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Across diverse habitats, bacteria are mainly found as biofilms, surface-attached commu-
nities embedded in a self-secreted matrix of extracellular polymeric substances (EPS),
which enhance bacterial recalcitrance to antimicrobial treatment and mechanical
stresses. In the presence of flow and geometric constraints such as corners or constric-
tions, biofilms can take the form of long, suspended filaments (streamers), which bear
important consequences in industrial and clinical settings by causing clogging and foul-
ing. The formation of streamers is thought to be driven by the viscoelastic nature of the
biofilm matrix. Yet, little is known about the structural composition of streamers and
how it affects their mechanical properties. Here, using a microfluidic platform that
allows growing and precisely examining biofilm streamers, we show that extracellular
DNA (eDNA) constitutes the backbone and is essential for the mechanical stability of
Pseudomonas aeruginosa streamers. This finding is supported by the observations that
DNA-degrading enzymes prevent the formation of streamers and clear already formed
ones and that the antibiotic ciprofloxacin promotes their formation by increasing the
release of eDNA. Furthermore, using mutants for the production of the exopolysacchar-
ide Pel, an important component of P. aeruginosa EPS, we reveal an concurring role of
Pel in tuning the mechanical properties of the streamers. Taken together, these results
highlight the importance of eDNA and of its interplay with Pel in determining the
mechanical properties of P. aeruginosa streamers and suggest that targeting the compo-
sition of streamers can be an effective approach to control the formation of these bio-
film structures.
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The extracellular matrix confers stability to biofilms (1, 2) and protects the bacterial
community against chemical and mechanical insults (3, 4). This protected environment
makes biofilm bacteria a major cause of chronic infections in clinical environments and
of clogging in industrial flow systems (5-8). The diverse biopolymers composing the
extracellular matrix form the three-dimensional scaffold of the biofilm and are responsi-
ble for both adhesion to the surface and cohesion within the biofilm. The extracellular
polymeric substances (EPS) include polysaccharides, proteins, extracellular DNA
(eDNA), and lipids; however, the composition can vary greatly depending on the
microorganisms present, the shear forces experienced, temperature, and nutrient avail-
ability (3). The chemical composition and the resulting intermolecular interactions
between EPS components drive the self-assembly of the components and determine the
structure and the mechanical properties of the biofilm network (9—12). The rheological
signature of biofilms is a viscoelastic response to external forces, characterized by an
instantaneous elastic deformation followed by a viscous flow, which allows dissipation
of long-lasting stresses without structural failure (13). This rheological behavior is key
to biofilm persistence in flow (14, 15) and allows biofilms to adapt their architecture to
colonize very diverse environments (16-18).

Streamers are perhaps the most profound example of biofilm structural specialization in
response to environmental conditions (19-21). When the viscoelastic biofilm matrix is
subjected to the hydrodynamic forces generated by flows, biofilms can take the form of
long filamentous suspended structures, the streamers, which increase the carrying capacity
of biofilms in natural ecosystems (22). Indeed, their localization within the bulk fluid
flow, in contrast to the thin-film morphology of surface-associated biofilms, confers
streamers a greater impact on the uptake of microorganisms and debris flowing by and
clogging (23, 24). Structures morphologically similar to streamers can also be formed by
abiotic materials in flow, as shown by flowing a suspension of polyacrylamide and polysty-
rene particles through a porous structure (25). Aggregation processes and the viscous
nature of the polymeric matrix play a crucial role in the formation of these filamentous
structures (26, 27). These observations suggest that streamer formation is driven by multi-
ple factors, including the local three-dimensional hydrodynamic profile and EPS
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mechanical properties, in addition to bacterial physiology. Yet, to
date, a mechanistic link between extracellular matrix composition,
the interaction between components, and the streamers’ mor-
phology and rheology is still not established. This is in part due
to the suspended nature of streamers, which makes it particularly
challenging to measure their physicochemical properties without
adequate in situ measurement techniques (21).

The opportunistic pathogen Pseudomonas aeruginosa is one of
the best-characterized model organisms in the study of biofilm
development (28-32). It forms biofilms in diverse habitats,
including soil, rivers, medical devices, and human organs (6, 33,
34), with different architectures: In the surface-attached morphol-
ogy, P. aeruginosa biofilms often show a characteristic mushroom-
like shape (35, 36), whereas in a flowing fluid they can form
streamers (19, 20, 23). P. aeruginosa can synthesize three exopoly-
saccharides: alginate, Pel, and Psl (37). Alginate production is
typical of mucoidal strains isolated from patients with chronic pul-
monary infections and is usually lost upon domestication (28).
Most environmental and clinical isolates produce the polysaccha-
ride Pel and some also produce the polysaccharide Psl (17,
37-40). Psl promotes early colony formation, increases elasticity,
and strengthens the scaffold of biofilms, whereas Pel promotes
adhesion among cells and to surfaces, decreases biofilm viscosity,
thereby increasing the ability to spread on surfaces (17), and pro-
vides protection against antibiotics (39). In strains deficient in the
Psl gene cluster, such as PA14, Pel is the primary exopolysacchar-
ide and forms the scaffold of the entire biofilm (29, 30, 39, 41).
In addition to polysaccharides, a protein, the extracellular adhesin
CdrA, contributes to the structural stability of the biofilm matrix
(42, 43).

eDNA is a functional component of P. aeruginosa biofilms
(44-46). eDNA was initially considered a minor component,
primarily relevant as a gene pool to be exploited for horizontal
gene transfer (47), but its contribution to biofilm formation
has been recently reevaluated (45, 46, 48). The presence of
eDNA has also been documented in single- and multispecies
biofilms formed in different environments (35, 49-58) by
Staphylococcus aureus (49, 51, 52, 59), Myxococcus xanthus (53),
Burkholderia cenocepacia (54), Staphylococcus epidermidis (51,
55), and Bacillus subtilis (56) and in mixed environmental sam-
ples (50, 57, 58). eDNA is released by cell death and lysis,
which mainly occur in the interior of biofilms (e.g., the stalk of
the mushrooms) (44, 60, 61). Explosive cell lysis is triggered by
the SOS response that is induced by genotoxic stress, such as
ultraviolet radiation or treatment with sub-MIC (minimum
inhibitory concentration) of fluoroquinolone antibiotics,
including ciprofloxacin (60). Thanks to the binding capability
of the highly charged DNA molecule, eDNA protects the
community from antimicrobials and antibiotics (62, 63). Addi-
tionally, eDNA promotes cell-cell adhesion (44) and biofilm
self-organization (64) and enables the formation of a stable bio-
film structure, as indirectly demonstrated by the degradation of
biofilms by treatment with DNase I (45, 65), a nonspecific
nuclease that cleaves DNA. Nevertheless, a quantification of
the impact of eDNA and its interaction with the other compo-
nents of the biofilm matrix on the rheological properties of
biofilms is still missing.

Lectin staining has shown that Pel, composed of positively
charged amino sugars, binds eDNA in the stalk of the mush-
room structures in mature biofilms, conferring structural stabil-
ity (35, 66). Biochemical analysis has recently shown that Pel
also binds to CdrA, protecting it from proteolysis (42). Due to
their opposite charges, Pel and eDNA cross-link by ionic bond-
ing. The ionic-binding mechanism between Pel and eDNA is
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pH-dependent, since Pel is cationic until the isoelectric point at
pH 6.7 to 6.9, where Pel carries no charge (35). This finding
suggests that chemical heterogeneity within a biofilm (67) can
influence Pel’s ability to bind to eDNA and, consequently, its
localization within the biofilm structure. To date, eDNA—Pel
colocalization and cross-linkage have been investigated in the
mushroom architecture of surface-attached biofilms (35), but
the influence of the eDNA—Pel interaction on streamer forma-
tion and rheological properties has remained unknown.

In this work, we analyze the distinct role of eDNA and Pel
in the formation of P. aeruginosa streamers and show how their
interaction tunes their rheological properties. We show that
eDNA is the constitutive element of the backbone of streamers,
essential for their formation and stability. This finding allows
controlling the formation of streamers. Treatment with DNase
I, a nonspecific nuclease that cleaves DNA, completely sup-
presses their formation and clears already formed streamers in
the wild-type strain. The efficacy of the treatment is reduced in
Pel-overproducing strains, due to the protecting action of Pel.
On the other hand, sublethal concentrations of ciprofloxacin,
an antibiotic known to induce cell lysis (60), can paradoxically
stimulate the formation of streamers. This effect is due to the
release of bacterial eDNA in the flowing solution that is cap-
tured by the streamers. By varying the composition of the EPS
using Pel-mutant strains, we show that an increase in the Pel
content determines an increase in the elastic modulus and the
viscosity of the matrix, indicating that eDNA-Pel interaction
results in stiffer streamers. Taken together, these findings
provide a mechanistic understanding of the structural role of
different matrix components in the formation of P. aeruginosa
biofilm streamers.

Results

eDNA Represents the Backbone of Biofilm Streamers. Obstacles
in a flow field act as a tethering point for the formation of bio-
film streamers. This scenario, which occurs, for example, in
porous media, in the human body and filters, can be recapitu-
lated in its simplest form by isolated pillars in a microfluidic
channel. In our microfluidic platform, reproducible formation
of streamers could be achieved on 50-pm-diameter, isolated pil-
lars (Fig. 14 and Materials and Methods) exposed to a constant
flow of a diluted suspension of P. aeruginosa PA14. Fluores-
cence and phase-contrast video microscopy were used to charac-
terize the dynamics and composition of streamers during their
formation (Fig. 1 B-D). The first strands formed after 3 to 5 h,
and after about 10 to 15 h they had become millimeter-long
stable filaments (Fig. 1B). Around each pillar, we observed the
formation of two symmetric streamers, tethered on the side of
the pillar and suspended at channel middepth (Fig. 1A4). At the
flow velocities used in our experiments, bacterial cells, in addi-
tion to colonizing the inner walls of the microfluidic channel,
attached to the side of the pillar facing the flow (68) and EPS
accumulated around the curved pillar surface (19) before being
extruded by downstream flow (27). Biomass accumulation is
recognized as the dominant mechanism for streamer initiation
(22) and is promoted by the secondary flow around the curved
surfaces (19), while the extrusion process is favored by the
extensional component of the flow downstream of the pillar.
This experimental system allowed us to identify the spatial
localization of different components of streamers: Bacterial cells
were visualized with phase-contrast microscopy (Fig. 1B), while
eDNA and Pel were visualized by epifluorescence microscopy
after staining with propidium iodide (PI) (Fig. 1C) and
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~Bacterial cells,

Fig. 1. eDNA is a major component of PA14 biofilm streamers. (A) Schematic of a biofilm streamer formed around a pillar, due to the combined action of
the main flow (gray arrows) and the secondary flow (color scale). The x (gray arrows) and the z component (color scale) of the flow velocity around a 50-um
pillar were numerically computed (COMSOL Multiphysics) for a mean flow velocity of 500 um/s. (B-D) Representative phase-contrast and fluorescence
images of a portion of the biofilm streamers formed by P. aeruginosa PA14 WT cells attached to a 50-pm pillar within a microfluidic channel after 20 h of con-
tinuous flow of a dilute bacterial suspension at U = 2 mm/s. (E) Magnified view of C. The white arrow indicates corresponding points in the figures. Images
were taken at channel middepth. Bacterial cells were imaged in phase contrast (B), eDNA was stained using red-fluorescent PI (2 ug/mL; B, C, and E) and Pel

was stained using green-fluorescent WFL (50 pg/mL; D).

Wisteria floribunda lectin (WFL) (Fig. 1D), respectively (Mate-
rials and Methods). Cell aggregates were mainly located in the
first 200 pm downstream from the pillar, whereas further
downstream we mainly observed single bacteria embedded in
the streamers (Fig. 1B). Both Pel and eDNA were present on
the filament: eDNA was homogeneously distributed along the
streamer (Fig. 1 B and (), whereas Pel was mainly colocalized
with cell aggregates, resulting in a higher abundance in the
region of the filament closer to the pillar (Fig. 1D). We
observed a continuous red Pl-stained thread in all the stream-
ers, suggesting that bundles of eDNA connect the bacterial cells
within the streamers (Fig. 1 Cand E). The continuous distribu-
tion of eDNA within streamer filaments indicates that eDNA
formed the backbone structure of the streamers (Fig. 10),
whereas Pel was localized in micrometer-sized patches, mainly
located in the cells’ clusters (S Appendix, Fig. S1).

The Morphology and Mechanical Properties of Streamers
Depend on Pel Abundance. Pel is not essential for the forma-
tion of streamers, but it has an impact on their morphology.
The role of Pel was determined by comparing the streamers
formed by the wild-type strain (PA14 W7), a mutant strain
lacking the ability to produce Pel (PA14 ApelE), and a Pel-
overproducer strain (PA14 AwspF). All three strains produced
millimeter-long streamers, on the same timescale (Fig. 2 A-C).
WFEFL staining confirmed that PA14 ApelE streamers lacked Pel
(Fig. 2F and SI Appendix, Fig. S1A), while Pel-overproducer
streamers showed a 10-fold increase in the quantity of Pel com-
pared to WT (Fig. 2F and SI Appendix, Fig. S1B). Pel-deficient
streamers were on average 3.03 mm + 0.03 mm long after
22 h, marginally (~10%) longer than W7 streamers and
approximately twice as long as Pel-overproducer streamers,
which reached an average length of 1.47 mm + 0.28 mm (Fig.
2D). Differences in Pel content also affected the average diame-
ter of streamers, which we measured at different distances from
the pillar (Materials and Methods). After 22 h, WT streamers
display a diameter djso = 10 pm + 0.2 pm in the vicinity of
the pillar and dso0 = 5 pm + 0.3 pm in the downstream
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region. Compared to W7 streamers, after 22 h Pel-deficient
streamers showed a diameter 4,59 = 8.4 pm + 0.2 pm (~15%)
in the vicinity of the pillar, which is 15% smaller compared to
WT (Fig. 2E). Instead, the diameter of Pel-overproducer
streamers near the pillar was comparable to the W7 one after
15 h (dyso = 8.9 pm + 0.3 pm for W7 and 459 = 8.3 pm %
1.2 pm for AwspF) and double that of W7 streamers after 22 h
(diso = 10 pm + 0.2 for W7 and diso = 18.6 pm + 1.6 pm
for AwspF). The trend is inverted in the downstream portion
of the filament, where the diameter of the Pel-overproducer
strain was approximately half that of W7 streamers (Fig. 2E).
Data on streamers’ geometry were quantified over 25 replicates.
Cell aggregates were also mainly located in the vicinity of the
pillar (Fig. 2 A-C). Pel-deficient streamers (Fig. 24) had sub-
stantially fewer and smaller cell clusters than W7 streamers
(Fig. 2B), while in Pel-overproducer streamers bacterial aggre-
gates were larger and more abundant (Fig. 20).

Despite the differences in morphology associated with the
different amounts of Pel, the quantity of eDNA per unit length
of the streamer, /g, as assessed by the red fluorescence inten-
sity of PI staining (Materials and Methods and SI Appendix, Fig.
S2), was comparable in the three strains and showed the same,
increasing trend with time (Fig. 2G). This trend is linear from
5 h onward (Fig. 2G) and is consistent with the previously pro-
posed filtration model (22, 23, 27), which attributes the
streamer’s growth to the addition of mass captured by the
streamer from the flowing fluid. This dynamics contrasts with
the differences in biofilm growth on the surface among the
three strains, which was determined by analyzing the coloniza-
tion of the horizontal surface of the microfluidic channel and
the vertical surface of the pillar. In terms of surface coverage,
quantified as the fraction G, of the surface covered by bacte-
ria, the Pel-deficient strain shows the lowest surface growth,
with Cu¢ < 4% after 14 h (Fig. 2J), closely followed by the
WT (Cours = 5%). In line with this observation, W7 and ApelE
showed limited colonization of the pillar surface compared to
the AwspF mutant, as quantified by the red fluorescence inten-
sity on the pillar, jpm (Fig. 2H). The Pel-overproducing strain
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Fig. 2. Pel affects the morphology of PA14 biofilm streamers. (A-C) Representative overlaid phase-contrast (bacterial cells) and red fluorescence (eDNA)
images of the biofilm streamers formed by P. aeruginosa PA14 Pel-deficient (ApelE) (A), WT (B), and Pel-overproducing (AwspF) (C) cells attached to a 50-um
pillar after 15 h of continuous flow of a dilute bacterial suspension at U = 2 mm/s. The images are representative of the streamer morphology obtained
with the different mutant strains. (D) Length of streamers after 15 h (filled symbols) and 22 h (open symbols) of continuous flow, measured from fluores-
cence images for ApelE, WT, and AwspF strains. (E) Diameter of streamers in the vicinity of the pillar (150 pm from the pillar, ds0) (green triangles) and in the
downstream region (400 pm from the pillar, dago) (blue circles) after 15 h (filled symbols) and 22 h (open symbols) of continuous flow, measured from fluo-
rescence images for the three strains. (F) Green fluorescence intensity of streamers, Ip, corresponding to the Pel content, for the three strains after 24 h.
(G) Red fluorescence intensity of streamers, I, corresponding to the eDNA content, as a function of time (red squares, ApelE; blue circles, WT; green
triangles, AwspF). (H) Red fluorescence intensity measured on the pillar surface, 7pi||, as a function of time for the same suspensions as G. (/) Coverage of the
bottom surface of the channel, Cg+, as a function of time for the same suspensions as G and H. Error bars represent the SEM.

displayed greater surface growth, leading to five times higher
surface coverage (Fig. 2/) and seven times higher biomass accu-
mulation on the pillar (Fig. 2H) in comparison with the W7
strain.

Pel not only affects the morphology of the streamers but also
their viscoelastic behavior. We studied streamer rheology in situ
using a newly developed technique that relies on measuring the
deformation of the filaments in response to a controlled variation
of fluid shear (Materials and Methods) (69). Specifically, streamers
grown at a flow velocity of 2 mm/s were deformed by suddenly
exposing them to a flow velocity of 4 mm/s for 5 min. We
observed that streamers underwent a deformation typical of vis-
coelastic materials: On a timescale of seconds, they displayed an
elastic deformation, which was recovered once flow velocity was
lowered, followed by a slow viscous deformation on a timescale
of minutes (S Appendix, Fig. S3). All three strains exhibited
this viscoelastic deformation; however, the elastic modulus £
and the effective viscosity # associated with the deformation
depended on the Pel content. The elastic modulus of WT
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streamers (E = 5.1 kPa + 0.9 kPa) was double that of Pel-
deficient streamers (£ = 2.5 kPa + 0.5 kPa) and 30% smaller
than that of Pel-overproducer streamers (£ = 7.2 kPa +
0.9 kPa) (Fig. 34, Inset). The impact of Pel abundance on the
effective viscosity was even more pronounced: W7 streamers
had approximately a fivefold higher effective viscosity (7 =
11.6 MPa s + 1.7 MPa s) than Pel-deficient streamers ( = 2.7
MPa s + 0.5 MPa s), while Pel-overproducing streamers had a
viscosity 2.5-fold greater than W7 streamers (7 = 25.3 MPa s +
2.9 MPa s) (Fig. 3B, Inset). Therefore, since both E and 7
increased with increasing Pel abundance, we conclude that Pel
causes stiffening in the viscoelastic response of biofilm streamers
(Fig. 3).

The formation of streamers by P. aeruginosa was also observed
under more acidic and more alkaline conditions. The variation in
pH did not affect streamer morphology; however, variation in
pH altered the rheological properties of the streamers (57
Appendix, Fig. S4). On the other hand, the matrix protein CdrA,

which has been shown to make a critical contribution to robust
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Fig. 3. Pel stiffens biofilm streamers. (A) Elastic modulus, E, of biofilm streamers formed by P. aeruginosa PA14 ApelE (red), WT (blue), and AwspF (green)
cells attached to a 50-pm pillar. Points show the average of the five independent average values associated to each bacterial batch. The data were collected
for five independent bacterial batches, each one prepared on a different day. The error bar is the SEM. Values were obtained by analyzing the deformation
in situ of a portion of flament between 400 pm and 1 mm from the pillar. (Inset) The elastic modulus is rescaled by the elastic modulus of PA14 WT, E/Ews.
(B) Effective viscosity, 7, measured in the same experiments as A. (Inset) The effective viscosity is rescaled by the viscosity of PA14 WT, n/ywr. Error bar repre-

sents the SEM.

biofilm formation in flow cells by PA14 due to its capacity to
bind to Pel (42), does not affect the formation or the mechanical
properties of PA14 streamers (S/ Appendix, Fig. S5).

eDNA Degradation Prevents Streamer Formation. DNA deg-
radation caused by treatment with the enzyme DNase I
completely prevented the formation of streamers by PA14 W7,
demonstrating that eDNA is an essential structural component
of streamers in PA14. PA14 W7 did not form any streamers
over 24 h when treated with DNase I solution, together with
its activators CaCl, and MgCl,, from the start of the experi-
ment (Fig. 4 A, C, and D and SI Appendix, Fig. S61). DNase
treatment also prevented the accumulation of biomass around
the pillar (Fig. 4 C and E). Phase-contrast imaging confirmed
that streamers were not formed under DNase I treatment (S7
Appendix, Fig. S6 B, D, F, and H). Control experiments with
only CaCl, and MgCl, revealed streamer formation (87
Appendix, Fig. S6 A, C, E, and G), confirming that DNase I
was responsible for preventing streamer formation. In contrast
to its effect on streamers and on the pillar surface, DNase I
treatment only modestly hampered biofilm presence on the
channel’s bottom surface, reducing bacterial surface-coverage
Ciurt by about 50% (Fig. 4F): this supports the conclusion that
eDNA is more important (in fact, essential) in the formation of
streamers than in the formation of surface-attached biofilms.
By focusing on early-stage biofilm formation (# < 24 h), we did
not investigate the maturation of the biofilm, which according
to the literature is prevented by DNase I (45). In the Pel-
deficient case, DNase I also completely prevented streamer for-
mation and biofilm accumulation around the pillar surface, but
its effect on the channel’s surface was even weaker than for the
WT (SI Appendix, Fig. S7 and Fig. 4 D-F).

An overproduction of Pel in the biofilm formed by PA14
AwspF displayed a reduced effect of the DNase I treatment,
represented by an ~60% reduction in streamer formation and
colonization of the pillar surface (Fig. 4 D and F). Additionally,
the thickness of the biofilm on the pillar measured using phase-
contrast microscopy seemed to increase during the treatment
with DNase I and had an opposite trend compared to the PI
fluorescent signal (Fig. 4F and SI Appendix, Fig. S8 A-E). The
biofilm structures that survive the DNase I treatment showed a
high Pel content, as observed by staining Pel with WFL in the
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biofilm remaining after the treatment (S/ Appendix, Fig. S9 C
and G). eDNA is colocalized with Pel within these structures,
as shown by staining (S/ Appendix, Fig. S9 D and H). This sug-
gests that Pel protects eDNA from the DNase I treatment. In
line with the higher surface colonization ability of PA14 AwspF
(Fig. 21), surface coverage was not affected by DNase I treat-
ment (S/ Appendix, Fig. S8 G and Fig. 4F), confirming that Pel
plays a prominent role in the formation of a surface-attached
biofilm.

To understand whether DNase I treatment could also effec-
tively remove streamers after their formation, we exposed estab-
lished streamers of PA14 W7 and PA14 AwspF to DNase 1.
This treatment completely removed a 21-h PA14 WT streamer,
along with the biomass on the pillars, within 30 min (Fig. 4 /
and J and S/ Appendix, Fig. S6 P and (), whereas it only
reduced biofilm presence on the channel’s surface by 17% (Fig.
4I). Phase-contrast microscopy confirmed that DNase I treat-
ment completely removed streamers (87 Appendix, Fig. S6). In
contrast, streamers formed by PA14 AwspF were reduced by
20% (Fig. 47 and SI Appendix, Fig. S8 H) and almost unaffected
observing the Pel-rich biofilm formed around pillars (Fig. 4/
and S7 Appendix, Fig. S8 0). The biofilm on the channel’s sur-
face was also unaffected and continued to increase during the
treatment, showing a 15% increase during the 3-h treatment
(Fig. 4K and SI Appendix, Fig. S8P).

To explore and highlight the consequences of DNase I treat-
ment on streamer formation in topographically more complex
environments, we performed experiments with PA14 W7 in a
microfluidic model of a porous medium composed of thou-
sands of identical pillars. When a dilute suspension of PA14
WT was flown through the porous medium, two different bio-
film morphologies could be identified: In the first millimeter, a
dense biofilm clog formed, whereas the downstream pillars sup-
ported a dense network of streamers, each akin to those
observed on isolated pillars (S Appendix, Fig. S104). DNase I
treatment prevented clogging when started before streamers for-
mation (S Appendix, Fig. S10 and Movie S1) and reduced
clogging when started after a mature streamer network had
formed (SI Appendix, Fig. S11 and Movie S2). When DNase I
was added to the flow from the beginning of the experiment,
no streamers formed for the 23 h of the experiment (S
Appendix, Fig. S10 B and C and Movie S1). This observation
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Fig. 4. DNase | prevents biofilm streamer formation. (A) Schematic of the flow configuration during the experiment in which DNase | flow is injected at the
beginning of the experiment. (B and C) Representative fluorescence images of biofilm streamers formed by P. aeruginosa PA14 WT cells attached to a 50-pm
pillar after 24 h of continuous flow of a dilute bacterial suspension at U = 2 mm/s untreated (B) or treated (C) with 1 mg/mL DNase I. (D-F) Reduction in com-
parison to a control channel with no DNase treatment, Ry, after 24 h of DNase | treatment calculated for the fluorescence intensity of the streamers, Istr,
(D), reduction, Ry, in the fluorescence intensity of the biofilm around the pillar surface, 7pm, (E), and reduction, Rsr, in the surface coverage, Csu, (F), for
P. aeruginosa PA14 ApelE (red), WT (blue), and AwspF (green). (G and H) Representative fluorescence images of the biofilm streamers formed by P. aeruginosa
PA14 WT cells attached to a 50-um pillar after 21 h of continuous flow of an untreated diluted bacterial suspension at U = 2 mm/s (G) and of the same
streamer after 3 h of treatment with 1 mg/mL DNase | (H). (/-K) Reduction in comparison to a control channel with no DNase treatment, Ry, for the signal
after 3 h of DNase | treatment of streamer formed after 21 h of continuous flow of an untreated dilute bacterial suspension for the fluorescence intensity
of the streamers, Is, (/), reduction, Ry, in the fluorescence intensity of the biofilm around the pillar surface, 7pi”, (/), and reduction, Rg, for the surface

coverage, Cqu (K) for P. aeruginosa PA14 WT (blue) and AwspF (green).

further strengthens the conclusion that eDNA filaments are the
structural elements of streamers, which in turn cause clogging.
Thus, preventing the formation of streamers by removing
eDNA could avoid or delay clogging. In experiments in which
a 20-h WT streamer network was treated with DNase I, the
efficacy of the treatment depended on the biofilm morphology.
While eDNA in the clog was removed, resulting in shrinkage
of the biofilm (87 Appendix, Fig. S11 A and B), some biomass
remained, which most likely was composed of Pel (87 Appendix,
Movie S2). In contrast, the network of streamers was efficiently
removed by DNase I (S/ Appendix, Fig. S11 C and D), con-
firming that in PA14 W7 eDNA is essential for the integrity of
streamers (S/ Appendix, Movie S2). The formation of biofilm
streamers and the inhibition of their formation with DNase I
was found to be a consistent feature across other P. aeruginosa
strains and mutants with different polysaccharide composition
of the extracellular matrix (S7 Appendix, Fig. S12).

Antibiotic-induced eDNA Release Promotes Streamer
Formation. In further experiments, we observed that a higher
abundance of eDNA resulted in thicker streamers. The eDNA
concentration in the system can be increased by exposing bacte-
ria to ciprofloxacin, an antibiotic that induces cell lysis and
consequently the release of cytosolic contents, including DNA
(60, 70). We performed experiments in which PA14 WT cells
were exposed to three ciprofloxacin concentrations below the
MIC, namely 0.005 pg/mL, 0.01 pg/mlL, and 0.02 pg/mlL, as
they were flown through the microfluidic device with isolated
pillars (Materials and Methods and SI Appendix, Fig. S13). We
observed that increasing concentrations of ciprofloxacin caused
an increase in the diameter of the streamer (Fig. 5 A-D) and in
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the eDNA concentration in the streamer, measured as the aver-
age red fluorescent intensity, 7y, (SI Appendix, Fig. S13B). The
difference between the different ciprofloxacin concentrations in
I was initially small (# < 15 h; dotted line in SI Appendix,
Fig. S13B and red open triangles in Fig. 5E) and then rapidly
increased (SI Appendix, Fig. S13B). After 24 h, I, was 10-fold
higher in streamers exposed to 0.02 pg/mL of ciprofloxacin
than in the untreated control (red filled triangles in Fig. 5E).
I was linearly correlated with ciprofloxacin concentration at
both 15 h and 24 h (Fig. 5E). The same trend was displayed by
the concentration of single-stranded DNA (ssDNA) measured
in the effluent of the devices (Materials and Methods and gray
squares in Fig. 5E). Taken together, these data suggest that the
increase in diameter of streamers is determined by an increased
concentration of eDNA.

Ciprofloxacin caused a slight decrease in bacterial surface
coverage, G, which showed a maximal 10% reduction at the
highest ciprofloxacin concentration tested (SI Appendix, Fig.
S13Cand Fig. 5)). However, the treatment increased the abun-
dance of eDNA on the surface and promoted the development
of a network of eDNA filaments, originating from the lysis of
single cells and then spread downstream by the flow (Fig. 5
F-]). We quantified the eDNA increase on the surface by mea-
suring the average red fluorescent intensity of the surface,
T urface (red circles in Fig. 5/ and Materials and Methods). 7 cuface
increases linearly with the antibiotic concentration and there-
fore ssDNA in solution. The highest ciprofloxacin concentra-
tion tested showed a 10-fold increase in /gygce compared to
the control. This observation strengthens the hypothesis that
the increased growth of streamers is due to higher eDNA con-
centration in solution rather than cell capture, since the
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Fig. 5. Ciprofloxacin increases biofilm streamer formation. (A-D) Representative fluorescence images of the biofilm streamers formed by P. aeruginosa
PA14 WT attached to a 50-um pillar after 24 h of continuous flow at U = 2 mm/s of a dilute bacterial suspension containing ciprofloxacin at concentrations
of 0 pg/mL (A), 0.005 pug/mL (B), 0.01 pg/mL (C), and 0.02 pg/mL (D). Images were taken at channel middepth. (£) Concentration of ssDNA in solution (gray
squares, left axis) and average red fluorescence intensity of the streamers, s, (red triangles, right axis) as a function of ciprofloxacin concentration, mea-
sured after 15 h (open symbols) and 24 h (filled symbols) of continuous flow of a dilute PA14 WT suspension. Error bar represents the SEM. (F-/) Fluores-
cence images of the eDNA network formed on the surface in the same channels as A-D, with ciprofloxacin at concentrations of 0 pg/mL (F), 0.005 ug/mL (G),
0.01 pug/mL (H), and 0.02 pg/mL (/). Images were taken on the glass surface of the channel 3 mm upstream from the pillar. (/) Surface coverage (percentage),
Csurf (black triangles, left axis) and red fluorescence intensity, /syace, Measured on the horizontal surface of the channel (red circles, right axis) as a function
of ciprofloxacin concentration, measured after 15 h (open symbols) and 24 h (filled symbols) in the same conditions as A-D. Error bar represents the SEM.

numbers of cells on the surface of the channel and in the efflu-
ent solution actually slightly decreased with increasing antibi-
otic concentration, whereas the concentration of eDNA in the
effluent solution and on the surface notably increased (Fig. 5
E-]). The decrease in the number of cells can be attributed to
stress-induced explosive lysis causing the death of a limited por-
tion of the population.

A similar trend was observed with the Pel-deficient PA14
ApelE mutant (SI Appendix, Fig. S14 A, B, and E), which
showed a slight increase in streamer size with increasing cipro-
floxacin concentration, and in the Pel-overproducing PA14
AwspF mutant (SI Appendix, Fig. S14 C-E), which showed a
more pronounced increase in streamer diameter. We thus spec-
ulate that the absence of Pel reduces the eDNA binding sites
available on the streamers and consequently its absorption, thus
reducing the size of the streamers. Similarly, Pel overproduction
enhances eDNA absorption and streamer growth.

Discussion

We have shown that eDNA is the fundamental structural com-
ponent of P. aeruginosa biofilm streamers. Our observations
demonstrated that the backbone of biofilm streamers consists
of eDNA. The exopolysaccharide Pel is a further component of
streamers, yet not an essential one, since a Pel-deficient mutant
was still able to form streamers. In previous work (19, 20, 23),

PNAS 2022 Vol.119 No.12 2113723119

a Pel-deficient mutant did not form streamers in geometries
where the filament had to cross the streamlines of the flow, as
is the case in a channel with a series of corners. In contrast, our
results in a geometry in which streamer growth occurred along
the direction of streamlines show that a Pel-deficient mutant
did form millimeter-long streamers. We hypothesize that the
extensional component of the flow around the pillar may have
favored the formation of streamers. Indeed, as previously shown
using A-phage DNA, a shear flow can induce and control the
assembly of DNA, when the condition y 7 > 1 is satisfied,
where y is the flow shear rate and 7 is the relaxation time of the
DNA molecule (71, 72). In our configuration (SI Appendix) we
are indeed in the regime where the flow can favor DNA assem-
bly and consequently the creation of streamers.

Our data indicate that the quantity of Pel secreted by bacte-
ria affects the morphology of streamers. The Pel-deficient strain
was found to have limited coverage of the flat surface, as
reported in previous work (30, 38, 39), in which deficiency in
Pel production was found to reduce the surface colonization
ability and prevent the formation of a mature surface-attached
biofilm. We found that Pel also promotes the formation of cell
aggregates along the streamer and is mainly localized within
these aggregates, whereas eDNA forms the millimeter-long con-
tinuum thread that supports the streamer structure. Interest-
ingly, an increase in Pel corresponds to an increase of bacterial
aggregates, supporting the idea that Pel promotes cell-cell

https://doi.org/10.1073/pnas.2113723119 7 of 10


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113723119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113723119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2113723119/-/DCSupplemental

Downloaded from https://www.pnas.org by ETH Bibliothek on March 16, 2022 from | P address 129.132.78.185.

adhesion not only in the surface-attached biofilm configuration
(32) but also within suspended streamer filaments. Comparison
of results using Pel-mutants showed that Pel has an important
effect on the streamers’ rheological behavior: The higher the
concentration of Pel, the higher the elastic modulus and effec-
tive viscosity of the streamers, and thus their stiffness.

eDNA is an abundant and structurally important component
of P. aeruginosa surface-attached biofilms (44, 45). Evidence
has emerged that eDNA in surface-attached biofilms is localized
in distinct patterns that depend on the age of the biofilm and
that this, in turn, determines the biofilm structure: Young colo-
nies present eDNA mostly on the upper surface, old colonies
near the substratum (44). Here we have demonstrated that, for
streamers, eDNA constitutes the skeleton of the streamer fila-
ments. This observation is compatible with a previous report
(20), where staining of streamers formed by P. aeruginosa
PAOL1 with Triticum vulgaris (WGA) and Canavalia ensiformis
(ConA) lectins allowed the visualization of the exopolysacchar-
ide aggregates in the proximity of corners, but not of the EPS
filaments spanning the channel, suggesting that the filaments
were formed by eDNA. Moreover, while mutants deficient in
the production of Pel, Psl, and CdrA have been shown to be
defective in biofilm formation on flat surfaces (19, 20, 30, 42,
43), in our system they develop streamers that are structurally
similar to those formed by the W7 strains. Due to the promi-
nent role of eDNA, the impact of the other components of the
matrix is likely to be less critical for the structural stability of
streamers than of surface-attached biofilms. This observation
can have significant implications in flow networks since bacteria
with limited biofilm-forming capability on a surface can still
develop streamers and thus contribute to the systems clogging.

In addition to our direct visualization of eDNA distribution
within streamers (Fig. 2 A-C), the role of eDNA is further sup-
ported by our experiments with DNA-degrading enzymes. In the
Pel-deficient and W7 strains, DNase I treatment completely pre-
vented the formation of streamers, in both single-pillar (Fig. 4)
and porous media configurations (S/ Appendix, Fig. S10), and
even established streamers. In Pel-overproducer streamers, treat-
ment with DNase I was less effective and did not lead to com-
plete streamer disruption (S7 Appendix, Figs. S8 and S9). When
Pel is abundant in the filament, eDNA degradation leads only to
a partial disruption of the biofilm matrix. This suggests that the
eDNA-Pel jonic interaction shields the eDNA from the enzy-
matic action of DNase I or helps to maintain the degraded
eDNA fragments within the biofilm matrix, confirming the
observation reported in ref. 73. Conversely, the presence of Psl
does not restrain DNase I-induced degradation of the eDNA
forming the streamers (S/ Appendix, Fig. S12), further highlight-
ing the protective role of the eDNA-Pel ionic interaction against
enzymatic degradation.

The key characteristic of eDNA in the context of biofilm for-
mation is its binding affinity (35, 74). It is known that in
mature mushroom structures formed by P. aeruginosa PAl4
eDNA is found in the stalk, where it binds to the positively
charged exopolysaccharide Pel, resulting in increased structural
stability (35). It has recently been shown that in surface-
attached biofilms eDNA can be stabilized by proteins, resulting
in the formation of lattice structures (74). Here, we showed
that eDNA—Pel cross-links are not essential for the formation
of biofilm streamers but significantly contribute to shaping
their morphology and mechanical properties. In fact, we have
shown that the Pel-overproducer strain generates shorter
streamers with a larger diameter and large cell aggregates close
to the pillar and that, conversely, the Pel-deficient strain forms
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long and slender filaments, easily shaped by the flow. Based on
these observations, we hypothesize that the magnitude of the
flow at which streamers are formed will have a significant
impact on their morphology. Hence, the final morphology
appears to be determined by the interplay between the force
exerted by the flow and the biofilm matrix composition.

Using mutant strains in Pel production, we were also able to
quantify the structural and mechanical properties of the
eDNA-Pel interaction by directly measuring the elastic and vis-
cous response to controlled mechanical stress. Interestingly, in
our experiments the ratio of elastic modulus and effective vis-
cosity, which represents the elastic relaxation time, scales
according to an almost universal relation previously proposed
for biofilms (14) (S/ Appendix, Fig. S15). Moreover, we show
that by causing an increase in both the elastic modulus and the
viscosity, Pel enhances the stiffness of the streamer. Pel is a very
small molecule (0.5 kDa) (28), even compared to fragments of
eDNA (one base pair of double-stranded DNA is 0.65 kDa).
Given that the opposite charge of eDNA and Pel may favor the
creation of ionic bonds (28), we hypothesize that Pel molecules
interconnect eDNA chains, thus reducing the slip between
them and consequently affecting the response to deformations
of the whole biofilm structure. The pH-induced change in the
mechanical properties confirms the importance (and the still
unexplored complexity) of this interaction in determining the
biofilm mechanical response. These findings depict the stream-
ers formed by P. aeruginosa PA14 as a bicomponent network,
formed by a combination of a short-chain (Pel) and a long-
chain (eDNA) compound, connected by ionic interactions; net-
works with these characteristics, in which the shorter chain acts
as an energy-dissipating element and improves the mechanical
properties of the material, are known as double-network gels
(75). The analogy between biofilm streamers and synthetic
double-network gels—which have been recently developed to
create hydrogels more resistant to deformations—suggests that
the key element for biofilm mechanical resistance could reside
in the interaction between the different components of EPS,
with an important role played by eDNA.

Our results show that induction of lysis of P. aeruginosa
PA14 by treatment with a sublethal concentration of ciproflox-
acin promotes streamer formation by increasing the concentra-
tion of eDNA, leading to an increase of the streamer biomass.
A recent study demonstrated that sublethal antibiotic concen-
trations promoted bacterial aggregation and resulted in elevated
susceptibility to intestinal expulsion (76). Our experiments pro-
vide evidence that, by increasing the amount of eDNA, some
antibiotic treatments could enhance the formation of biofilms
by promoting the occurrence of streamers which, given their
spatial localization, eventually lead to clogging in medical devi-
ces such as stents or catheters and to the spreading of infection
due to biofilm detachment. Moreover, since it is becoming
clear that bacterial eDNA plays an important role in potentiat-
ing inflammation (77, 78), these findings are paving the way
for future studies on the effects of antibiotic treatments on
biofilm-forming pathogens and the host immune response.

Materials and Methods

Bacterial Cultures. Experiments were performed using P. aeruginosa strain
PA14 WT, the pel deletion mutant PA14 Apel, the Pel-overproducer strain
PA14 AwspF, and the cdrA deletion mutant PA14 ACdrA. P. aeruginosa PAO1
WT, the pel deletion mutant PAOT Apel4, the ps/ deletion mutant PAO1T ApsiB,
and the pel and ps/ double mutant PAO1T Apeld Aps/B (D) were kindly provided
by Tim Tolker-Nielsen, Costerton Biofilm Center, University of Copenhagen,
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Copenhagen, Denmark. Single colonies were grown from frozen stocks on Luria
broth agar plates at 37 °C for 24 h. P. aeruginosa suspensions were prepared by
inoculating 3 mL tryptone broth (TB; 10 g/L tryptone) with cells from a single col-
ony and incubating for 3 h at 37 °C, while shaking at 200 rpm. The suspensions
were then diluted in fresh TB to final optical density at 600 nm (ODgq0) < 0.01.

eDNA and Pel quantities were visualized and measured using fluorescence
staining methods: for eDNA visualization, PI (Sigma-Aldrich) was added to the
medium to a final concentration of 2 ug/mL, and for Pel visualization WFL (bio-
World) was dissolved in phosphate-buffered saline to a final concentration of
50 pg/mL. When Pel and eDNA were visualized simultaneously on the same
streamer, WFL was flown for 30 min, images were captured, and only thereafter
staining with Pl was performed. This protocol (35, 66) allowed visualization of
the two components on the same streamer, while avoiding possible interactions
between the two stains. For experiments involving different pH values, we
adjusted pH to 5.8 by adding HCl and to 7.8 by adding NaOH to the culture
media. For experiments involving degradation of eDNA, DNase | (Sigma-Aldrich)
was dissolved in TB to a final concentration of 1 mg/mL and CaCl, and MgCl,
(final concentrations 0.12 mM) were added as activators. For antibiotic treatment
experiments, ciprofloxacin (Sigma-Aldrich) was first dissolved in 0.1 N HCl to a
final concentration of 20 mg/mL and then further diluted in TB to obtain solu-
tions of final concentration 0.005 pg/mL, 0.01 pg/mL, and 0.02 pg/mL. All sam-
ples of the antibiotic treatment experiment were assessed by high-sensitivity
double-stranded DNA assay and high-sensitivity ssDNA assay according to estab-
lished protocols using Quibit 3.0 (Thermo Fisher Scientific).

Microfluidic Assays. To analyze streamer formation in flow, we fabricated a
polydimethylsiloxane (PDMS) microfluidic device with four channels on the
same chip, each containing six cylindrical pillars of diameter 50 um. The channel
was 40 pm high and 1 mm wide. Pillars were located at the center of the chan-
nel and the distance between pillars was 5 mm. The flow was driven by a syringe
pump (neMESYS 290N; CETONI). Prior to use, all microfluidic channels
were washed with 2 mL of TB medium. A diluted PA14 bacteria suspension
(0Dggo < 0.07; cell concentration < 10° cells/mL) was flown for 24 h. All experi-
ments were performed at room temperature (T = 20 + 0.5 °C). The viability of
the cell suspension after incubation in the syringe was assessed by flow cytome-
try (SI Appendix) following live/dead staining. The impact of different growth
regimes on streamer formation was assessed in an experiment described in
Sl Appendix, Fig. S16.

In the experiments in which DNase | was used, the DNase | solution was
flown in a Y connector (P-514; IDEX) located before the inlet to avoid contact
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