
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=gbif20

Biofouling
The Journal of Bioadhesion and Biofilm Research

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/gbif20

Tracing the origins of extracellular DNA in
bacterial biofilms: story of death and predation to
community benefit

Davide Campoccia, Lucio Montanaro & Carla Renata Arciola

To cite this article: Davide Campoccia, Lucio Montanaro & Carla Renata Arciola (2021) Tracing
the origins of extracellular DNA in bacterial biofilms: story of death and predation to community
benefit, Biofouling, 37:9-10, 1022-1039, DOI: 10.1080/08927014.2021.2002987

To link to this article:  https://doi.org/10.1080/08927014.2021.2002987

© 2021 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

Published online: 25 Nov 2021.

Submit your article to this journal 

Article views: 537

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=gbif20
https://www.tandfonline.com/loi/gbif20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/08927014.2021.2002987
https://doi.org/10.1080/08927014.2021.2002987
https://www.tandfonline.com/action/authorSubmission?journalCode=gbif20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=gbif20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/08927014.2021.2002987
https://www.tandfonline.com/doi/mlt/10.1080/08927014.2021.2002987
http://crossmark.crossref.org/dialog/?doi=10.1080/08927014.2021.2002987&domain=pdf&date_stamp=2021-11-25
http://crossmark.crossref.org/dialog/?doi=10.1080/08927014.2021.2002987&domain=pdf&date_stamp=2021-11-25


REVIEW

Tracing the origins of extracellular DNA in bacterial biofilms: story of death
and predation to community benefit

Davide Campocciaa , Lucio Montanaroa,c and Carla Renata Arciolaa,b,c

aLaboratorio di Patologia delle Infezioni Associate all’Impianto, IRCCS Istituto Ortopedico Rizzoli, Bologna, Italy; bLaboratorio di
Immunoreumatologia e Rigenerazione Tissutale, IRCCS Istituto Ortopedico Rizzoli, Bologna, Italy; cDepartment of Experimental,
Diagnostic and Specialty Medicine, University of Bologna, Bologna, Italy

ABSTRACT
Extracellular DNA (eDNA) is a macromolecule copiously found in various natural microenviron-
ments, but its origin and significance still remain partly mysterious phenomena. Here, the multi-
faceted origins of eDNA in bacterial biofilms are explored. The release of eDNA can follow a
suicidal programmed bacterial apoptosis or a fratricide-induced death, under the control of quo-
rum sensing systems or triggered by specific stressors. eDNA can be released into the extracellu-
lar space or as a free macromolecule or enclosed within membrane vesicles or even through an
explosion of bubbles. eDNA can also be derived from host tissue cells through bacterial cyto-
lytic/proapoptotic toxins or stolen from neutrophil extracellular traps (NETs). eDNA can alterna-
tively be produced by lysis-independent mechanisms. Sub-inhibitory doses of antibiotics, by
killing a fraction of bacteria, result in stimulating the release of eDNA. Even phages appear to
play a role in favoring eDNA release. Unveiling the origins of eDNA is critical to correctly address
biofilm-associated infections.
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Introduction

In recent years, extracellular DNA (eDNA) has
increasingly emerged as one of the main extracellular
polymeric substances (EPS) composing the architec-
ture of bacterial biofilms. Other EPS taking part in
bacterial biofilm matrices include various types of
extracellular and cytoplasmic moonlighting (Jeffery
2014) proteins, neutral and electrostatically charged
exopolysaccharides, teichoic acids and lipids. Differing
from eDNA, these further EPS are generally species-
specific and often even strain type-specific.
Conversely, the presence of eDNA in biofilms appears
highly conserved and widely distributed even across
taxonomically distant bacterial and fungal microorgan-
isms (Martins et al. 2010; Okshevsky & Meyer 2015).
While many important functional roles of eDNA in
biofilms have been documented and nowadays appear
well established, the physiological mechanisms that are
implicated in eDNA release and exert control over its
production have only partly been unveiled and only in
a restricted number of bacterial species (Sarkar 2020).
Contrasting with the apparent eDNA ubiquity in bio-
films, it appears as if, during phylogenesis, each single

bacterial species reinvented alternative and/or comple-
mentary routes and strategies to repurpose, release or
transfer DNA outside the cells.

eDNA is a very versatile and multifunctional mol-
ecule, which provides multiple benefits to microbial
cells, enabling bacterial survival under highly stressing
environmental conditions. eDNA favors horizontal
gene transfer, enabling the interexchange of genes
encoding antibiotic resistance and virulence traits
between bacteria (Molin & Tolker-Nielsen 2003). It
promotes bacterial aggregation (Mlynek et al. 2020)
and enables adhesion to highly hydrophobic surfaces,
which are most unfavorable to bacterial colonization
(Das et al. 2011). When bacteria turn sessile following
adhesion to a substratum or, otherwise, undergo floc-
culation while being suspended in physiologic fluids,
eDNA acts as an element of the biofilm architecture,
conferring structural stability through its many inter-
actions with other EPS (Montanaro et al. 2011a).
eDNA has been described as acidifying the local
milieu, promoting antibiotic resistant phenotypes
(Wilton et al. 2015), and chelating and neutralizing
cationic bactericidal molecules including antibiotics
(Chiang et al. 2013) and antimicrobial peptides
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(Batoni et al. 2016), actively contributing to biofilm
tolerance. It triggers and conditions the host immune
response (Hemmi et al. 2000; Islam et al. 2001;
Fuxman Bass et al. 2010). Moreover, it facilitates self-
organization of bacterial biofilms, guides biofilm
spreading (Gloag et al. 2013), represents a nutrient
source during starvation (Finkel & Kolter 2001), and
exhibits extracellular electron transfer capabilities
(Saunders et al. 2020).

Formation of eDNA is a necessary step for bacteria
in order to benefit from all these functions. This article
aims at reviewing the mechanisms of eDNA produc-
tion adopted by different bacterial species, especially
those commonly involved in nosocomial infections. It
attempts to offer an overall view of the numerous and
complex paths that have recently been unveiled.

The origin of eDNA in human infections: not
just a single source

A more complete frame for the interpretation of the
origin of DNA present in the extracellular space of

biofilms of human pathogens has emerged only in
recent years. In an early phase, eDNA was thought
not to be actively released by bacteria, but rather to
derive from bacterial cells facing a process of natural
death. With time it became more evident though that,
at least in species such as Streptococcus pneumoniae,
induction of natural competence could actively trigger
cell lysis and DNA release from a subfraction of the
cell population (Steinmoen et al. 2002). Over the last
two decades, the extensive research work conducted
on many bacterial species has started to shed more
light on the processes leading to the presence of
eDNA in the intercellular space, revealing a multitude
of alternative and often redundant mechanisms that
vary with the pathogenic species. The scheme in
Figure 1 summarizes some of the main mechanisms
implicated in eDNA production, which will be dis-
cussed in detail in the following sections.

The most common systems adopted by bacteria to
release DNA involve some type of programmed
autolysis. In Gram-positive bacteria, this has been
found often to occur through the production of

Figure 1. An overview of the numerous sources and mechanisms leading to eDNA accumulation in the extracellular space.
Bacterial death and release of eDNA can be achieved by a variety of alternative, species- and strain-specific, mechanisms under
the control of quorum sensing systems or triggered by specific stressors. Legend: MØs, monocytes/macrophages; PMNs, poly-
morphonuclear granulocytes; LTH, leukotoxic hypercitrullination; DNAJ, Heat Shock Protein DnaJ; PYO, pyocyanin; AHL, long-chain
N-acyl-homoserine lactones; PQS, quorum-sensing molecule Pseudomonas quinolone signal; HQNO, 2-n-heptyl-4-hydroxyquinoline-
N-oxide; C.bc1, cytochrome bc1 complex; ROS, radical oxygen species; OMV, outer membrane vesicle; OIMV, outer-inner membrane
vesicle; EOMV, explosive lysis outer membrane vesicle.
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peptides named autolysins. When being expressed,
autolysins are capable of determining a sort of cell
suicide or programmed apoptosis, by damaging the
integrity of some vital cell components or, alterna-
tively, to induce the death of nearby sister cells, caus-
ing a sort of fratricide (Montanaro et al. 2011b).
Conversely, auto-intoxication and self-poisoning due
to the production of toxic chemicals or a burst in the
respiratory production of reactive oxygen species
(ROS) has been described for Gram-negative bacteria
such as Pseudomonas aeruginosa, which constitutes
one of the best investigated bacterial models. The
activation of prophages is another of the strategies
pursued to achieve a programmed cell autolysis under
the control of quorum sensing systems. The expres-
sion of phage endolysins can be associated with phe-
nomena known as explosive lysis or bubbling cell
death, in which case the autolytic disruption of bac-
terial cells generates membrane vesicles (MVs) with
cytoplasmic content that may include also nucleic
acids (Figure 1).

Predation of bacteria by phages or other bacterial
competitors is another mechanism leading to bacterial
lysis and eDNA release. Moreover, sub-inhibitory
doses of exogenous factors such as antibiotics have
long been known to determine eDNA release.
Interestingly, in a restricted number of species, alter-
native mechanisms have been observed where bacter-
ial eDNA is secreted while cells are viable and
maintain their integrity (Ib�a~nez de Aldecoa et al.
2017). Predation by other bacteria or bacteriophages
represents a further circumstance in which bacterial
DNA is released and can be used to enforce biofilm
structure. Additionally, some antimicrobials and anti-
biotics capable of destabilizing the integrity of the
bacterial wall have also been found to actively cause
the release of eDNA and so favor biofilm production.
Shields et al. (2013) found that eDNA extracted from
biofilms of different strains of staphylococci and
streptococci tended to form a sharp band in agarose
gel electrophoresis and exhibited a size >10 kb.
However, the characteristics of bacterial DNA in the
biofilm matrix likely reflect the diverse mechanisms
used to produce eDNA and, while for certain bacteria,
the sequence of eDNA has been found similar to that
of genomic DNA (Qin et al. 2007; Rose et al. 2015),
this has not always been the case for other bacteria
(Jakubovics et al. 2013). For instance, in 2-day old
biofilms of Helicobacter pylori, the comparison of
DNA fingerprinting, performed by RAPD analysis on
eDNA and intracellular DNA, showed substantial dif-
ferences. B€ockelmann et al. (2006) reached similar
conclusions analyzing the biofilm of a lotic bacterial

strain, whose RAPD amplification profiles of the
eDNA and genomic DNA revealed major similarities
in the banding patterns, but also some significant
differences.

In infected tissues eDNA is not uniquely of bacterial
origin and restricted to the quantity of nucleic acids
contributed by bacteria. Apart from programmed bac-
terial cytolysis, eDNA can also be produced from host
cells such as leukocytes and other tissue cells. Indeed,
host cells of the immune system such as leukocytes,
but also other tissue cells have been found to represent
an additional relevant source of extracellular nucleic
acids released in the interstitial fluids. Following their
activation, professional phagocytes are known to pro-
duce neutrophil extracellular traps (NETs), primarily
consisting of extruded extracellular fibers of DNA
(Zawrotniak & Rapala-Kozik 2013). Moreover, bacterial
cytolytic toxins such as leukotoxins can determine the
death of host cells and consequent release of high
molecular weight DNA. As discussed in greater detail
further on, while bacteria have been suggested to be
potentially capable of harvesting and incorporating
within their biofilm matrix the eDNA derived from
these eukaryotic sources, some in vivo experimental
evidence appears to exclude such a possibility. An
important factor that should be kept in consideration
is that some properties of bacterial eDNA, character-
ized by a high ratio of CG bases and a lower molecular
size, differ from those of the eDNA contributed by
host cells in terms of interactivity with host immune
cells and their cell receptors.

From an evolutive point of view, bacteria therefore
appear particularly skilled at developing complemen-
tary or alternative routes to take the greatest advan-
tage of a fundamental organic molecule such as DNA.
Either made available through a substantial sacrifice
of individuals for the good of their community, or
actively secreted bearing significant energetic costs, or
recovered from the interstitial milieu where host cells
have left it behind, eDNA can be recycled and repur-
posed from its original function (Mann et al. 2009;
Thammavongsa et al. 2013; Ib�a~nez de Aldecoa et al.
2017). What is certain is that nothing is left to chance
and fine mechanisms keep eDNA release under con-
trol, as well as its usage and degradation. The differ-
ent routes of release and the molecular mechanisms
that govern eDNA production are specifically
addressed in the next paragraphs.

Bacterial cell lysis

An intriguing initial conundrum was1whether bacter-
ial eDNA was in fact chromosomal DNA or, rather,
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consisted of newly synthesized oligonucleotides
secreted on demand. The confirmation that, at least
in the biofilm of some bacterial species, eDNA was
similar/corresponded to genomic DNA, cleared the
way for the hypothesis that DNA could derive from
death of a subpopulation of bacterial cells. Based on
current understanding, the lysis of bacterial cells is
without doubts a major mechanism of eDNA release,
broadly observed across both Gram-positive and
Gram-negative pathogens. Bacterial lysis normally fol-
lows the expression of cytotoxic factors. This type of
process is usually referred to as autolysis, when indi-
vidual cells, through auto-poisoning, actuate a form
of suicide (Rice et al. 2007) or an apoptosis-like pro-
grammed death. This ‘altruistic’ behavior of individual
bacteria provides eDNA for the needs of the commu-
nity. In contrast, cannibalism and allolysis take place
when cytotoxic factors expressed by immune individ-
uals are directed towards sibling cells (fratricide) or
other species (predation) (Thomas et al. 2008, 2009).
In Enterococcus faecalis isolates from orthopedic
implant infections, the ability to produce autolytic
enzymes proved crucial for expressing high levels of
virulence (Arciola et al. 2008). The coordinated cell
death in isogenic populations resulting in the cytolysis
of a sub-population of genetically identical siblings
for the benefit of the population appears a more gen-
eral strategy not only assoiated with biofilm forma-
tion, but also with the initiation of competence and
sporulation (Popp & Mascher 2019).

Among Gram-negative bacteria, P. aeruginosa is
one of the most extensively investigated species. As
illustrated in Figure 1, in P. aeruginosa at least three
main, apparently redundant, mechanisms have been
identified that are potentially capable of lead ing to
bacterial death and autolysis with consequent release
of eDNA: (1) auto-poisoning by phenazines (Das &
Manefield 2013; Sarkar 2020) and pyocyanin (PYO)
(Das & Manefield 2012; Meirelles & Newman 2018);
(2) auto-poisoning by 2-n-heptyl-4-hydroxyquinoline-
N-oxide (HQNO) (Hazan et al. 2016); and activation
of prophage endolysins (Turnbull et al. 2016; Li et al.
2019). In a recent review, Sarkar (2020) explored in
detail these diverse mechanisms. PYO is one of the
most studied substances termed phenazines, which
are produced by P. aeruginosa. Phenazines are redox-
active dibenzo annulated pyrazines with two nitrogen
atoms in the center ring having proton-coupled elec-
tron transfer properties. The toxicity of PYOs has
been primarily associated with its redox activity as it
can rapidly reduce molecular oxygen leading to the
production of the reactive oxygen species superoxide,

which is subsequently converted into H2O2 (Das &
Manefield 2012). PYO mediated death is known to be
induced under special environmental conditions, in
particular nutrient depletion. Under other conditions
such as reducing stress, PYO and phenazines seem to
exhibit beneficial effects, serving as alternative elec-
tron acceptors and enabling cells to maintain redox
homeostasis. The work of Meirelles & Newman
(2018) helped to elucidate the ‘double edged sword’
effects of PYOs. These authors observed that PYO
production has predictable, distinct and striking cellu-
lar consequences and that these vary according to the
physiological state of the producer. When cells are at
a high cellular density, with high levels of carbon but
electron acceptor-/oxidant-limited, PYO serves as an
electron acceptor and avoids toxicity. Conversely,
with starvation and low ATP levels, cells are not able
to efficiently use all the mechanisms of defence from
oxidative damage, which include an array of enzymes
such as catalases, alkyl hydroperoxide reductases
(Ahps), multiple thioredoxins and thioredoxins reduc-
tases (Ochsner et al. 2000) that are necessary to coup
with PYO redox toxicity. This auto-poisoning mech-
anism should be interpreted as an altruistic sacrifice,
where in front of the cost of individual cells, subsets
of bacteria with PYO-tolerant characteristics thrive
and take advantage of the eDNA released.

In recent years, apart from PYO, Hazan et al.
(2016) have produced evidence of another existing
mechanism of auto-poisoning in P. aeruginosa, based
on HQNO, a component of the quinolone signal sys-
tem for quorum sensing. The authors demonstrated
that, exhibiting intriguing similarities to programmed
mitochondrial apoptosis in eukaryotic cells, HQNO
causes cell death through the inhibition of the Qi site
of the cytochrome bc1 complex (see Figure 1). Qi
inhibition by HQNO disrupts the cytochrome c Q-
cycle and leads to ROS accumulation to toxic levels
and loss of membrane integrity, with consequent
release of cytoplasmic content in the outer space
(Hazan et al. 2016). Cytochrome c plays a fundamen-
tal role in the generation of ATP. Low concentrations
of ATP are known to be associated with persister cells
phenotypes. HQNO would thus potentially enhance
tolerance to antibiotics both by causing the release of
eDNA from autolytic cells (so strengthening the bio-
film structure) and by promoting bacterial dormancy
and persister cell formation (Hazan et al. 2016). It
could be further speculated that lower ATP could
also, in turn, create the preconditions that expose the
bacterial cells to the damaging effects of PYO.
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In clinical fluids such as cystic fibrosis sputum,
HQNO can be produced in concentrations as high as
4 mM (Barr et al. 2015). However, the production of
HQNO by P. aeruginosa varies depending on the
environmental circumstances and, under cell culture
conditions, up to ten times higher concentrations can
be reached (Hazan et al. 2016). Despite the many P.
aeruginosa protective mechanisms, these high levels of
HQNO certainly represent a risk of autotoxicity.
However, high HQNO concentrations are even more
effective in killing and warding off other more sensi-
tive Gram-positive bacteria inhabiting the same niches
such as S. aureus. In addition to HQNO, a series of
other exoproducts such as siderophores and rhamno-
lipids are typically produced by P. aeruginosa that are
toxic to S. aureus. Therefore, in polymicrobial infec-
tions eDNA could also be generated from the lysis of
the other coexisting bacteria. Up to 30% of the
patients affected by cystic fibrosis have been found to
be coinfected by these two dominant pathogens,
which therefore appear to generate successful associa-
tions. A variety of host and environmental factors
have been demonstrated to promote the co-existence
of P. aeruginosa-S. aureus (Price et al. 2020). Along
with auto-poisoning, another mechanism that has
emerged to cause P. aeruginosa death and consequent
eDNA release is explosive cell lysis. Turnbull et al.
(2016) have documented as the activation of a cryptic
prophage endolysin, respectively the Lys endolysin,
which is encoded by lys gene within the R- and F-pyo-
cin genes cluster, can cause a form of violent cell
death termed explosive cell lysis. The authors reported
that, although R- and F-pyocins are known bacterio-
cins potentially implicated in cell lysis, only the pyo-
cin endolysin Lys is required for eDNA production
via explosive cell lysis. Lys has been hypothesized to
translocate to the periplasm and degrade the peptido-
glycan, thus enabling the release of the pyocins
(Nakayama et al. 2000). During the lytic process, in
addition to direct dispersion of cytoplasmic material
in the outer space, Turnbull et al. (2016) reported the
biogenesis of MVs from the vesicularization of shat-
tered membrane fragments. Toyofuku et al. (2019)
recently reviewed the origins and the content of MVs.
Two main types of MVs were described as generated
from explosive cell lysis, respectively outer-inner
membrane vesicles (OIMV) and explosive lysis outer
membrane vesicles (EOMV). Both types of MV would
contain cytoplasmic material such as nucleic acids
and proteins. In Gram-negative bacteria outer mem-
brane vesicles (OMV) can be produced also by bleb-
bing in the absence of cell death and not uniquely

through cell lysis. However, with the exclusion of
plasmid DNA, the presence of chromosomic DNA
seems more likely associated uniquely to EOMV
(Toyofuku et al. 2019). Thus, cell lysis-derived eDNA
would include both DNA directly released in the
outer space and DNA entrapped within MVs
(Figure 1).

In 2017, Ib�a~nez de Aldecoa et al. reviewed the lit-
erature on the mechanisms of eDNA release, which
are observed also in other Gram-negative species that
are not exclusively of clinical interest. In 8 out of the
15 species examined, eDNA was found to be released
through lytic mechanisms of either lysis or autolysis
(Acinetobacter calcoaceticus, Campylobacter jejuni,
Caulobacter crescentus, Neisseria meningitides,
Pseudomonas chlororaphis, Pseudomonas stuzeri and
Sherwanella oneidensis in addition to P. aeruginosa).
However, for up to a third of these species, the mech-
anism was reported to be still unknown.

A surprising lack of information concerns also a
species as common and investigated as Escherichia
coli, for which natural competence so far has not yet
been described. Numerous toxin-antitoxin (TA) sys-
tems are known for E. coli, but little is known on
their respective roles and their capacity to determine
programmed cell death. The toxin HipA is member
of the phosphatidylinositol 3/4-kinase superfamily and
takes part with the antitoxin HipB to the HipBA TA
system. Interestingly, Zhao et al. (2013) reported an
association between HipA and the enhancement of
biofilm formation through DNA release. Nonetheless,
in view of the variations among distinct strain types
and the limited information on the other existing TA
systems, more extensive studies are warranted to
finally identify the mechanisms that are contributing
to DNA release in this species.

As far as Gram-positive bacteria are concerned,
Ib�a~nez de Aldecoa et al. (2017) reported the docu-
mented involvement of lytic mechanisms of eDNA
release in just 4 out of the 17 species considered,
respectively Enterococcus faecalis, S. aureus, S. epider-
midis (Figure 1) and S. pneumoniae. For seven of the
species investigated there was still no available infor-
mation on the mechanism involved in eDNA release
and Streptococcus mutans had been described
uniquely to release small size DNA fragments within
MVs (Liao et al. 2014). The release had been observed
to occur by growing cells during early biofilm forma-
tion, in the absence of lytic processes. However,
shortly after, Jung et al. (2017) reported on the role
of the autolysin A (AtlA), confirming in a wild-type
strain that eDNA release mediated by bacterial cell

1026 D. CAMPOCCIA ET AL.



lysis is required for biofilm initiation and maturation.
Thus, experimental evidence supports the co-existence
of at least two alternative mechanisms for eDNA
release in S. mutans.

In many Gram-positive pathogens, autolysis and
allolysis have been found to be accomplished through
the expression of well-identified bacteriocins/autoly-
sins. Nonetheless, in many cases the molecular mech-
anisms are far from being totally understood. In E.
faecalis, eDNA release and biofilm formation are
achieved by a fratricidal mechanism, where death of
sibling cells is actuated by isogenic cells within the
same population by the primary N-acetyl glucosami-
nidase, autolysin AtlA (Thomas et al. 2009). Two
extracellular peptidases were found to play an import-
ant antagonistic role in regulating the lytic activity of
AtlA, respectively: (1) a gelatinase (GelE), which
mediates cell death and eDNA release through pro-
teolytical modification of AtlA, and (2) a serine prote-
ase (SprE), an immunity protein, inactive in the
subpopulation of cells susceptible to lysis and capable
of leading to an anti-lytic outcome.

Analogously, in Enterococcus faecium the autolysin
AtlA, renamed AtlA(Efm), emerged among six puta-
tive autolysins as the major factor involved not only
in bacterial lysis (and, thus, through the release of
eDNA, in biofilm stabilization), but also in cell sur-
face localization of the factor Acm. Acm mediates
binding to collagen types I and IV (Paganelli
et al. 2013).

In S. pneumoniae as in S. mutans, eDNA release is
also ensured by mechanisms of allolysis/fratricide
involving bacteriocins, where competent siblings tar-
get the lysis of non-competent cells to enable natural
transformation (Steinmoen et al. 2002). However, the
complexities of the pathway leading to competence
differ, even between these two closely related species
(Shanker & Federle 2017).

Autolysins have been proved to play an important
role even in the case of some important clinically rele-
vant staphylococcal species such as S. aureus and S. epi-
dermidis. For S. aureus the main autolysin implicated in
autolysis is AtlA, a bifunctional enzyme that undergoes
proteolytic cleavage to yield two catalytically active pro-
teins, an amidase (AM) and a glucosaminidase (GL).
Both AM and GL functions are required for AtlA to be
catalytically active and enable S. aureus to form a bio-
film, demonstrating the significant contribution of AtlA-
mediated lysis (Rice et al. 2007; Bose et al. 2012).
Analogously, in S. epidermidis, the autolysin AtlE was
found to have a role in the release of DNA and biofilm
formation (Qin et al. 2007).

Bacterial eDNA from secretion

Over the years, cytolysis has progressively emerged
not to be the only mechanism adopted by bacteria to
release DNA in the outer space. Bacteria forming
eDNA-containing biofilms, depending on the species
and often on the strains, have occasionally been found
to rely also on other alternative mechanisms of eDNA
production, which are independent of cell death and
lysis. One such mechanism is lysis-independent DNA
secretion. Connected with natural cell transformation
and competence functions, eDNA secretion is
observed sometimes to co-exist with autolysis and
allolysis in the same strain. Under such circumstan-
ces, eDNA secretion does not appear to cover a
redundant function. Rather, it is implicated in the
selective release of eDNA at different phases of the
cell cycle and of biofilm maturation, being generally
controlled by quorum sensing systems and influenced
by external stimuli inducing the activation
of competence.

This holds true for E. faecalis, an opportunistic
pathogen that has previously been described to be
capable of releasing eDNA through well-defined frat-
ricide mechanisms. Nonetheless, lytic mechanisms are
the source of eDNA for biofilm strengthening only at
a late stage, i.e. in mature biofilms older than 24 h.
This does not appear to occur during the early phases
of biofilm formation, when visual examination under
SEM and bulk biochemical assays would exclude the
fact that significant lytic processes are taking place
(Barnes et al. 2012). Conversely, during the initial
stage, eDNA was found to be localized at the site of
the septum of some cells as if a subpopulation of
metabolically active cells could secrete/extrude eDNA
in a way that is independent of cell lysis. The authors
therefore reported the existence of a new non-lytic
mechanism of DNA release. During the first 4 h of
biofilm formation, they estimated a 3-Log increase in
the ratio of eDNA per cell with respect to bacteria in
the planktonic phase. The authors also reported that,
during the first 4 h of biofilm growth, eDNA was pri-
marily found in two distinct structures observable in
the extracellular matrix, respectively in intercellular
string-like structures that they defined yarns, and in
the thick matrix surrounding the cells that were
termed sweater (Barnes et al. 2012). Both yarns and
sweater structures co-exist in individual biofilm sam-
ples. On the contrary, cell lysis would generate irregu-
lar masses of intracellular debris, these also including
the nucleic acid component. Among the mechanisms
capable of explaining this type of eDNA secretion
occurring exclusively during biofilm formation,
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Barnes et al. (2012) hypothesized the involvement of
the conjugation apparatus or an as-yet-uncharacter-
ized DNA export system.

In Neisseria gonorrhoeae, secretion of chromosomal
DNA has been found to be associated to a type IV
secretion system (TFSS) implicated in bacterial trans-
formation. Salgado-Pab�on et al. (2010) observed that,
within the cell population, gonococcal variants that
produce type IV pili release larger quantities of DNA
than non-piliated variants. Piliated strains would pro-
duce the largest quantity of DNA secretion in late
log-phase growth and DNA release would not occur
through autolysis. Moreover, secreted DNA would be
in the form of single-strand DNA protected at the 50

end from 50–30 exonuclease digestion (Salgado-Pab�on
et al. 2007). Secretion would occur between the 2-h
and 2.5-h time points and precede the onset of the
stationary/death phase during which bacteria would
switch to cell lytic processes.

Nontypeable Haemophilus influenza (NTHI) has
recently been the object of enlightening investigations
on the machinery involved in the secretion of DNA.
In NTHI, Jurcisek et al. (2017) found that, in a sub-
population of NTHI cells, the transit to the outer
space of DNA (and with it also of DNABII DNA-
binding proteins, in particular the DNA-binding pro-
tein integration host factor, IHF) occurs through two
steps. The first passage from the bacterial cytoplasm
to the periplasm, across the inner membrane, takes
place via the inner-membrane pore complex (TraCG),
which is homologous to type IV secretion-like sys-
tems. Once across the inner membrane and having
reached the periplasm, both DNA and DNABII pro-
teins can exit to the outer space, being released into
the environment through the ComE pore (the same
ComE secretin through which the NTHI type IV pilus
is expressed). Overall, ComE has therefore emerged as
being involved in the formation of a type IV pilus,
but also in the exportation and release of DNA and
proteins in the outer space for biofilm formation and
in the import of DNA for transformation (Kr€uger &
Stingl 2011). Much remains to be elucidated on how
these different functions are finally orchestrated
(Seifert 2017).

Zafra et al. (2012) found that in B. subtilis also the
release of eDNA, corresponding to whole genomic
double-stranded DNA, is linked to competence and
occurs in the absence of cell lysis. For the bacterial
strain investigated, named strain 3610, a peak of
eDNA release was observed in the late exponential-
phase, but this peak was not confirmed in other
laboratory strains.

As anticipated earlier, in E. coli the mechanisms
involved in eDNA release are mostly obscure. In
2010, Sanchez-Torres et al. investigated the functions
of control of the global regulator H-NS on eDNA
production and were led to postulate the existence of
a release via direct eDNA secretion from living cells.
Indeed, while the deletion of the gene encoding the
global regulator H-NS resulted in the suppression of
eDNA production, a slightly decreased cell lysis and
the increased vesiculation observed could not be the
explanation for the reduced eDNA.

Thus, in various Gram-positive and Gram-negative
bacteria eDNA secretion appears to be linked to com-
petence and to the DNA uptake machinery. The for-
mation of complexes between single strand DNA
(ssDNA) and the ComE secretin, its homologs found
in other bacterial species (e.g. ComEA) or other unre-
lated proteins (e.g. single-stranded binding protein
SsbB), has been hypothesized to act as a putative res-
ervoir function. Under this hypothesis, periplasmic
ComE/ComEA/SsbB-DNA clusters would be accumu-
lated and stored until needed and become available
on demand. This periplasmic accumulation could
serve not only for transformation but also as a food
source (Seitz & Blokesch 2014). Moreover, periplas-
mic accumulation would support the hypothesis that,
in Gram-negative bacteria, vesiculation could generate
DNA-containing OMVs.

However, a very recent discovery extends knowledge
on the diversified mechanisms of eDNA release. Rugose
small colony variant (RSCV) isolates of P. aeruginosa
are known to be hyperactive in biofilm production and
cause difficult to treat chronic infections (Pestrak et al.
2018). Deng et al. (2020) reported that, in a hyperbio-
film-forming RSCV named PAO1DwspF, biofilm aggre-
gates are formed by two bacterial subpopulations with
contrasting physiological characteristics and a segregated
spatial distribution. Interestingly, PAO1DwspF was
found to possess the unique ability to extrude DNA
fragments from living bacteria as part of bolstering the
biofilm structure. This is in contrast with eDNA in the
biofilm of the PAO1 isogenic parental strain, which
consists of intact bacterial DNA as expected in a bacter-
ial species earlier known to release eDNA through
explosive cell lysis. Thus, considerable diversity charac-
terizes the mechanisms of eDNA production, even
among strain types of the same species.

Bacterial eDNA release through MVs

In an earlier section, MVs were described as associ-
ated with cell lysis events. However, this is not always
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the case. Gram-negative (Kulp & Kuehn 2010) and,
more recently, Gram-positive bacteria (Brown et al.
2015) have both been found to be capable of produc-
ing MVs, i.e. nanosized bodies in the range 20-
300 nm, which are delimited by cellular membranes,
which form on the surface of the bacterial cells and
are released free into the outer space. MVs have been
found to be heterogenous, varying in composition
and expressing different functionalities and properties,
depending on their different pathways of biogenesis
(Nagakubo et al. 2020) and on their growth phase
transition (Tashiro et al. 2010). Based on their differ-
ent cargos, diverse important functions have been
described for MVs in (1) bacterial signaling and quo-
rum sensing (Dauros-Singorenko et al. 2018;
Toyofuku 2019); (2) immunomodulation of the host
response by stimulating or quenching the immune
system through induction of host cell apoptosis and
delivery of toxins (Kaparakis-Liaskos & Ferrero 2015);
(3) resistance to antimicrobial substances by antibiotic
binding and sequestration, (4) by degrading enzymes
or by contributing to horizontal gene transfer (Vitse
& Devreese 2020); and finally (5) biofilm formation.

As far as biofilm production is concerned, MVs
intervene at different levels. In the biofilm of some
bacterial species, they represent a conspicuous frac-
tion of the extracellular matrix and its EPS. About
20% of the whole matrix proteome of P. aeruginosa
biofilms has been found to consist of MV-associated
proteins (Couto et al. 2015). These proteins include
among others: cytoplasmic molecules with moonlight-
ing functions such as carbohydrate metabolic proteins
and lipid metabolic proteins; proteins with defensive/
protective functions such as SOS proteins and phage
attack proteins; virulence factors such as host attack
proteins and toxins (e.g. cytotoxins); and autolysins
(Dineshkumar et al. 2020). Bacteriocins/autolysins
secreted within MVs can eventually be used to induce
the lysis in neighboring bacteria, leading to the release
of nutrient molecules and eDNA. In addition to pro-
teins, depending on the biogenesis pathway, the cargo
of MVs has also been reported to include, among
other molecules, lipids and nucleic acids. Nucleic
acids in MV cargo comprise RNA (miRNA, mRNA
and rRNA), but also single- and double-strand eDNA
(Kadurugamuwa and Beveridge 1995), potentially
involved in horizontal gene transfer as well as in bio-
film formation. Furthermore, MVs produced by bio-
film cells of Helicobacter pylori were suggested to
prevent eDNA degradation by nucleases, provide a
bridging function between eDNA strands on MV sur-
faces and mediate aggregation (Grande et al. 2015).

As shown in Figure 1, there are distinct types of
MVs. They can be produced through different biogen-
esis pathways, and this is reflected by a different cargo
composition. Toyofuku et al. (2019) reported as still
open to debate the fact that OMVs, generated by
blebbing and in absence of cell lysis events, may con-
tain eDNA and, with current knowledge, it is difficult
to clearly explain the transfer to the periplasm of gen-
etic material leaching from the cytoplasm, without
expecting the subsequent death of the bacterial cell.
Conversely, when phage-derived endolysins degrade
the proteoglycan cell wall and lead to explosive cell
lysis, the so generated explosive lysis outer membrane
vesicles (EOMVs) and, even more, the explosive lysis
outer-inner membrane vesicles (EOIMVs) are likely
to contain cytoplasmic material and, with it, eDNA.
A similar circumstance occurs when Gram-positive
species, for instance Staphylococcus spp. such as S.
aureus, B. subtilis, S. pneumonia, Listeria monocyto-
genes and S. mutans, generate cytoplasmic membrane
vesicles (CMVs) (Liao et al. 2014). In B. subtilis, the
expression, under DNA stress conditions, of an endo-
lysin encoded by a defective prophage has been found
to weaken the structural integrity of the cell wall pep-
tidoglycan (Toyofuku et al. 2017). CMVs were found
to originate from the protrusion of the cell membrane
through the holes caused by the endolysin to peptido-
glycan. In Gram-positive cells, a thicker cell wall
structure would avoid the swelling and explosive cell
lysis characteristic of Gram-negative cells such as P.
aeruginosa, where MVs were seen to result from the
fusion of shattered membranes rather than from pro-
trusion through the wall and pinching off. Through
similar mechanisms, DNA-damaging agents and anti-
biotics inducing the SOS response such as ciprofloxa-
cin were found to trigger CMV formation, but only
in lysogenic S. aureus strains (Andreoni et al. 2019)
with a prophage dependent-mechanism. Conversely,
antibiotics such as b-lactam antibiotics (flucloxacillin
and ceftaroline) exhibited also a different route of
CMV production by directly weakening the peptido-
glycan layer, thus evidencing alternative mechanisms
of CMV production. The content of eDNA was found
to be greater for CMVs when blebbing was caused by
phage lysis.

After earlier investigations demonstrating the for-
mation of outer-inner membrane vesicles (OIMVs) by
the protrusion of both outer and plasma membranes
in the antarctic bacterium Shewanella vesiculosa M7T,
P�erez-Cruz et al. (2015) provided some evidence that
the production of OIMVs containing eDNA could
even occur in strains of other clinically relevant
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species, including N. gonorrhoeae, P. aeruginosa and
Acinetobacter baumannii, with a possible involvement
in lateral gene transfer. Nonetheless, eDNA-contain-
ing OIMVs were found to represent only a minimal
proportion of MVs, in the range 0.2-1.2%, depending
on the strains. Furthermore, OIMVs have been well
documented by ultrastructural studies conducted by
Cryo-TEM. Nonetheless, the mechanisms that would
trigger OIMV formation, causing a loss of integrity of
the cell wall, and enable the protrusion of both inner
and outer membranes with a portion of cytoplasmic
content has not been still totally clarified. Even more
obscure is the evolution of the fate of bacterial cells
losing portions of their genomic DNA.

Overall, eDNA production through MV secretion
has been well documented in both Gram-negative and
Gram-positive bacteria. The presence of DNA has
been detected in the cargo of different types of mem-
brane vesicles, even if, in MVs generated consequent
to cell lysis or through mechanisms involving propha-
gic endolysins, greater quantities of nucleic acid have
been reported. MVs appear to be a critical junction
between routes of different bacterial functions and
much remains to be understood regarding the modal-
ities controlling their cargo. Certainly, MVs provide a
form of eDNA transfer that is protected from the
degradation by nucleases (Grande et al. 2011). They
not only take physical part in the structure of bio-
films, contributing their cargo of eDNA and proteins,
but also interact with free eDNA molecules in the
extracellular space promoting aggregation. Much still
remains to be uncovered on the half-life in the inter-
stitial milieu and on the further evolution of MVs.
Their fate can certainly be that of being incorporated
and contributing to the biofilm, but it can also be
that of fusion with the membranes of other adjacent
prokaryotic cells in order to accomplish cell trans-
formation, cell signaling or delivery of bacteriocins. A
further important option is that of entering eukaryotic
host cells and explicating pathogenic functions by
hijacking host defenses.

Host cells and tissues eDNA

An important point when examining the different
sources of eDNA in bacterial biofilms is that, while in
biofilms cultured under artificial in vitro conditions,
the only source of DNA is represented by bacteria,
under real clinical conditions a proportion of EPS,
DNA among them, is provided by host cells and tis-
sues. In this regard, the role played by human extra-
cellular matrix proteins such as fibronectin in

S. aureus bacterial aggregations and biofilm formation
is an example. Indeed, fibronectin can form a bridge
and connect fibronectin-binding proteins, namely
FnBPA and FnBPB, expressed on the outer surface of
staphylococcal cells (Speziale & Pietrocola 2020).
Adhesins such as FnBPs are virulence determinants
and represent an adaptation of the pathogen to the
physiological environment of the host, exploiting the
wealth of molecules available in the interstitial milieu.
Among other polymeric substances, DNA of host
provenance is certainly a molecule of great potential
value both as a source of nurture as well as a compo-
nent that can be integrated into the biofilm to enforce
its architecture and enhance its shielding functions.
Indeed, different in vitro investigations have shown
that supplementation with exogenous DNA can par-
tially or totally restore some lost functionalities in
bacterial biofilms treated with DNase (Carrolo et al.
2010; Harmsen et al. 2010; Das et al. 2011; Chiang
et al. 2013; Wongkaewkhiaw et al. 2020). Nonetheless,
there is some evidence that, under real in vivo condi-
tions, in infections caused by P. aeuruginosa, the
majority of eDNA is found external to the biofilm,
keeping it confined in the peripheral space, and
derived from the host rather than from bacteria
(Alhede et al. 2020).

Except under particular pathological conditions
such as malignancies and infections, the presence of
eDNA in physiologic interstitial fluids is generally
low. In bacterial infections, the release of DNA from
host cells can be associated to different phenomena.
These include: (1) the death of host tissue cells/leuko-
cytes for the action of bacterial cytolytic or proapop-
totic toxins; (2) tissue damage derived from an excess
of inflammatory reaction; (3) production of neutro-
phil extracellular traps (NETs) by host leukocytes.

Pathogens such as S. aureus, a main causative
agent of nosocomial infections, are known to express
several toxins and pore forming cytolysins that are
capable of causing the death of host tissue cells and
of effector cells of the immune system (Arciola et al.
2018; Campoccia et al. 2019). The S. aureus virulon
comprises numerous toxins, among them PSMa3,
d-Toxin and other leukocidins, bi-component b-barrel
pore-forming toxins including c-hemolysin and
Panton Valentine leukocidin (PVL) (Vandenesch
et al. 2012; Arciola et al. 2018; Tromp & van Strijp
2020). In addition to the secretion of cytolytic toxins,
S. aureus can degrade eDNA by the combined action
of two enzymes, nuclease and adenosine synthase A,
producing the powerful pro-apoptotic metabolite
dAdo, capable of affecting the viability of host
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leukocytes (Thammavongsa et al. 2013;
Papayannopoulos 2018; Campoccia et al. 2019).
Moreover, S. aureus has been found to possess further
mechanisms leading to cells apoptosis and autophago-
cytosis. For instance, this species can efficiently
internalize into host cells such as bone cells and,
thereby, upregulate the tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL), which, in turn,
induces osteoblast apoptosis with consequent bone-
tissue damage, through the activation of caspase 8
(Alexander et al. 2003). The special multifaceted abil-
ity of S. aureus to modulate the expression of viru-
lence factors to prevent elimination through
programmed cell death pathways and evoking apop-
tosis, necroptosis, and pyroptosis has recently been
reviewed by Soe et al. (2021).

Analogous cytotoxins have been identified in other
pathogens. For instance, in P. aeruginosa, rhamnolipid
has been reported to determine the lysis of neutrophil
cells by acting as a biosurfactant ( Van Gennip et al.
2009). The ExoU cytotoxin and exolysin (ExlA) have
also been described as two important exotoxins of P.
aeruginosa (Tamura et al., 2004; Basso et al. 2017).
Other examples of toxins expressed by other patho-
gens and capable of causing host cell death include
the a-hemolysin of E. coli, the cytolysin of Vibrio
cholerae, and the listeriolysin O of Listeria monocyto-
genes (Steinmoen et al. 2002). The action of cytolytic,
necrotizing or pro-apoptotic mechanisms/factors can
result in cell death and contribute to the release of
substantial quantities of nucleic acids.

However, in the presence of an excess of inflam-
matory response, tissue disruption and cellular dam-
age can also derive from the disproportionate
activation of effector cells of the immune system. This
can be triggered either by the presence of foreign
bodies such as implant materials and their wear deb-
ris or by unresolved biofilm-associated chronic infec-
tions. Both of these conditions can determine
frustrated leukocyte phagocytosis and release into the
outer space of potentially harmful chemicals, normally
confined within phagosomes (Arciola et al. 2018).
Thus, the large arsenal of molecules usually exploited
to contain invading microorganisms or generally
directed against foreign bodies poses a risk of collat-
eral damage to surrounding tissues (Kzhyshkowska
et al. 2015). Under normal conditions, the successful
resolution of acute inflammation is characterized by
the apoptosis of neutrophil cells and their engulfment
by macrophages. Conversely, in chronic bacterial
infections, neutrophil cells are thought to undergo
necrosis rather than apoptosis (Cox et al. 1995).

A third important mechanism of eDNA extrusion
consists of the release by neutrophil cells of NETs, i.e.
extracellular meshes composed of eDNA in the form
of nuclear chromatin and granule proteins. NETs
granule proteins include enzymatically active pro-
teases such as neutrophil elastase, myeloperoxidase
(MPO) and cathepsin G, and other antimicrobial pep-
tides (e.g. histone H3) that bind, trap and kill bac-
teria. The NETome has been described as consisting
of up to 24 different proteins (Urban et al. 2009).
First described by (Brinkmann et al. 2004), the pro-
duction of NETs was only later recognized as a spe-
cific and regulated form of cell death also known as
NETosis (Fuchs et al. 2007) and reported to depend
on the generation of reactive oxygen species (ROS) by
NADPH oxidase (Steinberg & Grinstein 2007). NET
formation was shown to be triggered by the presence
of microorganisms as well as by biochemical stimuli
such as phorbol myristate acetate (PMA) (Takei et al.
1996) or cytokines such as interleukin-8 (IL-8). Rapid
killing of neutrophils by PMA accompanied by
changes different from typical apoptosis and necrosis
was reported by Takey et al. as early as1996. Despites
the many efforts made to finely characterize all the
triggering stimuli, the molecular mechanisms respect-
ively implicated in NET formation and the sources of
the DNA released (nuclear, mitochondrial or both) in
order to reconduct the entire phenomenon to a single
well-defined process, there are still many disputed
points that remain unresolved (Boeltz et al. 2019).
The nature of the mechanisms of eDNA extrusion
leading to NET formation and the definition of
NETosis have repeatedly been reported as mistakenly
confused. In an attempt of clarification, Konig and
Andrade (2016) critically reviewed all the known
mechanisms and processes of eDNA extrusion by
neutrophils. In their reappraisal, they distinguished a
properly defined NETosis from other similar proc-
esses involving eDNA release, based on the triggering
stimuli, the activation of distinct biochemical path-
ways, the presence of hypercitrullination, and the
antimicrobial effector function. Proper NETosis was
defined as a form of programmed cell death intended
to contrast the presence of pathogens and NETs as
part of a defence mechanism aimed at immobilizing
and neutralizing pathogenic microorganisms such as
bacteria, fungi, and viruses. For Konig and Andrade
(2016), differing from other NETs mimicking condi-
tions, NETosis was NADPH oxidase-dependent and
was not associated with hypercitrullination.
Conversely, DNA extrusion could also be triggered by
bacteria, through the production of cytolysins. The
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authors defined this form of eDNA release as leuko-
toxic hypercitrullination (LTH). Triggered by pore-
forming pathways and equivalent signals, LTH would
involve calcium-dependent hyperactivation of citrulli-
nating enzymes such as peptidylarginine deiminase
type 4 (PAD4), protein hypercitrullination, and neu-
trophil death. Peptidylarginine deiminase activity
would be involved in chromatin decondensation. LTH
would not consist of a host defensive strategy of the
immune system, but rather in a bacterial strategy to
elude the host immune response.

In contrast, Yousefi et al. (2019) reviewed the con-
cept of NETosis and NET formation and argued that
NET formation and neutrophil necrotic death with
DNA release should be considered as independent
phenomena. They discussed the evidence supporting
NET formation in viable neutrophils and the molecu-
lar mechanisms and intracellular events leading to
NET formation through mitochondrial DNA release.
This type of NET formation, also observed in other
types of granulocytes as well as in lymphocytes, would
not involve cell death. It would occur rapidly, i.e. in a
matter of minutes, and should be treated differently
from the events of programmed necrosis, occurring
with a 2-h delay. This view is aligned with the previ-
ous explicit recommendations of the Nomenclature
Committee on Cell Death (NCCD) (Galluzzi et al.
2018) to avoid the use of the term NETosis, when no
experimental evidence in support of cell death is
available. Additionally, NCCD called for additional
studies to address the still unclear contribution of
necroptosis to NET extrusion and NETotic cell death.
Based on the available evidence, NETotic cell death
was defined as a ROS-dependent modality of regu-
lated cell death, which is restricted to cells of hemato-
poietic derivation and associated with NET extrusion.
Indeed, initially thought to be confined to neutro-
phils, the production of DNA extracellular traps
(ETs), was found not to be exclusive of neutrophils,
but to extend to other leukocytes, eosinophils (EETs)
and to monocytes/macrophages (MoETs/METs)
(Guimar~aes-Costa et al. 2012; G�omez et al. 2021).
Analogously to the judgment expressed for NETosis,
NCCD discouraged the use of the term ETosis
(Galluzzi et al. 2018).

Apart from the many, still open, debates on the
nomenclature and on the different characterization of
the mechanisms, NET formation may be considered a
complex and only partly understood phenomenon. Its
underlying mechanisms vary as a function of the trig-
gering stimuli that include a broad range of factors.
As suggested by Castanheira & Kubes (2019), it could

be more appropriate simply to cautiously distinguish
between lytic and non-lytic NET formation. In non-
lytic NET formation, mitochondrial DNA most likely
represents the source of the eDNA, whereas nuclear
DNA release would involve or be the consequence of
cell death. TLRs, complement receptors and lipopoly-
saccharide-activated platelets would be implicated in
non-lytic NET formation directed to counter the pres-
ence of bacteria. Conversely, bacterial pore-forming
leukocidins such as PVL and c-hemolysin that are
expressed by S. aureus would be capable of causing
both NET formation and cell death, although it
remains unclear if, in this context, NETs are simply a
consequence of neutrophil lysis. Intriguingly, the
induction of NETs appears to represent an advantage
for these bacteria (Bhattacharya et al. 2018) and favor
their persistence in the tissues rather than represent-
ing a real threat. Differing from planktonic bacteria,
S. aureus biofilms would rapidly skew neutrophils
toward NET formation through the combined activity
of PVL and c-hemolysin. By eliciting this response, S.
aureus would persist in the host tissues, as the result
of the antimicrobial activity of NETs would be inef-
fective at clearing biofilm bacteria. Very recently
Mazzoleni et al. (2021) described for PVL the exist-
ence of an alternative NETosis process targeting mito-
chondria. PVL would colocalize with mitochondria,
enhance the production of reactive oxygen species
from these organelles and cause the ejection of chro-
matin fibers independently of the NADPH oxidase
oxidative burst. Conversely, the pore-forming cytolytic
leukotoxin GH (LukGH), differing from PVL, was
found neither to prime human neutrophils for
increased ROS production nor to enhance the uptake
of S. aureus. Nonetheless, LukGH was found to be
capable of promoting the release of NETs, even if
they merely ensnared but did not kill the bacteria
(Malachowa et al. 2013).

Hypothetical advantages for bacteria inducing NET
formation could derive from the contribution of NET
DNA to the biofilm architecture as well as from the
conversion of this DNA to the pro-apoptotic metabol-
ite dAdo (Thammavongsa et al. 2013; Arciola et al.
2018; Papayannopoulos 2018; Missiakas & Winstel
2021). However, in in vivo chronic infections caused
by P. aeruginosa such as those observed in lung tis-
sues of cystic fibrosis patients, Alhede et al. (2020)
reported that bacterial biofilms seem incapable of trig-
gering the release of NETs by PMNs. Moreover,
eDNA released following PMNs necrosis would not
apparently integrate and become part of the in vivo
biofilm architecture. Rather, it would constitute a sort
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of secondary matrix, externally lining the biofilm and
possibly acting as a passive physical shield against
antibiotics and phagocytes. Thanabalasuriar et al.
(2019) reported that in ocular biofilms by the same
pathogen, high expression of the bacterial type-3
secretion system (T3S) results in NETosis, with NETs
forming a barrier ‘dead-zone’, capable of confining
the infection, between host cells and P. aerugi-
nosa biofilms.

In view of the above observations, it would appear
as if, in lung tissues of cystic fibrosis patients, the
release of host eDNA was determined by the viru-
lence mechanisms actuated by the bacteria rather
than representing, at least under these circumstances,
a functional and effective host defence mechanism.
The release of host DNA would increment the exter-
nal protection to an organized biofilm underlayer.
However, in cystic fibrosis as well as in ocular infec-
tions, the sacrifice of the leukocytes would generate a
line of confinement capable of slowing down the
spreading of bacteria. Moreover, bacterial DNA has
some peculiarities compared with human DNA, being
rich in hypomethylated ‘CpG’ repeats (Itagaki et al.
2011). Intracellular leukocyte receptors such as TLR9
have long be known to recognize unmethylated CpG
motif characteristic of bacterial DNA (Hemmi et al.
2000; Otto 2008). Thus, the externally lining layer of
host DNA could possibly mask this interaction, com-
peting with bacterial eDNA in the uptake into endo-
somal compartments.

Overall, the role of NETs and of the DNA released
by host cells remain difficult to interpret as far as
their contribution to bacterial biofilms is concerned.
Many alternative physiological mechanisms are
emerging as implicated in the release of NETs. They
do pinpoint a function of NETs in the host defence
against microorganisms and parasites. However, some
of them are voluntarily actuated by some pathogens,
which appear to control and even trigger eDNA
release rather than suffer its action. Abundant evi-
dence highlights the fact that specialized opportunistic
pathogens such as, for instance, S. aureus have
evolved multiple mechanisms to avoid harm by the
many antimicrobial substances associated with NETs
(neutrophil elastase, MPO, cathepsin G, and histones
such as H3). They do induce the release of nucleic
acids and, once their bactericidal potential is neutral-
ized, their reward would be expected to consist in
survival from the neutrophil trap and even in the
DNA itself derived from the inactivated traps.
However, the in vivo observations in a murine model
and in human lung tissues of cystic fibrosis patients

consistently indicate that neutrophil-derived DNA
does not co-localise with P. aeruginosa biofilms
(Alhede et al. 2020) as contrastingly do neutrophil
elastase and citrullinated H3.

Under normal conditions (i.e. in the absence of a
foreign body, in subjects that are not affected by gen-
etic diseases such as cystic fibrosis and in non-
immunocompromised patients), the innate and cell
mediated immune response of the host is generally
effective in warding off the majority of the infections
and preventing the establishment of recalcitrant bio-
film infections. However, when an imbalance of the
immune defenses favors invading opportunistic
pathogens, these can skew the antibacterial action for
which NETs are intended and turn a risk in an
opportunity. R�ıos-L�opez et al. (2021) have recently
reviewed the multiplicity of mechanisms that patho-
gens have developed to escape the bactericidal action
for which NETs are intended.

Biomaterial-triggered NETs

An important aspect concerning implant associated
infections is that neutrophils actively interact with
biomaterial surfaces (Selders et al. 2017). Neutrophils
are rapidly recruited at the site of implantation and
wherever biomaterial surfaces come in direct contact
with blood. Since the early stages, these leukocytes
play a fundamental role in orchestrating the tissue
response to foreign body surfaces and as such to bio-
material surfaces. An only recently emerged activity
of these effector cells is their ability of priming/pre-
conditioning biomaterial surfaces. It has long been
known that matrix proteins present in the physio-
logical fluids, including components of the humoral
immune response (e.g. factors of the coagulation and
complement cascade), nearly instantaneously adsorb
on biomaterial surfaces generating a proteinaceous
conditioning film. Immediately after this interaction
with proteins also known under the name of Vroman
effect, cell-mediated host immune defenses react to
the biomaterial surface of the implant, recognizing it
as a foreign body. Depending on physical and chem-
ical cues, the biomaterial surface can elicit leukocyte
activation and NET extrusion, the latter process
resulting in an additional conditioning of the outer
surface, which eventually becomes coated with eDNA.
All this has important implications for the pathogen-
esis of implant infections. First leukocyte activation
following the interaction with implant materials can
result in metabolic exhaustion and in a reduced cap-
acity of neutrophils to release ROS and kill bacteria,
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resulting in a niche of local immune depression at the
interface of implant with periprosthetic tissues. Local
immune depression is one of the possible reasons
enabling typically saprophytic bacterial species to
emerge as opportunistic pathogens in the presence of
implant materials (von Eiff et al. 2006). Second, it is
likely that the presence of NETs eDNA on the bioma-
terial surface can electrostatically attract and entrap
bacteria, facilitating microbial adhesion and coloniza-
tion. In this perspective, even if it is still unproven
that eukaryotic eDNA can always be effectively incor-
porated in the extracellular matrix of bacterial bio-
films, NETs could certainly represent nuclei of
bacterial aggregation and, in the absence of a solid
substrate, of flocculation.

eDNA in orthopedic infections

Orthopedic infections deserve special attention, since
more than a million total hip and knee arthroprosthe-
ses are implanted each year in US, and this number is
expected to increase as population ages (Singh et al.
2019). In periprosthetic infections, bacterial contamin-
ation can occur in two ways: (1) through accidental
contamination of the surgical incision by bacteria
either from the patient’s skin or mucosae, the health-
care personnel, or the operating room environment,
during surgery; (2) through hematogenous spread
from a distant focus of infection, during the postoper-
ative period.

The role of eDNA in periprosthetic orthopedic
infections is of great interest. In a study aimed at
investigating the relation between PIA and eDNA in a
large collection of S. epidermidis clinical isolates from
orthopedic infections, the presence in the biofilm
matrix of the exopolysaccharide was found to correl-
ate with that of eDNA. Isolates that did not produce
PIA exhibited minimal levels of eDNA, while strains
with significant PIA production showed high amounts
of eDNA (Campoccia et al. 2011). Furthermore,
eDNA was found to be a constant component of the
various biofilm matrices produced by S. lugdunensis
isolates from orthopedic implant infections (Ravaioli
et al. 2020).

In orthopedic prosthetic joint infections by S. epi-
dermidis, Zatorska et al. (2018) showed a correlation
between a high amount of eDNA in biofilms of bac-
terial clinical isolates and adverse clinical outcome.
Therefore, quantification of bacterial eDNA may rep-
resent a predictive marker for the management of
joint infections (Zatorska et al. 2018).

The excerpts mentioned foreshadow the potential
clinical utility of an in-depth study of the origins of
eDNA. In this connection, it must be emphasized that
the field of orthopedic implants is one of the most
burdened by biofilm-associated infections.

Conclusions

Although bacterial mechanisms of eDNA production
are progressively being unveiled, they still warrant
extensive investigative work. Directly originated by
the action of noxious agents affecting bacterial integ-
rity, induced by the activation of dedicated quorum
sensing systems, or contributed by host cells, eDNA
production has a critical impact on biofilm formation
and the possibility of pathogen persistence in the
environment as well as in the human body. For this
reason, this ubiquitous molecule is increasingly being
considered an ideal target for broad-spectrum anti-
biofilm strategies aiming at disrupting biofilm integ-
rity. However, eDNA susceptibility to enzymic deg-
radation is generally limited to the very early stages of
biofilm formation, when the polyanionic polymer has
not yet undergone extensive complexation with other
EPS, in particular amyloid and polycationic proteins,
and exopolysaccharides. Thus, most advanced strat-
egies are being directed to interfering with, preventing
or disrupting the interactions of eDNA with other
EPS, thus disabling or dismantling fully protected
mature biofilms.

A better understanding of the origin of eDNA and
on how controlled bacterial death can represent a real
advantage for the bacterial population is of para-
mount importance. Alternative measures for preven-
tion and treatment of biofilm-based infections that do
not strictly target DNA have to be meticulously
thought and assessed, carefully considering the risk of
causing the release of eDNA and, thus, enhancing
biofilm formation. For instance, this is a case of the
much-discussed phage therapy. Therapies based on
the use of phage viruses certainly represent a promis-
ing tool to partly obviate the problem of the current
shortage of efficacious antibiotic treatments. However,
phages are not only implicated in horizontal gene
transfer through genetic transduction, but they can
also establish symbiotic relationships that induce and
strengthen biofilms (Pires et al. 2021). Furthermore,
prophagic autolysins have themselves emerged among
the mechanisms used by bacteria to release eDNA
and thrive in hostile environments. Thus, an initial
bactericidal effect obtained by experimental phage
therapies should not be confused with a successful
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cure, and final complete and long-lasting remission of
an infection should be proved after a prolonged fol-
low-up, particularly in the presence of pros-
thetic devices.

Similar considerations can be made regarding the
use of delivery systems based on the release of anti-
biotic or bactericidal substances intended to prevent
biofilm formation on prosthetic surfaces. If the bac-
tericidal action is not perfectly accomplished and a
protracted subinhibitory release of antibiotic is perpe-
tuated at the site of implantation, there is a real risk
of promoting the formation of eDNA, consequently
enhancing biofilm production instead of achieving a
successful eradication of the infection.

In addition, there is a real need to gain a better
comprehension of the role of eDNA derived from
host cells in the perpetuation of chronic infections,
especially those developing in the absence of a for-
eign body.
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