necessary for disease progression. 
Th ese models included infectious endocarditis, 
skin and soft  tissue infections, septic arthritis, 
osteomyelitis, pneumonia, and others (Cheung 
et al., 2011; Le & Otto, 2015; Waters & Bassler, 
2005; Wright et al., 2005). Conversely, down-
regulation of PSM and microbial surface com-
ponents by Agr was associated with increased 

biofi lm formation and bacterial colonization of 
internal medical devices (Periasamy et al., 2012; 
Wang et al., 2011). Furthermore, Agr dysfunc-
tion correlates with persistent bacteremia caused 
by S. aureus (Le & Otto, 2015).

In general, density-dependent upregulation of 
toxins and degradative exoenzymes, on the one 
hand, and downregulation of surface compo-
nents, on the other hand, are considered to refl ect 
diff erent temporal requirements for specifi c viru-
lence determinants during the course of bacterial 
infection. Th us, at the onset of infection, low cell 
density and, as a result, low Agr expression lead 
to increasing production of surface components 
necessary for initial tissue colonization. Once 
established, the bacteria to a higher cell density, 
requiring additional sources of nutrients and in-
creased resistance to the host’s defences, which is 
achieved through Agr-dependent upregulation of 
degradative exoenzymes and toxins. It has been 
observed that at this time, the synthesis of toxins, 
many of which are pro-infl ammatory, is delayed 
until the bacteria in the biofi lm are able to cope 
with the attacks of the macroorganism’s defences. 
Th is is probably explained by the results confi rm-
ing the role of Agr and Agr-controlled factors 
during bacteraemia caused by S. aureus (Cheung 
et al., 2014; Fowler et al., 2004).

Th e expression of virulence determinants 
regulated by Agr is energy-intensive, and there 
are several reports that it correlates with that of 
antibiotic resistance (Le & Otto, 2015). It has 
been shown that subinhibitory concentrations 
of antibiotics increase Agr expression (Joo et al., 
2010; Paulander et al., 2013; Rudkin et al., 2014), 
which is confi rmed by the observed formation 
of Agr-dysfunctional mutants in strains isolated 
from patients with nosocomial infections (Pau-
lander et al., 2013).

Agr can control some virulence determinants 
of bacteria. For example, one of the most well-
known Agr-regulated toxins is alpha toxin (alpha 
haemolysin), which is encoded by the hla locus. 
It binds to the disintegrin and metalloproteinase 
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ADAM10 receptor on the host cell membrane 
(Berube & Bubeck Wardenburg, 2013; Wilke & 
Wardenburg, 2010). ADAM10 is a metallopro-
teinase that plays a crucial role in numerous 
biological processes by ‘shedding’ ectodomains 
from transmembrane proteins. It is known that 
alpha-haemolysin is associated with numerous 
staphylococcal infections in humans. Isogenic 
mutants for this toxin showed less disease sever-
ity compared to the wild-type strain in animal 
models, including pneumonia, skin and soft  tis-
sue infections, and endovascular infection (Le & 
Otto, 2015; Powers et al., 2012).

Two-component leukocidins form another 
family of pore-forming toxins, controlled by 
Agr. Th is group includes Pantone-Valentine leu-
kocidin, γ-haemolysin, LukDE, LukGH (LukAB) 
leukocidins (Alonzo III & Torres, 2014; Alonzo 
III et al., 2012). Staphylococcal LukDE is a pore-
forming toxin synthesized by S. aureus and is 
critical for the onset of disease. LukE-LukD is 
as important as Panton-Valentine leukocidin. It 
can cause dermonecrosis when administered in-
tradermally to rabbits. LukAB is a virulence fac-
tor synthesized by S. aureus. It destroys human 
phagocytes, such as neutrophils, macrophages, 
and dendritic cells. LukED is an essential factor 
controlling the development of disease caused by 
S. aureus (Alonzo III et al., 2012). LukED is the 
reason for phagocytic cell lysis by acting on the 
chemokine receptor CCR5, prenting on lympho-
cytes, macrophages, and dendritic cells (Alonzo 
III et al., 2013). Th is process is a key virulence 
factor of S. aureus, helping it to evade the host 
immune system and cause severe infections, par-
ticularly bloodstream ones (Kolar et al., 2013).

It has been proven that many enzymes se-
creted by bacteria are regulated by Agr. For ex-
ample, some proteases are strongly controlled by 
Agr and they are virulence factors themselves, 
contribute to the destruction of host tissue and 
defence proteins, such as antimicrobial peptides, 
thereby determine the pathogenic properties of 
pathogens (Kolar et al., 2013; Queck et al., 2008).

Among the surface proteins that generally in-
hibit Agr, protein A (Spa) stands out due to its 
multifactorial infl uence on pathogenesis, as well 
as the fact that it appears to be constantly con-
trolled by Agr. Th is protein A has been studied 
in models of infections involving various organ 
systems, such as pneumonia, septic arthritis, and 
infections of the bloodstream (Le & Otto, 2015). 
It has been shown that it plays a role in trigger-
ing the synthesis of proinfl ammatory mediators 
in the lung parenchyma by activating the TNF-α 
receptor (TNFR1) (Becker et al., 2014; Gómez et 
al., 2004; Le & Otto, 2015; Pauli et al., 2014).

We know that biofi lm formation occurs in sev-
eral stages. Bacteria attach to abiotic or protein-
coated host surfaces and aggregate into multi-
cellular structures fi rst. Th en bacteria multiply/
mature and later dispersion/disintegration oc-
curs (Le & Otto, 2015). Initially, it was assumed 
that this situation leads to the dispersion of the 
biofi lm, based on the observation that agr mu-
tants demonstrated a prolonged biofi lm forma-
tion in both S. aureus and S. epidermidis (Vuong 
et al., 2000; Vuong et al., 2003), but recently, the 
detailed mechanisms by which Agr infl uences 
biofi lm development have been elucidated. In 
particular, Agr controls proteases, which in vi-
tro aff ect biofi lm expansion by destroying the 
protein components of its matrix. However, the 
signifi cance of proteases in vivo in the formation 
of staphylococcal biofi lm is still debatable (Le 
& Otto, 2015). Th e only mechanism of biofi lm 
structuring and dispersion, the importance of 
which has been confi rmed in vivo in experiments 
using biological fl uids, is based on the function 
of surface-active FRMs (Dastgheyb et al., 2015; 
Periasamy et al., 2012; Wang et al., 2011). In a 
process that is largely independent of the meth-
od of biofi lm formation and the composition of 
the biofi lm matrix, FRMs structure biofi lms by 
forming channels and causing cells to disperse 
from the biofi lm. Th is process leads to the spread 
of biofi lm-associated infection in vivo and is re-
sponsible for the extensive biofi lm formation ob-



90 ISSN 1028-0987. Microbiological Journal. 2026. (3)

S.I. Klymnyuk, M.A. Andreychyn, L.B. Romanyuk, M.Ya. Spivak

served under conditions of low Agr activity, for 
example, in synovial fl uid during joint infection 
(Dastgheyb et al., 2015; Le & Otto, 2015).

Th us, the eff ect of Agr on biofi lm-associated 
infection is mixed. Agr is necessary for biofi lm 
structuring and infection spread, but Agr dys-
function leads to increased biofi lm formation, 
which may be benefi cial to bacteria under these 
conditions. Accordingly, strains with a dysfunc-
tional Agr system are oft en isolated from infec-
tious agents that colonize permanent devices. 
Such strains have lost their ability to spread 
within the patient’s body and among other in-
dividuals (Bose et al., 2011; Traber et al., 2008; 
Vuong et al., 2004).

Th e LuxS quorum sensing system was de-
scribed fi rst in the bioluminescent bacterium 
Vibrio fi scheri (Bose et al., 2011). It is a key of QS 
pathway that is implemented by the synthesis of 
the universal autoinducer AI-2, which helps bac-
teria of the genus Vibrio to communicate with 
each other and coordinate their behavior, causing 
bioluminescence, virulence, biofi lm formation, 
and motility. It is now recognized that this regu-
latory eff ect of the LuxS quorum sensing system 
is widely used by various bacteria, and it is as-
sumed that it plays a role in interspecies commu-
nication (Bassler, 2002; Xavier & Bassler, 2003).

Th e LuxS system synthesizes the autoinducer 
AI-2, which is a furanosylborate diester mole-
cule (Le & Otto, 2015). It has been demonstrated 
that certain phenotypic properties of S. aureus, 
including capsule synthesis, biofi lm formation, 
antibiotic susceptibility, and virulence are asso-
ciated with AI-2 regulation (Li et al., 2008; Yu et 
al., 2012; Zhao et al., 2010). Similarly, it has been 
found that in S. epidermidis, the luxS gene infl u-
ences the expression of genes that promote the 
biosynthesis of biofi lm exopolysaccharides (Li et 
al., 2008). In addition, the luxS mutant showed 
increased virulence in a catheter-associated 
infection model in mice (Xu et al., 2006). Th is 
fi nding was later confi rmed in experimental in 
vitro and in vivo in S. aureus, where luxS con-

trolled biofi lm growth via the icaR locus (Yu et 
al., 2012). However, the role of LuxS as a regula-
tory system responsible for quorum sensing in 
staphylococci remains a subject of debate.

Th ere is constant interest in studying the eff ect 
on Agr for the development of anti-staphylococ-
cal drugs (Khan et al., 2015). One such attempt 
uses the cross-inhibitory activity of auto-induced 
peptides (AIP) of the Agr system and involves 
their modifi cation by replacing amino acids, re-
locating amino acid side chains, removing the 
exocyclic tail, and polymerizing AIPs to increase 
their stability and resistance to proteolysis (Khan 
et al., 2015; Le & Otto, 2015). It was noted that 
monoclonal antibodies against specifi c AIP were 
eff ective in suppressing Agr expression in an Agr 
strain with a diff erent Agr specifi city group and 
protected mice from lethal infection with S. au-
reus by this strain (Park et al., 2007). An immu-
nopharmacotherapeutic approach to attenuating 
QS in S. aureus has also been reported. A mono-
clonal antibody AP4-24H11 against autoinducer 
eff ectively inhibited QS in vitro by sequester-
ing AIP-4 produced by S. aureus RN4850. AP4-
24H11 suppressed S. aureus pathogenicity in 
vivo in a mouse with abscess and provided com-
plete protection against the lethal eff ect caused 
by S. aureus. Th ese results lay the foundation 
for further research into the eff ects of immuno-
pharmacotherapy for the treatment of bacterial 
infections in which QS controls the expression 
of virulence factors (Le & Otto, 2015).

Th ere are approaches directed at the ArgA 
regulator using a small molecule of savirin (Sully 
et al., 2014). Sully et al. (2014) showed that viru-
lence activity suppression did not lead to the 
development of resistance, which is a frequently 
claimed but rarely tested predicted advantage of 
anti-virulence drugs (Sully et al., 2014). Th e per-
sistent problem of S. aureus antimicrobial resis-
tance, largely due to its ability to form biofi lms 
using the QS system, requires innovative thera-
peutic strategies that go beyond traditional anti-
biotic therapy. Novel treatment approaches such 
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as phage therapy, monoclonal antibodies, new 
antibiotics, phytochemicals, metal chelators, 
nanoparticles, and CRISPR-based gene editing 
show signifi cant promise by targeting various as-
pects of biofi lm architecture, bacterial commu-
nication, and resistance mechanisms. Together, 
they off er new hope for more eff ective treatment 
of S. aureus infections in both clinical and envi-
ronmental contexts (Ong et al., 2025).

Th e increasing spread of multidrug-resistant 
Staphylococcus aureus has prompted the search 
for new innovative, non-bactericidal therapeutic 
strategies, for example, the identifi cation of two 
new thiazole-indole hybrid compounds, namely 
2-[(6-methoxy-1H27 indol-2-yl)methyl]-5-cya-
no-1,3-thiazol-3-amine (designated as C3) and 
3-ami no-5-cyano-2-(5-28 chloro-1H-indol-2-yl)
thia zole (designated as C4), as potent inhibitors of 
the quorum sensing system of the auxiliary gene 
regulator (agr) of S. aureus (Wang et al., 2025).

Quorum Sensing in Streptococci. Bacteria of 
the genus Streptococcus, like those of the genus 
Staphylococcus, also cause a wide range of infec-
tions in humans (Belman et al., 2024; Brouwer et 
al., 2023; Esposito et al., 2025; Liu & Liu, 2022). 
Virtually, all of them use QS systems to regulate 
their physiological properties, including, fore-
most, the ability to form biofi lms, maintain com-
petence, integrate foreign DNA, become virulent, 
and exhibit acid tolerance. Taking into consid-
eration the diversity of biological properties of 
streptococci, various QS systems have been de-
scribed in them, which use extremely complex 
mechanisms of interbacterial communication. 
Among them, there is the ability to form a spe-
cial signalling peptide, a two-component signal 
transduction system that has a membrane-bound 
histidine kinase sensor and an intracellular re-
sponse regulator (Cvitkovitch et al., 2003).

Group A streptococci express the glucose 
transferase regulatory gene (Rgg), the Sil gene 
(streptococcal invasion locus), lantibiotic sys-
tems, and LuxS/AI-2 (Jimenez & Federle, 2014). 
Th e Sil locus was fi rst described in S. pyogenes 

and S. pneumoniae and is associated with the vir-
ulence of cocci (Mendonca et al., 2017). Strep-
tococcal lantibiotic systems include potent an-
timicrobial peptides called lantibiotics, such as 
mutacins (bacteriocins), which are synthesized 
by various Streptococcus spp., e.g. S. mutans, and 
regulated by complex QS pathways, in particu-
lar MutRS, Phr to eliminate competitors, pro-
mote colonization (such as in dental plaque) and 
cause disease, using specialized modifi cation 
(LanM, LanB/C) and export (LanT) mechanisms 
for peptide maturation and secretion, and some 
strains even incorporate resistance mechanisms 
(Majchrzykiewicz et al., 2010).

Lantibiotics are potent small antimicrobial 
peptides (bacteriocins) that contain unusual lan-
tionine rings. Th ey are used by cocci as antago-
nistic/antibiotic agents to inhibit other bacteria, 
oft en by disrupting cell membranes through 
binding to lipid II or pore formation. Examples 
of such peptides are slymuricins, salivariicin 
from S. salivarius, and macedocin/macedocin 
from S. macedonicus. In the biotope, they can 
be crucial in the colonization process, protect-
ing from competitors (Majchrzykiewicz et al., 
2010; Maricic et al., 2016). Mutacins are a type 
of bacteriocin with a powerful antimicrobial ef-
fect produced by S. mutans (the main reason for 
caries). Th ese microorganisms use them to com-
pete and survive in the complex environment of 
the oral cavity, destroying other related bacteria, 
including real pathogens, in particular, S. aure-
us. Th ese small proteins act as natural antibiot-
ics belonging to the lantibiotics (such as nisin) 
and non-lantibiotics groups. It may be suggested 
that they could be used as potential treatments 
for antibiotic-resistant bacteria in the future, al-
though further research is needed before they 
can be used in humans (Merritt & Qi, 2012).

A family of Rgg proteins has been identi-
fi ed in streptococci. It is a conservative group 
of transcription factors that modify their activ-
ity in response to signal peptides (Anbalagan 
et al., 2011; Chang et al., 2022). In S. pyogenes, 
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Rgg is a key regulatory protein that controls the 
transcription of approximately 600 genes during 
the post-exponential growth phase, including 
virulence-associated genes encoding the extra-
cellular protease SpeB, pullulanase A (acting as 
streptoadhesin), and two extracellular nucle-
ases (SdaB and Spd-3). Streptococcus pullulanase 
(SAP) is a surface-anchored, class 13 glycoside 
hydrolase found in pathogenic streptococci, 
e.g., of S. pyogenes. It acts as a multifunctional 
enzyme, degrading alpha-1,6-glycosidic link-
ages in starch and pullulan, while also acting as 
an adhesin that binds to human host cells. Rgg 
binds to the DNA of the speB (PspeB) promoter 
to activate transcription; however, it is unknown 
whether Rgg binds to the promoters of other 
genes to aff ect expression. It is possible that the 
disruption of other global regulons explains the 
genome-wide expression changes associated 
with the mutant (Anbalagan et al., 2011; Chang 
et al., 2022).

To address this issue, chromatin immuno-
precipitation followed by DNA microarray 
(ChIP-chip) analysis was used to identify Rgg 
binding sites. Rgg bound to the 65 sites on the 
chromosome. Th irty-fi ve of them were located 
within noncoding DNA, and 43% of these were 
adjacent to genes previously identifi ed as Rgg 
regulators. Overall, the results indicate that Rgg 
specifi cally binds to multiple sites on the chro-
mosome, including prophage DNA, to infl uence 
gene expression (Anbalagan et al., 2011). Using 
S. pyogenes, it has been demonstrated that one of 
the QS systems, namely Rgg2/3, can inhibit the 
nuclear factor of macrophages (NF-κB) and the 
synthesis of pro-infl ammatory cytokines, but the 
mechanisms by which this occurs remain un-
known (Anbalagan et al., 2011; Feldstein et al., 
2025). NF-κB, an enhancer of the kappa-light 
chain of the nuclear factor of activated B cells, 
is a key transcription factor in macrophages that 
acts as a major regulator of infl ammation and 
immunity, controls cytokine genes and chemo-
kines, i.e., cell survival, and determines their 

response to pathogens. Its activation involves 
translocation from the cytoplasm to the nucleus, 
a process that is crucial for balancing macro-
phage functions from antimicrobial defence to 
tumour support (Feldstein et al., 2025; Muss-
bacher et al., 2023).

In S. pneumoniae, the induction of genetic co-
auxiliary competence (and potentially virulence) 
is regulated by the QS system mediated by CSP 
(competence-stimulating peptides) (Belman et 
al., 2024; Campbell et al., 1998; Galante et al., 
2015; Lee & Morrison, 1999). Th e mechanism in-
volves the expression of early gene products en-
coded by two genetic loci, comAB and comCDE. 
Th e genes in the comAB operon encode an ATP-
binding cassette transporter (ComA) and a pro-
tein for ComA (ComB). Th ese secretory proteins 
mediate the processing and export of CSP. Th e 
com CDE loci encode the CSP precursor, a his-
tidine kinase that acts as a CSP receptor and a 
response regulator activating both comAB and 
comCDE operons, respectively. Another two-
component regulatory system, CiaH-CiaR, in-
fl uences the development of competence by 
negatively regulating comCDE expression. Sig-
nals initiate competence through the activity 
of ComX, a global transcription modulator that 
acts as an alternative sigma factor, which is also 
present in S. pyogenes (Opdyke et al., 2003).

In streptococci, the key alternative sigma fac-
tor is SigX (or ComX)  — a crucial regulator of 
competence induction, a state that allows bac-
teria to absorb DNA for genetic transformation. 
SigX directs RNA polymerase to specifi c pro-
moters — consensus sequences (Com n-boxes or 
Cin-boxes) — to activate ‘late’ competence genes, 
but its activity is strictly regulated by proteolysis 
(via ClpC/ClpP/MecA) and replacement by other 
factors, such as ComW, for temporary control, 
ensuring a short duration and clear temporal 
limitation of competence, as well as participat-
ing in the synthesis of biofi lm and bacteriocins 
(Opdyke et al., 2003). Th ere is also a consensus 
sequence — an artifi cial DNA or RNA sequence 
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containing a nucleotide at each position that 
occurs most frequently in several homologous 
sequences. Th e competence-specifi c additional 
operons cilA, cilB, cilC, cilD, cilE, cinA-recA, 
coiA, and cfl , which are involved in DNA uptake 
and recombination, have an unusual consensus 
sequence in the promoter that is absent in the 
comAB and comCDE promoters (De Saizieu et 
al., 2000; Peterson et al., 2000).

Th e review by Galante et al. (2015) focuses on 
the regulation of 

S. pneumoniae biofi lm involving the Com-
ABCDE pathway. Th e authors analyze genotypic 
and phenotypic variations of the ComC signal-
ling molecule and its related receptor ComD, 
fi rst within pneumococcal strains and then 
within the entire Streptococcus genus. Th ey not-
ed the existence of a pathway similar to Com-
ABCDE  — BlpABCSRH, which regulates the 
synthesis of bacteriocin and an immunity pro-
tein that inhibits the growth of competing bac-
teria (Galante et al., 2015).

However, the LuxS gene has been identifi ed in 
streptococci, as well as in staphylococci (Merritt 
et al., 2003; Stroeher et al., 2003; Xu et al., 2006). 
Th e LuxS protein is necessary for the biosynthe-
sis of autoinducer 2 (AI-2), which is involved in 
ensuring QS in many species of cocci, including 
S. pneumoniae. Th e luxS mutation in S. mutans 
caused a defect in biofi lm formation in experi-
mental infections in mice. It was suggested that 
the AI-2 pathway is a very good target for che-
motherapeutic control of bacterial virulence. 
It is important to note the peculiarities of QS 
functioning in S. mutans, the streptococci whose 
lifestyle depends signifi cantly on its existence in 
biofi lm (Cvitkovitch et al., 2003).

S. mutans have evolved to become dependent 
on the biofi lm lifestyle for survival and preserva-
tion in their natural ecosystem — dental plaque 
(Li et al., 2001). Bacteria in dental biofi lms, in-
cluding primarily S. mutans, are oft en exposed 
to various stress factors, such as extreme nutri-
ent defi ciency or excess, varying pH, high os-

molarity, and the use of antimicrobial agents or 
antibiotics by the host (Cvitkovitch et al., 2003). 
Although adaptation to stress and the environ-
ment through genetic transformation is consid-
ered to be very rare, such a rare event can be very 
signifi cant if the transforming DNA with anti-
biotic resistance genes or virulence factors pro-
vides a selective advantage to recipient cells. In 
addition to providing bacteria with a signifi cant 
extracellular gene pool, the biofi lm environment 
signifi cantly benefi ts bacteria because it contains 
mechanisms of intercellular signalling (Cvitkov-
itch et al., 2003).

To facilitate the analysis of genetic transfor-
mation of cells grown in biofi lms, Li et al. (2001) 
used a system for evaluating biofi lm formation 
in a chemostat, which allows observation of the 
physiological activity of a bacterial population 
under controlled growth conditions (Li et al., 
2001). Using this system, the authors concluded 
that growth rate, culture pH, and biofi lm age are 
very important factors. Th ey attempted to iden-
tify genes involved in the development of genetic 
competence in S. mutans and investigated the 
natural genetic transformation of cells grown in 
biofi lm. Th e authors focused on comC and its ac-
tive signal (peptide pheromone) and chemically 
synthesized a corresponding competence-stim-
ulating peptide (CSP) consisting of 21 amino 
acids. Th e addition of CSP to incompetent cells 
increased the transformation frequency. To fur-
ther confi rm the role of these genes in genetic 
competence, the researchers inactivated them 
using insertion-duplication mutagenesis or al-
lelic replacement, followed by analysis of trans-
formation effi  ciency. It was shown that S. mutans 
cells grown in biofi lm transformed at a rate 10—
600 times higher than cells in a planktonic form. 
S. mutans transformed during the formation 
of biofi lms aged 8—16 hours optimally, which 
consisted mainly of microcolonies on solid sur-
faces. Th e authors confi rmed that dead cells in 
biofi lms can be donors of chromosomally en-
coded determinants of resistance to antibiotics 
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such as erythromycin. It was also confi rmed that 
the peptide signal (pheromone) system controls 
genetic competence in S. mutans and that this 
system is functional (Li et al., 2001).

Th e authors showed that inactivation of any of 
the genes encoding components of the QS signal-
ling system leads to the formation of abnormal 
biofi lms. In particular, the comC mutant (unable 
to produce or secrete a signal peptide) formed 
a biofi lm that lacked the architecture of a wild 
type, while comD and comE mutants with defects 
in sensitivity and response to the signal peptide 
generated biofi lms with reduced biomass. It has 
been suggested that the architectural change in 
c omC mutant biofi lms may be related to a defect 
in cell separation due to mutations in this gene, 
leading to the formation of large aggregates or 
‘web-like’ biofi lms that are easily removed from 
surfaces. Th e observation that mutants unable to 
produce or secrete CSP formed biofi lms that dif-
fered from those formed by mutants with comD 
or comE gene defects indicates that S. mutans 
have a few CSP receptors. Although the authors 
clearly demonstrated that the comCDE QS sys-
tem is directly related to the ability of S. mutans 
to form biofi lms, the molecular and biochemi-
cal mechanisms involved in the expression of the 
wild-type biofi lm phenotype remain unexplored 
(Li et al., 2002b).

Taking into consideration that the oral mi-
crobiota is represented not only by S. mutans 
but also by hundreds of diff erent bacterial spe-
cies colonizing the oral mucosa, it has been sug-
gested that they must infl uence each other. Pay-
ing attention to another representative of the 
microbiome  — Aggregatibacter actinomycetem-
comitans, it was noted that it can trigger the ex-
pression of the Streptococcus mutans QS regulon. 
A. actinomycetemcomitans is a Gram-negative, 
facultative anaerobic, non-motile bacterium that 
colonizes the oral cavity and is oft en associated 
with aggressive periodontitis. It is believed to be 
capable of triggering the expression of a regulon, 
a group of genes regulated as a single unit and 

usually controlled by a single regulatory gene 
that expresses a protein acting as a repressor or 
activator of the quorum sensing system. Th is was 
demonstrated in a model of cariogenic S. mutans 
in two-species biofi lms grown on artifi cial sali-
va. Th e XIP QS signal synthesis gene is impor-
tant for this interaction. Sequencing of biofi lm 
transcripts showed that S. mutans upregulates 
the entire QS regulon in the presence of A. ac-
tinomycetemcomitans and downregulates genes 
associated with oxidative stress. A. actinomy-
cetemcomitans, in turn, required the presence of 
S. mutans for growth. Th e genes responsible for 
the fi mbriae and toxins of the pathogen were ex-
pressed the most, and when cultivated together, 
there was an increase in the regulation of anaer-
obic metabolism, chaperones, and iron uptake 
genes (Rued et al., 2021; Szafrański et al., 2017).

SigX-inducing peptide (XIP) is a small sig-
nalling peptide, predominantly from S. mutans, 
which acts as a quorum-sensing pheromone to 
trigger natural competence, allowing bacteria 
to absorb DNA for genetic exchange, and also 
regulates virulence factors such as biofi lm for-
mation and bacteriocin synthesis, acting via the 
ComRS pathway to activate the alternative sigma 
factor SigX (ComX) (Nizet et al., 2000). XIP ac-
tivates the intracellular regulator ComR, which 
then induces the expression of sigX and comS in 
a positive feedback loop, signifi cantly aff ecting 
bacterial behaviour, including competition with 
other microbes, such as another representative 
of the oral microbiome, C. albicans (Wenderska 
et al., 2012).

It has long been known that dental caries is a 
serious disease that poses a signifi cant threat to 
human oral health. Dental plaque biofi lm, con-
sisting of many microorganisms, is the main fac-
tor in caries. S. mutans and C. albicans play an 
important role in this process as common com-
mensals of the oral cavity, and the interaction 
between them can lead to the rapid development 
of caries (Liao & Li, 2025). Inhibition of biofi lm 
formation has been the subject of research on 
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caries prevention and treatment (Lu et al., 2023; 
Li et al., 2002a). In recent years, many studies 
have shown that C. albicans contributes to the 
development of caries by interacting with S. mu-
tans, causing adhesion, assisting in the synthesis 
of exopolysaccharides (EPS), lowering the pH of 
the microenvironment, forming a highly cario-
genic acidic environment, and secreting quorum 
sensing molecules.

It has been shown that the mechanism of com-
munication between microorganisms includes 
the autoinducer peptide system, the autoinduc-
er-2 system, and the acyl-homoserine lactone 
system. Th e implementation of these mecha-
nisms in the QS system contributes to the onset 
of disease by activating the expression of genes 
associated with microbial pathogenicity, stimu-
lating endopolyssachsaride synthesis and biofi lm 
formation. Th e QS CSP-ComDE and ComRS sys-
tems of S. mutans allow bacteria to survive and 
cause disease in extreme environments that are 
unfavourable for survival, while the C. albicans 
QS system is mainly mediated by farnesol, which 
has a negative regulatory eff ect on the transfor-
mation of C. albicans yeast hyphae. Th erefore, 
studying the QS system phenomenon in these 
two microorgsanisms is useful for understand-
ing the mechanism of caries development, and 
the use of QS inhibitors will help in the preven-
tion and treatment of this disease. Th e authors 
propose a new method for in-depth study of the 
biofi lm formation process and the behaviour of 
bacteria in it using microfl uidic and chip-labora-
tory technologies (Li et al., 2002a).

It is known that operons encoding precursors 
of bacteriocin peptides are controlled by cell 
density. For example, the virulence-associated 
blp and com regulons of S. pneumoniae share 
many similar characteristics, including very 
similar signal peptides and peptide secretion 
systems. Moreover, activation of competence 
regulators and responses to these peptides can in 
turn activate pathways that intersect in a com-
mon regulatory gene. One such an example is 

the aforementioned comX, a transcriptional reg-
ulator of so-called ‘late’ competence genes. It has 
been shown that the genome of the S. pyogenes 
SF370 strain contains comX and the complete 
salA1 bacteriocin locus. Perhaps it was these 
streptococci that developed a complex regula-
tory system for the bacteriocin peptide to help 
their population compete for space on mucosal 
surfaces and protect their genome from contam-
ination with foreign DNA by deleting CSP genes. 
Th is process depends on cell density. It has been 
reported that the sensory and immune pathways 
of the pheromone antibiotics SalA1 S. pyogenes 
and SalA of the oral commensal S. salivarius are 
conservative amd, closely related and cross-reac-
tive. Th ese new fi ndings suggest that the deter-
minants of population dynamics on washed mu-
cosal surfaces likely involve subtle combinations 
of complex sensory perception systems that are 
not limited to cell density, bacteriocin produc-
tion, and competence stimulation. It is also pos-
sible that S. pyogenes uses bacteriocin-like hae-
molysin as a quorum-responsive molecule. S. 
pyogenes has haemolysin that is genetically very 
similar to quorum-responsive autoinduction op-
erons found in streptococci (Nizet et al., 2000).

Conclusions. Staphylococci and streptococ-
ci, as they are the most numerous and diverse 
inhabitants of many human biotopes, among 
Gram-positive bacteria, have extremely large-
scale communication systems, which, at the 
genetic level, ensure survival, adaptation to 
changing environmental conditions, and the 
evolution of virulence factors, enabling them to 
function fully in biofi lms, which is a threat to 
the host organism. Th e development of levers 
of infl uence on the genetic mechanisms of QS 
regulation in these microorganisms will allow a 
signifi cant breakthrough in the fi ght against the 
pathologies they cause.
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ОСОБЛИВОСТІ КОМУНІКАЦІЇ СТАФІЛОКОКІВ ТА СТРЕПТОКОКІВ У БІОПЛІВКАХ

Мета. Узагальнити та систематизувати багаторічні дослідження механізмів комунікації (quorum sensing) 
таких представників біоплівки, як стафілококи та стрептококи, а також проаналізувати генетичні предик-
тори змін вірулентних властивостей цих бактерій. Методи. Проведено системний пошук та аналіз наукової 
літератури з використанням баз даних PubMed, Scopus та Google Scholar. Огляд зосереджено на молекуляр-
но-генетичних механізмах систем «відчуття кворуму» (Agr, LuxS, Fsr, Rgg) у грампозитивних коків та їхній 
ролі в утворенні біоплівок на біотичних та абіотичних поверхнях. Результати. Описано роль регулятор-
них систем Agr і LuxS коків в експресії генів, що відповідають за синтез факторів вірулентності, таких як 
токсини, ферменти та фактори, що пригнічують імунну відповідь хазяїна. Підтверджено, що вплив Agr на 
інфекцію, пов’язану з біоплівкою, є різним: Agr необхідний для структурування біоплівки та поширення 
інфекції, але дисфункція Agr призводить до посиленого утворення біоплівки, що може бути вигідним для 
бактерій за хронічних умов. Крім того, розкрито механізми експресії генів антимікробної резистентності, 
що перебувають під регуляторним впливом QS. Висновки. В огляді висвітлено можливість впливу на роз-
виток вірулентних властивостей умовно-патогенних мікроорганізмів та їхню антимікробну резистентність 
за допомогою інноваційних, небактерицидних терапевтичних стратегій. Це відкриває нову сторінку в бо-
ротьбі з полірезистентними збудниками внутрішньолікарняних інфекцій та корекції мікробіому в цілому.
Ключові слова: quorum sensing, біоплівка, Staphylococcus, Streptococcus, фактори вірулентності, антимікробна 
резистентність.


