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Twitching motility-mediated biofilm expansion is a complex, mul-
ticellular behavior that enables the active colonization of surfaces
by many species of bacteria. In this study we have explored the
emergence of intricate network patterns of interconnected trails
that form in actively expanding biofilms of Pseudomonas aerugi-
nosa. We have used high-resolution, phase-contrast time-lapse mi-
croscopy and developed sophisticated computer vision algorithms
to track and analyze individual cell movements during expansion of
P. aeruginosa biofilms. We have also used atomic force microscopy
to examine the topography of the substrate underneath the ex-
panding biofilm. Our analyses reveal that at the leading edge of
the biofilm, highly coherent groups of bacteria migrate across the
surface of the semisolid media and in doing so create furrows along
which following cells preferentially migrate. This leads to the emer-
gence of a network of trails that guide mass transit toward the
leading edges of the biofilm. We have also determined that extra-
cellular DNA (eDNA) facilitates efficient traffic flow throughout the
furrow network by maintaining coherent cell alignments, thereby
avoiding traffic jams and ensuring an efficient supply of cells to the
migrating front. Our analyses reveal that eDNA also coordinates the
movements of cells in the leading edge vanguard rafts and is re-
quired for the assembly of cells into the “bulldozer” aggregates that
forge the interconnecting furrows. Our observations have revealed
that large-scale self-organization of cells in actively expanding bio-
films of P. aeruginosa occurs through construction of an intricate
network of furrows that is facilitated by eDNA.

collective behavior | t4p | type IV pili | tfp | swarming

B acterial biofilms are multicellular communities of bacteria that
are embedded in a self-produced polymeric matrix comprised
of polysaccharides, proteins, and extracellular DNA (eDNA).
Biofilms are prevalent in nature as well as in industrial and medical
settings, where colonization of new territories by bacteria can occur
via active biofilm expansion, leading to biofouling of marine and
industrial surfaces, and the spread of infection within host tissues
and along implanted medical devices (1-3).

When cultured on the surface of solidified nutrient media, many
bacteria are able to actively expand their colony biofilms through
coordinated motions that can be powered by different mechanisms
including flagella rotation, type IV pili (tfp) retraction, and/or slime
secretion. The soil organism Myxococcus xanthus actively swarms
away from the point of inoculation through a process termed
gliding motility, which is mediated by two types of motility: A mo-
tility that occurs through an unknown mechanism, and S motility,
which is powered by tfp retraction (4, 5). M. xanthus swarming is
a complex multicellular process that has been extensively studied,
and in recent years a number of mathematical models have been
developed to describe this behavior (6-9).

Twitching motility is a mechanism of surface translocation that
has been observed in many species of bacteria (10) and is closely
related to S motility of M. xanthus. Both of these motilities are
powered by the extension, surface binding, and retraction of tfp
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located at the leading edge pole of the cell, resulting in trans-
location of an individual bacterial cell (11, 12). We have observed
previously that when the opportunistic pathogen Pseudomonas
aeruginosa is cultured at the interface of solidified nutrient media
and a glass coverslip, the biofilms that form in the interstitial space
expand rapidly via twitching motility and can form a vast, intricate
network of interconnected trails (13). Interstitial biofilm expan-
sion by P. aeruginosa appears to be a highly organized multicel-
lular behavior that arises through the collective coordination of
individual cellular movements involving the migration of rafts of
cells at the leading edge of the biofilm that appear to lay down
a trail of unknown composition along which cells preferentially
migrate (13). The mechanisms involved in coordinating individual
activities during this complex multicellular behavior or that lead
to the formation of the dramatic interconnected trail network in
P. aeruginosa biofilms are currently unknown.

The emergence of self-organized patterns in living and non-
living systems has fascinated scientists for centuries, and there
is widespread interest in understanding the mechanisms behind
these (14). Common features displayed by these self-organized
phenomena are the formation of trails that lead to the emergence
of dramatic patterns of large-scale order (15). The processes
leading to pattern formation in biological systems are likely to be
more complex than the spontaneous emergence of patterns that
are observed in nonliving systems and will involve an interplay of
physical, chemical, and biological parameters (16, 17).

Multicellular behaviors in bacteria are often controlled via
chemical signaling systems such as quorum sensing (18). However,
we have shown previously that twitching motility-mediated bio-
film expansion by P. aeruginosa is not controlled through quorum
sensing (19). Interestingly, the exopolysaccharide slimes that are
produced during gliding and flagella-dependent swarming motil-
ities are visualized microscopically as phase-bright trails. These
slime trails are laid down by cells as they migrate across the surface
and direct cellular movements of following cells (20, 21). In
M. xanthus, tfp have also been shown to bind to the polysaccharide
component of extracellular fibrils located on the surface of
neighboring cells. The production of fibrils is essential for S mo-
tility in M. xanthus, where it is thought that the polysaccharide
component provides an optimal surface for tfp binding, inducing
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retraction of the filament and subsequent translocation of the cell
(22). It has not yet been determined if an extracellular slime
similarly contributes to P. aeruginosa twitching motility-mediated
biofilm expansion.

Results

Quantitative Analysis of Cell Movements During Interstitial Biofilm
Expansion. We have developed a model system to study intersti-
tial biofilm expansion by P. aeruginosa, in which the interstitial
biofilm expands via twitching motility as a monolayer. This
model enables visualization of individual cells in the biofilm us-
ing high-resolution phase-contrast microscopy, which avoids
potential phototoxicity artifacts that can be associated with the
use of fluorescence microscopy. Time-series of P. aeruginosa
intersitital biofilm expansion were captured at one frame per 2 s.
Visual inspection of 1,000-frame time-series (2,000 s) shows that
biofilm expansion involves an almost constant streaming of cells
that migrate from the main biofilm along the trail network into
rafts of cells at the leading edge (Movie S1). Cells behind the
leading edge are tightly aligned in narrow intersecting trails with
the major cell axes oriented along the overall direction of the
trail in which they were moving. Cells within these trails appear
to be in relatively constant motion with the overall direction of
movement toward the leading edge (Movie S1).

To enable quantitative analyses of individual cellular move-
ments during biofilm expansion, we have developed an automated
cell-tracking algorithm to identify and track the movements of all
individual bacterial cells present in the field of view across con-
secutive frames (SI Materials and Methods) (23, 24). Whereas in-
dividual bacteria can be distinguished clearly by human vision in
our interstitial biofilm images (Fig. 1.4 and C, Fig. S14), obtaining
their precise outlines using computer vision is relatively challeng-
ing. We therefore developed sophisticated computer vision meth-
ods to identify and track individual bacteria (SI Materials and
Methods) (23, 24).

Quantitative analysis of the data obtained from the cell track-
ing was used to examine the cell movements during 100 s of in-
terstitial biofilm expansion by P. aeruginosa (Fig. 1 A-D). Cells
were separated into three populations based on their location
within the biofilm. Cells within the leading edge vanguard rafts
are referred to as “raft head,” cells within the trail immediately
behind the raft as “raft trails,” and cells within the trail network as

Fig. 1. Tracking of cellular movements during interstitial biofilm expansion.
Time-series (one frame per 2 s) of interstitial biofilm expansion of P. aeru-
ginosa strain PAK cultured on TMGG in the absence and presence of DNasel
(Movies S1 and S5). Regions at the leading edge of the expanding biofilms (A
and E; Movies S1 and S5) and behind the leading edge (C and G; Movies S1
and S5) were imaged with phase-contrast microscopy. A, C, E, and G corre-
spond to the first image of each time-series. (Scale bar, 20 pm.) Every cell
present throughout the first 50 frames of each time-series was tracked and
the paths traversed by each cell represented graphically (B, D, F, and H). Tick
distance, 10 pm. Arrows indicate overall direction of movement away from
the main biofilm toward unoccupied territory. Boxed regions (A and E) in-
dicate cells in regions designated raft head, whereas the remainder of the
cells in the field of view were designated as raft trails for the quantitative
analyses of cell movements.
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“behind the leading edge” (Fig. 1 4 and C). Our quantitative
analyses indicate that cells within the raft head tend to be highly
aligned along the longitudinal axis of the cell (orientational co-
herence) (Fig. S24) and to move in the same direction as their
neighbors (velocity coherence) (Fig. 24). Cells in raft trails and
behind the leading edge, however, have reduced orientation and
velocity coherence with their neighbors, indicating that these cells
tend to move more independently of their nearest neighbors (Fig.
24, Fig. S24).

Analysis of the distance traveled by individual cells in 100 s
reveals that cells within the raft head, raft trails, and behind the
leading edge travel at similar total distances with median values
of 5.77, 5.93, and 5.86 pm, respectively (Fig. 2B). However, the
net displacements of the cells in these regions showed median
values of 4.70, 1.95, and 2.56 um, respectively (Fig. 2C). These
analyses indicate that cells within the raft head undergo few di-
rectional changes, whereas cells located within the raft trails and
behind the leading edge show more frequent directional changes,
which accounts for the reduced correlation between total and net
distances traveled. Analyses of time decays of orientation and
velocity direction autocorrelations confirm that cells in the raft
head tend to maintain their orientation and direction of travel,
whereas cells in the trails tend to change their orientation and
direction of travel more frequently (Fig. 2D, Fig. S2B).

Our visual observations of extended (2,000 s) time-series sug-
gest that there is a relatively constant stream of cells moving
through the trails toward the leading edge. To explore this fur-
ther, the distances traveled across 2-s intervals (frame to frame)
were analyzed. These analyses reveal that in any given 2-s interval,
~55% of cells in the raft head, 50% within the raft trails, and 40%
behind the leading edge traverse distances between 0.1 and 1.3
pm, with the majority of these motile cells traveling between 0.1
and 0.4 pm/2 s (Fig. S34).

Interestingly, M. xanthus cells also frequently change the di-
rection of motion during swarm expansion. Mathematical mod-
eling of M. xanthus swarming has suggested that cellular reversals
enable a steady supply of cells to the advancing edge of the
swarm by preventing traffic jams that form as a result of cellular
collisions (6, 7). We propose that the changes in direction of
motion displayed by P. aeruginosa cells within the trail network
could similarly enable efficient flow of cells through the biofilm
to supply the advancing edge. Once at the outer edge, cells
within the advancing raft heads maintain high velocity coherence
with their neighbors and exhibit few directional changes as they
colonize new territories.

Twitching Motility—Mediated Biofilm Expansion Involves the Formation
of a Network of Interconnected Furrows. Our observations indicate
that during interstitial biofilm expansion, cells appear to be con-
fined to trails of an unknown nature (Movie S1). We have found
that similar to our observations of interstitial biofilm expansion,
twitching motility-mediated expansion of the colony biofilm also
involves the migration of aggregates of cells at the leading edge
that venture into unoccupied territories. Interestingly, migration of
these vanguard groups creates a phase-bright trail along which
following cells are able to migrate individually or in small groups
but remain confined to the trail (Fig. 34, Movie S2). These phase-
bright trails are very similar in appearance to the slime trails that
are produced during gliding or flagella-dependent swarming mo-
tilities (20, 21). Indeed the edges of the expanding P. aeruginosa
colony biofilms (Fig. 34, Fig. S4C) bear a striking resemblance to
M. xanthus swarms cultured on the surface of solidified growth
media (25).

Our observations suggest that expansion of P. aeruginosa col-
ony biofilms on the surface of solidified nutrient media is very
similar to the expansion of interstitial biofilms. In light of the
phase bright trails that we observed at the edges of the surface
colony biofilms (Fig. 34), we hypothesized that a similar trail
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network may exist within interstitial biofilms. To explore this
possibility, the media that supported the P. aeruginosa interstitial
biofilms was imaged by phase-contrast microscopy (Fig. 3C).
This revealed that the substrate beneath the biofilm contained a
series of interconnecting phase-bright trails, which directly cor-
respond to the network of cells that comprised the biofilm before
washing except at the leading edge, where faint phase-bright
trails can be seen directly in front of vanguard rafts of cells (Fig.
3 B-D). This is likely due to the continued forward migration of
the rafts during the interval between imaging the intact biofilm
and removal of the cells by washing.

Interestingly, we found that the phase-bright trails remain vis-
ible despite extensive washing. This suggests that the trails may
not be comprised of a “slime” substance. We have noted that
scratches in the media are phase-bright in appearance when vi-
sualized by phase-contrast microscopy and that P. aeruginosa cells
that encounter the scratches tend to preferentially migrate along
them. We therefore considered the possibility that the trails that
develop during P. aeruginosa biofilm expansion may be a conse-
quence of physical furrows or grooves in the media that guide cell
movement, thereby leading to trail formation.

To determine if the phase-bright trails are physical furrows in
the media, we used tapping mode atomic force microscopy (AFM)
to analyze the surface topography of the substrate beneath the
biofilm, which revealed the presence of numerous furrows that are
consistent in dimension with the phase-bright trails observed in the
interstitial biofilms (Fig. 3 E and F, Figs. S5-S8, and SI Results).
Interestingly, AFM also showed that the furrows under the leading
edge rafts are shallower than the trails and are comprised of ramps
to the surface of the media (Fig. S7 4 and B, SI Results). Phase-
contrast imaging of washed biofilms shows that the front edge of
the rafts tend to be less visible than the trails (Fig. 3C), which is
consistent with these being shallower than the trails. These
observations suggest that the vanguard rafts migrate over the
surface of the media and in the process plow a furrow into the
media similar to the action of skis moving across snow.
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behind leading edge

Our observations suggest that the presence of an extensive
furrow system accounts for the manifestation of the intricate trail
network in P. aeruginosa biofilms as they actively expand over
solidified nutrient media. To understand how the interconnected
furrow system is forged, we used time-lapse microscopy to exam-
ine the process by which cells break out from the furrows to form
intersecting trails (Fig. 3G, Movie S3). We analyzed the formation
of 26 interconnecting trails across seven time-lapse series and
observed that interconnecting trails are initiated by small groups
comprised of on average 9.4 + 2.4 cells (minimum, 5; maximum,
15; median, 9) that become longitudinally aligned and oriented
perpendicular to the trail. We found that these cells became sta-
tionary following realignment. The constant motion of cells in the
trail behind this initial cluster results in some cells coming into
direct contact with these perpendicular cells and subsequently
reorienting so that a second layer of an average of 9.5 + 2.8
(minimum, 4; maximum, 17; median, 10) longitudinally aligned
cells forms behind the initial cluster. Continued migration of cells
behind this two-layered cluster results in more cells reorienting
with those within the expanding cluster until the supply of cells is
sufficient for the newly formed aggregate to commence movement
and break away from the trail edge (Fig. 3G, Movie S3). When an
advancing raft connects with a neighboring raft or trail, the cells
from the two paths merge together, resulting in the formation of
the extensive trail network (Movie S3). In light of the AFM data,
these observations suggest that the coordinated action of an as-
sembled aggregate with a constant supply of cells is required to
breach the lip of the furrow to create a new furrow that then
intersects with other furrows to form the intricate lattice-like
network of trails. Our observations also suggest that a continuous
supply of cells to these “bulldozer” aggregates is required to en-
able them to breach the lip of the furrow and to migrate into
virgin territory.

eDNA Facilitates Twitching Motility-Mediated Biofim Expansion. As
biofilms of P. aeruginosa contain large quantities of eDNA (26—
30) and the tfp of P. aeruginosa have been shown to bind DNA
(31), we explored the possibility that eDNA may also contribute
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Fig. 3. Interstitial biofilm trails are furrows. (A) Phase contrast image of the
leading edge of a colony biofilm of wild-type P. aeruginosa strain PA103
cultured on LBGG showing the phase-bright trails (white arrow) produced in
the wake of the advancing rafts. (Scale bar, 50 pm.) Phase-contrast image of
a P. aeruginosa PAK interstitial biofilm cultured on TMGG (B) and the cor-
responding phase-contrast image of the underlying substrate showing
phase-bright trails (C). (D) Overlay of B and C. (Scale bar, 30 um.) 3D ren-
dered images of AFM measurements taken from washed interstitial biofilm
substrate at the leading edge (E) and trail network (F). (G) Phase-contrast
images of the assembly of a small bulldozer aggregate breaking away from
an established trail in an interstitial biofilm to form a new trail that inter-
sects with another newly formed trail (Movie S3). (Scale bar, 5 pm.) Time
indicated taken from the start of the time-series.

to the twitching motility-mediated biofilm expansion. We have
found that incorporation of the eDNA degrading enzyme DNasel
into the nutrient media significantly decreased twitching-mediated
expansion of P. aeruginosa colony biofilms by 76% (SI Results, Fig.
S4B). Fluorescence microscopy of interstitial biofilms cultured in
the presence of the eDNA stain TOTO-1 Iodide (TOTO-1, Life
Technolgies Corp) revealed that these contain numerous bright
punctate foci of eDNA from which tendrils of eDNA emanated,
and that beyond these bright foci, eDNA is present at low levels
throughout all areas of the interstitial biofilm (Fig. 4 A-E, SI
Results, Fig. S4H). Time-lapse imaging revealed that as a conse-
quence of cells translocating through areas of high eDNA con-
tent, the eDNA becomes redistributed within the biofilm,
forming thin tendrils of eDNA radiating from the foci and
aligned with the direction of cell migration (Fig. 4E, Movie S4).
Interestingly, incorporation of DNasel inhibited the formation
of the intricate network of trails (Fig. 1G, Fig. S4 I and K).

To explore the role of eDNA in P. aeruginosa biofilm expansion,
time-series of interstitial biofilm expansion in the presence of
DNasel were captured at one frame per 2 s. Visual inspection of
1,000-frame time-series showed that in the presence of DNasel,
cells at the leading edge were arranged in vanguard rafts that were
similar in appearance to the rafts formed in the absence of DNasel
(Fig. 1E, Movie S5). However, in the presence of DNasel the rafts
showed very little outward migration compared with biofilms
cultured in the absence of the enzyme (Movie S5). Behind these
rafts, cells were arranged haphazardly in broad paths fringed by
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stationary, laterally aligned cells that are oriented with their major
axis perpendicular to the path (Fig. 1G, Fig. S4I). Cells within the
broad paths showed regions of densely packed misaligned cells
that appeared to be caught in traffic jams and exhibited little to no
movement, whereas in less dense areas individual cells were able
to move (Fig. 1H, Movie S5).

To better understand the influence of DNasel on biofilm ex-
pansion, cell movements in 100 s of the time-series were tracked
(Fig. 1 F and H) and quantitatively analyzed. These analyses
revealed that the presence of DNasel significantly reduced both
the total and net distances translocated by individual cells in the
expanding biofilm, compared with biofilms cultured in the ab-
sence of the enzyme (Fig. 2 B and C). In the presence of DNasel,
cells displayed median total and net distances of 2.02 and 0.62 pm
within the raft head, 1.96 and 0.46 pm within the raft trails, and
1.60 and 0.29 um behind the leading edge, respectively (Fig. 2 B
and C). We have further explored the impact of DNasel on cell
movements by comparing net displacements exhibited by the cells
as a ratio of the total distance traveled in subgroups of cells
separated according to the total distances traveled when cultured
in the presence or absence of DNasel (Fig. S3B). These analyses
reveal that whereas DNasel significantly reduces the distances
traversed by the majority of cells, there remains a small pro-
portion of cells that can travel considerable total distances.
However, the presence of DNasel significantly reduced the net
displacements of these highly motile cells, indicating that these
cells often alter their direction of migration. Analyses of time
decays of orientation and velocity direction correlations confirm
that in the presence of DNasel, cells tended to frequently change
their orientation and direction of travel (Fig. 2D, Fig. S2B). In-
terestingly, in the presence of DNasel, cells in all areas of the
biofilm demonstrated very reduced values for both orientational

60 um

Fig. 4. Interstitial biofilms contain eDNA. Interstitial biofilms of PAK con-
taining pUCPcfp (blue) cultured on TMGG containing the eDNA stain TOTO-1
(yellow) and imaged using OMX-Blaze showing eDNA is present in the leading
edge rafts (A and B) and in the trail network (Cand D). Band D are the TOTO-1
channels of A and C, respectively. (E) Alignment of bacteria and strands of
eDNA as it is spread throughout the biofilm by cellular movement. A and B
were obtained with TMGG supplemented with 2 um TOTO-1, and C, D, and E
were obtained with TMGG supplemented with1 pm TOTO-1. The contrast in
the TOTO-1 channel was set to enable visualization of low-intensity eDNA
staining. (Scale bar, 5 um.) (F) Phase-contrast images of underlying nutrient
media that supported an interstitial biofilm of P. aeruginosa strain PAK cul-
tured on TMGG in the presence of DNasel. (G) Overlay of the trails depicted in F
with the corresponding phase-contrast image of the intact interstitial biofilm.
(Scale bar, 30 pm.) 3D rendered images of AFM measurements taken from
washed interstitial biofilm substrate in the presence of DNasel at the leading
edge (H) and behind the leading edge (/).
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coherence and velocity coherence, indicating that these cells are
moving independently of their nearest neighbors (Fig. 24, Fig.
S24). These analyses indicate that the presence of DNasel results
in a loss of coordinated behavior during interstitial biofilm mi-
gration and that whereas most cells are nonmotile in the presence
of DNasel, those cells that do move tend to move independently
of their neighbors and often alter their direction of motion.

To further understand the movements of the population of
cells that are capable of migrating large total distances in the
presence of DNasel, the frame-to-frame movement (2-s intervals)
of all cells over 100 s was examined. It is evident from these
analyses that in the presence of DNasel ~90% of cells in both the
leading edge and behind the leading edge are almost completely
stationary, traveling in any given 2 s <0.1 pm (Fig. S34). However,
in any 2 s, there is also a small proportion of cells that are capable
of traveling up to 1.3 pm (Fig. S34). Interestingly, when the
populations of cells that travel at distances >0.6 pm in any 2 s are
looked at more closely, it is evident that the distribution of highly
motile cells appears quite similar in both the presence and ab-
sence of DNasel (Fig. S34), which suggests that eDNA likely does
not necessarily act as a slippery slime to lubricate individual cell
movements.

We have often observed in our time-lapse movies of interstitial
biofilm expansion that when a raft separates from the biofilm its
rate of migration slows, and at times ceases, until it is reconnected
with a supply of cells from the biofilm. This suggests that a constant
supply of cells to the outer edge of the expanding biofilm is re-
quired to maintain movement of the vanguard rafts as they
translocate into virgin territory. In the presence of DNasel, how-
ever, the supply of cells to the leading edge rafts from the biofilm is
not continuous and can become completely inhibited by traffic
jams caused by clusters of misaligned cells (Fig. 1 E and G, Movie
S5). The observed inhibition in the rate of migration of vanguard
rafts in the presence of DNasel may therefore be a consequence of
inefficient supply of cells to the leading edge due to traffic jams
throughout the biofilm.

In the presence of DNasel, cells appear to be located within
broad tracks edged by laterally aligned cells (Fig. 1G). Phase-
contrast imaging of washed interstitial biofilms reveals the pres-
ence of broad phase-bright tracks that correspond to the popu-
lated regions of the biofilm (Fig. 4 F and G). AFM revealed that
inclusion of DNasel to the media produces broad furrows with
high walls that are consistent with the phase-bright tracks (Fig. 4
H and I, Figs. S5 and S6, SI Results). AFM shows that in the
presence of DNasel, rafts are often situated within deep furrows
with steep ramps to the surface (Fig. 4H, Fig. S7 C and D, and S/
Results). Interestingly, we observed that when cells in interstitial
biofilms were killed with paraformaldehyde before washing and
imaging by AFM, the ramps to the surface were no longer pres-
ent, and instead it appeared as if the rafts had sunk into the media
and were surrounded by steep walls (Fig. S7 E and F). Our AFM
data, taken together with our detailed analyses of cell movements,
suggest that eDNA serves to direct traffic flow throughout the
furrow network to efficiently supply cells to the leading edge rafts
in order for them to attain sufficient speed to skim across the
surface and avoid sinking into the semisolid media.

Visual inspection of extended (2,000 s) time-series of interstitial
biofilm expansion in the presence of DNasel reveals that although
cells are aligned laterally in fringes at the edges of the paths, groups
of longitudinally aligned cells do not assemble behind these lateral
edge cells (Movie S5). Thus, eDNA appears to be required for the
construction of interconnecting trails by coordinating both the as-
sembly and supply of cells to bulldozer aggregates.

In summary, the inclusion of DNasel significantly inhibits the
traffic flow of cells through the biofilm, characterized by a signifi-
cant proportion of cells being almost completely stationary at any
given time and a lack of coordinated movement of the remaining
cells that were capable of some motion. The observed inhibition
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in the rate of migration of the vanguard rafts in the presence of
DNasel may therefore be a consequence of inefficient supply of
cells to the leading edge due to traffic jams throughout the biofilm
(Movie S5), which is further exacerbated by the tendency of the
slow-moving aggregates to sink into the media rather than skim-
ming across the surface. Thus, it is evident that eDNA is required
for coordinating the mass transit of cells through the biofilm for
efficient supply of cells into the advancing edge and maintaining
collective behaviors, particularly within the vanguard rafts.

Interestingly, interstitial biofilms of nontypeable Haemophilus
influenzae and Acinetobacter baumanii that also actively expand via
twitching motility (32, 33) are not associated with the formation of
intricate network patterns of trails despite the presence of eDNA
in these biofilms (Fig. S9). This suggests that pattern formation by
P. aeruginosa involves other factors in addition to simply the ca-
pacity for twitching motility in the presence of eDNA. Both
H. influenzae and A. baumanii are coccobacilli, whereas P. aer-
uginosa cells are rods; thus, it is possible that cell morphology
impacts the tendency toward nematic alignment along the long
axis, leading to efficient movement of cells and the emergence
of trails. Modeling of M. xanthus swarming indicates that the rod
morphology of M. xanthus cells and regular reversals of move-
ment influence the rate of swarm expansion by reducing the
collisional cross-section and enabling escape from collisions and
traffic jams (6, 7).

Discussion

Close packing of rod-shaped anisotropic objects leads to nematic
order in suspensions of self-propelled particles (active suspen-
sions) (34). However, this alone does not account for the emer-
gence of the intricate network of trails that forms in actively
expanding P. aeruginosa interstitial biofilms. In this study, the use
of sophisticated computer vision and cell tracking along with
AFM provided unique insights into the mechanisms that con-
tribute to emergent pattern formation in biological systems. We
have identified additional layers of complexity over the basic
tendency for nematic alignment in dense collectives of rods. First,
there is the formation of the furrow network, which is a pattern
more complex than a nematic liquid crystal. Our observations
suggest that during interstitial biofilm expansion, the bacteria are
tunneling through the interface between the glass substrate and
the semisolid media, and it is possible that the observed furrow
network is an emergent consequence of the mechanical inter-
actions between the self-propelled nematic liquid crystal pushing
against the soft gel, causing it to locally debond from the glass
surface. Second, we have found that eDNA appears to be crucial
in assembly and coordinating the collective behavior of cells in
bulldozer rafts that forge the furrows as well as in preserving the
integrity of the network structure once it has been formed. These
physical mechanisms coupled with the active nematogenic be-
havior of rod-shaped bacterial cells lead to the formation of
dramatic interconnected network of trails during interstitial bio-
film expansion by P. aeruginosa.

Our quantitative analyses of the tracking data reveal that
eDNA serves to maintain constant traffic flow throughout the
trail network by maintaining relative cell alignment. P. aerugi-
nosa cells have been shown to spontaneously orient with the
direction of extended, concentrated DNA molecules (35). Our
time-lapse imaging of interstitial biofilm expansion in the pres-
ence of the eDNA stain TOTO-1 revealed that as cells migrated
through areas of high eDNA content, they dragged the eDNA
along, causing it to be generally aligned with the direction of cell
movement (Fig. 4E, Movie S4). We propose that this process
creates a bed of concentrated, aligned eDNA molecules within
the furrow network that helps coordinate collective behaviors by
enhancing nematic alignment.

It is evident from our fluorescence microscopy of TOTO-1-
stained interstitial biofilms that although eDNA is not homogenously
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distributed throughout the biofilm, all areas of the biofilm including
the leading edge rafts contain eDNA. Our observations indicate that
eDNA is important in coordinating bacterial movements during
biofilm expansion and it is clear that inclusion of DNasel dramati-
cally alters cell behavior and inhibits biofilm expansion. Our analyses
revealed that inclusion of DNasel dramatically affects the behavior
of cells predominantly in the leading edge raft heads, causing them to
lose coherence with their neighbors. These observations are consis-
tent with a role for eDNA in also mediating intercellular connec-
tivity, thereby enabling the assembly and coordination of cell
movements in the large vanguard rafts at the leading edge and in the
smaller bulldozer aggregates that forge the interconnected furrow
network. Interestingly, tfp binding to the polysaccharide component
of surface fibrils is proposed to act like a flexible fishing net that binds
cells together in the leading edge rafts of M. xanthus cells during S
motility-mediated swarming (6). As P. aeruginosa tfp bind DNA
(31), we propose that tfp-eDNA interactions may serve a similar
function in P. aeruginosa biofilms by interconnecting cells to one
another in a manner similar to the exopolysaccharide fibril net of
M. xanthus.

In the presence of DNasel, we observed that cells displayed a
lack of collective behavior, resulting in traffic jams of misaligned
cells. Interestingly, AFM analysis revealed that the presence of
DNasel resulted in deep, broad furrows with steep inclines to the
surface. This suggests that continuous coordinated behavior is
required for cells to navigate within the furrow network, pro-
viding a constant stream of cells into the advancing rafts to en-
sure efficient migration of these structures across the surface and
the resulting construction of the furrow network. Thus, it is ap-
parent that cellular alignment imposed by eDNA facilitates this
mass transit of cells through the furrow network, thereby avoiding
traffic jams and ensuring an efficient supply of cells to the mi-
grating front. Our analyses reveal that eDNA also coordinates the
movements of cells in the leading edge vanguard rafts and is re-
quired for the assembly of cells into the bulldozer aggregates that
forge the interconnecting furrows. Our observations have revealed
that large-scale self-organization of cells in actively expanding
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biofilms of P. aeruginosa occurs through construction of an in-
tricate network of furrows that is facilitated by eDNA.

Materials and Methods

Biofilm Expansion Assays. Colony biofilms were cultured at 37 °C in humid
conditions on 1xLB-Lennox solidified with either 1% agar (Luria Bertani
agar, LBA) or 8 g/L gellan gum (Luria Bertani gellan gum, LBGG). Interstitial
biofilms were cultured on 0.4xLB-Lennox solidified with 8 g/L gellan gum
(twitching motility gellan gum, TMGG). Molten TMGG was poured over
sterile slides and solidified at room temperature. Slides were inoculated,
covered with a sterile coverslip, and incubated in humid conditions at 37 °C.
Media was supplemented with 100 Kunitz units per mL DNasel (D5025,
Sigma Aldrich) or the enzyme storage buffer [50% vol/vol glycerol, 10 mM
MqgCl,, 10 mM CaCl,, 10 mM Tris-HCI]. To visualize eDNA, TMGG was sup-
plemented with the cell-impermeant DNA stain TOTO-1 (1 or 2 uM; Life
Technologies Corp.). For measurement of cell widths by OMX 3D-structured
illumination microscopy, TMGG was supplemented with the membrane stain
FM1-43FX (5 pg/mL; Life Technologies Corp.)

Segmentation and Tracking of Bacteria. Individual bacteria across 100 s of
high-resolution, phase-contrast microscopy time-series captured at one frame
per 2 s were identified by segmentation as described previously (23, 24). See
SI Materials and Methods for description of quantitative analyses used in
this study.

AFM. The topography of the media from washed interstitial biofilms was
determined using an MFP-3D instrument (Asylum Research). Height images
were collected using AC mode in air, with minimized loading force. Anti-
mony (n) doped silicon cantilevers (Veeco TESP-SS) with a nominal spring
constant of 42 N/m and a nominal probe curvature radius of 2 nm were used.
A scan size of 60 x 60 pm was used, which was large enough to differentiate
between different regions of the biofilms. Tapping mode images were
processed and analyzed using MFP-3D AFM (Asylum Research) or Image SXM
(University of Liverpool) software.
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