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Abstract

Calcium (Ca®*) has an important structural role in guaranteeing the integrity of the outer lipopolysaccharide layer and cell
walls of bacterial cells. Extracellular DNA (eDNA) being part of the slimy matrix produced by bacteria promotes biofilm
formation through enhanced structural integrity of the matrix. Here, the concurrent role of Ca** and eDNA in mediating
bacterial aggregation and biofilm formation was studied for the first time using a variety of bacterial strains and the
thermodynamics of DNA to Ca®* binding. It was found that the eDNA concentrations under both planktonic and biofilm
growth conditions were different among bacterial strains. Whilst Ca®" had no influence on eDNA release, presence of eDNA
by itself favours bacterial aggregation via attractive acid-base interactions in addition, its binding with Ca®* at biologically
relevant concentrations was shown further increase in bacterial aggregation via cationic bridging. Negative Gibbs free
energy (AG) values in iTC data confirmed that the interaction between DNA and Ca®" is thermodynamically favourable and
that the binding process is spontaneous and exothermic owing to its highly negative enthalpy. Removal of eDNA through
DNase | treatment revealed that Ca* alone did not enhance cell aggregation and biofilm formation. This discovery signifies
the importance of eDNA and concludes that existence of eDNA on bacterial cell surfaces is a key facilitator in binding of Ca**
to eDNA thereby mediating bacterial aggregation and biofilm formation.
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Introduction induces genes involved in modification of bacterial cell surface
properties that favour resistance of biofilms to antimicrobial agents
and detergents [20]. Divalent cations such as Ca®' stabilize
bacterial cell walls [22] and promote ionic bridging between
bacterial cells via interaction between negatively charged cell
membranes and other biopolymers in matrix [22,23]. At
biologically relevant Ca*" concentrations, 0.7 to 1.4 mM in blood
serum [23] and 0.4 to 1.7 mM in environmental water samples

Biofilms play a crucial role in both medical and non-medical
contexts such as harmful bacterial infections and biocorrosion
[1,2] and beneficial impacts in applications in bioremediation,
bioelectricity production and wastewater treatment [3—5]. In most
bacterial species, biofilm formation is mediated via bacterial self-
produced matrix [6]. The matrix, which primarily consists of
proteins, polysaccharides, lipids, RNA and extracellular DNA [23], Ca®" ions influence bacterial adhesion and biofilm formation
(eDNA) is involved in bacterial adhesion to surfaces and cell-to-cell [23-25]. Tt also acts as a sensory ion for gene expression of biofilm-
attachment during the initial stages of biofilm formation and in the associated growth [26].
formation of microcolonies and ultimately biofilm maturation [7].
eDNA is a central biopolymer in matrix, released due to the
various mechanisms such as, lysis of sub populations of bacterial
cells mediated by prophages, lytic proteins, enzymes and
metabolites such as phenazines [8-10] or by various physical
and chemical treatments [11,12] and also via active release by
bacterial membrane vesicles/belbs [13-16]. eDNA plays an

essential role in various stages of biofilm formation including

Bacterial adhesion, aggregation and subsequent biofilm forma-
tion is influenced by the presence of various chemical compositions
on bacterial cell surfaces. The presence of various molecules such
as proteins and DNA determines surface properties including cell
surface hydrophobicity (measured using contact angles). Hydro-
phobicity determines surface energies and subsequently influences
the physico-chemical interactions between interacting bacterial

esse ] ) ) ' ‘ ! cell surfaces. The physico-chemical interactions include non-
initial bacterial adhesion, aggregation, microcolony formation, specific attractive Lifshitz van der Waals (LW) interactions,

determining biofilm architecture [9,17-19]. eDNA provides
mechanical stability to biofilms and protects bacterial cells in Lewis acid-base interactions and hydrophobic forces/interactions

biofilms from physical stress, antibiotics and detergents [7,20,21]. (based on electron-donating and accepting properties of surfaces)
Recent studies showed that eDNA chelation of divalent cations [27], and ionic bridging by divalent cations (Ca2+, 1\/[g2+> [23,24].

attractive or repulsive electrostatic double layer interactions, and
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Recent reports suggest that the presence of eDNA on bacterial cell
surfaces promotes surface hydrophobicity and influences attractive
acid-base interactions and therewith promotes initial bacterial
adhesion and aggregation [17,18,28]. DNA also binds divalent
cations such as Ca®" and undergoes major structural changes upon
doing so [29].

Considering the importance of eDNA in bacterial biofilm
formation and the interactions between Ca®" and DNA we
hypothesized that the combination of Ca®* and eDNA promotes
bacterial aggregation and subsequent biofilm formation. For this,
we tested our hypothesis in aggregation and biofilm formation
assays using a variety of Gram-negative (Pseudomonas aeruginosa
PA14, Aeromonas hydrophilla, Escherichia coli) and Gram-positive
(Staphylococcus  aureus, Staphylococcus epidermidis, Enterococcus faecalis)
bacterial species by adding exogenous Ca?* and before and after
removal of eDNA by DNase I treatment. The thermodynamics of
Ca** binding with DNA was determined by using isothermal
titration calorimetry (IT'C) at constant temperature and pressure.
iTC determines the physico-chemical interactions that drive many
biological processes including binding of biopolymers with ions,
folding of proteins and bacterial aggregation by measuring the
changes in Gibbs energy (AG) based on changes in enthalpy (AH)
and entropy (AS) when the interactions occur [30,31]. During the
interactions if heat is released from the system to the environment,
then the AG is generally negative and the interaction is considered
to be favourable, exothermic and spontaneous.

To this end P. aeruginosa PA14 has been chosen as a model
organism to investigate the surface characteristics i.e. contact angle
(measured using water, formamide and diiodomethane) and
subsequent surface thermodynamics analysis in presence and
absence of naturally occurring ¢eDNA and added Ca*" ions. The
rationale/principle behind using polar liquids (e.g. water and
formamide) was to determine electron accepting and electron
donating parameters of acid-base interactions. This is because
polar liquids/molecules have high surface tension/energy and
tend to accept and donate electrons with interacting surfaces. In
contrast the non-polar liquids (e.g. dilodomethane) have low
surface energy and are not involved in electron donating or
accepting parameters hence used for determining only Lifshitz-
Van der Waals interactions.

To the best of our knowledge, the role of Ca®* ions in eDNA
mediated bacterial aggregation and biofilm formation has not yet
been investigated. Therefore, the present work investigates for the
first time the concurrent role of Ca** ions and eDNA in mediating
aggregation and biofilm formation in divergent bacterial strains.

Table 1. Bacterial strains used in this study and their sources.

Calcium in eDNA Mediated Bacterial Aggregation

Materials and Methods

Bacterial species and culture conditions

Bacterial strains listed in table 1 (used in this study) were
obtained from the culture collection of the Centre for Marine
Bioinnovation (CMB), School of Biotechnology and Biomolecular
Sciences, UNSW, Australia. The bacterial strains were grown
aerobically in Luria Broth (LB) medium for 24 h at 37°C in a
static incubator. After growth, strains were harvested by centri-
fugation at 5000 xg for 5 min at 10°C. Where indicated, naturally
occurring eDNA was removed from cell surfaces by pre-treating
bacterial suspensions with 25 units of DNase I (Life technologies/
Invitrogen) in the presence of 5 mM MgCly for 90 min at room
temperature under static conditions and subsequently washed
twice with phosphate buffered saline (PBS) (in order to remove any
possible DNA debris, due to DNase I treatment) and finally
resuspended in PBS.

Quantification of bacterial growth/cell density

The optical density of P. aeruginosa, A. hydrophilla, S. aureus and S.
epidermidis cultures (over 24 h at 37°C in a static incubator) in LB
medium were recorded at various growth times (0, 4, 8, 18 and
24 h) using a Bio-Rad Smartspec 3000 (Bio-Rad Laboratories Pvt
Ltd, USA) at 600 nm using plain LB medium without bacterial
cells as blank.

Comparison of live and dead cells in planktonic bacterial
culture using fluorescence microscopy

P. aeruginosa and S. aureus (used as model strains) cultures grown
in LB medium for 24 h at 37°C in a static incubator were used as
is without harvesting/centrifugation to compare differences in
dead cells. A 1 ml aliquot of the bacterial culture (averaging OD
2.3) was allowed to adhere on 6 well polystyrene plates (Costar,
NY, USA) for 30 min at room temperature in static condition.
After 30 min the well plate surfaces were gently washed with PBS
once in order to remove any loosely bound bacterial cells (since
loosely bound cells possibly interfere with microscopy imaging).
The remaining adhered bacteria to the well plate’s surface were
imaged after staining with the Live/Dead stain (Invitrogen,
Oregon, USA) for 15 min in the dark using fluorescence
microscopy (Olympus DP71, Tokyo, Japan).

eDNA concentration in bacterial cell free supernatant
After 24 h of bacterial growth and subsequent centrifugation,
supernatants were separated from bacterial pellets by simply
transferring to new tubes. In order to remove remaining bacteria,
supernatants were filtered using 0.22 pm filters (Millipore). eDNA
in filtered supernatants was quantified using the double stranded
DNA fluorescent dye assay (dsDNABR) from Qubit, Invitrogen

Bacterial strains

Source or references

P. aeruginosa PA14 wildtype
A. hydrophila

E. coli

S. aureus

S. epidermidis

E. faecalis

[8]

[58]

[58]

this study/CMB culture collection

this study/CMB culture collection

[58]

doi:10.1371/journal.pone.0091935.t001
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Figure 1. Quantification of eDNA in planktonic growth culture. Concentration of eDNA in supernatants of planktonic cultures of Gram-
negative and Gram-positive bacterial strains grown for 24 h. Error bars represent standard deviations from multiple cultures (n = 4). Asterisks indicate
statistically significant differences (p<<0.05) in eDNA concentration in comparison to S. aureus, S. epidermidis and E. faecalis whereas, hash indicates P.
aeruginosa supernatants has statistically significantly higher concentration of eDNA in comparison to all other bacterial strains.

doi:10.1371/journal.pone.0091935.g001

using their standard protocol. To quantify DNA the Qubit 2.0
fluorometer was calibrated using the standards (dsDNABR
calibration standards 1 and 2) supplied by Qubit Invitrogen. After
calibration, the total amount of dseDNA present in the superna-
tants was quantified directly by mixing 20 pl aliquots of
supernatants with 180 pl dsDNABR assay buffer-fluorescent dye
mixture in Qubit assay tubes, followed by vortexing and
incubating for 2 mins at room temperature. The intensity of the
fluorescent dye after binding with eDNA in the supernatant was
measured by using the Qubit 2.0 fluorometer (Invitrogen, Life
Technologies, CA, USA).

Aggregation and settling of bacteria as a function of
addition of Ca?" in the presence and absence of eDNA

To study the aggregation pattern of all bacterial strains with
different concentrations of added Ca®* (as CaCly.2H5O (Univar,
NSW  Australia)) (0, 10, 100, 1000 pM), in the presence and
absence of eDNA, bacterial cells were first diluted to OD
=0.5%0.05/ml in PBS. The percentage reduction in optical
density (OD) resulting from bacterial cells settling due to
aggregation in the presence and absence of eDNA and as a
function of added Ca®" concentration was monitored after 90 min
incubation in 1 ml plastic cuvettes (SARSTEDT, Germany) at
600 nm using a spectrophotometer (Bio-Rad Smart Spec ™ 3000).
PBS without bacteria was used as a blank. For additional control
experiments, bacterial cells were also treated with heat inactivated
DNase I (heating DNase I for 30 min at 75°C) and subjected to
the aggregation assay. Aggregation was quantified according to
equation 1: X =100x (OD1-OD2)/OD1 [28]. Where OD1 is the
initial OD at the start of an experiment and OD2 is the OD after
90 min.

Fluorescence microscopy imaging of S. aureus and E.
faecalis adhesion and aggregation in the presence and
absence of eDNA and added Ca**

Initial adhesion and aggregation of planktonic bacterial cells in
the presence and absence of naturally occurring eDNA and added
Ca** were studied using fluorescence microscopy. This was done
by suspending bacterial cells (with or without DNase I treatment)
in PBS (OD =0.5%0.05/ml) as mentioned previously and then
mixed (by vortexing) with added Ca** (0 and 1000 uM). A 1 ml
aliquot of bacterial cells were immediately added to 6 well
polystyrene plates and incubated for 90 min at room temperature
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in static condition. After 90 min the well plate’s surfaces were
gently washed with PBS. The adhered bacteria to the well plate’s
surface were imaged after staining with the Live/Dead stain as
described above.

Aggregation and settling of bacteria on addition of
exogenous DNA and 1000 pM Ca**

To quantify bacterial aggregation in the presence of exogenous
DNA and Ca** (1000 uM), chromosomal DNA was extracted
from one day old cultures of P. aeruginosa using standard protocols
[18]. The extracted DNA was then dissolved in PBS and the DNA
concentration was determined using a Nanodrop UV/Vis
spectrophotometer. DNase I treated cells of all bacterial strains
with a cell density of OD =0.5%£0.05/ml in 900 pl PBS were
mixed with 100 pl of a 1 pg/ml DNA solution or 100 ul PBS as a
negative control in 1 ml plastic cuvettes by pipetting. The
percentage settling of bacterial cells due to aggregation mediated
by the presence or absence of exogenous DNA and addition of
Ca?" was calculated after 90 min using equation 1.

Influence of DNase | treatment and addition of Ca®* on
biofilm formation

To quantify biofilm biomass, untreated and DNase I treated
bacterial cells suspended in PBS (OD =0.5%0.05/ml) were
incubated for 90 min in 96 well microtiter plates at 37°C. After
90 min of incubation wells were washed with PBS three times in
order to remove any unattached bacterial cells. Subsequently,
200 ul of LB medium was added to the wells and incubated for
24 h at 37°C in order to initiate biofilm formation. After 24 h of
biofilm growth, the LB medium was gently removed by pipetting
and subsequently rinsed with PBS three times. The total biofilm
biomass attached to the wells was quantified using O’Toole’s
crystal violet assay at 550 nm [32].

eDNA release during biofilm growth

To establish the amount of eDNA released during biofilm
growth, the biofilm biomass grown over 0, 16 and 24 h was
suspended in 1 ml of PBS. The biomass suspended in PBS was
then filtered with 0.22 pm filters to remove any bacterial cells and
subsequently eDNA concentration present in filtered PBS
(supernatants) was quantified as above.
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Figure 2. Influence of naturally occurring eDNA and added
Ca®" on bacterial aggregation. Percentage reduction in optical
density of Gram-negative and Gram-positive bacteria in PBS, showing
patterns of aggregation. The black, white and grey bars represent
bacterial aggregation in presence of naturally occurring eDNA, absence
of naturally occurring eDNA (DNase | treated) and heat inactivated
DNase | treated respectively. Error bars represents standard deviations
from multiple cultures (n=5). Asterisks and hash indicate statistically
significant differences (p<<0.05) between data obtained in the presence
(including heat inactivated DNase I) of eDNA in comparison to absence
of eDNA and in presence and absence of Ca®" respectively (A).
Fluorescence microscopy imaging showing patterns of S. aureus and E.
faecalis adhesion and aggregation in presence and absence of eDNA
and added Ca®* (1000 uM) on 6 polystyrene well plates surfaces after
incubation for 90 min in room temperature under static condition (scale
bar 50 um) (B and C).

doi:10.1371/journal.pone.0091935.g002
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Contact angle measurements and surface
thermodynamics of P. aeruginosa in the presence and
absence of eDNA and added Ca**

For contact angle measurements P. aeruginosa cultures were
incubated for 90 min in the presence and absence of eDNA either
as is (with no added Ca®") or with addition of 1000 pM Ca*".
Bacterial lawns were prepared by depositing bacteria from
suspension on a 0.2 pm nitrocellulose filter (Millipore) using
negative pressure [33]. The filters were air dried at room
temperature and contact angles were measured with most
commonly used standard polar (water, formamide) and non-polar
(diiodomethane) liquids using a goniometer (KSV model 200,
KSV instrumentation Pvt. Ltd, Finland) following the sessile drop
technique [33].

To conduct surface thermodynamical analysis, contact angles
were converted into Lifshitz-Van der Waals (y**") and acid-base
(y*P) surface free energy components using the LW-AB approach
[34,35]. Subsequently, the acid-base component was separated
into an electron-donating (y~) and electron—accepting (y*)
parameter [34]. Different components of the surface energies
were then further used to calculate the total interfacial free energy
of aggregation (Total AG) at close contact as separated in a
Lifshitz-Van der Waals (LW AG) and an acid-base (LW AG) part
[35].

DNA-Calcium binding/interaction

Isothermal Titration Calorimetry (IT'C) was used to measure the
binding affinity (Ka), enthalpy changes (AH), and binding
stoichiometry (n) of the interaction between Ca®* to DNA using
a MicroCal iTC 200. DNA at a concentration of 50 ng/ul
(measured using Nanodrop) or milliQ) water as a negative control
was mixed with CaCl, (final concentration 1.2 mM) and divided
into 25 injections, with an interval of 240 sec after each injection.
All measurements were performed at 25°C, with a reference
power of 5 pcal/sec and stirring speed of 800 rpm. Data was
analysed using Origin 7.0 software (MicroCal). Gibbs free energy
changes (AG) were determined using the relationship: AG = AH-
TAS where, AH is the enthalpy change, T is temperature (Kelvin)
and AS is the change in entropy.

Statistical analysis
The student’s t-test was used for statistical analysis and
differences were considered significant if p<<0.05.

Results

Quantification of eDNA in supernatants of planktonic
grown bacteria

Figure 1 shows that P. aeruginosa supernatant has the highest
amount of eDNA (6.5 pg/ml) followed by E. coli (4.5 pg/ml) and
A. hydrophilla (2.5 pg/ml). All Gram-positive (S. aureus, S. epidermidis
and E. faecalis) strains showed significantly less eDNA in its
supernatants averaging only 2 pg/ml. The optical density of
bacterial cultures (P. aeruginosa, A. hydrophila, S. aureus and S.
epidermidis) measured at various time intervals (0, 4, 8, 18 and 24 h)
did not show any significant difference (Fig. S1A). However,
fluorescence microscopy imaging revealed that planktonic cultures
of P. aeruginosa have more dead cells in comparison to S. aureus

(Fig. S1B).
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Influence of naturally occurring eDNA and addition of

Ca®* on bacterial aggregation

The settling of Gram-negative bacteria under gravity as a
consequence of aggregation was influenced more by the presence
of eDNA than aggregation of Gram-positive bacteria (Fig. 2A).
Untreated, heat inactivated DNase I and DNase I treated bacterial
cell preparations were incubated with added Ca®* at different
concentrations and assessed in aggregation assays. Figure 2A
illustrates the role of Ca®" in mediating bacterial aggregation in
the presence (including results of heat inactivated DNase I) and
absence of eDNA. In the absence of eDNA and added Ca*" all
three Gram-negative bacterial strains (P. aeruginosa, A. hydrophila,
and E. coli) responded with a significant decreases in settling. In
contrast, the Gram-positive bacteria (S. aureus, S. epidermidis and E.
Jaecalis) showed no significant difference in aggregation. However,
in the absence of eDNA, addition of Ca®* (10-1000 puM) resulted
in a significant reduction in aggregation for P. aeruginosa, E. coli, S.
aureus and E. faecalis but not for S. epidermidis. At biologically
relevant concentrations, Ca®* (1000 pM) resulted in a significant
increase in aggregation of A. hydrophila regardless of the presence of
eDNA, however in presence of eDNA the aggregation was
significantly higher than in its absence. Out of the six strains
considered the aggregation of S. epidermidis was unique in that it
was not influenced by the removal of eDNA.

The settling (aggregation) assay revealed that the presence of
eDNA (including results of heat inactivated DNase I) promoted
aggregation for all three Gram-negative bacterial strains used in
this study (P. aeruginosa, A. hydrophila and E. col) and two out of
three Gram-positive bacteria tested (S. auwreus and E. faecalis)
regardless of the Ca®" concentration. Further, addition of Ca**,
especially at 1000 pM, aggregation increased significantly, from
31% at 0 uM to 40% at 1000 uM for P. aeruginosa, 26% at 0 pM

PLOS ONE | www.plosone.org

to 32% at 1000 pM Ca®* for A. hydrophila, from 6% at 0 uM to
12% at 1000 uM Ca?* for . aureus and from 18% at 0 uM to 24%
at 1000 uM Ca®" for E. faecalis (Fig. 2A).

In the presence of naturally occurring eDNA and exogenously
added Ca®" (1000 uM) S. awreus and E. faecalis showed more
adhesion and aggregation in comparison to the presence of eDNA
alone. Interestingly, removal of eDNA by DNase I treatment
significantly decreased S. awreus and E. faecalis adhesion and
aggregation, regardless of added Ca®" (1000 pM) (Fig. 2B and C).

Influence of exogenous addition of DNA and Ca®* on
bacterial aggregation

The influence of added Ca®* and exogenous DNA on bacterial
aggregation was further investigated by incubating DNase I pre-
treated bacterial strains with and without addition of exogenous
DNA (1 pg/ml) and Ca®" (Fig. 3). After 90 min of incubation all
four strains tested (P. aeruginosa, A. hydrophilla, S. aureus and E.
Jaecalis) showed significant increases in bacterial aggregation in
addition of both DNA and Ca®" (1000 uM) in comparison to
aggregation in addition of Ca®* alone. Further, A. hydrophilla, S.
aureus and . faecalis showed significant increases in aggregation
when both DNA and Ca®' were added in comparison to
aggregation observed in the addition of DNA alone (Fig. 3).

Contact angle and surface thermodynamics of P.
aeruginosa before and after DNase | treatment and
addition of Ca**

Table 2 shows the changes in contact angle and surface energy
values of P. aeruginosa in the presence and absence of eDNA and
added Ca*". In the presence of eDNA P. aeruginosa lawns gave a
higher water contact angle of about 50°, indicating that the
bacterial cell surfaces are more hydrophobic in the presence of

March 2014 | Volume 9 | Issue 3 | 91935
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¢DNA than in its absence (contact angle about 30°). However,
addition of Ca®" did not influence the contact angle values aka
hydrophobicity of P. aeruginosa cell surface regardless of the
presence or absence of eDNA. Hydrophobicity determines surface
energles (potential of any surface to bind with other surface or
liquids/molecules through disruption/formation of bonds). The
surface energy components: Lifshitz-Van der Waals (arises from
entire bacterial cell body) which is generally attractive (due to
dipole interactions between molecules or between parts of same
molecules) values about 35 mJ/m® were not affected by the
presence or absence of eDNA or added Ca”®". However, the
electron donating and electron accepting parameters of the acid-
base component (arising from specific molecules present on
bacterial cell surfaces) that form the basis for the surface
hydrophobicity of bacterial cells was significantly different in the
absence of eDNA. Especially, in presence of eDNA the electron
donating group has surface energies about half the value
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(averaging 25 mJ/m? than in absence of eDNA, regardless of
added Ca*". This result indicates that in the presence of eDNA the
bacterial cell surface has low surface energies but strong
hydrophobic forces that promote aggregation.

Interfacial free energy of aggregation of P. aeruginosa
wildtype

Figure 4 shows the changes in interfacial aggregation energies of
P. aeruginosa at close approach in the presence and absence of
eDNA and added Ca®*. Lifshitz-Van der Waals aggregation
energies were negative averaging —3 mJ/m? regardless of the
presence of cDNA or Ca®* (Fig. 4A). However, in the presence of
eDNA acid-base aggregation energies were very low ranging from
0.5 at 0 pM Ca®" to 3 mJ/m? at 1000 pM Ca®" and much higher
(approximately 40 mJ/m?) in the absence of eDNA regardless of
addition of Ca®" (Fig. 4B). The total aggregation energies (a
combination of Lifshitz-Van der Waals and acid-base aggregation
energies) were close to zero (—2 at 0 pM Ca®* to 0.5 mJ/m” at
1000 uM Ca®") in the presence of eDNA, whereas in the absence
of eDNA the total aggregation energies remained high (approx-
imately 35 mJ/m? regardless of addition of Ca>" (Fig. 4C). In
brief, these results indicate aggregation in P. aeruginosa i3 a
consequence of coordination between hydrophobic forces and
acid-base interactions driven by the presence of specific surface
molecules (eDNA).

Thermodynamic of binding of Ca** with DNA

Figure 5 shows isothermal calorimetry analysis of the DNA-
calcium interaction. The results show a large increase in Kcal/mol
in the presence of DNA as Ca®" was introduced exogenously. In
the absence of DNA the Kcal/mol of Ca®" injection remained
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static regardless of the number of injections. The results indicate
that approximately 19 moles of Ca?' interacts with 1 mole of
DNA. The change in Gibbs free energy (AG) for the interaction is
—8.25 Kcal/mol, composed of change in enthalpy (AH) with a
value of —7.509 Kcal/mol and change in entropy (AS) at almost
zero (0.0025 Kcal/mol) at constant temperature (298 Kelvin).

Influence of added Ca®" in biofilm formation before and
after DNase | treatment and eDNA concentrations during
biofilm growth

Figure 6A shows that eDNA enhances total biofilm biomass of
Gram-negative bacteria. Addition of Ca®" further increased
biofilm biomass in A. hydrophila and E. faecalis over 24 h. In the
absence of eDNA Ca®" does not enhance biofilm biomass in any of
the strains used in this study. Further, figure 6B shows
concentration of eDNA increases with the increase in biofilm
growth time and is higher in Gram-negative bacteria than Gram-
positive bacteria.

Discussion

Recent discoveries reported that eDNA bind with various
biopolymers (polysaccharides, proteins) and metabolites (phena-
zines) produced by bacteria [21,36,37] and provides structural
integrity to bacterial self produced matrix and biofilm promotion
and stability. Likewise DNA, which is a negatively charged
molecule, binds with positively charged Ca®' via electrostatic
interactions [38]. In biofilm biology, divalent cations like Ca** are
primarily known for stabilizing bacterial cell walls and promoting
lonic cross bridging among bacterial cells. In this study it is shown
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that Ca®" binding with ¢eDNA facilitates bacterial cell-to-cell
aggregation and subsequent biofilm formation.

The significant increase in eDNA recorded in the supernatant of
P. aeruginosa in comparison to all other bacterial strains tested is
likely due to a combination of the active release of eDNA via
membrane vesicles/blebs [13,14] and through cell lysis mediated
by pyocyanin [8]. No significant differences in kinetics of P.
aeruginosa cell growth/density (OD) were observed in comparison
to other bacterial strains and none of the strains used in this study
are known to possess lytic proteins/enzymes. In contrast,
microscopy imaging revealed an increase in pyocyanin mediated
cell lysis and ultimately increased release of eDNA in P. aeruginosa
cultures [8]. However, the involvement of active release of eDNA
by membrane vesicles in Pseudomonas species cannot be ruled out.
Variations in the concentration of eDNA between strains likely
explain the differences in aggregation and biofilm formation
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behaviour between the bacteria used in this study. Gram-negative
bacterial strains showed significant decreases in aggregation when
eDNA was removed through DNase I treatment. In the presence
of biologically relevant Ca®* concentrations Gram-positive bacte-
ria showed significant increases in aggregation. Interestingly,
under conditions when both eDNA and Ca®" are present an
increase in bacterial aggregation was observed for 4 out of 6
bacterial strains and this increase is likely due to cationic bridging
interactions mediated by Ca** [23,24]. Microscopic evidence also
revealed that eDNA increased bacterial adhesion to surfaces and
Ca®" promotes aggregation or clustering of bacteria. Increased
bacterial adhesion to any kind of substratum surfaces by eDNA is
due to strong interaction/adhesion forces and mature bond
formation between bacterial cell surfaces in the presence of eDNA
and substratum surfaces triggered by physico-chemical forces

[17,39].
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Figure 7. eDNA mediated bacterial aggregation via acid-base
interactions and Ca?' assisted cationic bridging. Schematic
representation showing removal of eDNA influence acid-base interac-
tions, and Ca®* mediated cationic bridging between bacterial cells (B, D)
and consequently bacterial aggregation (A, C).
doi:10.1371/journal.pone.0091935.g007

Apart from cationic bridging interactions mediated by Ca®"
there are other influential factors that promote bacterial aggrega-
tion such as acid-base interactions. To investigate how acid-base
interactions and cationic bridging complement each other in
promoting bacterial aggregation we chose P. aeruginosa as model
organism because of its naturally high eDNA content in its
supernatant. In the presence of eDNA P. aeruginosa showed
significant increases in cell surface hydrophobicity and DNA being
a hydrophilic molecule likely interacts with hydrophilic (polar) sites
on the P. aeruginosa cell surface, leaving hydrophobic (non-polar)
sites unattended, consequently promoting hydrophobicity [18].
Surface thermodynamics analysis revealed that acid-base interac-
tions and total interaction energies are more favourable for
bacterial aggregation in the presence of eDNA when the free
energy values are close to zero or negative. However, on
hydrophobic or low surface energy surfaces hydrophobic forces
that are the basis of acid-base interactions, play an influential role
in promoting aggregation by repelling water and attracting
adjacent bacteria. Small positive values represent an extremely
low energy barrier that microbial cells can overcome due to the
presence of biopolymers such as eDNA and cell appendages that
extend hundreds of nanometers from the cell surface [40]. In
support of this, removal of eDNA resulted in large increases (more
than 50 fold) in the positive values in acid-base and total
interaction energies signify unfavourable for bacterial aggregation.

Interestingly, incubation of bacterial cells with Ca®* did not
influence acid-base interactions energies regardless of the presence
of ¢DNA, however, Ca®" influenced bacterial aggregation. This
indicates that Ca®* binding with eDNA promotes cationic bridging
only. Negative AG values in iTC data confirmed the interaction
between DNA and Ca?* and revealed that it is thermodynamically
favourable and the binding process is spontaneous and exothermic
(heat released during interaction) owing to its overall highly
negative enthalpy. A previous calorimetric study reported that the
presence of polypeptides (antigen I/II) on streptococcal cell
surfaces promotes highly negative enthalpy associated with high
heat release when binding with salivary protein [41]. Another iTC
study showed higher negative enthalpy when an S. awreus strain
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with fibronectin binding protein on its cell surface binds to
fibronectin in comparison to its mutant strain deficient in
fibronectin binding protein [42]. Coaggregation between bacterial
cells has been described as a consequence of interactions between
various molecules on bacterial cell surfaces [31]. Our results in
conjunction with previously published work using iTC on bacterial
binding with macromolecules and aggregation suggests that
negatively charged DNA molecules on bacterial cell surfaces will
readily bind Ca®" and promote aggregation.

Another study suggests that since most cells are negatively
charged, including bacteria, adsorption of Ca®" on bacterial cell
surface decreases electrostatic repulsion and therefore facilitates
adhesion and aggregation [31,43]. This also likely explains why in
presence of eDNA and Ca®" bacteria adhered and aggregated
more. At the bacterial cell surface, specific interactions could result
from the strong affinity of Ca”* at multiple functional sites. Ca®*
binds to several constituents of matrix including lipopolysaccha-
rides [44], polysaccharides [45,46] and teichoic acid [47]
enhancing ionic bridging between bacterial cells by the formation
of bridges between matrix/biopolymers sites having high affinity
for divalent cations. Since biofilm matrix can represent up to 90%
of the dry biofilm biomass [7] and eDNA is crucial for structural
integrity of matrix [37,48] and biofilm integrity [19], removal of
eDNA likely plays a role in the structural disintegration of matrix.
It should be noted that other biopolymers including polysaccha-
rides, proteins or RNA could influence the structural integrity of
biofilm matrices and bind with Ca®" (via electrostatic interactions)
affecting aggregation in a variety of bacterial strains. Studies
comparing other biopolymers and eDNA in facilitating matrix
integrity and aggregation through Ca*" binding have not been
undertaken. The results of the current study support the assertion
that cDNA plays a central role in promoting Ca”* regulated ionic
cross-bridging and subsequent aggregation in most of the bacterial
strains used in this study. Figure 7 illustrates for clarity how it is
envisaged that removal of eDNA disrupts bacterial matrix, affects
acid-base interactions and ionic-bridging and subsequent bacterial
cell-to-cell interactions (aggregation). For S. epidermidis aggregation
is not influenced by removal of eDNA by DNase I treatment is a
clear indication that eDNA did not influence cell-to-cell interac-
tion or matrix integrity. This is not surprising because it is well
documented that in many S. epidermidis strains matrix formation,
bacterial interactions and biofilm formation is primarily dependent
on polysaccharides [49,50]. S. epidermuidis, which is well known for
causing biomaterial-associated infection in humans produces
different types of extracellular polysaccharides that are responsible
for various roles ranging from bacterial adhesion to biofilm
formation and promoting virulence [51,52].

Ca®" is known to increase the production of extracellular
components such as proteins [26], and also induces virulence
factors by increasing pyocyanin production in P. aeruginosa biofilm
[53]. This observation is possibly due to modulation of genes
influencing excess secretion of extracellular protein and pyocyanin
and at the same time accumulation/trapping secreted proteins and
pyocyanin in a well integrated or cross bridged Ca**-eDNA-
polysaccharides matrix. In contrast, Ca®>" does not influence
release of eDNA under planktonic or biofilm growth conditions
(Fig. S2) but promotes bacterial aggregation and subsequent
biofilm formation. The biofilm consists of up to 90% of
biopolymers constituent matrix [7] and only a fraction of it
anchored to bacterial cell walls. The rest of the biopolymers
including eDNA available or bound with other matrix constituents
in biofilms plays an important role in modulating viscoelastic
properties of biofilms [54]. Viscosity influences the ‘sticky’
character of biofilm matrix/slime [13] and further promotes
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mechanical strength and protection of biofilms from antibiotics
and shear stress. The release of eDNA into planktonic culture
supernatant increases viscosity and may provide protection from
grazing or biocides. It could also promote transformation through
DNA uptake and represents an excellent source of nutrition. Ca”"
has been recently discovered to prevent interactions of antimicro-
bial agents such as quaternary ammonium compounds with
bacterial cell membrane [55] similarly eDNA impede antibiotics
(aminoglycosides) mediated bacterial cell lysis [56].

The knowledge gained in this study on the role of eDNA/Ca*"
interactions in bacterial aggregation and biofilm development and
previous reports published on eDNA in development of biofilms
and the protection of cells confirms that eDNA triggers strong
biofilm development. Hence in this era where efficacy of various
antibiotics and antibacterial agents are fading DNase I based
therapy could lead to efficient improvement in inhibition or
treatment of various bacterial infections. DNase I which is already
in use as an inhaler in the treatment of cystic fibrosis [57] could
also be extended in other clinical applications. This includes
engineering combinations of antibiotics with DNase I coatings on
biomedical implants, or design of DNase I based wound care gels.
Inclusion of DNase I in therapy will drastically reduce the initial
bacterial adhesion, matrix formation and strong biofilm formation
allowing the effective killing of remaining bacterial cells with the
minimal use of antibacterial agents.
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Figure S1 Quantification of bacterial cell growth/
density and fluorescence microscopy imaging of live
and dead cells in planktonic culture. Kinetics of growth of
bacterial (P. aeruginosa, A. hydrophila, S. aureus and S. epidermidis) cell
density (OD) in planktonic condition in LB medium measured at
various time intervals (0, 4, 8, 18 and 24 h) (A). Comparison of live
and dead cells in planktonic culture of P. aeruginosa and S. aureus
grown in LB medium for 24 h at 37°C in a static incubator using
fluorescence microscopy (scale bar 50 pum) (B).

(TIF)

Figure $2 Quantification of eDNA concentration as a
function of added Ca”' concentration. cDNA quantified in
planktonic culture of P. aeruginosa grown in LB medium for 24 h at
37°C in a static incubator in presence of added Ca®" (0, 1000 and
5000 pM).

(TTF)

Author Contributions

Conceived and designed the experiments: TD SA LK YW MM.
Performed the experiments: SS TD KS YW. Analyzed the data: SS TD
KS. Contributed reagents/materials/analysis tools: SS TD KS MM.
Wrote the paper: SS TD MM.

18. Das T, Krom BP, van der Mei HC, Busscher HJ, Sharma PK (2011) DNA-
mediated bacterial aggregation is dictated by acid-base interactions. Soft Matter
7:2927-2935.

19. Whitchurch CB, Tolker NT, Ragas PC, Mattick JS (2002) Extracellular DNA
required for bacterial biofilm formation. Science 295: 1487.

20. Mulcahy H, Laetitia CM, Lewenza S (2008) Extracellular DNA chelates cations
and induces antibiotic resistance in Pseudomonas aeruginosa biofilms. PLoS Pathog.
4: 11 e1000213.

21. Huseby MJ, Kruse AC, Digre J, Kohler PL, Vocke JA, et al (2010) Beta toxin
catalyzes formation of nucleoprotein matrix in staphylococcal biofilms. Proc Nat
Acad Sci USA 107: 14407-14412.

22. Chen CZ, Cooper SL (2002) Interactions between dendrimer biocides and
bacterial membranes. Biomaterials 23: 3359-3368.

23. De Kerchove AJ, Elimelech M (2008) Calcium and magnesium cations enhance
the adhesion of motile and nonmotile Pseudomonas aeruginosa on alginate films.
Langmuir 24: 3392-3399.

24. Fletcher M (1988) Attachment of Pseudomonas fluorescens to glass and influence
of electrolytes on bacterium-substratum separation distance. J Bacteriol. 170:
2027-2030.

25. Cruz LF, Cobine PA, De La Fuente L (2012) Calcium increases Xylella fastidiosa
surface attachment, biofilm formation and twitching motility. Appl Environ
Microbiol 78: 1321-1331.

26. Patrauchan MA, Sarkisova S, Sauer K, Franklin MJ (2005) Calcium influences
cellular and extracellular product formation during biofilm-associated growth of
a marine Pseudoalteromonas sp. Microbiology. 151: 2885-2897.

27. Van oss, CJ (1995) Colloids Surf B 5: 91-110.

28. Liu HH, Yang YR, Shen XC, Zhang ZL, Shen P, et al (2008) Role of DNA in
bacterial aggregation. Curr Microbiol 57: 139-144.

29. Davey CA, Richmond T]J (2002) DNA-dependent divalent cation binding in the
nucleosome core particle. Proc Nat Acad Sci USA 99: 11169-11174.

30. Haynes CA, Norde W (1995) Structures and stabilities of adsorbed proteins. J
Colloid Interface Sci. 169, 313-328.

31. Postollec F, Norde W, van der Mei HC, Busscher HJ (2003) Enthalpy of
interaction between coaggregating and non-coaggregating oral bacterial pairs —
a microcalorimetric study. J Microbiol Met 55: 241-247.

32. O’Toole GA (2011) Microtiter Dish Biofilm Formation Assay. J Vis Exp 47:
€2437.

33. Das T, Kutty SK, Kumar N, Manefield M (2013) Pyocyanin factilitates
extracellular DNA binding to Pseudomonas aeruginosa influencing cell surface
properties and aggregation. PLoS ONE 8: ¢58299.

34. Van Oss CJ] (1995) Hydrophobicity of biosurfaces — origin, quantitative
determination and interaction energies. Colloids Surf B Biointerfaces 5: 91-110.

35. Sharma PK, Rao KH (2003) Adhesion of Paenibacillus polymyxa on chal copyrite
and pyrite: surface thermodynamic and extended DLVO approaches Colloids
Surf B-Biointerfaces 29: 21-38.

36. Clare LK, Patrick HV (2010) Cell dispersal in biofilms: an extracellular DNA
masks nature’s strongest glue. Mol Microbiol 77: 801-804.

March 2014 | Volume 9 | Issue 3 | 91935



37.

38.

39.

40.

41.

43.

44.

46.

47.

48.

Goodman SD, Obergfell KP, Jurcisek JA, Novotny LA, Downey JS, et al (2011)
Biofilms can be dispersed by focusing the immune system on a common family of
bacterial nucleoid-associated proteins. Mucosal Immunol 4: 625-637.

Subirana JA, Lopez MS (2003) Cations as hydrogen bond donors: A view of
electrostatic interactions in DNA. Ann Rev Biophys Biomol Struct 32: 27-45.
Das T, Sharma PK, Krom BP, van der Mei HC, Busscher HJ (2011) Role of
eDNA on the adhesion forces between Streplococcus mutans and substratum
surfaces: influence of ionic strength and substratum hydrophobicity. Langmuir
27: 10113-10118.

Boks NP, Norde W, van der Mei HC, Busscher HJ (2008) Forces involved in
bacterial adhesion to hydrophilic and hydrophobic surfaces. Microbiol SGM
154: 3122-3133.

Xu CP, Betsy van de Belt-Gritter B, Busscher HJ, van der Mei HC, Willem
Norde W (2007) Calorimetric comparison of the interactions between salivary
proteins and Streptococcus mutans with and without antigen I/II Coll Surf B:
Biolnterfac 54: 193-199.

. Xu CP, Boks BP, De Vries J, Kaper HJ, Norde W, et al (2008) Staphylococcus

aureus-Fibronectin Interactions with and without Fibronectin-Binding Proteins
and Their Role in Adhesion and Desorption. Appl Environ Microbiol 74: 7522~
7528.

Bos R, van der Mei, HC, Busscher HJ (1999) Physico-chemistry of initial
microbial adhesive interactions — its mechanisms and methods for study. FEMS
Microbiol Rev 23, 179-230.

Van Veen HW (1997) Phosphate transport in prokaryotes: molecules, mediators
and mechanisms. Antonie van Leeuwen 72: 299-315.

. Aslam SN, Newman MA, Erbs G, Morrissey KL, Chinchilla D, et al (2008)

Bacterial polysaccharides suppress induced innate immunity by calcium
chelation. Curr Biol 18: 1078-1083.

Lattner D, Flemming HC, Mayer C (2003) 13C-NMR study of the interaction of
bacterial alginate with bivalent cations. Int J Biol Macromol. 33: 1-3.
Heptinstall S, Archibald AR, Baddiley J (1970) Teichoic acids and membrane
function in bacteria. Nature 225: 519-521.

Das T, Sehar S, Manefield M (2013) The roles of extracellular DNA in the
structural integrity of EPS and bacterial biofilm development. Environ Microb

Rep 5: 778-786.

PLOS ONE | www.plosone.org

1

49.

50.

51.

52.

53.

54.

56.

57.

58.

Calcium in eDNA Mediated Bacterial Aggregation

Ammendolia MG, Di Rosa R, Montanaro L, Arciola CR, Baldassarri L (1999)
Slime production and expression of the slime-associated antigen by staphylo-
coccal clinical isolates. J Clin Microbiol 37: 3235-3238.

Olson ME, Garvin KL, Fey PD, Rupp ME (2006) Adherence of Staphylococcus
epidermidis to biomaterials is augmented by PIA. Clin Orthop Relat Res 451: 21—
24.

Spiliopoulou Al, Krevvata MI, Kolonitsiou F, Harris LG, Wilkinson TS, et al
(2012) An extracellular Staphylococcus epidermidis polysaccharide: relation to
polysaccharid intercellular adhesin and its implication in phagocytosis BMC
Microbiol 12: 1-14.

Mc Kenney D, Hubner J, Muller E, Wang Y, Goldmann DA, et al (1998) The
wa Locus of Staphylococcus epidermidisEncodes Production of the Capsular
Polysaccharide/Adhesin. Infect Immun 68: 4711-4720.

Sarkisova S, Patrauchan MA, Berglund D, Nivens DE, Franklin MJ (2005)
Calcium-induced virulence factors associated with the extracellular matrix of
mucoid Pseudomonas aeruginosa biofilms. J Bacteriol 187: 4327-4337.

Peterson BW, van der Mei HC, Sjollema J, Busscher HJ, Sharma PK (2013) A
distinguishable role of eDNA in the viscoelastic relaxation of biofilms. MBio. 4:
€00497-13.

. Crismaru M, Asri LATW, Loontjens TJA, Krom BP, Vries J, et al (2011)

Survival of adhering Staphylococci during exposure to a quaternary ammonium
compound evaluated by using Atomic force microscopy imaging. Antimicrob
Agents Chemother 55: 5010-5017.

Chiang WC, Nilsson M, Jensen PO, Hoiby N, Nielsen TE, et al (2013)
Extracellular DNA shields against aminoglycosides in Pseudomonas aeruginosa
biofilms. Antimicrob Agents Chemother 57: 2352-2361.

Fuchs HJ, Borowitz DS, Christiansen DH, Morris EM, Nash ML, et al (1994)
Effect of aerosolized recombinant human DNase on exacerbations of respiratory
symptoms and on pulmonary function in patients with cystic fibrosis.
N Engl ] Med 331: 637-642.

Chong G (2010) Intercellular bacterial signaling in activated sludge. PhD thesis.
University of New South Wales. Available: http://oatd.org/oatd/
record?record = 0ai%>5C:unsworks.unsw.edu.au%5C:unsworks % 5C: 8952.

March 2014 | Volume 9 | Issue 3 | 91935


http://oatd.org/oatd/record?record=oai%5C:unsworks.unsw.edu.au%5C:unsworks%5C
http://oatd.org/oatd/record?record=oai%5C:unsworks.unsw.edu.au%5C:unsworks%5C

