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Abstract

Bacteriophage (phage) and their host bacteria coevolve with each other over time. Quorum sensing (QS) systems play an
important role in the interaction between bacteria and phage. In this review paper, we summarized the function of QS systems
in bacterial biofilm formation, phage adsorption, lysis-lysogeny conversion of phage, coevolution of bacteria and phage,
and information exchanges in phage, which may provide reference to future research on alternative control strategies for

antibiotic-resistant and biofilm-forming pathogens by phage.

Key points

e Quorum sensing (QS) systems influence bacteria-phage interaction.
e OS systems cause phage adsorption and evolution and lysis-lysogeny conversion.
o OS systems participate in biofilm formation and co-evolution with phage of bacteria.

Keywords Quorum sensing systems - Bacteria-phage - Interactions - Mechanisms

Introduction

In nature, information exchange occurs within and between
species of microorganisms to gain benefits or avoid harm for
different microorganisms. The quorum sensing (QS) systems
are widely present in microorganisms and play a key role in
exchanging microbial information (Haque et al. 2019). As
a communication mechanism between microorganisms, the
QS system was first defined by Fuqua et al. in 1994 (Fuqua
et al. 1994). QS can assess the number and density of indi-
viduals in a population, allowing specific gene expression
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to be induced only when a critical threshold concentration
is reached, which initiates microbial-specific swarm behav-
iors and promotes mutual communication between microbial
individuals to adapt to the environment (Abisado et al. 2018;
Erez et al. 2017; Kii et al. 2000). QS systems regulate physi-
ological processes, including biofilm formation, virulence
factor expression, and metabolism, which are beneficial to
bacterial survival and adaptation (Ha et al. 2018; Shepherd
et al. 2019; Wang et al. 2019). Studies have observed that
QS systems regulate the physiological processes of bacteria
and play an important role in the interaction between bacte-
ria and their predator (phage) (Justin et al. 2018; Rossmann
et al. 2015).

Phage is a virus that can specifically infect bacteria. It
attaches itself to a susceptible bacterium and injects its
nucleic acid into the host cell. As a result, new phages
assemble and burst out of the bacterium in the cell lysis
process (Kutter and Sulakvelidze 2005). Due to the emer-
gence of multidrug-resistant bacteria, phage has attracted
increasing interest as an antibacterial agent. Phage coevolves
with its host bacteria over time when it is applied for ther-
apy. Thus, it is important to know the interaction mecha-
nisms between phage and its host bacteria. As important
systems for microorganisms, QS systems are involved in the
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interaction between phage and bacteria (Moreau et al. 2017;
Qin et al. 2017; Saucedo-Mora et al. 2017). The extent of
bacterial elimination by phage can be regulated by QS sys-
tems, a new antibacterial strategy (Broniewski et al. 2021;
Laganenka et al. 2019; Qin et al. 2017; Silpe and Bassler
2019). There are many hypotheses about the mechanisms of
bacterial QS systems involved in phage resistance, includ-
ing complex signal transduction pathways, which need to
be illustrated. It has been reported that Escherichia coli can
resist phage infection through QS systems (Choi et al. 2012;
Hoyland-Kroghsbo et al. 2013; Kobayashi 2007). Bacteria
are likely to resist phage infection by QS systems (Hoyland-
Kroghsbo et al. 2013). In QS systems, bacteria are depend-
ent on signal molecules and receptor proteins (Even-Tov
et al. 2016). In this review paper, we described the interac-
tion between phage and bacteria in terms of biofilm, adsorp-
tion, fusion lysis switch, and eco-evolutionary mechanisms
to provide a useful reference for readers.

Roles of biofilms in bacteria-phage
interaction

Biofilm is a substance formed by bacteria on a solid surface
under natural conditions, which is beneficial to the survival
of bacteria (Llama Palacios et al. 2020; Sadiq et al. 2020).
Bacterial biofilms can increase bacterial resistance to the
external physical and chemical environments, making bac-
teria difficult to be killed by antibiotics or conventional dis-
infectants (Hall-Stoodley et al. 2004; Kaplan 2011; Saitou
et al. 2009). QS system is one of the regulatory pathways
of bacterial biofilm formation. It regulates the synthetic
genes of flagella, exopolysaccharide, adhesin, and other
substances through signal molecules, such as autoinducer-1
(AI-1), autoinducer-2 (AI-2), and N-acyl homoserine lactone
(AHL), thereby affecting the formation of bacterial biofilms

Fig. 1. Interactions between
bacterial biofilm and phage.

A Bacterial biofilm formation
induced by signal molecules of
QS systems lead to resistance to
phage. B The phage or related
substance produced by phage
hinders the formation of bacte-
rial biofilm

(Gu et al. 2020; Yang et al. 2013). When bacteria are sub-
jected to external environmental pressures (e.g., phage),
their QS systems promote the formation of biofilms to resist
these pressures (Tufenkji et al. 2013).

The long-term bacteria-phage interaction has developed
a variety of survival methods in the formation and lysis of
biofilms (Oliveira et al. 2018; Sharma et al. 2018; Zhang
et al. 2018). Phage can break down biofilms through depoly-
merases to achieve the purpose of sterilization of pathogenic
bacteria (Knirel et al. 2020). The use of phages to destroy
biofilms is one of the main directions for the study of kill-
ing bacteria. The mechanisms of bacteria-phage counterbal-
ance mediated by QS in the state of biofilms are summarized
in Fig. 1. After being infected by the phage, bacterial use
the QS systems to enhance their ability and form biofilms
(Molin et al. 2013), which constitute a physical barrier
against the phage (Melo et al. 2020). However, phages use
some strategies to act on biofilms to invade host bacteria
(Ruoting et al. 2014; Silva et al. 2010).

Regulation of biofilm formation by bacteria
through QS systems to resist phage

As phage attacks bacteria frequently, various strategies are
developed by bacteria against phage infection, such as bio-
film formation (Van Ooij 2009). Due to the tight binding
between individual cells, some phage receptors are hidden,
resulting in a decrease in phage adsorption rate (Rickard
et al. 2003). The biofilm structure can prevent phages from
entering the bacterial population (Jakob et al. 2019). This
structure is composed of extracellular polymeric substances
(EPS), which is also an important basis for maintaining the
stability of the biofilm structure (Vermeulen et al. 2019).
EPS is mainly composed of polysaccharides, proteins,
nucleic acids, lipids, and environmental DNA (eDNA) (Fed-
erico et al. 2018). Proteins, such as Curli protein, can form
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amyloid fibers to promote extracellular matrix formation
and dense cell accumulation (Jakob et al. 2019). Proteolytic
enzymes and endonucleases can lead to the inactivation of
phages (Azeredo and Sutherland 2008). Phage infection
causes a significant upregulation of expression levels of QS
genes in E. coli and Pseudomonas aeruginosa (4.1-24.9-
fold), resulting in enhanced biofilm formation (Zhang et al.
2020). When the Vibrio anguillarum PF430-3 is in a low
cell density state (mutant AvanT), the phage receptor OmpK
is highly expressed, making cells highly sensitive to phage
KVP40, while mutant AvanT resists phage infection by
enhancing biofilm formation (Demeng et al. 2015). When V.
anguillarum 90-11-287 is in a low cell density state (mutant
AvanT), the biofilm formation is increased, and H20-like
phages can promote the biofilm formation of its host bac-
teria (Tan et al. 2020). When V. anguillarum is exposed to
high cell density (mutant AvanO), it reduces the induction
of prophages, leading to increased proteolytic activity and
suppressed biofilm formation (Tan et al. 2020). These results
suggest that the bacterial QS systems mediate the maturation
of biofilms against phage infection.

Destruction of bacterial biofilms by phage

Phage is an important antibacterial agent related to clini-
cal medicine, food safety, and environmental purification
(Cristinanegut et al. 2016; Haddad et al. 2018; Harper
2018; Shlezinger et al. 2016). In some cases, phages can
increase the biofilm formation of bacteria. Phages can
also effectively destroy biofilms than antibiotics. The
derivates of phage can hinder bacterial biofilm forma-
tion through various components, such as polysaccharide
depolymerase enzymes (sialidase, acetylglycanase, xylo-
side, etc.) (Hughes et al. 1998; Pires et al. 2016; Solo-
vieva et al. 2018).

The mechanisms of phage destroying the bacterial bio-
films can be divided into five categories: (1) the lytic enzymes
produced by the phage-associated genes can decompose the
extracellular polysaccharide (e.g., peptidoglycan) of biofilms,
and the deficiency of these components block the network
connection of biofilms, resulting in the removal of biofilms
(Chhibber et al. 2015; Gutiérrez et al. 2015; Kwiatek et al.
2016; Pires et al. 2016); (2) the lytic enzymes on the phage
tail are usually hidden, and these enzymes are exposed when
the tail comes into contact with bacteria. The enzymes on
the tail of the phage can help the phage lyse the bacterial
cell wall. Tail lyase enzymes can degrade the extracellular
polymers of biofilms (Cornelissen et al. 2012; Hansen et al.
2019; Jianlong et al. 2013); (3) after entering the host, the
phage trigger the host to express enzymes, which can degrade
biofilms through the interaction mechanisms (Bartell and Orr
1969; Hanlon et al. 2001); (4) the phage can enter the biofilms
through the hydrophobic channel of biofilms, thereby lysing
the bacteria from the membrane (Briandet et al. 2008); (5) by
releasing host QS inhibitors (e.g., lactonases), phage hampers
the communication among bacteria individuals, facilitating
the attacking ability of phage against bacteria (Kaistha and
Umrao 2016; Lan et al. 2013; Pei and Lamas-Samanamud
2014). Studies of biofilm disruption by QS-related mecha-
nisms by bacteriophage are listed in Table 1.

Exploration of enhanced ability of phage to destroy
biofilms

Phage is a virus that can infect bacteria. They coevolve with
each other over time and keep in dynamic balance (an arm race)
(Sutton and Hill 2019). In many cases, phages do not eliminate
host bacteria thoroughly. After treatment with phage P100 for
8 h, the biofilm is depolymerized. However, the planktonic

Table 1 Studies on the removal of bacterial biofilm by phage through quorum sensing systems

Name of bacteria(species) Name of phage

Quorum sensing factors References

ATCC 15692 (P. aeruginosa)
ATCC 27853 (P. aeruginosa)

vB_Pac_QDWS

vB_PaeM_USP_1, vB_PaeM_USP_2, vB_PaeM_

las (Xuan et al. 2022)
lasl ~ psIA ~ lasB and phzH (Oliveira et al. 2021)

USP_3, vB_PaeM_USP_18 and vB_PaeM_

USP_2
C6706 (V. cholerae) VP882 vgmR (Duddy et al. 2021)
ATCC 15692 Phage PEB1 and PEB2 sdiA, luxS, lasl and lasR (Zhang et al. 2020)
(E. coli),
ATCC 10798
(P. aeruginosa)
90-11-287 ¢$H20-like phage vanT (Tan et al. 2020)
(V. anguillarum)
CC274 PHAGE_ Pseudo_ phi297_ NC_ 016762-like bci (Ambroa et al. 2020)
(P. aeruginosa) phage
BL21(E. coli) , TG1(lacl::kan) Engineered T7 phage AHL (Pei and Lamas-

(P. aeruginosa)

Samanamud 2014)
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Table 2 Studies on the removal of bacterial biofilm by phage combined with antibacterial agent

Phage

Antibacterial agents

Evaluation of effects

Source of references

T4

Phage isolated from Alexandria Uni-
versity Hospital

SAP-26

Sb-1

Phage (Xccl)-hydroxyapatite
complex

vB_EcoM-WL-3 ($WL-3)

EC3a

EFDG1

38

LiMN4L

KPO1K2

Phage isolated from sewage samples
from a sewage treatment plant in
Colombia

Cefotaxime

Amikacin

Rifampicin

Daptomycin

Long Fatty Acids

Ciprofloxacin, fosfomycin, gen-
tamicin, meropenem or ceftriaxone

Honey

EFLK1

39~ 41, CEV2, AR, 42, ECA1 and
ECB7

LiMN4p and LiMN17

Xylitol

Chlorine

After adding phage titers of 10* PFU/
mL and 107 PFU/mL, the minimum
biofilm eradication concentration of
cefotaxime to E. coli ATCC 11303
was reduced from 256 pg/mL to 128
pg/mL and 32 pg/mL

Compared with phage or antibiotics,
the amikacin-phage combination can
significantly eradicate P. aeruginosa
biofilm

When combined with rifampicin, it
can eliminate 65% of the biofilm of
S. aureus

The combined action of Sb-1 and
antibiotics can eradicate the biofilm
of rifampicin-resistant bacteria

The long-chain fatty acid combined
with phage (Xcc@l)-hydroxyapatite
complex has an effective ability to
remove mature biofilms

The co-administration of $WL-3 and
antibiotics improves the antibiotic
efficacy of E. coli strains against
ciprofloxacin/ceftriaxone, especially
after staggered contact, reducing
the minimum biofilm bactericidal
concentration (MBBC) values up to
512 times

The use of phage and honey is a bet-
ter way to break through a single
biofilm of E. coli. Honey can destroy
the bacterial cell membrane and pen-
etrate the biofilm matrix, promoting
and enhancing phage infection

Cocktail #1 (1:1) kills E. faeca-
lis V583 as efficiently as phage
EFDGI. It is better than other
cocktails in removing the E. faecalis
V583 biofilm

The number of bacteria has dropped
dramatically and cannot be detected

After 75 min of mixing, the number
of bacteria dropped dramatically and
could not be detected

Compared with phage or xylitol,
the combination of bacteriophage
KPO01K2 and xylitol eliminated
the K. pneumoniae biofilm and
reduced the number of P. aeruginosa
biofilms by 4 orders of magnitude.
Also, the combined use of phage
KPO1K2, Pa29, and xylitol can
reduce the underlying P. aeruginosa
biofilm by 6 orders of magnitude

The combination of phage and
chlorine can control or destroy the
bacterial biofilm on the surface of
the object

(Ryan et al. 2012)

(Nouraldin et al. 2016)

(Rahman et al. 2011)

(Wang et al. 2020b)

(Papaianni et al. 2020)

(Wang et al. 2020a)

(Ana et al. 2018)

(Leron et al. 2018)

(Viazis et al. 201 1a;
Viazis et al. 2011b)

(Arachchi et al. 2013)

(Kaur et al. 2015)

(Yanyan et al. 2012)
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Table 2 (continued)

Phage Antibacterial agents

Evaluation of effects Source of references

KPO1K2 CoSO,

Compared with the use of divalent (Chhibber et al. 2013)
cobalt ions or phage, the combina-

tion of divalent cobalt ions and K.

pneumoniae phage KPO1K2 can

significantly reduce the K. pneumo-

niae B5055 biofilm

bacteria still exist after 48 h (Montaez-Izquierdo et al. 2012).
Combined with an antibacterial agent, the phage can enhance
the ability to inhibit or destroy bacterial biofilms (Table 2), sug-
gesting that an appropriate antibacterial agent can be used as an
adjuvant to maximize the bactericidal effect of phage.

Some gene products of phage and genetically engineered
phage-related research have also entered the field of vision
(Love et al. 2018; Shen et al. 2018). Compared with phage,
the addition of phage-related gene products, for example,
lysins, can improve the efficiency of sterilization while
avoiding the spread of toxic genes and reducing the occur-
rence of bacterial resistance. Because of the presence of the
bacterial biofilm decomposition genes in natural phage, the
killing efficiency of phage against bacteria can be enhanced
(Lu and Collins 2007; Pei and Lamas-Samanamud 2014).
We summarized some related studies in this review paper.
The expression of depolymerase can significantly increase
phage activity (Pelkonen et al. 1992). Enzymatic phage
can reduce the number of bacterial biofilm cells by about
4.5 orders of magnitude (removal rate = 99.997%) (Lu and
Collins 2007). The extracellular polysaccharide depolymer-
ase encoded by phage KPO1K2 can hydrolyze the surface
of Klebsiella pneumoniae biofilm, helping phage Pa29 to
lyse the underlying P. aeruginosa biofilm (Chhibber et al.
2015). The biofilm count was significantly reduced when
methicillin-resistant Staphylococcus aureus biofilm was
treated with minocycline (4 pg / mL) for 3 h and subse-
quently with phage hemolysin MR-10 (Chopra et al. 2015).
The Live/Dead Baclight™ staining showed an increase in
the number of dead cells after treatment with minocycline
and hemolysin MR-10 (Chopra et al. 2015), which proved
that the combination of minocycline and phage hemoly-
sin MR-10 could effectively remove the biofilm formed by
methicillin-resistant S. aureus. Phage LysGH15 (50 pg/
mL) effectively prevented S. aureus, S. epidermidis, and
S. haemolyticus from forming biofilms and destroyed bio-
films formed at 24 h and 72 h (Zhang et al. 2018). These
results suggest that the development of gene products can
effectively improve or replace the ability of natural phages
to kill bacteria in a biofilm state. Most studies are focused
on the ability of phage and their derivative to remove bio-
films, but there are a few studies on the interaction between
bacteria-QS systems, which need to be further studied.

Bacterial QS systems participate in phage
adsorption

Adsorption is the first step for phage to infect host bacteria.
Various surface structures of bacteria are binding sites for
phage adsorption, including flagella, pili, and other surface
proteins. QS systems can block the adsorption of phage (Poi-
sot et al. 2012). We have summarized the relevant research
and presented associated mechanisms in Fig. 2.

QS systems regulate phage adsorption by flagella
and fimbriae

Phage cannot complete the absorption process in the absence
of bacterial appendages, such as flagella and fimbriae (Guer-
rero-Ferreira et al. 2011). Concealing the normal morphol-
ogy of bacterial flagella or pili by QS systems can reduce
the efficiency of phage adsorption (Hoyland-Kroghsbo et al.
2013; Kobayashi 2007). The QS system of Gram-negative
bacteria is also known as the LuxI-LuxR type system, which
mainly uses AHL as a signaling molecule (Sanchez-Sanz
et al. 2018). E. coli cannot directly synthesize AHL signal-
ing molecules. When exogenous AHL is added, the expres-
sion levels of flagellar-forming genes in E. coli can be inhib-
ited, decreasing the adsorption rate of phage x by about 3
times (Hoyland-Kroghsbo et al. 2013). Signaling molecules
of the QS system in Bacillus subtilis can regulate the gene
expression of flagellin (Kobayashi 2007), which is important
for phage adsorption. Also, the regulation of the polar flagel-
lum gene in Burkholderia spp. is mediated by QS systems
and FIhDC (Kim et al. 2010). However, the removal of polar
flagellum can promote the adsorption of bacteria by phage
and enhance the infectivity of phage to V. parahaemolyticus
(Zhang et al. 2016). These studies suggest that the QS sys-
tems can change the adsorption rate of phages by regulating
the expression of the polar flagellum genes.

QS systems regulate phage adsorption by bacterial
surface proteins

Besides flagella and fimbriae, various surface proteins of

bacteria contribute to phage adsorption (Walderich and
Holtje 1989). Some surface protein genes are downregulated
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Fig.2 QS systems block phage adsorption. Al: In the absence of sig-
nal molecules, phages bind to the bacterial flagella or fimbriae recep-
tors to adsorb to bacteria. A2: The QS or exogenous signal molecules
produced by bacteria can conceal the normal morphology of bacterial
flagella or pili, resulting in reduced phage adsorption efficiency. B1:

by QS systems, resulting in the inhibition of phage adsorp-
tion (Lopez-Larrea 2012; Wang et al. 2014). The expression
of surface protein LamB A of E. coli can be inhibited with
the participation of exogenous AHL signaling molecules
and led to the blocking of phage adsorption (Wang et al.
2014). In addition, bacteria release a kind of membrane in
their metabolic activities, called outer membrane vesicles
(OMVs). Bacterial OMVs play an important role in host
infection and antibiotic tolerance (Agarwal et al. 2018; Liu
et al. 2017). The OM Vs released by the bacteria can deceive
the phage onto its surface, protecting the host bacteria and
blocking the DNA replication of the phage (Manning and
Kuehn 2011; Reyes-Robles et al. 2018). The formation of
bacterial OMVs is regulated by QS system signaling mol-
ecules (Lauren et al. 2010). Phage adsorption may be pre-
vented by forming OMVs mediated by the QS systems.

Bacterial QS systems regulate
the lysis-lysogeny conversion of phage

Temperate phages are important components of the phage
family, which can integrate their DNA into the chromosome
of the host bacteria, and it is passed to the offspring genome
that usually does not cause bacterial lysis (Laganenka et al.
2019; Silpe and Bassler 2019). This life cycle is called lysog-
eny. For the lambda-type phage, complex molecular mecha-
nisms control the initial decision between lysis and lysogeny
upon host infection (Oppenheim et al. 2005). The QS sys-
tems of V. cholerae are well studied (Kai and Bassler 2016).
The relevant molecular mechanisms of lysis-lysogenic
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conversion of phage controlled by quorum sensing (QS)
systems are shown in Fig. 3. Some researchers have discov-
ered a QS system loop in V. cholerae, which is composed of
the cytoplasmic receptor transcription factors (LuxR-solo
and VQMA) and 3,5-dimethylpyrazin-2-ol (DPO) (Pap-
enfort et al. 2017). The protein VQMA is simultaneously
encoded by prophage VP882. The phage protein VQMA
binds to the DPO produced by V. cholerae and leads the
inactivation of proteins, such as phage vasopressin, resulting
in lysis conversion of phage. It suggests that phage encode
QS components, enabling them to integrate host cell density
information into lysis-lysogen decisions. The activation of
the QS pathway allows Vibrio phage (VP882) to produce
an antidepressant called Qtip. Qtip promotes the lysis of
host cells by interfering with the prophage inhibitory fac-
tor (cIVP882) (Duddy et al. 2021). A recent study showed
that the QS system of V. anguillarum inhibited the induc-
tion of phage H20 at its high cell density and enhanced the
ability of biofilm formation in V. anguillarum. The density
of bacteria determined the phage transition from the lyso-
genic state to lytic state, and the self-inducing signal mol-
ecule (AI-2) played an important role in the process (Tan
et al. 2020). In addition, the lysis of phage is controlled by
cell metabolic state mediated by cyclic-3',5'-AMP (cAMP)
receptor protein (CRP) (Laganenka et al. 2019). Metabolism
is an essential part of bacterial survival, and its utilization in
the amplification of phage increases the viability of phage.
Researchers have discovered that QS anti-activator protein,
Agsl, of Pseudomonas phage DMS3 can inhibit LasR, the
main regulator of QS (Shah et al. 2021), which help phage
fight against multiple bacterial defense systems.
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Fig.3 Lysis-lysogenic conversion of phage controlled by QS systems.
Cl repressor maintains lysogeny of the phage at low cell density. At
high cell density, protein VgmA encoded by phage interacts with the
host-produced QS autoinducer DPO, which activates the expression

Bacterial QS systems mediate
bacteria-phage ecological evolution

Creatures constantly evolve in survival competition to maintain
their relative adaptability to predators called the Red Queen
hypothesis (Mclaughlin and Malik 2017). Although bacte-
ria have multiple mechanisms to resist phage, the number of
phages is 10 times over bacteria (Li et al. 2018; Paez-Espino
et al. 2016). The phage-resistant strains can temporarily eva-
sion of phage predation, but the subsequent emergence of the
phage population, which can infect the phage-resistant bacteria,
can threaten the life of bacteria (Shabbir et al. 2016). The rapid
response ability of phage is mainly due to the rapid proliferation
of phage and the high plasticity of phage genomes. In addition to
binding to traditional bacterial receptors, phages can choose new
receptors by modifying their receptor binding proteins (Samson
et al. 2013). The clustered regularly interspaced short palindro-
mic repeats gene (Cas) was discovered in 1987 and identified in
2005 as a strategy used by bacterium against the immune system
of exogenous nucleic acids (Alexander et al. 2005; Ishino et al.
1987; Rodolphe et al. 2007). When infected by phage, the 5’ end
of the clustered regularly interspaced short palindromic repeats
(CRISPR) locus repeat adds a completely homologous sequence
to the phage. When the phage infects the bacteria again, the bac-
teria become resistant to the phage. According to recent studies,
population signaling molecules of bacteria can enhance phage
resistance at high densities by modulating the activity of the
CRISPR-Cas system (Hgyland-Kroghsbo et al. 2016; Patterson

of anti-repressor protein Qtip, which binds to the Cl repressor, caus-
ing the activation of Q anti-terminator protein and resulting in the ini-
tiation of phage lysis pathway

et al. 2016). The coevolution mechanism between phage and
bacteria can be studied by the use of competition experiments,
experimental evolution, and mathematical modeling experi-
ments, which can help design better plans during phage treat-
ment (Cazares et al. 2020).

Bacteria can better adapt to the new environment by the
acquisition of horizontal transfer genes mediate by phage
(Canchaya et al. 2003; Takehiko et al. 2010). Under the
pressure of antibiotics, the expression levels of virulence
genes encoded by phage in bacteria were induced by the self-
inducing signal molecule (AI-2) (Rossmann et al. 2015). The
phage-containing supernatant released by Enterococcus fae-
calis V583AABC was used to infect probiotics (E. faecalis)
by AI-2 stimulation, resulting in a significant increase in the
pathogenicity of probiotics. It suggests that the application of
phage in the intestine is not completely beneficial. Therefore,
to use phage more safely, the mechanisms of the transfer of
virulence and resistance genes need to be further studied.

QS systems mediate phage-phage
information exchange

Previous studies have generally focused on the role of bacte-
rial QS systems in bacteria-phage interactions. So, as a virus
for phage, is there no mechanism for mutual communication?
If so, do these inter-phage QS systems also play important
roles in bacteria-phage interactions? We can confirm that there

@ Springer



2306

Applied Microbiology and Biotechnology (2022) 106:2299-2310

is information exchange between viruses (including phage)
(Diaz-Muioz et al. 2017; Erez et al. 2017). Recent studies
have shown that phage can encode a unique phage QS-like
system to determine the timing of the lysis-lysogen switch
(Doekes et al. 2021; Duddy and Bassler 2021). The proteo-
lytic state of phage of the spBeta group can be determined by
a small molecule communication system (Erez et al. 2017).
When infects Bacillus spp., the phage produces a 6aa commu-
nication peptide released into the culture medium (Erez et al.
2017). The progeny phage determines whether it lyses the host
based on the concentration of the 6aa communication peptide
(Erez et al. 2017). This signal exchange between the two gen-
erations of phage prolongs the survival of phage. There are
limited studies on the role of signal exchange between phages
in bacteria-phage interaction.

Conclusions and future perspectives

Bacteria-phage interactions have been going on for billions
of years, and many strategies have been developed (Peng and
Chen 2020). Phage and bacteria jointly update their genetic
information through horizontal gene transfer and gene muta-
tion. QS systems are widely present in bacteria or phages and
play a vital role in bacteria and phage interaction. Bacteria
can inhibit the infection of phage through QS systems. On the
contrary, phages can cross the defense line of their hosts by
regulating the bacterial QS systems. Thus, the mechanisms
of bacteria-bacteria, bacteria-phage, and phage-phage interac-
tions mediated by QS systems need to be further elucidated,
which is important for preventing diseases and pollution in the
fermentation industry. In the laboratory, we generally study the
interaction mechanisms of bacteria and phage. However, in the
natural environment, bacteria-phage interactions are involved
with complex intra- and inter-species information exchanges.
However, further studies should be focused on this issue.

Author contribution YXW designed the concept and wrote this manu-
script. JJD and YW contributed to writing the manuscript. XHW drew
the figures of this manuscript. FT wrote and revised the manuscript.
All authors read and approved the final manuscript.

Funding This study was supported by the National Natural Science
Foundation of China (32172858) and the fund of Priority Academic
Program Development of Jiangsu Higher Education Institutions
(PAPD).

Declarations

Ethics approval This article does not contain any studies with human
participants or animals performed by any of the authors.

Conflict of interest The authors declare no competing interests.

@ Springer

References

Abisado RG, Benomar S, Klaus JR, Dandekar AA, Chandler JR (2018)
Bacterial quorum sensing and microbial community interac-
tions. mBio 9(3):e02331-e02317. https://doi.org/10.1128/
mBio0.02331-17

Agarwal B, Karthikeyan R, Gayathri P, Rameshbabu B, Ahmed G,
Jagannadham MV (2018) Studies on the mechanism of multidrug
resistance of Acinetobacter baumannii by proteomic analysis of
the outer membrane vesicles of the bacterium. J Proteins Prot-
eomics 10. https://doi.org/10.1007/s42485-018-0001-4

Alexander B, Benoit Q, Alexei S, S Dusko E (2005) Clustered regularly
interspaced short palindrome repeats (CRISPRs) have spacers of
extrachromosomal origin. Microbiol 151:2551-2561. https://doi.
org/10.1099/mic.0.28048-0

Ambroa A, Blasco L, Lopez-Causape C, Trastoy R, Fernandez-Gar-
cia L, Bleriot I, Ponce-Alonso M, Pacios O, Lopez M, Can-
ton R, Kidd TJ, Bou G, Oliver A, Tomas M (2020) Temper-
ate bacteriophages (prophages) in pseudomonas aeruginosa
isolates belonging to the international cystic fibrosis clone
(CC274). Front Microbiol 11:556706. https://doi.org/10.3389/
fmicb.2020.556706

Ana O, Sousa JC, Silva AC, Melo L, Sanna S (2018) Chestnut honey
and bacteriophage application to control pseudomonas aerugi-
nosa and escherichia coli biofilms: evaluation in anex vivoW-
ound Model. Front Microbiol 9:1725-1738. https://doi.org/10.
3389/fmicb.2018.01725

Arachchi GJG, Cridge AG, Dias-Wanigasekera BM, Cruz CD, Mutu-
kumira AN (2013) Effectiveness of phages in the decontamina-
tion of Listeria monocytogenes adhered to clean stainless steel,
stainless steel coated with fish protein, and as a biofilm. J Ind
Microbiol Biotechnol 40:1105-1116. https://doi.org/10.1007/
$10295-013-1313-3

Azeredo J, Sutherland IW (2008) The use of phages for the removal
of infectious biofilms. Curr Pharm Biotechnol 9:1-6. https://doi.
org/10.2174/138920108785161604

Bartell PF, Orr TE (1969) Origin of polysaccharide depolymerase asso-
ciated with bacteriophage infection. J Virol 3:290. https://doi.org/
10.1099/0022-1317-4-4-631

Briandet R, Lacroix-Gueu P, Renault M, Lecart S, Meylheuc T, Bid-
nenko E, Steenkeste K, Bellon-Fontaine M-N, Fontaine-Aupart
M-P (2008) Fluorescence correlation spectroscopy to study
diffusion and reaction of bacteriophages inside biofilms. Appl
Environ Microbiol 74:2135-2143. https://doi.org/10.1128/AEM.
02304-07

Broniewski JM, Chisnall MAW, Hoyland-Kroghsbo NM, Buckling
A, Westra ER (2021) The effect of quorum sensing inhibitors
on the evolution of CRISPR-based phage immunity in pseu-
domonas aeruginosa. ISME j:1-9. https://doi.org/10.1038/
$41396-021-00946-6

Canchaya C, Fournous G, Chibani-Chennoufi S, Dillmann ML, Briis-
sow H (2003) Phage as agents of lateral gene transfer. Curr Opin
Microbiol 6:417-424. https://doi.org/10.1016/S1369-5274(03)
00086-9

Cazares A, Garcia-Contreras R, Pérez-Veldzquez J (2020) Eco-evo-
lutionary effects of bacterial cooperation on phage therapy: an
unknown risk? Front microbiol 11:590294. https://doi.org/10.
3389/fmicb.2020.590294

Chhibber S, Bansal S, Kaur S (2015) Disrupting the mixed-species
biofilm of Klebsiella pneumoniae B5055 and Pseudomonas
aeruginosa PAO using bacteriophages alone or in combination
with xylitol. Microbiol 161:1369-1377. https://doi.org/10.1099/
mic.0.000104

Chhibber S, Nag D, Bansal SIBM (2013) Inhibiting biofilm formation
by Klebsiella pneumoniae B5055 using an iron antagonizing


https://doi.org/10.3389/fmicb.2018.01725
https://doi.org/10.3389/fmicb.2018.01725
https://doi.org/10.1007/s10295-013-1313-3
https://doi.org/10.1007/s10295-013-1313-3
https://doi.org/10.2174/138920108785161604
https://doi.org/10.2174/138920108785161604
https://doi.org/10.1099/0022-1317-4-4-631
https://doi.org/10.1099/0022-1317-4-4-631
https://doi.org/10.1128/AEM.02304-07
https://doi.org/10.1128/AEM.02304-07
https://doi.org/10.1038/s41396-021-00946-6
https://doi.org/10.1038/s41396-021-00946-6
https://doi.org/10.1016/S1369-5274(03)00086-9
https://doi.org/10.1016/S1369-5274(03)00086-9
https://doi.org/10.3389/fmicb.2020.590294
https://doi.org/10.3389/fmicb.2020.590294
https://doi.org/10.1099/mic.0.000104
https://doi.org/10.1099/mic.0.000104

Applied Microbiology and Biotechnology (2022) 106:2299-2310

2307

molecule and a bacteriophage. BMC Microbiol 13:174. https://
doi.org/10.1186/1471-2180-13-174

Choi J, Shin D, Kim M, Park J, Lim S, Ryu S (2012) LsrR-mediated
quorum sensing controls invasiveness of Salmonella typhimu-
rium by regulating SPI-1 and flagella genes. PLoS One 7:¢37059.
https://doi.org/10.1371/journal.pone.0037059

Chopra S, Harjai K, Chhibber S (2015) Potential of sequential treat-
ment with minocycline and S. aureus specific phage lysin
in eradication of MRSA biofilms: an in vitro study. Appl
Microbiol Biotechnol 99:3201-3210. https://doi.org/10.1007/
$00253-015-6460-1

Cornelissen A, Ceyssens PJ, Krylov VN, Noben JP, Volckaert G, Lavi-
gne R (2012) Identification of EPS-degrading activity within the
tail spikes of the novel Pseudomonas putida phage AF. Virol
434:251-256. https://doi.org/10.1016/j.virol.2012.09.030

Cristinanegut A, Mariana-CarmenChifiriuc OS, AncaStreinu-Cercel
MO, Carminadrigulescu E, IrinaGheorghe IB, BleotuCoralia
MP (2016) Bacteriophage-driven inhibition of biofilm formation
in Staphylococcus strains from patients attending a Romanian
reference center for infectious diseases. Fems Microbiol Lett
363:fnw193. https://doi.org/10.1093/femsle/fnw193

Demeng T, Lo S, Svenningsen M, mBio MJ (2015) Quorum sensing
determines the choice of antiphage defense strategy in vibrio
anguillarum. mBio 3:e00627. https://doi.org/10.1128/mBio.
00627-15

Diaz-Muiioz S, Sanjuan R, West SJCH, Microbe (2017) Sociovirol-
ogy: conflict, cooperation, and communication among viruses.
Cell Host Microbe 22:437-441. https://doi.org/10.1016/j.chom.
2017.09.012

Doekes H, Mulder G, Hermsen R (2021) Repeated outbreaks drive the
evolution of bacteriophage communication. eLife 10. https://doi.
org/10.7554/eLife.58410

Duddy O, Bassler B (2021) Quorum sensing across bacterial and viral
domains. PLoS pathog 17:¢1009074. https://doi.org/10.1371/
journal.ppat.1009074

Duddy O, Huang X, Silpe J, Bassler BJPg (2021) Mechanism underly-
ing the DNA-binding preferences of the vibrio cholerae and vibri-
ophage VP882 VgmA quorum-sensing receptors. PLoS genet
17(7) : €1009550. https://doi.org/10.1101/2021.04.15.439952

Erez Z, Steinberger-Levy I, Shamir M, Doron S, Stokar-Avihail A,
Peleg Y, Melamed S, Leavitt A, Savidor A, Albeck SIN (2017)
Communication between viruses guides lysis—lysogeny deci-
sions. Nat 541:488-493. https://doi.org/10.1038/nature21049

Even-Tov E, Omer BS, Valastyan J, Ke X, Pollak S, Bareia T, Ben-
Zion 1, Bassler BL, Eldar A (2016) Social evolution selects for
redundancy in bacterial quorum sensing. PloS Biol 14:¢1002386.
https://doi.org/10.1371/journal.pbio.1002386

Federico B, Nora B, Martina O, Paola P, Simone S, Marcello I, Anna
T, Livia V (2018) Treatment of biofilm communities: an update
on new tools from the nanosized world. Appl Ssi 8:845. https://
doi.org/10.3390/app8060845

Fuqua WC, Winans SC, Greenberg EP (1994) Quorum sensing in
bacteria: the LuxR-LuxI family of cell density-responsive tran-
scriptional regulators. J Bacteriol 176(2):269-275. https://doi.
org/10.1128/jb.176.2.269-275.1994

Gu Y, Tian J, Zhang Y, Wu R, He Y (2020) Dissecting signal mol-
ecule AI-2 mediated biofilm formation and environmental toler-
ance in Lactobacillus plantarum. J Biosci Bioeng 131(2):1389—
1723. https://doi.org/10.1016/j.jbiosc.2020.09.015

Guerrero-Ferreira RC, Viollier PH, Bert E, Poindexter JS, Maria G,
Jensen GJ, Wright ER (2011) Alternative mechanism for bacte-
riophage adsorption to the motile bacterium Caulobacter cres-
centus. Proc Natl Acad Sci USA 108:12185-12185. https://doi.
org/10.1073/pnas. 1012388108

Gutiérrez D, Briers Y, Rodriguez-Rubio L, Martinez B, Rodriguez A,
Lavigne R, Garcia P (2015) Role of the Pre-neck Appendage

Protein (Dpo7) from Phage vB_SepiS-philPLA7 as an Anti-bio-
film Agent in Staphylococcal Species. Front Microbiol 6. https://
doi.org/10.3389/fmicb.2015.01315

Ha JH, Hauk P, Cho K, Eo Y, Ma X, Stephens K, Cha S, Jeong M, Suh
JY, Sintim HO (2018) Evidence of link between quorum sensing
and sugar metabolism in Escherichia coli revealed via cocrystal
structures of LsrK and HPr. Sci Adv 4:eaar7063. https://doi.org/
10.1126/sciadv.aar7063

Haddad LE, Lemay MJ, Khalil GE, Moineau S, Champagne CP (2018)
Microencapsulation of a staphylococcus phage for concentration
and long-term storage. Food Microbiol 76:S0740002017311504.
https://doi.org/10.1016/j.fm.2018.06.002

Hall-Stoodley L, Costerton JW, Stoodley P (2004) Bacterial biofilms:
from the natural environment to infectious diseases. Nat Rev
Microbiol 2:95-108. https://doi.org/10.1038/nrmicro821

Hanlon GW, Denyer SP, Olliff CJ, Ibrahim LJ (2001) Reduction in
exopolysaccharide viscosity as an aid to bacteriophage penetra-
tion through Pseudomonas aeruginosa biofilms. Appl Environ
Microbiol 67:2746-2753. https://doi.org/10.1128/AEM.67.6.
2746-2753.2001

Hansen MF, Svenningsen SL, Rder HL, Middelboe M, Burmlle M
(2019) Big impact of the tiny: bacteriophage—bacteria interac-
tions in biofilms. Trends Microbiol 27. https://doi.org/10.1016/j.
tim.2019.04.006

Haque S, Yadav DK, Bisht SC, Yadav N, Dar SA (2019) Quorum sens-
ing pathways in Gram-positive and -negative bacteria: poten-
tial of their interruption in abating drug resistance. J chemother
(Florence, Italy) 31:1-27. https://doi.org/10.1080/1120009X.
2019.1599175

Harper DR (2018) Criteria for selecting suitable infectious diseases
for phage therapy. Viruses 10:177. https://doi.org/10.3390/v1004
0177

Hoyland-Kroghsbo NM, Maerkedahl RB, Svenningsen SL (2013) A
quorum-sensing-induced bacteriophage defense mechanism.
Mbio 4:00362-12-e00362-12. https://doi.org/10.1128/mBio.
00362-12

Hgyland-Kroghsbo NM, Paczkowski J, Mukherjee S, Broniewski J,
Westra E, Bondy- Denomy J, Bassler BL (2016) Quorum sens-
ing controls the Pseudomonas aeruginosa CRISPR-Cas adaptive
immune system. Proc Natl Acad Sci USA 114:131. https://doi.
org/10.1073/pnas.1617415113

Hughes KA, Sutherland IW, Jones MV (1998) Biofilm susceptibility
to bacteriophage attack: the role of phage-borne polysaccharide
depolymerase. Microbiol 144(Pt 11):3039-3047. https://doi.org/
10.1099/00221287-144-11-3039

Ishino Y, Shinagawa H, Makino K, Amemura M, Nakata A (1987)
Nucleotide sequence of the iap gene, responsible for alkaline
phosphatase isozyme conversion in Escherichia coli, and identi-
fication of the gene product. J Bacteriol 169:5429-5433. https://
doi.org/10.1109/TNS.1979.4329660

Jakob T, Rostgl L, Marraffini (2019) (Ph)ighting phages: How bacteria
resist their parasites. Cell host microbe. https://doi.org/10.1016/j.
chom.2019.01.009

Jianlong Y, Jiaoxiao M, Jianping X (2013) Bacteriophage polysac-
charide depolymerases and biomedical applications. Biodrugs
28:323. https://doi.org/10.1007/s40259-014-0092-3

Justin E, Silpe BL, Cell BJ (2018) A host-produced quorum-sensing
autoinducer controls a phage lysis-lysogeny decision. Cell
176:268-280 e13. https://doi.org/10.1016/j.cell.2018.10.059

Kai P, Bassler BL (2016) Quorum sensing signal-response systems in
Gram-negative bacteria. Nat Rev Microbiol 14:576. https://doi.
org/10.1038/nrmicro.2016.89

Kaistha SD, Umrao PD (2016) Bacteriophage for mitigation of mul-
tiple drug resistant biofilm forming pathogens. Recent Pat Bio-
technol 10:184-194. https://doi.org/10.2174/187220831099916
0811165151

@ Springer


https://doi.org/10.1186/1471-2180-13-174
https://doi.org/10.1186/1471-2180-13-174
https://doi.org/10.1371/journal.pone.0037059
https://doi.org/10.1007/s00253-015-6460-1
https://doi.org/10.1007/s00253-015-6460-1
https://doi.org/10.1016/j.virol.2012.09.030
https://doi.org/10.1093/femsle/fnw193
https://doi.org/10.1128/mBio.00627-15
https://doi.org/10.1128/mBio.00627-15
https://doi.org/10.1016/j.chom.2017.09.012
https://doi.org/10.1016/j.chom.2017.09.012
https://doi.org/10.7554/eLife.58410
https://doi.org/10.7554/eLife.58410
https://doi.org/10.1371/journal.ppat.1009074
https://doi.org/10.1371/journal.ppat.1009074
https://doi.org/10.1038/nature21049
https://doi.org/10.1371/journal.pbio.1002386
https://doi.org/10.3390/app8060845
https://doi.org/10.3390/app8060845
https://doi.org/10.1016/j.jbiosc.2020.09.015
https://doi.org/10.1073/pnas.1012388108
https://doi.org/10.1073/pnas.1012388108
https://doi.org/10.3389/fmicb.2015.01315
https://doi.org/10.3389/fmicb.2015.01315
https://doi.org/10.1126/sciadv.aar7063
https://doi.org/10.1126/sciadv.aar7063
https://doi.org/10.1016/j.fm.2018.06.002
https://doi.org/10.1038/nrmicro821
https://doi.org/10.1128/AEM.67.6.2746-2753.2001
https://doi.org/10.1128/AEM.67.6.2746-2753.2001
https://doi.org/10.1016/j.tim.2019.04.006
https://doi.org/10.1016/j.tim.2019.04.006
https://doi.org/10.1080/1120009X.2019.1599175
https://doi.org/10.1080/1120009X.2019.1599175
https://doi.org/10.3390/v10040177
https://doi.org/10.3390/v10040177
https://doi.org/10.1128/mBio.00362-12
https://doi.org/10.1128/mBio.00362-12
https://doi.org/10.1073/pnas.1617415113
https://doi.org/10.1073/pnas.1617415113
https://doi.org/10.1099/00221287-144-11-3039
https://doi.org/10.1099/00221287-144-11-3039
https://doi.org/10.1109/TNS.1979.4329660
https://doi.org/10.1109/TNS.1979.4329660
https://doi.org/10.1016/j.chom.2019.01.009
https://doi.org/10.1016/j.chom.2019.01.009
https://doi.org/10.1007/s40259-014-0092-3
https://doi.org/10.1016/j.cell.2018.10.059
https://doi.org/10.1038/nrmicro.2016.89
https://doi.org/10.1038/nrmicro.2016.89
https://doi.org/10.2174/1872208310999160811165151
https://doi.org/10.2174/1872208310999160811165151

2308

Applied Microbiology and Biotechnology (2022) 106:2299-2310

Kaplan JB (2011) Antibiotic-induced biofilm formation. Int J Artif
Organs 34:737. https://doi.org/10.5301/ijao.5000027

Kaur S, Chhibber S, Bansal SJM (2015) Disrupting the mixed-species
biofilm of Klebsiella pneumoniae B5055 and Pseudomonas
aeruginosa PAO using bacteriophages alone or in combination
with xylitol. Microbiol 161:1369-1377. https://doi.org/10.1099/
mic.0.000104

Kim J, Kang YO, Jeong Y, Jeong J, Lim J, Kim M, Moon J, Suga H,
Hwang I (2010) Regulation of polar flagellum genes is medi-
ated by quorum sensing and FIhDC in Burkholderia glumae.
Mol Microbiol 64:165-179. https://doi.org/10.1111/j.1365-2958.
2007.05646.x

Knirel YA, Shneider MM, Popova AV, Kasimova AA, Chizhov AO
(2020) Mechanisms of acinetobacter baumannii capsular poly-
saccharide cleavage by phage depolymerases. Biochem (Mos-
cow) 85:567-574. https://doi.org/10.1134/S0006297920050053

Kobayashi K (2007) Gradual activation of the response regulator DegU
controls serial expression of genes for flagellum formation and
biofilm formation in Bacillus subtilis. Mol Microbiol 66:395—
409. https://doi.org/10.1111/§.1365-2958.2007.05923.x

Kii S g, Sebghati TS, Eissenberg LG, Goldman WE (2000) Colloquium
Paper:Phenotypic variation and intracellular parasitism by Histo-
plasma capsulatum. Proc Natl Acad Sci USA 97(16):8794-8798.
https://doi.org/10.1073/pnas.97.16.8794

Kutter E, Sulakvelidze A (2005) Bacteriophages: biology and applica-
tions. Microbe Magazine 1(3):151-151. https://doi.org/10.1128/
microbe.1.151.1

Kwiatek M, Parasion S, Rutyna P, Mizak L, Gryko R, Niemce-
wicz M, Olender A, Lobocka M (2016) Isolation of bacte-
riophages and their application to control Pseudomonas aer-
uginosa in planktonic and biofilm models. Res Microbiol
168:50923250816301255. https://doi.org/10.1016/j.resmic.
2016.10.009

Laganenka L, Sander T, Lagonenko A, Chen Y, Sourjik VJ (2019)
Quorum sensing and metabolic state of the host control lysogeny-
lysis switch of bacteriophage T1. mBio 10(5):e01884—-e01819.
https://doi.org/10.1128/mBio.01884-19

Lan HK, Kim SJ, Kim CM, Shin MS, Kook S, Kim IS (2013) Effects
of enzymatic treatment on the reduction of extracellular poly-
meric substances (EPS) from biofouled membranes. Desalination
Water Treat 51:6355-6361. https://doi.org/10.1080/19443994.
2013.780996

Lauren MW, Jorg H, Patrick G, Walter R, Frank S, Manfred R, Klaus
B, Marvin W (2010) Interaction of quorum signals with outer
membrane lipids: insights into prokaryotic membrane vesicle
formation. Mol Microbiol 69:491-502. https://doi.org/10.1111/j.
1365-2958.2008.06302.x

Leron K, Daniel G, Mor S, Lionel DA, Shunit CG, Nurit B, Ronen H
(2018) Defeating antibiotic and phages - resistant Enterococcus
faecalis using a phage cocktail in- vitro and in a clot model. F
Microbiol 9:326-337. https://doi.org/10.3389/fmicb.2018.00326

Li D, Tang F, Xue F, Ren J, Liu Y, Yang D, Dai J (2018) Prophage
phiv142-3 enhances the colonization and resistance to environ-
mental stresses of Avian Pathogenic Escherichia coli. Vet Micro-
biol 218:70-77. https://doi.org/10.1016/j.vetmic.2018.03.017

Liu Q, YiJ, Liang K, Zhang X, Liu Q (2017) Outer membrane vesicles
derived from Salmonella Enteritidis protect against the virulent
wild-type strain infection in a mouse model. J Microbiol Biotech-
nol 27. https://doi.org/10.4014/jmb.1705.05028

Llama Palacios A, Potupa O, Sdnchez MC, Figuero E, Sanz M (2020)
Proteomic analysis of Fusobacterium nucleatum growth in bio-
film versus planktonic state. Mol Oral Microbiol. https://doi.org/
10.1111/0mi.12303

Loépez-Larrea C (2012) Self and nonself. Adv Exp Med Biol. https://
doi.org/10.1007/978-1-4614-1680-7

@ Springer

Love MJ, Bhandari D, Rcj D, Billington C (2018) Potential for bacte-
riophage endolysins to supplement or replace antibiotics in food
production and clinical care. Antibiot 7:17. https://doi.org/10.
3390/antibiotics7010017

Lu TK, Collins JJ (2007) Dispersing biofilms with engineered enzy-
matic bacteriophage. Proc Natl Acad Sci USA 104:11197-11202.
https://doi.org/10.1073/pnas.0704624104

Manning AJ, Kuehn MJ (2011) Contribution of bacterial outer mem-
brane vesicles to innate bacterial defense. Bmc Microbiol
11:258-258. https://doi.org/10.1186/1471-2180-11-258

Mclaughlin RN, Malik HS (2017) Genetic conflicts: the usual suspects
and beyond. J Exp Biol 220:6—-17. https://doi.org/10.1242/jeb.
148148

Melo L, Pinto G, Oliveira F, Vilas-Boas D, Almeida C, Sillankorva S,
Cerca N, Azeredo J (2020) Staphylococcus epidermidis the pro-
tective effect of biofilm matrix against phage predation. Viruses
12. https://doi.org/10.3390/v12101076

Molin N, Hoyland-Kroghsbo BR, Maerkedahl LS, Svenningsen (2013)
A quorum-sensing-induced bacteriophage defense mechanism.
mBio e00362-12. https://doi.org/10.1128/mBi0.00362-12

Montaez-Izquierdo VY, Salas-Vazquez D, Rodriguez-Jerez JJ (2012)
Use of epifluorescence microscopy to assess the effectiveness of
phage P100 in controlling Listeria monocytogenes biofilms on
stainless steel surfaces. Food Control 23:470-477. https://doi.
org/10.1016/j.foodcont.2011.08.016

Moreau P, Diggle SP, Friman VP (2017) Bacterial cell-to-cell signaling
promotes the evolution of resistance to parasitic bacteriophages.
Ecol Evol 7:1936-1941. https://doi.org/10.1002/ece3.2818

Nouraldin A, Baddour MM, Harfoush R, Essa AAM (2016) Bacteri-
ophage-antibiotic synergism to control planktonic and biofilm
producing clinical isolates of Pseudomonas aeruginosa. Alex
J Med 52:99-105

Oliveira A, Sousa JC, Silva AC, Melo LDR, Sillankorva S (2018)
Chestnut honey and bacteriophage application to control pseu-
domonas aeruginosa and Escherichia coli biofilms: evaluation
in anex vivoWound model. Front Microbiol 9:1725. https://doi.
org/10.3389/fmicb.2018.01725

Oliveira V, Steixner S, Nascimento C, Pagnano V, Silva-Lovato C, Par-
anhos H, Wilflingseder D, Coraca-Huber D, Watanabe E (2021)
Expression of virulence factors by pseudomonas aeruginosa bio-
film after bacteriophage infection. Microb Pathog 154:104834.
https://doi.org/10.1016/j.micpath.2021.104834

Oppenheim AB, Kobiler O, Stavans J, Court DL, Adhya S (2005)
Switches in bacteriophage lambda development. Annual Rev Gen
39:409-429. https://doi.org/10.1146/annurev.genet.39.073003.
113656

Paez-Espino D, Eloe-Fadrosh EA, Pavlopoulos GA, Thomas AD,
Huntemann M, Mikhailova N, Rubin E, Ivanova NN, Kyrpides
NC (2016) Uncovering Earth’s virome. Nat 536:425. https://doi.
org/10.1038/nature 19094

Papaianni M, Ricciardelli A, Casillo A, Corsaro MM, Capparelli R
(2020) The union is strength: the synergic action of long fatty
acids and a bacteriophage against Xanthomonas campestris bio-
film. Microorganisms 9:60. https://doi.org/10.3390/microorgan
isms9010060

Papenfort K, Silpe JE, Schramma KR, Cong JP, Seyedsayamdost
MR, Bassler BL (2017) A vibrio cholerae autoinducer-receptor
pair that controls biofilm formation. Nat Chem Biol 13:551-
557. https://doi.org/10.1038/nchembio.2336

Patterson A, Jackson S, Taylor C, Evans G, Salmond GC, Przybilski
R, Staals RJ, Fineran P (2016) Quorum sensing controls adap-
tive immunity through the regulation of multiple CRISPR-Cas
systems. Mol Cell 64:5S1097276516307201. https://doi.org/10.
1016/j.molcel.2016.11.012


https://doi.org/10.5301/ijao.5000027
https://doi.org/10.1099/mic.0.000104
https://doi.org/10.1099/mic.0.000104
https://doi.org/10.1111/j.1365-2958.2007.05646.x
https://doi.org/10.1111/j.1365-2958.2007.05646.x
https://doi.org/10.1134/S0006297920050053
https://doi.org/10.1111/j.1365-2958.2007.05923.x
https://doi.org/10.1073/pnas.97.16.8794
https://doi.org/10.1128/microbe.1.151.1
https://doi.org/10.1128/microbe.1.151.1
https://doi.org/10.1016/j.resmic.2016.10.009
https://doi.org/10.1016/j.resmic.2016.10.009
https://doi.org/10.1128/mBio.01884-19
https://doi.org/10.1080/19443994.2013.780996
https://doi.org/10.1080/19443994.2013.780996
https://doi.org/10.1111/j.1365-2958.2008.06302.x
https://doi.org/10.1111/j.1365-2958.2008.06302.x
https://doi.org/10.3389/fmicb.2018.00326
https://doi.org/10.1016/j.vetmic.2018.03.017
https://doi.org/10.4014/jmb.1705.05028
https://doi.org/10.1111/omi.12303
https://doi.org/10.1111/omi.12303
https://doi.org/10.1007/978-1-4614-1680-7
https://doi.org/10.1007/978-1-4614-1680-7
https://doi.org/10.3390/antibiotics7010017
https://doi.org/10.3390/antibiotics7010017
https://doi.org/10.1073/pnas.0704624104
https://doi.org/10.1186/1471-2180-11-258
https://doi.org/10.1242/jeb.148148
https://doi.org/10.1242/jeb.148148
https://doi.org/10.3390/v12101076
https://doi.org/10.1128/mBio.00362-12
https://doi.org/10.1016/j.foodcont.2011.08.016
https://doi.org/10.1016/j.foodcont.2011.08.016
https://doi.org/10.1002/ece3.2818
https://doi.org/10.3389/fmicb.2018.01725
https://doi.org/10.3389/fmicb.2018.01725
https://doi.org/10.1016/j.micpath.2021.104834
https://doi.org/10.1146/annurev.genet.39.073003.113656
https://doi.org/10.1146/annurev.genet.39.073003.113656
https://doi.org/10.1038/nature19094
https://doi.org/10.1038/nature19094
https://doi.org/10.3390/microorganisms9010060
https://doi.org/10.3390/microorganisms9010060
https://doi.org/10.1038/nchembio.2336
https://doi.org/10.1016/j.molcel.2016.11.012
https://doi.org/10.1016/j.molcel.2016.11.012

Applied Microbiology and Biotechnology (2022) 106:2299-2310

2309

Pei R, Lamas-Samanamud GR (2014) Inhibition of biofilm formation
by T7 bacteriophages producing quorum-quenching enzymes.
Appl Environ Microbiol 80:5340-5348. https://doi.org/10.
1128/AEM.01434-14

Pelkonen S, Aalto J, Finne J (1992) Differential activities of bacte-
riophage depolymerase on bacterial polysaccharide: binding
is essential but degradation is inhibitory in phage infection
of K1-defective Escherichia coli. J bacteriol 174:7757-7761.
https://doi.org/10.1007/BF02185797

Peng H, Chen I (2020) Phage engineering and the evolutionary
arms race. Curr Opin Biotechnol 68:23-29. https://doi.org/
10.1016/j.copbio.2020.09.009

Pires DP, Oliveira H, Melo LDR, Sillankorva S, Azeredo J (2016)
Bacteriophage-encoded depolymerases: their diversity and
biotechnological applications. Appl Microbiol Biotechnol
100:2141. https://doi.org/10.1007/s00253-015-7247-0

Poisot T, Bell T, Martinez E, Gougat-Barbera C, Hochberg ME
(2012) Terminal investment induced by a bacteriophage in
a rhizosphere bacterium. F1000res 1. 10.12688/f1000re-
search.1-21.v2

Qin X, Sun Q, Yang B, Pan X, He Y, Yang H (2017) Quorum sensing
influences phage infection efficiency via affecting cell population
and physiological state. J basic microbiol 57:162-170. https://
doi.org/10.1002/jobm.201600510

Rahman M, Kim S, Kim SM, Seol SY, Kim J (2011) Characterization
of induced Staphylococcus aureus bacteriophage SAP-26 and its
anti-biofilm activity with rifampicin. Biofouling 27:1087-1093.
https://doi.org/10.1080/08927014.2011.631169

Reyes-Robles T, Dillard RS, Cairns LS, Silva-Valenzuela CA, Hous-
man M, Ali A, Wright ER, Camilli A (2018) Vibrio cholerae
outer membrane vesicles inhibit bacteriophage infection. J Bac-
teriol 200. https://doi.org/10.1128/1B.00792-17

Rickard AH, Gilbert P, High NJ, Kolenbrander PE, Handley PS (2003)
Bacterial coaggregation: an integral process in the development
of multi-species biofilms. Trends Microbiol 11:94-100. https://
doi.org/10.1016/S0966-842X(02)00034-3

Rodolphe B, Christophe F, Hélene D, Melissa R, Patrick B, Sylvain
M, Romero DA, Philippe H (2007) CRISPR provides acquired
resistance against viruses in prokaryotes. Sci 315:1709-1712.
https://doi.org/10.1126/science.1138140

Rossmann FS, Racek T, Wobser D, Puchalka J, Rabener EM, Reiger
M, Hendrickx A, Diederich AK, Jung K, Klein C (2015) Phage-
mediated dispersal of biofilm and distribution of bacterial
virulence genes is induced by quorum sensing. PLoS Pathog
11:e1004653. https://doi.org/10.1371/journal.ppat.1004653

Ruoting P, Lamas-Samanamud G, R. (2014) Inhibition of biofilm
formation by T7 bacteriophages producing quorum-quenching
enzymes. Appl Environ Microbiol 17:5340-5348. https://doi.org/
10.1128/AEM.01434-14

Ryan EM, Alkawareek MY, Donnelly RF, Gilmore BF (2012) Syner-
gistic phage-antibiotic combinations for the control of Escheri-
chia coli biofilms in vitro. Fems Immunol Med 23:395-398.
https://doi.org/10.1111/§.1574-695X.2012.00977.x

Sadiq FA, Yan B, Zhao J, Zhang H, Chen W (2020) Untargeted metab-
olomics reveals metabolic state of Bifidobacterium bifidum in the
biofilm and planktonic states. LWT 118:108772. https://doi.org/
10.1016/j.1wt.2019.108772

Saitou K, Furuhata K, Kawakami Y, Fukuyama M (2009) Biofilm
formation abilities and disinfectant-resistance of Pseudomonas
aeruginosa isolated from cockroaches captured in hospitals. Bio-
control Sci 14:65-68. https://doi.org/10.4265/bio.14.65

Samson JE, Magadan AH, Mourad S, Sylvain M (2013) Revenge of
the phages: defeating bacterial defences. Nat Rev Microbiol
11:675-687. https://doi.org/10.1038/nrmicro3096

Sénchez-Sanz G, Crowe D, Nicholson A, Fleming A, Carey E, Kelle-
her F (2018) Conformational studies of gram-negative bacterial

quorum sensing acyl homoserine lactone (AHL) molecules: the
importance of the n— 7* interaction. Biophys Chem 238:16-21.
https://doi.org/10.1016/j.bpc.2018.04.002

Saucedo-Mora MA, Castaneda-Tamez P, Cazares A, Perez-Velazquez
J, Hense BA, Cazares D, Figueroa W, Carballo M, Guarneros G,
Perez-Eretza B, Cruz N, Nishiyama Y, Maeda T, Belmont-Diaz
JA, Wood TK, Garcia-Contreras R (2017) Selection of functional
quorum sensing systems by lysogenic bacteriophages in pseu-
domonas aeruginosa. Front Microbiol 8:1669. https://doi.org/
10.3389/fmicb.2017.01669

Sawasdidoln C (2002) Relationship among biofilm production, lipopol-
ysaccharide (LPS) characteristics, N-acyl homoserine lactone
(AHL) synthesis, and antimicrobial resistance in Burkholderia
pseudomallei/Chakrit Sawasdidoln

Shabbir MAB, Hao H, Shabbir MZ, Wu Q, Sattar A, Yuan Z (2016)
Bacteria vs. bacteriophages: parallel evolution of immune arse-
nals. Front Microbiol 7. https://doi.org/10.3389/fmicb.2016.
01292

Shah M, Taylor V, Bona D, Tsao Y, Stanley S, Pimentel-Elardo S,
McCallum M, Bondy-Denomy J, Howell P, Nodwell J, Davidson
A, Moraes T, Maxwell K (2021) A phage-encoded anti-activator
inhibits quorum sensing in Pseudomonas aeruginosa. Mol cell
81:571-583.e6. https://doi.org/10.2139/ssrn.3544401

Sharma U, Vipra A, Channabasappa S (2018) Phage-derived lysins
as potential agents for eradicating biofilms and persisters. Drug
Disc Today 23:848. https://doi.org/10.1016/j.drudis.2018.01.026

Shen J, Zhou J, Chen GQ, Xiu ZL (2018) Efficient genome engineer-
ing of a virulent Klebsiella bacteriophage using CRISPR-Cas9.
J Virol00534-18. https://doi.org/10.1128/JV1.00534-18

Shepherd J, Swift T, Chang CY, Boyne JR, Rimmer S, Martin WHC
(2019) Highly branched poly(N-isopropyl acrylamide) function-
alized with an inducer molecule suppresses quorum sensing in
Chromobacterium violaceum. Chem Commun (Camb) 55:9765—
9768. https://doi.org/10.1039/C9CC02524C

Shlezinger M, Houri-Haddad Y, Coppenhagen-Glazer S, Resch G,
Que YA, Beyth S, Dorfman E, Hazan R, Beyth N (2016) Phage
therapy: a new horizon in the antibacterial treatment of oral
pathogens. Curr Top Med Chem 17:1199-1211. https://doi.org/
10.2174/1568026616666160930145649

Silpe JE, Bassler BL (2019) A host-produced quorum-sensing autoin-
ducer controls a phage lysis-lysogeny decision. Cell 176:268-280
el3. https://doi.org/10.1016/j.cell.2018.10.059

Silva AJ, Benitez JA, Wu JH (2010) Attenuation of bacterial virulence
by quorum sensing-regulated lysis. J Biotechnol 150:22-30.
https://doi.org/10.1016/j.jbiotec.2010.07.025

Solovieva EV, Myakinina VP, Kislichkina AA, Krasilnikova VM,
Verevkin VV, Mochalov VV, Lev Al, Fursova NK, Volozhantsev
NV (2018) Comparative genome analysis of novel podoviruses
lytic for hypermucoviscous klebsiella pneumoniae of K1, K2,
and K57 capsular types. Virus Research 243:10. https://doi.org/
10.1016/j.virusres.2017.09.026

Takehiko K, Katsuji T, Akiko S, Nobuyasu Y, Masao N (2010) High-
frequency phage-mediated gene transfer among Escherichia coli
cells, determined at the single-cell level. Appl Environ Microbiol
4:648. https://doi.org/10.1038/ismej.2009.145

Tan D, Hansen M, de Carvalho L, Rgder H, Burmglle M, Middelboe
M, Svenningsen S (2020) High cell densities favor lysogeny:
induction of an H20 prophage is repressed by quorum sensing
and enhances biofilm formation in Vibrio anguillarum. ISME j
14:1731-1742. https://doi.org/10.1038/341396-020-0641-3

Tufenkji N, Ven T, Hosseinidoust Z (2013) Formation of biofilms under
phage predation: considerations concerning a biofilm increase.
Biofouling 4:457—468. https://doi.org/10.1080/08927014.2013.
779370

Van Ooij C (2009) Biofilms: a little help from a phage friend. Nat
Reviews Microbiol 7:6—6. https://doi.org/10.1002/bit.10854

@ Springer


https://doi.org/10.1128/AEM.01434-14
https://doi.org/10.1128/AEM.01434-14
https://doi.org/10.1007/BF02185797
https://doi.org/10.1016/j.copbio.2020.09.009
https://doi.org/10.1016/j.copbio.2020.09.009
https://doi.org/10.1007/s00253-015-7247-0
https://doi.org/10.1002/jobm.201600510
https://doi.org/10.1002/jobm.201600510
https://doi.org/10.1080/08927014.2011.631169
https://doi.org/10.1128/JB.00792-17
https://doi.org/10.1016/S0966-842X(02)00034-3
https://doi.org/10.1016/S0966-842X(02)00034-3
https://doi.org/10.1126/science.1138140
https://doi.org/10.1371/journal.ppat.1004653
https://doi.org/10.1128/AEM.01434-14
https://doi.org/10.1128/AEM.01434-14
https://doi.org/10.1111/j.1574-695X.2012.00977.x
https://doi.org/10.1016/j.lwt.2019.108772
https://doi.org/10.1016/j.lwt.2019.108772
https://doi.org/10.4265/bio.14.65
https://doi.org/10.1038/nrmicro3096
https://doi.org/10.1016/j.bpc.2018.04.002
https://doi.org/10.3389/fmicb.2017.01669
https://doi.org/10.3389/fmicb.2017.01669
https://doi.org/10.3389/fmicb.2016.01292
https://doi.org/10.3389/fmicb.2016.01292
https://doi.org/10.2139/ssrn.3544401
https://doi.org/10.1016/j.drudis.2018.01.026
https://doi.org/10.1128/JVI.00534-18
https://doi.org/10.1039/C9CC02524C
https://doi.org/10.2174/1568026616666160930145649
https://doi.org/10.2174/1568026616666160930145649
https://doi.org/10.1016/j.cell.2018.10.059
https://doi.org/10.1016/j.jbiotec.2010.07.025
https://doi.org/10.1016/j.virusres.2017.09.026
https://doi.org/10.1016/j.virusres.2017.09.026
https://doi.org/10.1038/ismej.2009.145
https://doi.org/10.1038/s41396-020-0641-3
https://doi.org/10.1080/08927014.2013.779370
https://doi.org/10.1080/08927014.2013.779370
https://doi.org/10.1002/bit.10854

2310

Applied Microbiology and Biotechnology (2022) 106:2299-2310

Vermeulen P, Loosdrecht MCMYV, Lin YM (2019) Chemical charac-
terization methods for the analysis of structural extracellular
polymeric substances (EPS). Water Res 157:201-208. https://
doi.org/10.1016/j.watres.2019.03.068

Viazis S, Akhtar M, Feirtag J, Brabban AD, Diez-Gonzalez F (2011a)
Isolation and characterization of lytic bacteriophages against
enterohaemorrhagic Escherichia coli. J Appl Microbiol 110.
https://doi.org/10.1111/§.1365-2672.2011.04989.x

Viazis S, Akhtar M, Feirtag J, Diez-Gonzalez F (2011b) Reduction of
Escherichia coli O157:H7 viability on hard surfaces by treatment
with a bacteriophage mixture. Int j food microbiol 145:37-42.
https://doi.org/10.1016/j.ijfoodmicro.2010.11.021

Walderich B, Holtje J (1989) Specific localization of the lysis protein of
bacteriophage MS2 in membrane adhesion sites of Escherichia
coli. ] bacteriol 171:3331-3336. https://doi.org/10.1128/jb.171.6.
3331-3336.1989

Wang H, Chu W, Ye C, Gaeta B, Tao H, Wang M, Qiu Z (2019) Chloro-
genic acid attenuates virulence factors and pathogenicity of pseu-
domonas aeruginosa by regulating quorum sensing. Appl Micro-
biol Biotechnol 103. https://doi.org/10.1007/s00253-018-9482-7

Wang L, Tkhilaishvili T, Andres BB, Trampuz A, Moreno MG (2020a)
Bacteriophage-antibiotic combinations against ciprofloxacin/
ceftriaxone-resistant Escherichia coli in vitro and in an experi-
mental Galleria mellonella model. Int j antimicrob agents 56:1-9.
https://doi.org/10.1016/j.ijantimicag.2020.106200

Wang L, Tkhilaishvili T, Trampuz A, Moreno MG (2020b) Evalua-
tion of staphylococcal bacteriophage Sb-1 as an adjunctive agent
to antibiotics against rifampin-resistant staphylococcus aureus
biofilms. F Microbiol 11. https://doi.org/10.3389/fmicb.2020.
602057

@ Springer

Wang N, Wei YL, Tang B, Zhang Q, Lin LB, Xiu-Ling JI (2014)
Research advances on quorum sensing and its mediated anti-
phage infection. Chin J Microecol 26(001):114—118. https://doi.
org/10.13381/j.cnki.cjm.201401031

Xuan G, Lin H, Tan L, Zhao G, Wang J (2022) Quorum sensing pro-
motes phage infection in pseudomonas aeruginosa PAO1. mBio
13(1):e0317421. https://doi.org/10.1128/mbio.03174-21

Yang Y, Yao F, Zhou M, Zhu J, Zhang X, Bao W, Wu S, Hardwidge
PR, Zhu G (2013) F18ab Escherichia coli flagella expression is
regulated by acyl-homoserine lactone and contributes to bacterial
virulence. Vet Microbiol 165:378-383. https://doi.org/10.1016/j.
vetmic.2013.04.020

Zhang B, Yu P, Wang Z, Alvarez P (2020) Hormetic promotion of bio-
film growth by polyvalent bacteriophages at low concentrations.
Environ Sci Technol. https://doi.org/10.1021/acs.est.0c03558

Zhang H, Li L, Zhao Z, Peng D, Zhou X (2016) Polar flagella rotation
in Vibrio parahaemolyticus confers resistance to bacteriophage
infection. Sci Rep 6:26147. https://doi.org/10.1038/srep26147

Zhang Y, Cheng M, Zhang H, Dai J, Gu J (2018) Antibacterial effects
of phage lysin LysGH15 on planktonic cells and biofilms of
diverse staphylococci. Appl Environ Microbiol 84:e00886—
e00818. https://doi.org/10.1128/ AEM.00886-18

Zhang Y, Hu ZQ (2013) Combined treatment of Pseudomonas aer-
uginosa biofilms with bacteriophages and chlorine. Biotechnol
Bioeng 110(1):286-295. https://doi.org/10.1002/bit.24630

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.watres.2019.03.068
https://doi.org/10.1016/j.watres.2019.03.068
https://doi.org/10.1111/j.1365-2672.2011.04989.x
https://doi.org/10.1016/j.ijfoodmicro.2010.11.021
https://doi.org/10.1128/jb.171.6.3331-3336.1989
https://doi.org/10.1128/jb.171.6.3331-3336.1989
https://doi.org/10.1007/s00253-018-9482-7
https://doi.org/10.1016/j.ijantimicag.2020.106200
https://doi.org/10.3389/fmicb.2020.602057
https://doi.org/10.3389/fmicb.2020.602057
https://doi.org/10.13381/j.cnki.cjm.201401031
https://doi.org/10.13381/j.cnki.cjm.201401031
https://doi.org/10.1128/mbio.03174-21
https://doi.org/10.1016/j.vetmic.2013.04.020
https://doi.org/10.1016/j.vetmic.2013.04.020
https://doi.org/10.1021/acs.est.0c03558
https://doi.org/10.1038/srep26147
https://doi.org/10.1128/AEM.00886-18
https://doi.org/10.1002/bit.24630

	Mechanisms of interactions between bacteria and bacteriophage mediate by quorum sensing systems
	Abstract 
	Key points 
	Introduction
	Roles of biofilms in bacteria-phage interaction
	Regulation of biofilm formation by bacteria through QS systems to resist phage
	Destruction of bacterial biofilms by phage
	Exploration of enhanced ability of phage to destroy biofilms

	Bacterial QS systems participate in phage adsorption
	QS systems regulate phage adsorption by flagella and fimbriae
	QS systems regulate phage adsorption by bacterial surface proteins

	Bacterial QS systems regulate the lysis-lysogeny conversion of phage
	Bacterial QS systems mediate bacteria-phage ecological evolution
	QS systems mediate phage-phage information exchange
	Conclusions and future perspectives
	References


