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Bacteria colonize environments that contain networks of moving
fluids, including digestive pathways, blood vasculature in animals,
and the xylem and phloem networks in plants. In these flow
networks, bacteria form distinct biofilm structures that have an
important role in pathogenesis. The physical mechanisms that
determine the spatial organization of bacteria in flow are not
understood. Here, we show that the bacterium P. aeruginosa col-
onizes flow networks using a cyclical process that consists of sur-
face attachment, upstream movement, detachment, movement
with the bulk flow, and surface reattachment. This process, which
we have termed dynamic switching, distributes bacterial subpop-
ulations upstream and downstream in flow through two phases:
movement on surfaces and cellular movement via the bulk. The
model equations that describe dynamic switching are identical to
those that describe dynamic instability, a process that enables mi-
crotubules in eukaryotic cells to search space efficiently to capture
chromosomes. Our results show that dynamic switching enables
bacteria to explore flow networks efficiently, which maximizes
dispersal and colonization and establishes the organizational
structure of biofilms. A number of eukaryotic and mammalian cells
also exhibit movement in two phases in flow, which suggests that
dynamic switching is a modality that enables efficient dispersal for
a broad range of cell types.

bacterial dispersal | bacterial mechanics | biofilm organization |
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Spatial organization within a bacterial biofilm, which is a
dense multicellular community of cells, is important for the

survival of a bacterial population and for pathogenesis (1, 2).
Biofilm organization is dictated by a number of factors, including
the availability of nutrients, signaling molecules, and mechanical
forces (1–9). For example, obligate aerobes develop biofilms at
liquid–air interfaces in cultures (10) and form wrinkled structures
in colonies to maximize oxygen absorption (11). In environments
that contain moving fluids, the mechanisms responsible for large-
scale biofilm organization are not understood but have important
implications for host health, pathogenesis, and persistence. Bac-
terial biofilms form in the complex flow networks of human and
animal blood and lymph circulatory systems, digestive and urinary
tracts, the lung, in the fluidic networks of plants, and in the wa-
terways of natural settings (1, 2). In healthcare settings, bacteria
form biofilms in medical devices that contain flow, including stents,
i.v. fluid lines, and catheters, presenting a serious challenge to
healthcare professionals and the medical industry. In particular, the
establishment of biofilms in flow can lead to the clogging of flow
pathways (12–16), cutting off nutrients to vital locations. What are
the mechanisms that dictate bacterial organization at the single-cell
level and at large scales in these flow networks? Such mechanisms
would appear to be important for predicting the outcomes of host
colonization and pathogenesis, but are not understood.
Pseudomonas aeruginosa is an opportunistic bacterial pathogen

that infects a broad range of organisms including humans, animals,
plants, and fungi. In humans, P. aeruginosa infects areas that contain
moving fluids, causing sepsis and pneumonia. Biofilm formation is

important for P. aeruginosa infection mechanisms and is initiated by
surface attachment, a critical step that also activates the expression
of virulence factors (2, 17–22). Cells attach to surfaces through two
modes: reversible or irreversible attachment (17–19, 23). Cells that
attach irreversibly remain stationary on the surface, whereas those
that attach reversibly can detach to the bulk, move on surfaces
through twitching motility, or reattach to surfaces. The interaction
of these attachment modes with shear stress generated by flow is not
understood but is likely to play a significant role in shaping biofilm
structure and organization. In addition, P. aeruginosa respond to
flow by moving upstream. This process is due to the polar attach-
ment of cells using type IV pili and the alignment of cells in the
upstream direction by shear stress (24, 25). Type IV pili contribute
to, but are not required for, surface attachment (26–28). The
combined effects of upstream movement on surfaces, downstream
movement in the bulk, and attachment dynamics in flow are un-
known and likely contribute to the developmental organization of
biofilms. The effects of these processes in complex flow networks
are important in healthcare and infection settings but have not
been characterized. In particular, no quantitative model exists to
predict the outcomes of bacterial colonization in such networks.
Here, we investigate the temporal and spatial dynamics of P.

aeruginosa in flow during the early stages of biofilm formation.
We observe that P. aeruginosa performs continuous cycles of
surface attachment, upstream surface migration, detachment,
downstream advection with the bulk, and surface reattachment.

Significance

Bacteria colonize surfaces and form dense biofilm communities
in natural and infection settings where flow is present. The
physical mechanisms that give rise to the spatial organization of
biofilms in flow are not understood. Here, we show that the
bacterium Pseudomonas aeruginosa uses a process that we have
termed dynamic switching to efficiently disperse throughout a
flow network and maximize spatial colonization. This process
dictates the spatial organization of cells during the transition
from individual cells to multicellular biofilm communities. Thus,
dynamic switching establishes the initial organizational structure
of biofilms. The motion of many eukaryotic cell types can be
described by dynamic switching, which suggests a general role
of this process in a broad range of cellular systems.
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This cyclical process, which we have termed dynamic switching,
maximizes the spatial distribution of cells in flow. The equations
that describe dynamic switching are identical to those that describe
the dynamic instability of microtubules during the search and cap-
ture of chromosomes during cell division (29). Dynamic instability
enables the efficient search of microtubules in space (30). Similarly,
dynamic switching of bacterial cells enables bacterial populations to
efficiently spread through and colonize flow networks. Dynamic
switching dictates the initial stages of biofilm organization and lays
the foundation for mature biofilm development.

Results
Spatial and Temporal Dynamics of P. aeruginosa Surface Attachment
in Flow. We explored the spatial organization of bacterial coloni-
zation in flow by tracking the movements of individual P. aerugi-
nosa cells on surfaces in microfluidic devices (Fig. 1A and Movie
S1). P. aeruginosa was initially loaded into a device, and a fraction
of the population attached immediately to the cover-glass surface.
Cell-free medium was flowed into the device at a constant rate to
generate stable laminar flow, which was verified by using fluo-
rescent microtracer beads. During a 30-min period, we observed
multiple cell phenotypes, including the movement of cells in the
upstream direction, the detachment of cells from the surface, and
the reattachment of cells to the surface from a previous upstream
position (marked as yellow stars in Fig. 1A). We observed little or
no irreversibly attached cells during this period.
These observations suggest that cell movements in flow follow an

ordered sequence of events. To determine the sequence, we
tracked a single cell lineage over the span of six cell doublings (Fig.
1B and Movie S2). We observed repeated cycles in which a cell
migrated on the surface and duplicated, and one cell detached from

the surface while the other continued surface migration. The cell
that detached from the surface was transported at high speed
downstream along the streamlines of the bulk flow. The establish-
ment of cells on the surface downstream of this area demonstrated
that cells in the bulk reattached to the surface. These cells resumed
upstream movement, completing the cycle of cell migration.
To quantitatively probe and understand the dynamic behaviors

we observed, we developed a surface colonization model in
which bacteria perform repeated cycles of: (i) upstream move-
ment on the surface at an average speed u; (ii) detachment from
the surface to the bulk at a rate β; (iii) movement downstream in
the bulk at an average speed v; and (iv) reattachment from the
bulk to the surface at a rate η (Fig. 1C). Cells duplicate in the
bulk and on surfaces at a rate α. We describe the dynamics on
the surface by the equation:

∂tρs + u∂xρs = ðα− βÞρs + ηρb, [1]

where ρs and ρb define the bacterial population densities (num-
ber of bacteria per unit length) on the surface and in the bulk,
respectively, and the upstream direction is defined toward de-
creasing x. Cells are exchanged between the surface and the bulk
phases, which is described by the terms −βρs + ηρb. The dynamics
in the bulk are described by an equation of similar form:

∂tρb + υ∂xρb = ðα− ηÞρb + βρs, [2]

where exchange between the phases is described by the terms
−ηρb + βρs. Cells moved upstream on surfaces and downstream
in the bulk, constraining the velocities to u ≤ 0 and v ≥ 0.
We refer to the continuous exchange of cells between two

phases in flow as “dynamic switching.” To determine the role of
dynamic switching during biofilm development, we simulated the
equations using physiological parameters. Previous measurements
indicated that P. aeruginosa cells move upstream on surfaces at an
average speed of 1 μm/min (6, 25) and move downstream in the
bulk at a rate of 1,000–15,000 μm/min (SI Appendix). The process
of attaching to and detaching from surfaces is controlled by in-
teractions between components of type IV pili and surfaces (26,
31). We modeled this as an adsorption–desorption process in
which P. aeruginosa cells are adsorbed to the surface and are
desorbed to the bulk. Here, the attachment rate η and the de-
tachment rate β are expressed as functions of a chemical potential:
η = Aexp(−μa/kBT) and β = Bexp(−μd/kBT), where μa and μd are
the chemical potentials for attaching to and detaching from sur-
faces, respectively; A and B are spatial configuration coefficients;
kB is the Boltzmann constant; and T is the temperature. The rates
are described by β = Kη1/c, where K is the spatial configuration
coefficient and c relates the chemical potentials: μa = cμd (see SI
Appendix for further details). We set the chemical potentials to be
equal and opposite (c = −1) and the spatial configuration co-
efficient to 1 to reflect that attachment and detachment of P.
aeruginosa cells from surfaces using type IV pili have not been
associated with different energies or spatial configurations. This
simplifies the relationship to: β = 1/η, where η is a measure of
surface adhesivity and β is the inverse of this quantity. Small values
of β indicate high surface adhesivity, and, conversely, large values
indicate low adhesivity.
To test our model, we compared simulated surface cell den-

sities with those from a colonization experiment in our micro-
fluidic device. Wild-type P. aeruginosa expressing GFP was
flowed in from a side channel into a main channel through which
cell-free LB medium was flowed (Fig. 2A). During 13 h of con-
stant flow at room temperature, we observed the surface colo-
nization established within the device, the expansion of the
population in the upstream direction, and a slight decline in
surface density toward the downstream direction (Fig. 2B). At
later times, we observed a mature dense biofilm in the channel.
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Fig. 1. Model of colonization under flow. (A) Trajectories of surface-asso-
ciated P. aeruginosa cells in a 200 × 50 μm (w × h) microfluidic device in
which cell-free LB medium was flowed from left to right at 5 μL/min. Images
were acquired for 30 min at 30-s intervals. Trajectories are superimposed
over a phase contrast image at the start of the experiment. Cells move on
surfaces (solid lines), detach from the surface, and move downstream in the
bulk (dashed lines). (B) Trace of a single cell lineage over the course of 6 h.
(C) Schematic summarizing the processes (blue) observed in A and B.
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We simulated dynamic switching equations and found that these
experimental surface densities were reproduced by using a dou-
bling time of 96 min and a detachment time of 50 min per de-
tachment, corresponding to α/β = 0.50. The simulation results fit
well with the experimental data for 4.4, 8.8, and 13.1 h of con-
tinuous flow, with R values of 0.54, 0.76, and 0.83, respectively
(Fig. 2B and SI Appendix, Fig. S2). In addition, the simulations
exhibited the behaviors observed in the microfluidic channels (Fig.
2 A and B), including total population expansion, population ex-
pansion in the upstream direction, colonization in the downstream
direction, and a population density profile that decreases toward
the downstream direction (SI Appendix, Fig. S2).
The growth and detachment rates, α and β, respectively, were

the primary parameters in our simulations. To develop an in-
tuition for how these parameters influence surface colonization,
we performed simulations with values of α/β above and below
those used to fit the experimental data in Fig. 2B. We used
values of α/β = 1/3 or α/β = 3, which corresponded to cells that
detach from surfaces at relatively high or low rates (Fig. 2 C and
D and SI Appendix, Fig. S1), respectively. We initially seeded the
surface with a normally distributed population of bacteria cen-
tered at x = 0 in a linear one-dimensional flow environment and
plotted the time evolution of bacterial population densities on the
surface and in the bulk. The surface populations migrated up-
stream (toward negative x) with respect to time. For α/β = 1/3 (a
high rate of detachment), the amplitude of the surface population
diminished toward extinction due to the transfer of the population
from the surface to the bulk (Fig. 2C and SI Appendix, Fig. S1A).
Cells reattached to the surface at low frequency and were swept
along with the bulk. In contrast, for α/β = 3 (a low rate of de-
tachment), the shape of the surface population changed consid-
erably, and colonization was observed both upstream and
downstream of the initial seeding area (Fig. 2D and SI Appendix,
Fig. S1B). In particular, the reattachment of cells downstream of

the peak broadened the spatial distribution of bacteria along the
direction of flow. Thus, the value of α/β determines whether a
bacterial population on the surface expands or becomes extinct.

Colonization Is Established by Dynamic Switching. Bacteria en-
counter a variety of nutrient sources, surface chemistries, and
flow rates in natural environments and infectious settings. We
determined how these variables affect surface colonization for
growth rates (α) ranging from no growth to a rapid doubling time
of 20 min and for a range of surface detachment rates (β) (Fig. 2 E
and F). We observed surface colonization growth for low de-
tachment rates and surface colonization decay for high detachment
rates, consistent with the surface colonization plots in Spatial and
Temporal Dynamics of P. aeruginosa Surface Attachment in Flow.
Interestingly, colonization growth was possible with a continuous
supply of nonproliferating cells (α = 0 min−1) for a small range of
detachment rates (β < 0.01 min−1) (Fig. 2E). We found that the
vast majority of parameters resulted in only two modes of surface
colonization: growth or decay (Fig. 2E). A steady state was only
observed for a small number of parameters that formed the tran-
sition between the growth and decay modes. This result suggests
that surface colonization for the majority of growth rates and
surface conditions is unstable: Populations either decrease or in-
crease on surfaces but do not remain constant. We note that our
model does not account for changes relating to nutrient transport,
gene regulation, and the mechanical environment that accompany
the transition from low to high population densities. The pop-
ulation instability described here thus applies to the initial stages of
colonization in which cells grow at low density.
Next, we determined how flow rates affect surface coloniza-

tion near the initial seeding site. We performed simulations for
bulk velocities ranging from 0 to 15 mm/min (Fig. 2F) for a range
of the growth and surface detachment rates inclusive of those
above. Again, we observed that surface population either grew or
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Fig. 2. Dynamic switching guides initial P. aeruginosa colonization, which exhibits only two modes in flow: growth or decay. (A) Schematic and corre-
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decayed for the majority of flow rates and contained a small number
of steady states at the transition between the two modes (Fig. 2F).
Furthermore, we note that dynamic switching applies to bacteria
that do not move upstream on surfaces, which corresponds to u ≥ 0.
Together, these results indicate that bacterial surface colonization in
the vast majority of physiological environments, flow conditions, and
bacterial species obey only two modes: growth or decay. In partic-
ular, dynamic switching controls the spatial and temporal organi-
zation of bacterial colonization in flow.
We note that the values used to compare the simulations with

the microfluidic data (Fig. 2B) were α/β = 0.50 and v/juj =
10,000, which dictated that the population should decay weakly
near the steady state (Fig. 2F), while the experimental and
simulation results indicated that the populations grow. This ef-
fect is due to the addition of a continuous cell source, which
increases the effective growth rate and results in overall pop-
ulation growth. Thus, our simulation of dynamic switching is in
agreement with all of the behaviors observed during colonization
of P. aeruginosa in flow in the microfluidic devices.

Simulating Colonization in Vasculature. Bacterial colonization is a
critical step for causing infection and disease in plants and ani-
mals. We explored the role of dynamic switching in establishing
bacterial colonization in plant and animal vascular flow networks.
Vascular networks in these organisms contain complex geometries
and topologies that give rise to a large number of flow bifurcations
and branches (32, 33). The colonization of vasculature is observed
in many types of animal and plant infections. However, there is no
theoretical or computational framework that describes the dis-
persal and growth of bacteria in these flow networks. We attribute
the lack of this framework to a lack of an accurate model de-
scribing bacterial colonization in flow.
Using our dynamic switching model, we simulated bacterial

colonization in vasculature in silico for a branched channel in
which fluid moves from left to right and bifurcates into two
separate branches (Fig. 3A). We extended Eqs. 1 and 2, which
encode the surface and bulk population densities for a single
branch, to two linear branches and included an additional term
that enabled the exchange of cells between the two branches up-
stream of the bifurcation (Fig. 3A and see SI Appendix for details).
We initially seeded P. aeruginosa in the top branch to simulate an
infection condition (Fig. 3A) and determined the time evolution of
the cell population densities using parameters that establish sur-
face population growth (α/β = 0.7). Our results indicated that
surface colonization evolves in the branched channel through a
specific sequence of events: (i) upstream population expansion
from the seeded branch, (ii) movement across flow streamlines,
and (iii) downstream dispersal to the side branch (Fig. 3B and SI
Appendix, Fig. S3A). Dynamic switching occurred throughout the
entire process, with cells continually detaching from surfaces,
moving downstream with the bulk, and reattaching at a down-
stream position (Fig. 3B and SI Appendix, Fig. S3A). Our model
thus predicts that colonization expands upstream and spreads
downstream to neighboring branches.
We compared our results with a colonization experiment in a

branched microfluidic device. Consistent with our simulation
conditions, cell-free medium was flowed through a main branch and
diverges into two separate branches. We inoculated one branch (the
seeded branch) with coculture containing wild-type P. aeruginosa
expressing GFP and a ΔpilTU mutant (expressing mCherry) that is
unable to move upstream, which served as a reference for the initial
inoculation site. During 15 h of constant flow, we observed spatial
and temporal population changes in the identical sequence as our
dynamic switching model: Wild-type P. aeruginosamoved upstream,
across streamlines, and downstream in the side branch (Fig. 3C and
SI Appendix, Fig. S3B). We observed agreement of the experimental
and simulated surface densities, with R values of 0.86 and 0.68 in the
seeded and side branches, respectively (Fig. 3D and SI Appendix,

Fig. S3C). Our dynamic switching model thus recapitulates bacterial
colonization in a simple flow network.
To test the ability of our model and framework to predict col-

onization in generalized flow networks, we simulated a network
with increased complexity in which a main branch bifurcated at
nodes separated by different distances into four branches (Fig.
4A). We seeded cells in an initial branch and simulated the time
evolution of colonization (Fig. 4B and SI Appendix, Fig. S4) using
parameters that corresponded to the colonization growth mode (v/
juj = 1,000 and α/β = 0.67). We observed colonization upstream
of the seeded branch (branch 1) and dispersal to neighboring
branches in succession from branches 1 to 4. The upstream move-
ment on surfaces enabled cells to reach an upstream node. The
subsequent transverse cellular movements enabled cells to enter
the streamlines of a neighboring branch, where they rapidly moved
downstream via the bulk. These results suggest a general strategy
for bacterial dispersal in vasculature: Cells move upstream slowly
on surfaces, move transversely into adjacent branches at junctions,
and move into the bulk. This results in the dispersal of cells
downstream at speeds that are many orders of magnitude higher
than on surfaces.

Dynamic Switching Enables Efficient Dispersal. To quantify the extent
to which dynamic switching affects bacterial dispersal in flow net-
works, we ran our simulation in the generalized four-branch flow
system (Fig. 4 A and B and SI Appendix, Fig. S4) and determined
the extent of flow network coverage for surface detachment rates
corresponding to surface-dominated lifestyles, dynamic switching,
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Fig. 3. Dynamic switching determines the dynamics of P. aeruginosa colo-
nization in branched flow networks. (A) Schematic of a branched environ-
ment in which bacteria and cell-free medium are continuously flowed
through the side and main channels, respectively. The functions ρs and ρb
represent the surface and bulk densities, respectively, in each branch. (B)
Surface densities in a simulation of dynamic switching in a branched envi-
ronment. Dashed lines with arrows indicate the bulk flow from left to right,
and color bars indicate the surface cell density. Plots were generated by
using α/β = 0.7 for 10 and 15 h of continuous flow in which cells were seeded
continuously at a position 20 μm downstream of the branch intersection
using an inlet width of 200 μm. (C) Fluorescence image of surface coloni-
zation in a branched microfluidic device in which wild-type (green) and
ΔpilTU (red) P. aeruginosa and cell-free medium were flowed continuously
through the seeded and main branches, respectively, for 15 h. (D) The ex-
perimental (open circles connected by dashed lines) and simulated (solid
lines) surface densities in the seeded (blue) and side (red) branches at 15 h.
Shaded regions indicate the 95% confidence interval for fitting the scaling
parameter of the simulation to the experimental data. (Scale bars, 50 μm.)
See SI Appendix for further simulation details.
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and bulk-dominated lifestyles. For surface- or bulk-dominated
lifestyles, cells generally remained in their respective phases, and
the cell exchange between the two phases was low (Fig. 4C). For
the dynamic switching regime, cells transferred continuously be-
tween the surface and bulk phases. We observed low network
dispersal for surface- and bulk-dominated lifestyles (Fig. 4C and SI
Appendix, Fig. S5). In contrast, dynamic switching significantly
increased the network coverage, with maximum network coverage
observed at β/α = 1.5 and the half-maximum range observed at β/α
values between 0.7 and 2.4 (Fig. 4C). The dispersal effects of
dynamic switching were striking when network coverage was com-
pared against surface-only motility, in which cells explored networks
using random walks (D = 1 μm2/min) or upstream migration (Fig.
4D). In particular, our results show that dynamic switching enables
rapid dispersal throughout the flow network whereas surface-only
motility results in relatively slow dispersal. The effect of dynamic
switching on dispersal is independent of the number of branches
and is observed in single- and two-branch networks as well (SI
Appendix, Fig. S6), which suggests that the effects of dynamic
switching are independent of flow network geometry. Together,
these results show that dynamic switching by bacteria provides
significant dispersal and colonization advantages over surface-
and bulk-only modes. In particular, the movement between two
phases (bulk and surface) maximizes dispersal, whereas move-
ment constrained to a single phase significantly limits dispersal.

Discussion
Efficient Exploration of Space by Dynamic Switching. The efficient
exploration of space is a ubiquitous theme in biological systems.
For example, microtubules search intracellular space to capture
chromosomes during cell division, and transcription factors
search chromosomal positions to bind target sites to regulate

gene expression. In natural and infection settings, bacteria search
through fluidic spaces to colonize environments that are favor-
able for their survival, such as those that are nutrient-rich, free of
competing bacterial species, and secluded from host defenses.
Our results show that P. aeruginosa uses dynamic switching, a
strategy consisting of continuous switching between surfaces and
the bulk, to disperse throughout and colonize environments.
The equations that describe dynamic switching (Eqs. 1 and 2)

have an identical form to those that describe the dynamic in-
stability of microtubules (29). The equations for dynamic in-
stability encode two states of microtubule polymerization (growth
and decay), whereas those for dynamic switching encode two
modalities of bacterial dispersal (on surfaces and in the bulk). The
continuous switching between two states enables microtubules to
search for space efficiently for the capture of chromosomes (30).
Our work demonstrates that dynamic switching between two
modalities by P. aeruginosa significantly increases the efficiency by
which cells disperse throughout and colonize flow networks such
as those found in host blood and lung vasculature (Fig. 4B and SI
Appendix, Fig. S4). Dynamic switching is thus likely to play a sig-
nificant role in host pathogenesis by facilitating the transport and
colonization of pathogens to infection sites. In particular, our cur-
rent simulations (Figs. 3 and 4) are well suited to describe the entry,
dispersal, and colonization of bacteria near a wound site in a vas-
cular network. Our simulations show that bacterial colonization is
maximized in conditions that enable dynamic switching and is sig-
nificantly diminished for single-state lifestyles in which cells either
adhere strongly to surfaces or do not adhere to them at all (Fig. 4C
and SI Appendix, Fig. S5). Dynamic switching thus requires in-
termediate values of surface adhesivity (i.e., 0.7 < β/α < 2.4 in Fig.
4C) to facilitate both surface adhesion and release. We observed
that P. aeruginosa colonization in our microfluidic experiments
corresponded to β/α values of 2.0 and 1.4 in the single and two-
branch geometries, respectively (Figs. 2B and 3D). These results
suggest that P. aeruginosa and other pathogens that utilize dynamic
switching have evolved surface attachment mechanisms that result
in intermediate surface adhesivity. In particular, the hypermuta-
bility of pilus and other adhesion components (34–36) could facil-
itate cellular adaptation to different surfaces in natural and
infection settings, thereby tuning the extent of dynamic switching.

Dynamic Switching Dictates Initial Biofilm Organization in Flow.
Surface attachment is a requirement for biofilm formation (2,
17–19). Our results suggest that dynamic switching plays a critical
role in the spatial organization of biofilms by determining the
initial distribution of bacteria on surfaces. Dynamic switching
increases the spatial distribution of biofilm initiation sites by
maximizing surface colonization along all portions of the net-
work (Fig. 4C). In addition, our simulations show that initial
surface populations either grow or decay for the majority of surface
adhesivity and nutrient availability conditions and are fixed for a
small number of conditions (Fig. 2 E and F). After initial surface
attachment, biofilm development adds additional layers of cells
that provide insulation from the effects of flow. Nutrient absorp-
tion, cell attachment, and cell detachment significantly decrease
within the interior of the biofilm, terminating dynamic switching.
According to our model (Eqs. 1 and 2), this allows for the possi-
bility of population stability (Fig. 2E). Thus, the transition from
dynamic switching to mature biofilm formation enables pop-
ulations to change from a state in which populations are either
growing or decaying to a state that permits the establishment of
stable communities. Due to the insular nature of biofilms, these
communities may enable survival and dispersal over a larger area
and in conditions that would be prohibitive for individual cells.
Future work will need to address the effects of flow, nutrient
transport, and bacterial cell exchange during this critical transition.
Dynamic switching is likely to play an important role in

shaping the spatial organization of polymicrobial environments,
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in which different microbes compete for limited nutrients. Future
work will need to incorporate the effects of dynamic switching in
environments containing multiple species and host network geom-
etries. In particular, the equations that describe dynamic switching
apply generally to biphasic populations and are not limited to
bacteria that move upstream on surfaces or adhere strongly to
surfaces. Upstream-deficient bacteria can be represented by u =
0 in our model, and bacteria that do not adhere strongly are
represented by large values of β. Furthermore, the framework
developed here can be expanded to accommodate multiple species
and arbitrary flow network geometries by solving systems of one-
dimensional equations. Thus, the framework developed here can
be applied to predict the dispersal and colonization dynamics of P.
aeruginosa and other bacteria in complex flow networks such as
those found in hosts.

Dynamic Switching: Potential Role as a General Dispersal Mechanism.
At the most fundamental level, dynamic switching describes in-
dividual cells that repeatedly transition between surface attach-
ment and advection in a moving bulk. This behavior is not limited
to bacteria. We speculate that dynamic switching could have a role
in cellular processes that generally increase spatial distribution.
For example, leukocytes are trafficked in two phases by circulation
in the bloodstream and recruitment to surfaces (37, 38). The

exchange of leukocytes between the two phases could enable ef-
fective dispersal throughout the body, which is critical for effective
tissue repair. Similarly, dynamic switching could have a role in the
spread of metastatic cancers, which involves the movement of
tumor cells on surfaces and in the bulk of circulatory networks (39,
40). Given these potential roles, interfering with dynamic switch-
ing mechanisms may represent a potential strategy for the treat-
ment of bacterial infections and other diseases.

Experimental Procedures
Bacterial strains were grown in LB-Miller (BD Difco) broth overnight to sat-
uration, diluted 1:1,000, and regrown in the samemedium tomidexponential
phase. Microfluidic devices were fabricated by using soft photolithography as
described (6). The dynamic switching equations (Eqs. 1 and 2) were encoded
in Matlab (Version R2015a; MathWorks) by using the finite-difference
method, a second-order upwind scheme, and Neumann boundary condi-
tions. Details on bacterial strains, growth conditions, microfluidic experi-
ments, simulation parameters, and the model can be found in SI Appendix.
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