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Abstract

Advances in biotechnology to treat and cure human disease have markedly improved human health
and the development of modern societies. However, substantial challenges remain to overcome
innate biological factors that thwart the activity and efficacy of pharmaceutical therapeutics.

Until recently, the importance of extracellular DNA (eDNA) in biofilms was overlooked. New
data reveal its extensive role in biofilm formation, adhesion, and structural integrity. Different
approaches to target eDNA as anti-biofilm therapies have been proposed, but eDNA and the
corresponding biofilm barriers are still difficult to disrupt. Therefore, more creative approaches to
eradicate biofilms are needed. The production of eDNA often originates with the genetic material
of bacterial cells through cell lysis. However, genomic DNA and eDNA are not necessarily
structurally or compositionally identical. Variations are noteworthy because they dictate important
interactions within the biofilm. Interactions between eDNA and biofilm components may as well
be exploited as alternative anti-biofilm strategies. In this review, we discuss recent developments
in eDNA research, emphasizing potential ways to disrupt biofilms. This review also highlights
proteins, exopolysaccharides, and other molecules interacting with eDNA that can serve as anti-
biofilm therapeutic targets. Overall, the array of diverse interactions with eDNA is important in
biofilm structure, architecture, and stability.
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1| BACKGROUND

A global health crisis is growing due to antibiotic resistance. Antibiotics were first
prescribed to treat severe infections after Alexander Fleming discovered penicillin in the
1940’s. Over time, various classes of antibiotics that target different bacterial machineries
were introduced to the market. However, in recent years, the rate of discovery of new
antibiotic classes has stagnated whereas the rate of antibiotic consumption has continued

Correspondence: Charles V. Rice, Department of Chemistry and Biochemistry, Stephenson Life Sciences Research Center,
University of Oklahoma, Norman, OK 73019, USA. rice@ou.edu.

AUTHOR CONTRIBUTIONS

The manuscript was conceived and written by Hannah Panlilio with contributions from Charles V. Rice. All authors have given
approval to the final version of the manuscript.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Panlilio and Rice

Page 2

to increase (Silver, 2011). As a result, antibiotic resistance can emerge as bacteria respond
to therapeutic treatments. The Centers for Disease Control and Prevention reports that at
least 2.8 million people get infected and at least 35,000 die because of antibiotic resistant
bacteria in the United States annually (CDC, 2019). In Europe, an estimated number of
25,000 deaths are associated to antibiotic resistant bacteria (“Annual report of the European
Medicines Agency,” 2010). Greater than 30,000 deaths per year are reported in countries
like Thailand as well as increasing variants of antibiotic resistant bacteria emerging in South
America, the Middle East, and Asia (Howell, 2013). In addition to these statistics, neonatal
sepsis attributed to antibiotic resistance are increasing in Tanzania and Mozambique, and
approximately 58,000 neonatal sepsis deaths related to antibiotic resistance are reported in
India (Hellen et al., 2015).

Bacteria have acquired different resistance mechanisms to overcome clinical treatments and
one of these is the development of biofilms. Biofilms are dynamic communities of bacterial
organisms encapsulated in a thick matrix of extracellular polymeric substance (EPS) that
affixes the cells in close proximity to each other and facilitates the transfer of nutrients,
waste, quorum sensing (QS), and genetic material (Donlan, 2002; Kostakioti et al., 2013).
Bacteria in biofilms have stronger resilience compared to planktonic bacteria because the
biofilm EPS serves as a physical shield against potential dangers in their environment (i.e.,
antibiotics, antibacterial agents, shear stress). Bacterial aggregation and eventual biofilm
maturation occur in different stages and require species-specific conditions (Kostakioti et
al., 2013). The first step of biofilm formation involves bacteria adhering on to a surface
(either biotic or abiotic)—a step driven by a delicate balance of attractive or repelling forces.
Bacterial adhesion on an abiotic surface is primarily driven by nonspecific (i.e., hydrophobic
interactions) forces while adhesion to biotic surfaces is usually driven by molecular
mechanisms (i.e., adhesins, lectins, etc.) (Dunne, 2002). The nonspecific initial attachment
is reversible, which allows the bacteria to return to the planktonic population (Koo et al.,
2017). In addition, electrostatic interactions can cause charge-charge attraction or repulsion
between the cells and surface. Irreversible attachment can be achieved by species-specific
adhesins on the cell surface that bind to the substrate and withstand detaching forces.

After attachment, cell-to-cell adhesion occurs as adjacent cells are connected by various
EPS components (Kostakioti et al., 2013). These physiochemical interactions (hydrogen
bonding, Van der Waals, electrostatic, etc.) between cells and EPS components create a
stable biofilm matrix. As cell-to-cell adhesion increases, biofilm proliferation enables a
dynamic biofilm community to grow, and as the biofilms develop to maturity, cell dispersal
becomes possible. Cell dispersal is achieved by shedding of daughter cells of actively
growing cells, nutrient deficiency, QS, and/or shear stress (Donlan, 2002). Controlled cell-
dispersal allows bacteria to scatter in a free-floating planktonic state and establish other
biofilm populations elsewhere. Controlled dispersal benefits the pathogens and their ability
to invade and overrun the host’s immune responses. Moreover, bacteria can also respond to
their environment and gauge whether it is more beneficial to reside in the biofilm or join the
planktonic population (Kostakioti et al., 2013). Through the development of these biofilms,
resilience against antimicrobial agents increases, making pathogens difficult to eliminate.
Therefore, advances in understanding the structure and molecular mechanisms of biofilm
organization are critical in the fight against these deadly pathogens (Magana et al., 2018).
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The EPS of biofilms is composed of proteins, exopolysaccharides, extracellular DNA
(eDNA), RNA, water, secondary metabolites (e.g., pyocyanin [PYQ], rhamnolipids), and, in
some cases, iron-scavenging siderophores (Harrison & Buckling, 2009; Taylor et al., 2017;
Wood et al., 2018). These components assemble into a rigid matrix that protects the encased
bacterial cells (Figure 1). Biofilm matrix proteins help cells attach to surfaces, stabilize the
biofilm, and modulate the structure of the matrix (Fong & Yildiz, 2015). Exopolysaccharides
are natural polymers composed of biomacromolecules that can have positive or negative
charges. Exopolysaccharides like poly A-acetylglucosamine and alginate are crucial to
intercellular adhesion, structural support, and protection from the environment (Boyd &
Chakrabarty, 1995; Jennings et al., 2015; M. H. Lin et al., 2015). Some exopolysaccharides
are pathogen specific. Pseudomonas aeruginosa can encode exopolysaccharides, Pel and Psl,
in their biofilms, which are important in cell-cell and cell-surface interactions (Jennings

et al., 2015). eDNA are extracellular nucleic acid biopolymers critical to the integrity of

the biofilm matrix by stabilizing charges, providing structural rigidity, and protecting the
matrix from host defense responses. Lastly, the secondary metabolites and RNA found in
the biofilm matrix are linked to nutrient maintenance, housekeeping, gene expression and
biofilm fitness (Das et al., 2013; Taylor et al., 2017).

Recently, the importance of eDNA in biofilm formation, cell-to-cell adhesion, cell signaling,
and maintaining the structural stability of the biofilm matrix was better recognized. Its
significance was overlooked until 2002, when Whitchurch et al. (2002) used DNAse | to
disrupt biofilms. Disrupting biofilms allowed antibiotics to reach the cells, which resulted

in enhanced bactericidal efficiency. Since then, eDNA has become the focus of many
research efforts. In a review by Okshevsky et al. (2015), the importance of eDNA in
biofilms was highlighted along with detailed descriptions of its production, adhesion, and
role in microbial biofilms. In addition, the review suggested that researchers should examine
strategies that destabilize the interactions between eDNA and other biomolecules in the
biofilm matrix to disrupt biofilms. Over the last 5 years, additional work has been done to
investigate and target eDNA interactions in biofilms. In this review, we will include recent
developments, emphasizing potential routes that can be employed to disrupt biofilms. We
will focus on works that used eDNA as a target and those that elucidated the interactions of
eDNA with other biofilm components.

2| SCOPE
2.1| eDNA in biofilms

2.1.1| eDNA versus chromosomal DNA—DNA is a ubiquitous molecule that
contains genetic material of living cells. The DNA of a bacterial cell is packaged as a single-
looped double-stranded molecule called the genome. This chromosomal DNA, which is
usually found in the cell, is also referred to as genomic DNA (gDNA). In addition to gDNA,
bacteria also have small circular DNA called plasmids. Plasmids are extrachromosomal
stretches of DNA that replicate distinctly from the gDNA. Furthermore, DNA can exist
outside the cell; “eDNA” is a term generally used to denote DNA not enclosed in the cell.
However, for the purposes of this review, we use the term “eDNA” to indicate genetic
material within the biofilm matrix.
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gDNA and eDNA may originate from the same cell, but they are not always structurally or
compositionally identical. Upon release to the biofilm environment, DNA may or may not
undergo structural fragmentations that can alter its function. For example, explosive lysis

of P, aeruginosa causes the release of intact (nonfragmented) eDNA (Turnbull et al., 2016).
Cell lysis refers to the breaking down of the cell membrane caused by environmental stress
or other triggers. Lysis happens when the bacterial cell wall is weakened allowing osmotic
pressure to rupture the cell membrane (Shehadul Islam et al., 2017). In a study conducted
by Deng et al., it was observed that hyperbiofilm-forming Rugose small colony variants
(RSCV) of P, aeruginosa cells release mostly fragmented eDNA. These RSCV isolated from
chronic infections exhibit high resistance to antibiotics and are mostly unaffected by DNA
enzymatic treatment (DNase 1). In this study, it appears that biofilms form more abundantly
around fragmented eDNA than around intact eDNA. In addition, when digested gDNA was
added on the ATCC strain PAO1, biofilm formation was enhanced. Deng et al. attributed this
enhancement to the increased interaction of fragmented eDNA with biofilm matrix proteins.
Nevertheless, the specific fragmentation mechanism of eDNA—whether it occurs inside the
cell or outside the cell within the biofilm matrix—still remains unclear and requires further
investigation (Deng et al., 2020). Similarly, in Acinetobactersp., eDNA originates from
gDNA, but the two types of eDNA are not structurally identical (Wu & Xi, 2009). Using
random amplification of polymorphic DNA (RAPD) analysis, gDNA and eDNA extracted
enzymatically were compared. This analysis revealed different patterns of DNA bands
between the two yet having identical genomic sequences. This further suggests that gDNA
is released through cell lysis but may undergo physical/chemical changes. These eDNA
structural differences may be caused by environmental stresses or other interactions in the
biofilm that can degrade the nucleic acids. For compositional similarity, chemical analysis
of P, aeruginosa biofilms revealed no distinction between eDNA and gDNA (Allesen-Holm
et al., 2006) but when comparing eDNA and gDNA of multispecies biofilms, differences

in composition were observed (Steinberger & Holden, 2005). Overall, these studies suggest
that, although eDNA and gDNA show structural differences, their compositional similarities
(primary sequences) indicate that eDNA likely originates from the bacteria themselves.

2.1.2| eDNA in Gram-positive bacteria—eDNA is important for Gram-positive
Staphylococcus biofilms. Most, if not all, strains of Staphylococcus aureus have eDNA

in their biofilms with varying levels depending on culture conditions (Sugimoto et al., 2018).
Similarly, in a closely related species, Staphylococcus epidermidis, eDNA is also important
in biofilm-formation. In a review by Montanaro et al. (2011), comparison of two clinical
isolates of S. epidermidis from implant infections showed that a biofilm-forming strain
(RP62A) produce more eDNA relative to the weak-biofilm-forming one (ATCC 12228) after
72 h. Comparing these two Staphylococcal species, it was reported that more eDNA was
produced in S. epidermidis biofilms after 24 h in comparison to S. aureus (Zatorska et al.,
2017). Further comparison of the two species shows that there is a time-based differential
production of eDNA between them. The difference in eDNA production is due to the
mechanism of eDNA release of each species—S. aureus bacterium releases eDNA through
cell lysis, whereas S. epidermidis bacterium uses an autolysin protein (AtIE) for eDNA
release (Dusane, 2017; Zatorska et al., 2017). This means that eDNA in S. epidermidis
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biofilms is released earlier compared to S. aureus biofilms. The early release of eDNA may
cause the difference in observed eDNA concentrations.

eDNA is also critical for other Gram-positive bacteria. In addition to the Staphylococcus
genus, the biofilms of another Gram-positive bacterium, Bacillus licheniformis, are
composed mainly of polymers and eDNA (Randrianjatovo-Gbalou et al., 2017). Biofilms
of Listeria monocytogenes also contained eDNA, with higher concentrations observed in
diluted media compared to nutrient-rich media. Cell lysis and subsequent eDNA release
are triggered by low-nutrient concentrations of media that create low ionic strength
environments (Zetzmann et al., 2015). Pathogens likely release eDNA to help scavenge
nutrients to survive. Similar importance of eDNA was also noted for Strepfococcus
intermedius (Petersen et al., 2004), Streptococcus mutans (Petersen et al., 2005), and
Clostridioides difficile (Slater et al., 2019) biofilms.

2.1.3| eDNA in Gram-negative bacteria—Similar to Gram-positive bacteria, eEDNA
is also important for Gram-negatives. The importance of eDNA was noticed by Whitchurch
et al. (2002), who discovered that eDNA is an essential component of the Gram-negative,
P, aeruginosa biofilms. This finding was further confirmed after identifying eDNA as an
abundant component of the flow-grown EPS of A2 aeruginosabiofilms (Matsukawa &
Greenberg, 2004). Additionally, the amount of eDNA was positively correlated with the
biomass thickness of Burkholderia pseudomallei biofilms, regardless of the ratio of living
and dead bacterial cells within the biofilms. This finding suggests that it is not only through
cell death/lysis that eDNA is released (Pakkulnan et al., 2019). Uropathogenic Escherichia
coli (UPEC) also incorporate eDNA in their biofilms, of which bacterial DNA-binding
protein (DNABI]I) are also critical components (Devaraj et al., 2015).

2.1.4| eDNA production and release—Biofilm eDNA is secreted in various ways
(Figure 2), and different microorganisms have different modes of releasing eDNA. Most
eDNA production mechanisms in bacterial organisms is lysis-related (Ibafiez de Aldecoa et
al., 2017). Lysis is the most obvious route of releasing DNA since the bacterial genome is
often stored within the cytoplasm. Furthermore, a bacterial cell population can control this
lytic process. Autolysis is a self-mediated destruction of the cell by its own enzymes (i.e.,
lysosomal enzymes like gelatinase, serine protease, autolysins), which can be beneficial to
the overall population of surviving species (Lackie, 2013; V. C. Thomas et al., 2008). In
addition to lysis, eDNA can also be released into the biofilm matrix via membrane vesicles
(Sahu et al., 2012). This phenomenon is not surprising since bacteria usually use membrane
vesicles to transport macromolecules (i.e., DNA, RNA, proteins, etc.) (Toyofuku et al.,
2019). In addition, prophage-mediated eDNA release was reported where lysogenic phages
caused lysis of planktonic Streptococcus pneumoniae releasing more eDNA into the biofilm
matrix (Carrolo et al., 2010). In this study, about sixfold increase in eDNA was observed

in strains carrying prophages and phage lysins. Spontaneous phage induction contribute
greatly to the abundance and localization of eDNA in these biofilms (Carrolo et al., 2010).
Similarly, autolysis does not seem to occur for Bacillus subtilis. Early competence genes are
found to regulate eDNA release for undomesticated B. subtilis cells, and eDNA production
is controlled by the ComX-ComP-ComA system (Zafra et al., 2012). In the same study, B.
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subtilis cells were transformed by eDNA suggesting the function of eDNA in horizontal
gene transfer and social behavior. In addition to these mechanisms, many unknown pathways
of eDNA production still need to be identified.

For many bacterial species, autolytic eDNA release is reported to be facilitated by QS. QS
regulates bacterial communication within the biofilm, which relies on signaling molecules
that are detected by the surrounding bacterial population (Rutherford & Bassler, 2012). For
S. epidermidis, QS-dependent eDNA secretion is mediated by autolysins (Qin et al., 2007)
and for £. faecalis, by both gelatinase (GelE) and serine protease (SprE) (V. C. Thomas

et al., 2008). Large amounts of eDNA were also observed to be released in P, aeruginosa
biofilms through a QS-dependent mechanisms involving A-acyl-L-homoserine lactones and
the Pseudomonas quinolone signal in planktonic cell cultures (Allesen-Holm et al., 2006).
In a recent study, it was reported that 4-hydroxy-2-alkylquinolines (HAQs) molecules and
PrrF small noncoding RNASs both play important roles in signaling eDNA release within 2
aeruginosa biofilms (Tahrioui et al., 2019). According to their findings, sub-MIC (below the
minimum inhibitory concentration) exposure to tobramycin, led to increased levels of HAQs
in P, aeruginosa H103 strain, and the AprrF mutant released less eDNA compared to the
wild type strain. One of the HAQ’s observed in this study is 2-7-heptyl-4-hydroxyquinoline-
N-oxide (HQNO), a £ aeruginosa QS-regulated molecule, that disrupts the flow of electrons
through the respiratory chain (Hazan et al., 2016). HQNO induces the production of
reactive oxygen species (ROS), which results to cell membrane damage and consequent
eDNA release (Tahrioui et al., 2019). QS also regulates the production of phenazines in 2
aeruginosa species. Phenazines are nitrogen-containing heterocyclic compounds produced
by bacteria with a wide array of biological functions (e.g., electron shuttles, cell signaling
molecules, etc.) (Pierson & Pierson, 2010). One phenazine to take note of is PYO, which

is activated by the LasR/Lasl and RhIR/RhlII QS systems (Pierson & Pierson, 2010). PYO

is reported to promote £ aeruginosa biofilm formation by also producing ROS such as
H,0,, which results to cell lysis and subsequent eDNA release (T. Das & Manefield,

2012). Lastly, for Pseudomonas putida biofilms, recent findings suggest that eDNA release
is induced under Cu?* stress. The amount of eDNA produced in the biofilm is increased
significantly, which is attributed to increase copper resistance (H. Lin et al., 2018). This
response shows social behavior and the ability of the bacterial population to detect and react
to its environment.

It is widely accepted eDNA originates from chromosomal DNA but it is also proposed that,
for infectious biofilms that develop in vivo, eDNA also comes from the host (Chiang et al.,
2013; Ikuma et al., 2013; Walker et al., 2005). For example, human neutrophils were shown
to enhance the formation of £, aeruginosabiofilms by (a) decreasing the number of viable
bacteria in the first 4 h of incubation, which increases nutrient availability for the surviving
more-fit bacteria, and (b) providing actin and DNA to the biofilm matrix, which enhances
polymerization (Walker et al., 2005). On another hand, it was recently observed that 2
aeruginosa grown in murine implants formed biofilms with eDNA only localizing outside
the matrix rather than inside the biofilm (Alhede et al., 2020). This observation greatly
challenges many of the in vitro studies mentioned in this review that show localization of
eDNA within the matrix. In this study, polymorphonuclear leukocytes (PMNs), a type of
immune cells, showed cell membraned damage due to exposure to the infectious bacteria
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(Alhede et al., 2020). Based on their observations, the authors suggest that PMN-derived
(or host-derived) DNA is not incorporated into the biofilms in vivo. Instead, the eDNA
from necrotic PMN of the host aggregates outside the biofilms. Further investigations and
comparisons still need to address this gap in our knowledge. It could be that DNA of PMNs
inhibit eDNA release or simply that eDNA is less detectable than PMN DNA.

Identifying specific eDNA release mechanisms of pathogens is important in understanding
its role in the biofilms. For example, the production of eDNA is different between the two
Staphylococcal species, S. aureusand S. epidermidis. It was previously reported that eDNA
is a major structural component of mature S. aureus biofilms but only a minor component
for S. epidermidis. In the same study, DNAse | treatment inhibited biofilm formation of

both Staphylococcal strains but detached only the 24-h old pre-formed S. aureus biofilms
and not the 24-h old pre-formed S. epidermidis biofilms (I1zano et al., 2008). The observed
results resulted to an assumption that eDNA is not a substantial component of mature S.
epidermidis biofilms. However, in another study, Qin et al. (2007) dispersed about half of the
6-h old pre-formed S. epidermidis biofilms while also using DNAse 1. Qin et al. also gave
further evidence that the eDNA release in S. epidermidis is mainly mediated by the autolysin
protein, AtIE. As discussed previously, eDNA is released earlier in S. epidermidis, therefore,
dispersal of its young biofilms with DNAse treatments is more effective. Moreover, this
finding emphasizes the significance of understanding eDNA release mechanisms in applying
anti-biofilm treatments.

Investigations were also conducted to understand if increased eDNA production meant
abundant biofilm formation. Tang et al. (2013) found no correlation between the two, but
they still proposed that eDNA is important to the biofilms even in low concentrations.
Regardless of the quantity, the importance of eDNA in the initial adhesion and biofilm
formation is observed throughout various bacterial genera.

2.1.5| Known functions of eDNA—eDNA aids in the structural integrity of the
biofilm matrix, as wells as bacterial adhesion, metal chelation, metabolic vitality, antibiotic
resistance, and horizontal gene transfer (Figure 3). It is critical in bacterial attachment

and aggregation of biofilms on surfaces especially in the early stages of biofilm formation
(Das et al., 2010; M. Okshevsky & Meyer, 2015). It is hypothesized that eDNA increases
the hydrophobicity of the cell envelope, which allows the cells to adhere more easily to
surfaces (M. Okshevsky & Meyer, 2015). Other than serving as a biofilm adhesive, eDNA
was also observed to promote biofilm dispersion by preventing swarmer motile cells to
settle in the existing biofilm (Berne et al., 2010). When eDNA interacts with the “sticky”
surface-binding regions of the cells, dispersal of bacterial population become possible, and
allows them to form bacterial population to form new biofilms elsewhere. Another function
of eDNA is facilitating phenazine (i.e., PYO) retention and redox recycling for extracellular
electron transfer (EET) in the biofilm (Saunders et al., 2020). This finding highlights the
function of eDNA in the overall biofilm fitness. EET and redox cycling allow metabolic
vitality to bacterial populations within the biofilm that lack access to electron acceptors
and donors (Saunders et al., 2020). Additionally, eDNA can chelate cations activating
resistance mechanisms in 2 aeruginosa strains (Johnson et al., 2013). By chelating divalent
metal ions that stabilize the LPS layer of Gram-negative bacteria, LPS modifications are
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triggered thereby “hiding” the bacteria from host defense systems and antibiotics (Mulcahy
et al., 2008). Furthermore, eDNA contributes to antibiotic resistance by directly inactivating
cationic antibiotics (Chiang et al., 2013; Saxena et al., 2019). Besides physiochemical
interactions, eDNA also participate in horizontal gene transfer, which is the nonsexual
transfer of genetic information between genomes (Keeling & Palmer, 2008; Zafra et al.,
2012). This process is important in the virulence and the evolutionary fate of the bacterial
population.

2.1.6| Structural and chemical modifications of DNA—DNA, in general, can exist
in different structural conformations: A-DNA, B-DNA, and Z-DNA forms (Ussery, 2001).
The most common form in most living cells is B-DNA. To the best of our knowledge, B- and
Z-forms are the only conformations directly found in functional living systems. Increasing
evidence suggest that non-B conformations result to a number of diseases (Bacolla & Wells,
2004). The changes in conformation (e.g., from B to non-B) are induced by a variety of
conditions (i.e., hydration level, chemical modifications of bases, presence of metal ions,
and polyamine interactions) (Basu et al., 1988). Polyamines like spermine and spermidine
can cause a B- to Z-DNA transition in the presence of low ionic strength buffers (T. J.
Thomas & Messner, 1986). Moreover, eDNA within the biofilms may also undergo change
in structural conformations (Rosenberg et al., 2019), suggesting that biofilms are dynamic
worlds that continue to respond to their environments.

Changes in chemical and structural conformations are important to understand because

they dictate the interactions between eDNA and biofilm constituents. As far as we know,
conformational changes of eDNA within the biofilms have not been directly observed.
However, it is very possible since the behaviors of eDNA are dynamic within the biofilm; for
example, eDNA can chemically modulate its interactions to regulate its contribution to the
overall viscoelastic relaxation of the biofilm (Peterson et al., 2013). It was also observed that
the composition of eDNA was altered when Cu2* stress was applied. Using RAPD analysis,
Lin et al. observed smaller- and medium-sized fragments of eDNA compared to gDNA,; the
smaller sizes are possibly due to eDNA fragmentation or nucleotide deletion in the biofilm
matrix. In addition, they also found some banding patterns specific to the eDNA samples
subjected to Cu?* stress (H. Lin et al., 2018). These new bands suggest possible nucleotide
additions, deletions, or modifications when eDNA is exposed to CuZ*. This observation
shows how eDNA aids in biofilm response and adaptation. These interactions are crucial
when considering anti-biofilm therapies.

While DNase treatments are widely used for anti-biofilm therapies, this approach still faces
limitations. For example, DNase will not likely work for DNA conformations other than
B-DNA. DNase treatments also are not likely to work against DNA in the Z-form (Ramesh
& Brahmachari, 1989). However, some groups still suggest that any type of DNase can
disperse biofilms (Okshevsky et al., 2015). Although DNase may not likely work with
Z-form DNA, it is possible that eDNA can flip between Z, B, and other forms. The

eDNA digestion via DNase may also affect the conformation of the remaining Z-DNA
rendering the Z-DNA susceptible to enzymatic degradation. Nevertheless, DNase is still
currently expensive so translating this treatment into large-scale settings will be costly.
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Furthermore, rising cases of biofilm resistance against DNase are already being reported
(Blesa & Berenguer, 2015).

eDNA interactions with biofilm components

The biofilm matrix is composed of various components that can interact with eDNA. It may
be helpful to distinguish such interactions into specific and nonspecific. Specific interactions
include molecules and macromolecules with high affinity to particular sites or sequences of
DNA. Examples of these are various DNA-specific-binding proteins. In contrast, nonspecific
DNA interactions involve lower affinity, for example, positively charged molecules that
electrostatically interact with the negative phosphate-backbone of DNA.

2.2.1| eDNA interactions with proteins—Proteins are complex molecules that serve
many cellular purposes; they may function as part of the immune system, catalyze reactions
as enzymes, transmit signals as messengers, provide support as structural components,

or help supply the cell with molecules required for survival as transporters and storage
units (Alberts et al., 2002). In addition to these cellular purposes, proteins also have

further functions within biofilms. Cellular proteins (e.g., virulence factors and ribosomal
proteins) released into the extracellular environment seem to promote biofilm formation by
also binding to eDNA (Graf et al., 2019). Many cellular proteins naturally interact with
gDNA,; for example condensins and cohesins are protein complexes that tether DNA to
produce DNA loops for chromosome assembly (Skibbens, 2019). In the biofilms, eDNA-
protein interaction can promote bacterial aggregation by stabilizing anionic eDNA through
electrostatic forces and creating a favorable network for biofilm stability (Kavanaugh et al.,
2019). When proteins bind eDNA via charge—charge interactions, eDNA can function as an
adhesive between the bacteria (Arenas & Tommassen, 2017; Dengler et al., 2015).

Proteins are also important for intracellular bacterial nucleoid structure and function. The
DNABII family of proteins bind and pack DNA, these proteins are usually located within
the cell, but they also occur in the extracellular matrix of the biofilm. Within this protein
family are integration host factor (IHF) and histone-like protein (HU), that bind DNA with
high-affinity (Devaraj et al., 2018). Targeting DNABII proteins in biofilms using monoclonal
antibodies (MADbs) disrupted diverse bacterial biofilms in vitro and in vivo (Novotny et

al., 2016). The two in vivo models used for this finding are nontypeable Haemophilus
influenza infection on chinchilla ear and £ aeruginosa infection of murine lung. DNABII
proteins and eDNA are both observed to be universal biofilm components (i.e., found
across multiple species), and are not only crucial to the biofilm structure but are also
important in understanding the mechanisms of multispecies interactions in mixed microbial
biofilm populations (Goodman et al., 2011). Consequently, DNABII proteins can serve as
anti-biofilm targets. However, little is known about the extracellular localization mechanism
of the DNA-binding proteins, thereby demanding more research in this area (Fong & Yildiz,
2015). Other than DNABII-type proteins, amyloid accumulation can also promote biofilm
stability. Amyloids are aggregates of proteins usually associated with protein misfolding
and many neurodegenerative disorders (Schwartz & Boles, 2013). Amyloids can provide
additional support to the biofilm matrix through their inherent resistance to protease
degradation thereby protecting the matrix from destruction. In S. aureus biofilms grown in
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peptone media, amyloids comprise of small peptides called phenol soluble modulins (PSMs)
(Schwartz et al., 2012). These cationic PSMs interact with eDNA resulting in polymerization
and increased amyloid aggregation. Furthermore, biofilms that have PSMs but lack eDNA,
fail to assemble PSM amyloids (Schwartz et al., 2016). Collectively, these studies suggest
that protein~eDNA interactions can serve as worthy therapeutic targets to disrupt biofilms.

2.2.2| eDNA interactions with exopolysaccharides—Exopolysaccharides are
high-molecular weight (10-1000 kDa) carbohydrate polymers secreted by microorganisms
in the biofilms. Functions of exopolysaccharides in biofilms include cellular adhesion, stress
protection, water retention, and absorption of excess energy (Nwodo et al., 2012). In a
recent study, the interaction between the exopolysaccharide, Psl, and eDNA was observed
in P, aeruginosa biofilms; the two components crosslink to form a skeleton that allows
bacteria to adhere and grow (Wang et al., 2015). Using molecular modeling, the authors
were able to mimic the physical interaction between Psl and DNA. Psl was able to fit

into the minor groove of DNA double helix forming hydrogen bonds with an estimated
—2.18 kcal/mol interaction energy. Additionally, in Caulobacter crescentus biofilms, eDNA
can bind to polar polysaccharide “hold-fast” regions of cells, which are necessary for
surface adhesion, thereby promoting biofilm dispersion (Berne et al., 2010). It is critical

to note here that controlled biofilm dispersion is an essential stage in the biofilm life

cycle since it contributes to bacterial dispersal and disease transmission (Kaplan, 2010). In
summary, eDNA-interactions with biofilm exopolysaccharides appear essential to bacterial
aggregation, adhesion, dispersion, and vary in detail from species to species.

2.2.3| eDNA interactions with other biofilm components—Within the biofilms,
interacting with eDNA, are various metabolites and cations crucial for bacterial survival and
biofilm development (Bellin et al., 2016). For example, PYO is a redox-active metabolite
that provides P, aeruginosa a blue-green color. PYO is a phenazine that has a number of
significant roles in cell-signaling, biofilm development, iron-acquisition, cell metabolism,
and antibiotic tolerance (Schiessl et al., 2019; Zhu et al., 2019). In £, aeruginosa biofilms,
PYO interacts with eDNA resulting to: enhanced electron transfer within the biofilm
components, better eDNA binding to 2. aeruginosa cell surface, and increased DNA and
sputum viscosity (Das et al., 2013, 2015). Since PYO-eDNA interactions are vital to the
biofilm development, the disruption of such interactions can present a favorable target

for biofilm biomass reduction and decreased biofilm exudates in infections. Das et al.
(2015) therefore suggested the potential of elevating antioxidant levels (e.g., glutathione and
ascorbic acid) to disrupt PYO-eDNA intercalation in 2. aeruginosa biofilms.

Besides metabolites, cations in the biofilms also interact with eDNA. eDNA can sequester
divalent cations and trigger resistance mechanisms that increase the pathogen’s virulence
(Johnson et al., 2013; Mulcahy et al., 2008). Cation limitation destabilizes the negative
charges of the lipopolysaccharides on the outer membrane of Gram-negative bacteria,
which can cause cell lysis. Consequently, this event triggers a virulence response.
Therefore, subinhibitory concentrations of eDNA can induce increased antibiotic resistance.
Additionally, in a study investigating heavy metal stress and eDNA formation, it was
identified that extracellular nucleic acids in the EPS of unsaturated P, putida CZ1 biofilm
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also bind Cu?*. The phosphate groups of DNA have a cation-binding ability that allows
biofilms to store cation and nutrient reservoirs for the cells. The increase of eDNA contents
under Cu?* stress may also be attributed to expression of resistance mechanisms (H. Lin

et al., 2018). Using a different approach, external addition of metal chelators (e.g., EDTA)
was used to disperse PAO1 biofilms (Banin et al., 2006). Exposing £ aeruginosa biofilms
to EDTA induced bacterial cell detachment from biofilms likely caused by chelation of
several divalent ions required to stabilize the biofilm matrix. It is, however, important

to note that high concentrations of chelators are needed for treatments to be effective;
subinhibitory concentrations can only trigger resistance mechanisms. Hence, cytotoxicity
becomes a challenge for this approach.

2.3| eDNA as anti-biofilm target

eDNA may serve as an effective anti-biofilm target. Research has focused on DNase
treatments ever since DNase was used to degrade eDNA and disrupt biofilms (Matsukawa &
Greenberg, 2004; Okshevsky et al., 2015; Whitchurch et al., 2002). By applying nucleases
directly into biofilms, eDNA is degraded and the biofilm matrix is weakened. Likewise,
disturbing eDNA interactions can threaten the matrix. It is important to realize that even

if the biofilm is not completely disrupted, access points for other treatments can still

be created. Access points and disturbances in the biofilm matrix can ultimately increase
antibiotic susceptibility of the pathogens living within.

2.3.1| Nuclease treatments—Nucleases are enzymes that degrade nucleic acids. The
most common anti-biofilm treatment in vitro that uses nucleases is DNase I, a DNA
specific endonuclease (Eun, 1996). DNase | cleaves single- and double-stranded DNA
into oligonucleotides with 5 -phosphorylated and 3’-hydroxylated ends (Hartmann, 2017).
Okshevsky et al. (2015) reported a comprehensive study of various bacterial species where
DNase treatments were implemented for biofilm control. Overall, it is noted that DNase
treatments may prevent biofilm formation, but they do not always disrupt pre-formed
biofilms. The growth phase of the biofilm dictates the effectiveness of this therapy; only
younger biofilms (6-h old or less) are disrupted. This therapeutic approach is also applied
in clinical settings; cystic fibrosis (CF) patients are commonly treated with Dornase alfa
(pulmozyme, recombinant human DNAse I, rhDNAse) (Wagener & Kupfer, 2012). CF
patients accumulate sputum in their lungs, thereby reducing pulmonary function. The
accumulated sputum for these patients is rich with actin and eDNA; hence, treatment with
dornase alfa results to degradation of eDNA and reduced sputum viscosity (Wagener &
Kupfer, 2012). This therapeutic strategy can also be applied in bacterial infections by
cleaving eDNA in the biofilms and creating access points for coadministered antibiotic
treatments.

Pathogens like S. aureus can also produce extracellular nucleases. They release nucleases
to signal controlled biofilm dispersion and also to defend themselves from neutrophil
extracellular traps (NETSs). These NETs are composed of the host’s nuclear DNA associated
with antimicrobial peptides, histones and proteases (Berends et al., 2010); they are released
by the host’s neutrophils to kill bacteria. Furthermore, as pathogens fight for survival,
surface colonization and nutrient availability become very important. Some bacteria,
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therefore, release nucleases to prevent biofilm formation of other pathogens. For example,
nucleases released by B. licheniformis have anti-biofilm properties (Nijland et al., 2010).
Hence, identifying more extracellular nucleases secreted by biofilm-forming pathogens may
have future therapeutic use.

Alternatively, Okshevsky et al. suggested the upregulation of the nuclease production of

a singular species in a multicolony biofilm for biofilm control. However, since nucleases
serve a variety of purposes (e.g., transformation, bacterial dispersal, protection against
NETSs) that can increase biofilm production, this approach still needs to be investigated
(Okshevsky et al., 2015). We still do not know if upregulating nucleases would be beneficial
or destructive to the overall biofilm life cycle. Furthermore, few studies so far have used
nuclease treatments to target biofilms in vivo (Koo et al., 2017).

2.3.2| eDNA and eDNA-interactions as targets for anti-biofilm therapy—We
have detailed various eDNA interactions within the biofilm matrix in this review (e.g.,
proteins, exopolysaccharides, metabolites, etc.) but it is essential to find and investigate
more. Targeting eDNA interactions can cause biofilm matrix disturbances that can lead

to eradication of a bacterial colony. However, many of these interactions still need to

be investigated as anti-biofilm targets. For example, although eDNA-protein complexes

are found in B. licheniformis biofilms, only the DNase treatment increased biofilm
permeability; the proteinase treatment (proteinase K) did not (Randrianjatovo-Gbalou et al.,
2017). In this case, the proteinaceous components of the biofilm were digested by Proteinase
K but the overall permeability of the biofilm matrix was largely unaffected. It could be

that targeting eDNA alone increases permeability of the matrix and targeting the matrix
proteins structurally weakens the framework. This explanation support findings that report
DNABII targeting can collapse diverse bacterial biofilms both in vitro and in vivo (Novotny
et al., 2016). Here, highly specific MAbs against protective epitopes of a DNABII protein
disrupted pre-formed biofilms and released the encapsulated bacterial population, rendering
them less resistant. It is also important to note that DNABII proteins are positioned at

the vertices of strands of eDNA within the biofilm so targeting them induced a collapse

of the whole matrix (Novotny et al., 2016). By applying this strategy, both proteins and
eDNA (and their interactions) are compromised, disrupting the overall structural integrity of
the biofilm. This approach can be very effective in disrupting and even preventing biofilm
formation. With this strategy in mind, there may possibly be more lynchpin proteins like
DNABII that contribute significantly to the biofilm matrix. Therefore, we need to identify
more eDNA-interacting proteins that can be targeted.

Similarly, exopolysaccharides and metabolites may serve as anti-biofilm targets. The Psl
polysaccharide interacts with eDNA to benefit the biofilm in many ways: to form a
backbone skeleton support for the matrix, to encourage bacteria to produce more EPS,

and to inhibit over-cation chelation that can lyse the cells within the biofilm (Wang et al.,
2015). Like the strategy for eDNA-DNABII proteins, targeting eDNA-exopolysaccharide
interactions may also collapse the biofilm structure. However, since polysaccharides are also
ubiquitous in the biofilms of various species, targeting them directly has been the goal of
different studies (Itoh et al., 2005; 1zano et al., 2008). Most research would rather focus on
direct polysaccharide-degradation than identifying interactions, which work as indirect anti-
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biofilm targets. In addition, metabolites and cations in the biofilm can dynamically affect

the biofilm matrix. For example, eDNA can increase antibiotic resistance by sequestering
Mg?2* ions and decreasing the pH of the biofilm. For £ aeruginosa, biofilms pH values range
from pH 5.5-6.6 (Wilton et al., 2016). Such acidic conditions can upregulate two-component
systems, which are related to antibiotic resistance. Identifying more metabolites and cations
may introduce more anti-biofilm targets.

Biofilms create a barrier that is very difficult for antibiotics to pass through and access the
bacterial cells. Antibiotic-conjugated molecules that inhibit the eDNA-biofilm component
interactions may be utilized for anti-biofilm therapies. By attaching inhibitors to antibiotics,
the biofilm can be disrupted, and antibiotic delivery becomes more efficient. Conjugating
antibiotics to polymers, proteins, antibodies, and other molecules with high affinity to eDNA
can directly interrupt and disturb the biofilm matrix. Hence, understanding the structural
differences that occur with gDNA once secreted and becomes eDNA is vital. Once the
matrix is dissolved, antibiotics delivered nearby can attack the pathogens.

The concept of antibiotic-conjugation has already been previously reported. For example,
antibody-antibiotic conjugates are being used against S. aureus. Human MADbs designed to
bind on the surface of S. aureus bacteria are conjugated with an antibiotic (dmDNA31),
thereby directing the drug closer to the target pathogen (Zhou et al., 2016). In another
study, chitosan, a derivative of the polysaccharide chitin, was linked to an aminoglycoside
antibiotic (streptomycin) (Zhang et al., 2013). This chitosan-antibiotic conjugate reduced
biofilm mass and suppressed biofilm formation of Gram-positive bacteria but not Gram-
negative bacteria. Chitosan allowed streptomycin access into the biofilms secreted by
Listeria monocytogenes (Zhang et al., 2013).

3] MAJOR CONCLUSIONS

Biofilms create barriers that challenge our current therapeutic approaches. eDNA may
function as a worthwhile anti-biofilm target. In this review, we highlighted recent
developments defining the importance, production mechanisms, and possible conformations
of eDNA in biofilms. We described components in the matrix that interact with eDNA
noting their potential as anti-biofilm targets. Overall, these various interactions, whether
known or unknown, are very important in biofilm regulation. Therefore, we need to continue
pursuing creative approaches in eradicating biofilms.
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FIGURE 1.
Ilustration of a biofilm secreted by bacterial cells (green) showing proteins,

exopolysaccharides, RNA, secondary metabolites, siderophores, and eDNA in the matrix.
Scanning electron microscopy images of Escherichia colibiofilms show the high density of
cells imbedded in EPS and the abundance of bacterial cell layers within the biofilm. eDNA,
extracellular DNA,; EPS, extracellular polymeric substance
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FIGURE 2.
Illustration of eDNA in biofilms of bacterial cells (green) and how it is secreted into the

biofilm matrix. Exopolysaccharides and other biofilm components not shown for simplicity.
eDNA, extracellular DNA

Biotechnol Bioeng. Author manuscript; available in PMC 2021 December 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Panlilio and Rice Page 22

eDNA stimulates
controlled cell

dispersion

planktonic cells oot e eDNA ‘
%, promotes

resistance by

1 chelating Mg*

i
[l
’
"
‘
‘
0

Vg and
/ neutralizing
cationic

SRR antibiotics . e?‘Nf\
acilitates

eDNA aids assists HGT
in surface cell-cell
adhesion adhesion

2 — 2 # —p
‘ i
Attachment Cell-cell adhesion Proliferation Detachment

FIGURE 3.
Life cycle of biofilms depicting functions of eDNA in the attachment, cell-cell adhesion,

biofilm proliferation, detachment/dispersion, antibiotic resistance, and HGT. eDNA,
extracellular DNA; HGT, horizontal gene transfer
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