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Abstract
Interactions among bacteria and their viral predators, the bacteriophages, are likely among the most common
ecological phenomena on Earth. The constant threat of phage infection to bacterial hosts, and the imperative of
achieving infection on the part of phages, drives an evolutionary contest in which phage-resistant bacteria emerge,
often followed by phages with new routes of infection. This process has received abundant theoretical and
experimental attention for decades and forms an important basis for molecular genetics and theoretical ecology and
evolution. However, at present, we know very little about the nature of phage-bacteria interaction – and the
evolution of phage resistance – inside the surface-bound communities that microbes usually occupy in natural
environments. These communities, termed biofilms, are encased in a matrix of secreted polymers produced by their
microbial residents. Biofilms are spatially constrained such that interactions become limited to neighbors or nearneighbors; diffusion of solutes and particulates is reduced; and there is pronounced heterogeneity in nutrient access
and therefore physiological state. These factors can dramatically impact the way phage infections proceed even in
simple, single-strain biofilms, but we still know little of their effect on phage resistance evolutionary dynamics.
Here we explore this problem using a computational simulation framework customized for implementing phage
infection inside multi-strain biofilms. Our simulations predict that it is far easier for phage-susceptible and phageresistant bacteria to coexist inside biofilms relative to planktonic culture, where phages and hosts are well-mixed.
We characterize the negative frequency dependent selection that underlies this coexistence, and we then test and
confirm this prediction using an experimental model of biofilm growth measured with confocal microscopy at
single-cell and single-phage resolution.
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Introduction
Because of the sheer number of bacteria and phages in nature, interactions between them are common (1–9). The
imperative of evading phages on the part of their hosts, and of accessing hosts on the part of phages, has driven the
evolution of sophisticated defensive and offensive strategies by both (10, 11). Phage resistance can evolve very
rapidly in well-mixed liquid cultures of bacteria under phage attack (2, 12, 13). This process has been studied for
decades, however phage resistance evolution has received little attention in the context of biofilms, in which cells
adhere to surfaces and embed themselves in a secreted polymer matrix (14–16). Biofilm growth is thought to be the
most common mode of bacterial life, but we are just beginning to understand the mechanistic and ecological details
of phage-bacteria interaction within them (9, 17–19).
Microenvironments within biofilms are highly heterogeneous, including steep gradients in nutrient
availability, waste product accumulation, oxygenation, and pH, among other factors (20, 21). Furthermore, biofilm
structure can impede the movement of solutes and particles that ordinarily would pose grave threats in well-mixed
liquid conditions. The extracellular matrix of Pseudomonas aeruginosa, for instance, can block the diffusion of
antibiotics such as tobramycin (22, 23). Biofilm matrix secreted by Escherichia coli and Pseudomonas aeruginosa
can also alter phage movement (17, 18). The spatial and temporal complexity of biofilm communities make it
difficult to anticipate how they will impact phage-bacteria interaction, including the evolution of physiological
resistance to phage attack.
Beyond their deep importance to microbial natural history, phages’ ability to rapidly destroy susceptible
populations makes them attractive as alternative antimicrobials (12, 24, 25). Optimizing phages for this purpose,
including an understanding of phage resistance evolution among host bacteria, requires a thorough look at phagebiofilm interactions (26, 27). In particular, biofilm growth may have profound impacts on the relative advantages
and disadvantages of phage resistance, which often involves mutations that also carry a growth rate cost, because
the spatial structure within biofilms can potentially protect susceptible cells from phage exposure (17, 18, 28).
Furthermore, in some conditions, even susceptible bacterial hosts can outrun a phage infection, for example, if host
cell grow sufficiently quickly, or if phages are introduced at low multiplicity of infection (28–31). This effect could
be significantly altered by the restricted spatial access of phages to their hosts within biofilms.
Here we set out to explore how phage resistance initially evolves in biofilms. To do this we use a
combination of spatially explicit simulations and microfluidics-based biofilm experiments with high resolution
confocal microscopy. We find that under realistic conditions, biofilm growth promotes the coexistence of phagesusceptible and phage-resistant hosts for much broader parameter space than one would expect in planktonic
conditions. Coexistence is supported by a spatially-driven mechanism of negative frequency dependent selection,
which we investigate in detail. This result is robustly supported by high-throughput simulations and experiments
interrogating phage-bacteria interactions within live biofilms.

Results
In biofilm environments, the population dynamics of bacteria and their lytic phages are driven by many processes,
including bacterial growth, cell-cell shoving, solute advection/diffusion, phage-host attachment probabilities, phage
lag time and burst size, and phage advection/diffusion, among others (9, 28). To study phage resistance evolutionary
dynamics, we expanded a simulation framework previously developed by ours groups that captures the biological
and solute/particle transport processes inherent to biofilm communities (28). The framework is customized to
implement tens to hundreds of thousands of discrete bacteria and phages in explicit space, and to simulate
genetically susceptible and resistant bacterial sub-populations (see Materials and Methods). Briefly, cells are
inoculated onto a solid surface at the bottom of a 2-D space with lateral periodic boundary conditions. Growthlimiting nutrients diffuse from a bulk liquid layer towards the biofilm front, where they can be depleted due to
consumption by cells (Figure 1A). The biofilm surface erodes in a height-dependent manner, reflecting the increase
in shear rate with distance from the surface (32). After a pre-set interval of biofilm growth, phages are introduced
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to the system in a pulse distributed along the biofilm’s upper surface (varying the timing of phage pulses had no
qualitative impact on the results, see Materials and Methods). Phages can associate with cells in the biofilm and
initiate infections, or be released into the surrounding liquid, where they diffuse for a full simulation iteration cycle
prior to being swept out of the system by advection. Phage movement rules are described in detail in Materials and
Methods.
To begin, we constrained our simulations using experimentally measured parameters for bacterial growth,
phage replication, and nutrient diffusion (See Table S1), using measurements for E. coli and its lytic phage T7 (the

Figure 1. A) An illustration of the basic growth, nutrient diffusion, and phage infection processes
inherent to the biofilm simulation framework. B) The influence of phage resistance cost, nutrient
availability, initial population composition, and phage mobility on the evolutionary dynamics of phageresistance. Simulation parameters were constrained using measured values for E. coli and phage T7.
Within each bold-outlined box, each square denotes the mean difference in final minus initial frequency
of phage-resistant cells at simulation end points. Note that the initial frequency sets how far the resistant
strain’s frequency can shift in either direction and thus the range of potential intensity values for each
square. Each row indicates the shape of selection for phage resistance, with all-blue (dark blue on left
and light blue on right) indicating positive selection and all-red (light red on left and dark red on right)
indicating negative selection. When a row has blue squares on the left and red square on the right, each
strain can invade when initially rare, which is the defining signature of long-term coexistence.
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same species used in our experiments, see below). We explored the impact of factors that are likely to vary in natural
environments where phage-biofilm interactions occur. The first is nutrient availability, which controls overall
biofilm expansion rate and influences inter-strain spatial structure and biofilm surface shape (33, 34). We also varied
the fitness cost of phage resistance, and the ability of the biofilm population to limit phage diffusion. Lastly, for any
given combination of these parameters we also varied the initial population ratio of susceptible to resistant host
bacteria. By varying initial fractions in this way, we could test for the invasibility of rare mutants and assess the
stability properties of emergent population steady states. For example, if resistant cells always increase (or decrease)
in frequency regardless of their initial fraction, we can infer that they are being positively (or negatively) selected.
On the other hand, if they increase when initially rare but decrease when initially common, then we can infer that
resistant and susceptible cells will tend toward coexistence (35). For comparison, we also include simulations with
no spatial structure, where all cells and phages are allowed to interact randomly. The results of this system
exploration are shown in Figure 1B (Figure S1 illustrates the corresponding variance in simulation outcomes), and
we discuss the major outcomes in turn below.
Phage resistance is strongly favored in well-mixed conditions
Our spatially homogenous control simulations, which were also parameterized according to measured growth
features of E. coli and phage T7, showed that phage-resistant host cells have a strong fitness advantage over phagesusceptible hosts under phage exposure, always increasing to fixation in the population (Figure S2). This outcome
was independent of the nutrient supply or the initial frequency of phage-resistant cells in the population, implying
that for our realistic parameterization there is no predicted coexistence of phage-resistant and -susceptible cells in
well-mixed conditions (4, 36, 37).
Phage resistance is disfavored when biofilms can outgrow phage epidemics
When nutrient supply is saturating (denoted by “max” in Figure 1), such that biofilms expand faster than phage
infections can penetrate by killing susceptible cells, then phage predation does not impose a substantial influence
on population composition (SI Video 1). Instead, under high nutrient influx conditions, biofilms out-grow phage
epidemics in a manner related to that observed by Eriksen et al. (29). In these conditions bacteria experience a
simple growth race in which replication rate is the most important fitness currency. As can be seen in the top row

Figure 2. Population dynamics of phage-resistant and susceptible bacteria within biofilms saturated with nutrients (noted
as “max” in Figure 1) such that all cells are growing at or near maximal rates at all times. (A) The frequency of resistant
cells is shown from different starting conditions; varying trace colors correspond to the initial frequency of resistant cells
(red: 0.05; orange: 0.35; teal: 0.65; purple: 0.95) and are meant to assist in visualization. Some runs were halted before the
10 d mark because of limitations on shared computational clusters, but these had all reached steady state. For the runs
shown here, the fitness cost of phage resistance is 0.35, and phage mobility through the biofilm is moderate. (B) An
example of the biofilm simulation space during phage infection in biofilms with saturating nutrient conditions. Here
biofilms grow with smooth, rapidly-advancing fronts that out-strip phage propagation. In this example, the fitness cost of
phage resistance is 0.35, phage mobility is moderate, and the initial frequency of resistant bacteria is 0.65.
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of each block within our parameter sweep (Figure 1), we observe neutral competition between phage-susceptible
and -resistant cells when the cost of resistance is zero (SI Video 1), and as the cost of resistance increases, the
resistant strain suffers a lower and lower growth rate such that they are selected against (Figure 2, SI Video 2).
With decreasing phage diffusion and moderate or low nutrient supply, phage-resistant and phage-susceptible
cells coexist
When nutrient supply is not saturating (denoted as “mid” and “low” nutrient availability in Figure 1), biofilm growth
and overall morphology change considerably. The biofilm surface structure tends to be rough with different cell
lineages segregated in space, a result of strong restriction of cellular growth to only an outer active cell layer. This
limited active layer growth occurs due to depletion of nutrients before they can reach the full biofilm depth (34, 38–
40). This feature of nutrient-limited biofilms generates rough surface structure by amplifying initially small
irregularities in surface height and causes strain segregation due to strong bottlenecks in population composition
along the advancing front (38, 41–43). In these conditions, phage infection can out-strip biofilm expansion.
Inspection of the rows within each block of Figure 1 indicates that for most of “mid” and “low” nutrient parameter
space, resistant cells and susceptible cells can both increase in frequency when initially rare. In other words, phagesusceptible and phage-resistant bacteria undergo negative frequency-dependent selection whenever 1) phages are
not able to diffuse freely, and 2) the biofilm as a whole is not growing so quickly as to out-run the spread of phagemediated killing of susceptible cells. These population dynamics imply that the long-term outcome of competition
between resistant and susceptible cells is coexistence (35, 44–46). We next explored the origin of this negative
frequency-dependence: in the face of lytic phage attack and limited phage movement in biofilms, why do phageresistant cells fare well when rare, but fare poorly when common?
Clearance effect – We found that when phage-resistant cells are rare within the population that nucleates a
biofilm, there are likely to be only sparse clusters of them due to simple constrains on cell movement. As a result,
when phages enter the system, they have unfettered access to susceptible hosts that occupy the majority of space,
and the propagating infection eliminates most or the all of the susceptible population. After this clearance, the few
remaining phage-resistant cells have an abundance of open space into which they can grow to re-seed the entire
biofilm population, approaching fixation in the process (Figure 3A,B, SI Video 3).

Figure 3. Population dynamics of phage-resistant and susceptible bacteria within biofilms with low nutrient availability
(denoted by “low” in Figure 1). (A) The frequency of resistant cells is shown from different starting conditions; varying
trace colors correspond to the initial frequency of resistant cells (red: 0.05; orange: 0.35; teal: 0.65; purple: 0.95) and are
meant to assist in visualization. For the runs shown here, the fitness cost of phage resistance is 0.35, and phage mobility
through the biofilm is low. (B,C) Under limiting nutrient conditions, biofilms grow with rough fronts and spatially
segregated cell lineages. When resistant cells are initially a minority (B), susceptible cells are highly exposed to phages
and largely killed off, allowing resistant cells to re-seed the population. When resistant cells are initially more common
(C), and phages cannot diffuse freely through the biofilm, susceptible cells are spatially protected from phage exposure.
In (B) and (C), arrows indicate initiation points of phage infections.
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Phage blocking – When phage-resistant cells initiate biofilms in the majority, on the other hand, phagesusceptible cells tend to grow in clusters enveloped within multiple layers of phage-resistant cells, or in strainsegregated towers adjacent to towers of resistant cells. If phages are able to diffuse freely through biofilm biomass,
then this spatial arrangement offers no protection to susceptible cells, but once phage diffusion is even moderately
impeded by the presence of biofilm, then susceptible cells gain protection from phage exposure. This occurs because
phages are sequestered to a degree within clusters of resistant cells, and because phages in released into the liquid
phase are blocked from long-range movement to towers of susceptible cells by towers of resistant cells standing in
the way. The lower the frequency of susceptible cells in the initial inoculum, the stronger the effect of these spatial
protection mechanisms. In this scenario, if there is no cost to resistance, then susceptible and resistant cells compete
neutrally. However, if there is a fitness cost to resistance, then susceptible cells have an intrinsic growth rate
advantage, and they increase in frequency if they are initially rare (Figure 3A,C, SI Video 4).
Experimental model of phage resistance evolutionary dynamics
Our simulation results lay out a spectrum of potential population dynamics between biofilm co-dwelling cells that
are resistant or susceptible to lytic phage attack. In particular, we predict a strong trend toward coexistence of phagesusceptible and phage-resistant cells in nutrient supply conditions that best reflect empirical conditions (low to
moderate nutrient supply). Here we set out to test this prediction using an experimental model of biofilm growth
and lytic phage infection tracking. Biofilms of E. coli were cultivated in microfluidic devices, including co-cultures
of wild type AR3110 (WT), and an isogenic strain harboring a clean deletion of trxA (see Materials and Methods).
The DtrxA null mutant lacks thioredoxin A, which is an essential DNA processivity factor for the lytic phage T7.
The DtrxA mutant therefore does not allow for phage amplification, while WT is susceptible (47). To monitor the
infection state of cells, we use a previously engineered strain of phage T7 containing sfGFP inserted to its genome
under strong constitutive expression (18).
The E. coli experimental biofilms were cultivated in microfluidic devices composed of a chamber molded
into PDMS, which was then bonded to a glass coverslip for imaging on an inverted microscope. In different runs of
the experiment, mimicking our simulation approach, we inoculated the glass bottom of flow devices with varying
ratios of phage-susceptible and -resistant bacterial cells; allowed biofilms to grow undisturbed for 48 hours; and
then subjected them to a pulse of high-density phage suspensions (Figure S3; Materials and Methods). Biofilm
populations were then imaged by confocal microscopy at regular intervals until the relative abundances of WT

Figure 4. Experimental test of model predictions. Biofilms containing mixtures of phage T7-susceptible AR3110 E.
coli and a phage T7-resistant null mutant carrying a deletion of trxA were grown for 24 hours before administering a
pulse of phages to the two-strain biofilm population. (A) Population dynamics traces showing the frequency of phageresistant E. coli as a function of its initial population frequency. Varying trace colors are shown to assist in visualization.
(B, C) Time series of phage-resistant (blue) and phage-susceptible cells (red) following a pulse of phages into the
chambers. Panels from left to right show biofilms at ~ 0, 12, 24, and 48 hours post phage exposure. Each image is an
x-y optical section from a stack of images covering the whole biofilm volume, taken by confocal microscopy.
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(susceptible) and DtrxA (resistant) host cells stabilized, indicating that the population had settled into a steady state.
For each imaging session, the entire biofilm volume was captured in successive optical sections.
We found that when phage-resistant cells were initially uncommon, susceptible cells were killed off by
phage exposure and mostly cleared out of the chambers, opening new space into which resistant cells could grow
for the remainder of the experiment (Figure 4A,B). This effect was strongest when resistant cells initiated at a
frequency of 0.25 or less, but was still observable for intermediate (0.5/0.5 resistant/susceptible) initial conditions.
On the other hand, when phage-resistant cells were
initially common (75% of the population, or more), the
relative fraction of resistant and susceptible host
bacteria did not substantially change following phage
treatment (Figure 4A,C).
Our experimental results thus gave a strong
match to the simulation predictions for moderate phage
mobility, and moderate or low nutrient supply (Figure
1). Furthermore, the mechanistic basis of these
outcomes was the same as those observed in our
simulations, including a clearance effect when resistant
cells are initially rare. In this condition, susceptible cells
are fully exposed to phages and die out; the remaining
resistant cells then re-seed the population (Figure 4B).
Our experiments also confirmed the phage blocking
effect: when resistant cells are initially common, they
often sequester phages away from susceptible cells,
which are then protected from phage exposure and
manage to remain near their initial frequency in the
population (Figure 4C). To further test this inference,
Figure 5. Demonstration of phage blocking in an
we introduced fluorescently-labelled T7 phages to
experimental biofilm of phage-resistant (blue) and phagesusceptible (red) E. coli. Purified phages stained with
biofilms initiated with a majority of resistant bacteria,
Alexafluor (yellow) were added to 48 h biofilms in which
and directly observed that these phages often could not
resistant cells were inoculated as 95% of the founding
reach isolated pockets of susceptible cells (Figure 5,
population. The central image is a top-down view of a 3-D
additional replicas in Figure S4). Because resistant and
rendering measuring 50µm x 50µm x 15 µm [L x W x D].
susceptible cells both increase in frequency when they
The inset image is a projection of a vertical slice through a
are initially rare, the expected long-term outcome is
3-D volume. The yellow arrow points to an immobilized
coexistence of the two types of bacteria, even when
phage on a cluster of resistant cells.
there is little or no fitness cost for phage resistance.

Discussion
Our work here provides a foundation for understanding how phage infection and diffusion within biofilms determine
the evolutionary dynamics of phage resistance. Using simulations with extensive parameter sweeps, we found that
in the limit of saturating nutrient supply, when biofilm growth is exceedingly fast relative to phage infection,
biofilms can “shed” a phage epidemic from their rapidly advancing front. In these conditions, which are likely met
under limited circumstances of very rich nutrient availability, phage resistance provides little or no advantage. On
the other hand, when nutrient supply conditions are more realistic, such that biofilm-dwelling cells cannot simply
out-grow the spread of phages, there is a strong trend toward negative frequency-dependent selection for phage
resistance/susceptibility that is highly robust to parameter changes.
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The origins of frequency-dependent selection are tied to the cell movement constraints and competition for
space in biofilms. When phage-resistant bacteria are initially rare, introduced phages have open access to susceptible
hosts, which are mostly or entirely killed, leaving empty space for the residual resistant cells to re-inoculate the
population (clearance effect). On the other hand, when phage-resistant bacteria are initially common, they create
barriers between phages and clusters of susceptible cells, in addition to sequestering phages from the liquid phase.
So long as there is limited diffusion of phages through biofilm biomass, this spatial arrangement provides protection
to susceptible cells (phage blocking), whose population frequency can then drift or increase significantly depending
on the fitness costs of phage resistance. The experimental results were an excellent match to these predictions, as
we could observe both the clearance and phage blocking effects, depending, as anticipated, on the initial fraction of
resistant and susceptible bacterial cells. Because both resistant and susceptible cells are particularly successful when
initially rare – as would be the case when one is a mutant singleton or small cell cluster – the prediction is for longterm coexistence of the two strains.
Our results provide a first glimpse into the evolutionary dynamics of phage resistance in biofilms with
microscopically resolved insight into the underlying cell-cell and cell-phage interactions. These observations in turn
have several general implications. We anticipate that the arms race of phage attack and host defense can have a very
different landscape in biofilms as opposed to planktonic populations (2, 5, 7, 19, 48). A rich history of research has
shown that phages can rapidly eliminate susceptible host cell populations in mixed liquid culture, leading to strong
selection for phage resistance (2–4, 37). In biofilms, by contrast, our results predict widespread and easilymaintained polymorphism in phage resistance ability. This kind of standing variation can arise due to minority
advantage (i.e., kill-the-winner) mechanisms (49–52), in which phages or other parasites are selected to target the
most abundant constituent strains of a population; notably, the mechanism we describe here is distinct but
complementary: susceptible cells in the minority are unlikely to be exposed to phages in the first place, as they are
usually shielded by resistant cells blocking phage diffusion. The arms race between phages and host bacteria,
therefore, is likely to take different evolutionary trajectories that move at slower speeds that those typically observed
in liquid culture.
On the basis of simulations and experiments we can also make predictions about the spatial architectures
of phage-host interaction that are particular to biofilm environments. Prior work from our groups and others have
shown that phages can be immobilized within the biofilm matrix, where they are blocked from gaining access to
otherwise susceptible cells (17, 18). Our observations here indicate that whenever phage movement is limited within
biofilms, it is likely that the extracellular matrix (which is modeled implicitly here as the factor controlling phage
diffusion) contains phages which are blocked from host access but not necessarily inert; they remain a threat to
susceptible cells after the dispersion of biofilms due to mechanical disturbance or induced by bacteria themselves
after depleting local nutrient supplies (53, 54). The implications of this prediction are a subject for future work.
Our results also bear on the efficacy of phage therapies, for which one of the most promising potential
benefits is selective elimination of target pathogens from a community of otherwise commensal or beneficial
microbes (12, 25, 51, 55, 56). This is a particularly compelling advantage relative to broad-spectrum antibiotics
that can kill off not just the target pathogen but also many other members of a patent’s microbiota, sometimes with
severe side effects. Our work suggests that while it might be possible to completely eliminate target bacteria with
lytic phages from a mixed population, the success of this approach might depend heavily on the community
composition and spatial structure. Phage-susceptible cells, when a minority of the population, are much harder to
target and can coexist with resistant cells due to the protective effects of phage diffusion blocking in mixed biofilms.
It should be noted, however, that our work here only examines two strains of the same species, and whether these
conclusions apply to multi-species consortia (57), whose biofilm architectures can differ substantially, is an
important topic for further work.
The models developed here do not address the possibility of refuges created by quiescent bacteria in the
basal layers of biofilms where nutrients have been depleted (48). This did not appear to be an important feature of
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our experimental biofilms, which agreed well with simulation predictions. However, quiescent cells could
potentially be significant in other conditions, especially for cell groups that accumulate thicker mats with large,
nutrient-starved populations in their interior. We also do not implement ongoing mutations in the different bacterial
and phage strains residing in biofilms, using instead strains that are fixed in either the phage-susceptible or -resistant
state to examine short term population dynamics. This approach allows us to infer longer-term evolutionary
dynamics, but does not address the possibility of bacteria harboring different degrees of phage resistance bearing
different fitness costs, or different mechanisms of phage resistance that could interact in unanticipated ways (such
as abortive infections (10), or CRISPR adaptive immunity (58)). Lastly, and importantly, we omitted from our
simulations and experiments the possibility of lysogenic infections, in which the phage genome is inserted to the
chromosome of the host organism, emerging to replicate and produce new phages when the host is under duress.
Lysogenic phages present a wide diversity of potential outcomes, especially considering that they can impart new
phenotypes to their bacterial hosts. Tackling the challenge, both theoretically and experimentally, of how lysogenic
phages enter, alter, and evolve within multispecies microbial communities is an important area for future work.
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Materials and Methods
Phage-biofilm modeling simulation framework:
The simulation framework used for this study is an updated and expanded version of a modeling approach developed
in Simmons et al. (28). The major changes include a new implementation of bacteria as individual particles rather
than a homogeneous biomass, and a new implementation of phage diffusion, detailed below. The simulations are
built on a grid-based approach for tracking bacteria, phages, and solute concentrations; spatial structure in the
system is thus resolved at the level of grid nodes (which are 3µm x 3µm for the simulations described in this paper).
Within a grid node, bacteria and phages are tracked individually but assumed to interact randomly. The same grid
system is used to calculate nutrient diffusion from a bulk layer above the biofilm toward the cell group surface,
where it is consumed by bacteria (33, 40, 59).
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As a result of nutrient consumption on the biofilm’s advancing
front (Figure 6), nutrient gradients are created with high nutrient
availability in the outer cell layers and lower nutrient availability with
increasing depth into the biofilm interior (particularly for the “low” and
“mid” conditions in Figure 1 of the main text). Cells near the liquid
interface grow maximally, while cells deeper in the biofilm interior
grow relatively slowly. Fluid flow is modeled implicitly; following
prior literature, we allow the biofilm to erode along its outer front at a
rate proportional to the square of the distance from the basal substratum
(described in detail in Simmons et al. (28)). Further, any phages that
depart from the biofilm into the surrounding liquid are advected out of
the simulation space within one iteration cycle, which is approximately
7-8 minutes in simulation time (see below).
The simulation framework was written in an object-oriented
style. A simulation object is defined via the space of the system, Figure 6. A close view of the grid
number and properties of implemented grid node containers, biological compartment structure of our simulation
behaviors of bacteria and phages, one-time events (e.g. phage pulse), framework, illustrating distributions of
and simulation exit conditions. Briefly, the space of the system phage resistant (blue) and susceptible
cells (red). Phages (black) can infect and
specifies physical information such as physical size and length scale of
the grid node array in which cells, phages, and solutes are implemented. kill susceptible cells; they can be
The containers hold the information about each modeled individual sequestered by resistant cell biomass, but
cannot kill them. Gradients of nutrient
present in the system. Behaviors describe a container’s interactions
availability (purple) form due to depletion
with anything else including other containers, space, or time. Events along the advancing front of the biofilm.
are one-time-use behaviors including the inoculation of the system with Each grid box is 3µm x 3µm.
bacteria or pulses of phages into the simulation space.
Simulations were initiated by first defining the types of container contents, including both bacterial
strains/species of interest (phage-susceptible and phage-resistant), phage-infected bacteria, phages, and the growth
substrate as a solute. This process includes specifying values for basic biological and physical parameters in the
system (e.g. bacterial growth rate, phage infection rate per host-virus contact, phage lag time, phage burst size,
nutrient diffusivity, and others; the full list of parameter values and their measurement origins is provided in Table
S1). After containers are established in each simulation instance, the simulation proceeds through inoculation of the
two bacterial species on the substratum. Phages were not introduced at the outset of simulations but rather at a set
time after bacteria were permitted to grow, as described in the main text. Simulations proceed along the following
cycle of steps:
1. diffusion of the nutrient substrate,
2. biomass growth and division,
3. erosion of biomass,
4. phage movement,
5. detachment of biomass,
6. phage infection,
7. lysis of infected bacteria,
8. biofilm relaxation (‘shoving’),
9. detachment of bacteriophage.
The order of simulation steps described has no impact on outcomes, with one exception: phage movement
cannot be executed between biomass detachment and phage detachment, as this would lead to the phage
inappropriately freely moving after a significant biomass detachment event.
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Phage mobility implementation: All processes describing phage-bacteria dynamics are equivalent to those
presented in Simmons et al. (28) with one exception pertaining to the methods of computing phage entry and exit
from the biofilm bacterial volume. This new approach is described in detail below.
Previously, we analytically solved the diffusion equation to approximate the phage density as a function of
location in the biofilm. Here, in order to accommodate for possible biological heterogeneity in bacteriophage
dynamics (60, 61), we introduced an algorithm for calculating phage movement by modeling each phage’s
individual Brownian motion as a random walk. To account for the effect of the biofilm matrix on phage movement,
we introduced a new model parameter (the interaction rate, I) controlling the diffusivity of phages through areas of
simulation space occupied by bacterial biomass (28).
The improved implementation of phage mobility operates as follows. For each phage: 1) We first calculate
the number of potential steps that could be taken in the next time interval as: 𝑛 = 𝐷$ 𝑑𝑡 / (2 𝑑𝑙 , ) , where dl is the
grid length scale, Dp is the diffusivity of the phage, and dt is the integration time step. 2) Next we calculate the
probability of interaction with the bacterial biomass at each current location as 𝑝 = 1 − 𝑒𝑥𝑝(𝑑𝑡 𝛴 𝐼), where I is the
interaction rate parameter. If a random number drawn from a uniform distribution (0,1) is smaller than 𝑝, then the
phage has interacted with biofilm biomass in the current location, and hence has stopped moving. If the phage has
not interacted, a direction is randomly chosen and the phage moves to that location on the grid. As the interaction
rate, I, increases, the ability of the phage to diffuse through biomass decreases (e.g., p tends to 1), which is a perindividual-phage representation of the phage impedance parameter previously described by Simmons et al. (28).
Once the phage stops moving, we evaluate the remaining time as 𝑑𝑡 ∗ 𝑠/𝑛, where s is the number of steps taken,
from 0 to 𝑛, and use it in the infection step.
As noted above, phage mobility outside of a biofilm is modeled by implicitly implementing advection in
the vicinity of the biofilm front. Any phages released from the biofilm front can diffuse through the surrounding
liquid volume in the interim of the same iteration cycle, which is ~7-8 minutes in simulation time. For a phage
diffusivity of 3.82 x 10-7 cm2/s (see Table S1), this persistence time allowed phages in the liquid outside the biofilm
to diffuse ~100 µm before being advected out of the system.
Details on simulation initial conditions and execution of parameter sweeps: Where possible, biological and
physical parameters of the simulation system were constrained according to experimentally measured values for E.
coli and phage T7, which were the focal species of our experiments as well (see Table S1). Following our previous
biofilm dynamics simulation work (28, 34, 62), each simulation starts with an initial ratio of phage-susceptible and
-resistant strains on the solid substratum, and these two strains compete for access to space and growth-limiting
nutrients that diffuse from a bulk layer above the biofilm. After t = 7 d (low nutrient supply) or t = 2 d (mid/high
nutrient supply) of biofilm growth, a pulse of bacteriophages was added to the top layer of the growing biofilm,
simulating the arrival of phage bursts that were released somewhere upstream in the larger flow system. Repeating
our simulation parameter sweeps with earlier (Figure S5) or later (Figure S6) phage inoculation had no effect on
the qualitative outcomes. Two phage inoculation methods were tested. The first was a “spray” of phages in the area
just above the biofilm outer surface: empty grid points 10 µm above biomass along the outer biofilm exterior were
populated with three viruses. The second approach to phage inoculation was a 100-virion pulse at a single position
10 µm above the highest point in the biofilm. Data reported in Figure 1 correspond to simulations obtained using
the first method, but we confirmed that the core results do not qualitatively vary when the method of inoculating
phages at a single point in space is used (Figure S7).
Simulations were run until one of two different exit conditions was reached: either bacterial species going
to fixation, or the simulation ran to a pre-specified end point (time of infection + 10 days). Simulations were run
for three different nutrient supplies (see Figure 1) corresponding to three distinct biofilm morphologies (“max”
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nutrient supply leading to biofilms with smooth fronts and relatively mixed cell lineages, and “mid” and “low”
nutrient supply, which led to rough surface fronts and stronger cell lineage spatial separation) (38, 42). To vary
nutrient supply, the bulk substrate, diffusivity, and boundary layer height were modified. Simulations were run also
for four distinct fitness cost levels of phage resistance, and for five different values of the interaction rate parameter,
which effectively varied phage mobility through biofilms from freely-moving to severely-impeded immediately
upon biofilm contact (see main text). For each combination of parameters, except for those in the “max” nutrient
supply condition, we ran 50 simulations with different random seeds. The max nutrient supply conditions have 3
simulation runs each, as they have a much higher computational demand. These simulations were also generally cut
off early on the compute cluster, due to the time they would take to execute and the observation that they had
reached a steady state with respect to phage infection and population composition (see Figure 2 and SI Videos 1
and 2). For the well-mixed control simulations whose results are shown at the top of Figure 1, we disabled all
spatially dependent behaviors: substrate diffusion, biomass erosion, biofilm detachment, biofilm relaxation, phage
detachment. For each well mixed parameter combination, we ran 6 simulations.
Experimental Materials and Methods:
Bacterial Strains. Both strains used in this study are E. coli AR3110 derivatives, created using the lambda red
method for chromosomal modification (63). The DtrxA deletion strain was created by amplifying the locus encoding
chloramphenicol acetyltransferase (cat) flanked by FRT recombinase sites target sites, using primers with 20bp
sequences immediately upstream and downstream of the native trxA locus. The FRT recombinase encoded on
pCP20 was used to remove the cat resistance marker after PCR and sequencing confirmed proper deletion of trxA.
The wild type E. coli AR3110 was engineered to constitutively express the fluorescent protein mKate2, and the
trxA null mutant was engineered to constitutively produce the fluorescent protein mKO-k. These fluorescent protein
expression constructs were integrated in single copy to the attB locus on the chromosome, and they allowed us to
visualize the two strains and distinguish them in biofilm co-culture by confocal microscopy.
Biofilm growth in microfluidic channels. Microfluidic devices were constructed by bonding polydimethylsiloxane (PDMS) castings to size #1.5 36mm x 60mm cover glass (ThermoFisher, Waltham MA) (64, 65).
Bacterial strains were grown in 5mL lysogeny broth overnight at 37°C with shaking at 250 r.p.m. Cells were pelleted
and washed twice with 0.9% NaCl before normalizing to OD600 = 0.2. Strains were combined in varying ratios (see
main text) and inoculated into channels of the microfluidic devices. Bacteria were allowed to colonize for 1 hour at
room temperature (21-24°C) before providing constant flow (0.1µL/min) of Tryptone broth (10g L-1). Media flow
was achieved using syringe pumps (Pico Plus Elite, Harvard Apparatus) and 1mL syringes (25-guage needle) fitted
with #30 Cole palmer PTFE tubing (ID = 0.3mm). Tubing was inserted into holes bored in the PDMS with a catheter
punch driver.
Bacteriophage amplification and purification. T7 phages (18) were used for all experiments. E coli AR3110 was
used as the phage host for amplification. Purification was conducted according to a protocol developed by Bonilla
et al. (66). Briefly, overnight cultures of AR3110 were back diluted 1:10 into 100mL lysogeny broth supplemented
with 0.001 M CaCl2 and MgCl2, and incubated for 1 hour at 37°C with shaking; 100µL phage lysate was the added
and incubated until the culture cleared completely as assessed by eye. Cultures were pelleted, sterile filtered and
treated with chloroform. Chloroform was separated from lysate via centrifugation and aspiration of supernatant.
Phage lysate was then concentrated and cleaned using phosphate buffered saline and repeated spin cycles of an
Amicon® Ultra centrifugal filter units with an Ultracel 200kDa membrane (Millipore Sigma, Burlington MA).
Purified phages were stored at 4°C.
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Bacteriophage labeling. Phage labeling began with a high titer phage prep (2x1010 PFU/mL) produced using the
method described above. 900µL of the phage prep was combines with 90µL sodium bicarbonate (1M, pH = 9.0)
and 10µL (1mg/mL) amine reactive Alexa-633 probe (ThermoFisher, Waltham MA) and incubated at room
temperature for 1 hour. Labeled phage were then dialyzed against 1L phosphate buffered saline to remove excess
dye using a Float-A-Lyzer®G2 Dialysis Device MWCO 20kD (Sprectum Labs, Rancho Dominguez CA). Labeled
phage were diluted in Tryptone broth (10gl-1) to working concentration (2x107 PFU/mL) prior to use.
Phage-biofilm microfluidic experiments. Biofilms consisting of varying ratios of susceptible and resistant cells
were grown in microfluidic devices for 48 hours at room temperature (21-24°C) under constant media flow
(tryptone broth 10gl-1 at 0.1µL/min). Biofilms were imaged immediately prior to phage treatment to establish exact
starting ratios of wild type cells (phage-susceptible) and trxA deletion mutants (phage-resistant). Subsequently, inlet
media tubing was removed from the PDMS microfluidic device and new tubing containing phage diluted in tryptone
broth (2x107 PFU/mL at 0.1µL/min) was inserted. Phage treatment continued for 1 hour, after which original tubing
was reinserted to resume flow of fresh tryptone broth without phages. Biofilms were imaged approximately 6, 12,
24 and 48 hours after the conclusion of the phage treatment until a population dynamic steady state was reached.
Imaging and quantification procedures. Biofilms were imaged using a Zeiss LSM 880 confocal microscope with
a C-Apochromat 10X/0.45 water objective (Figure 4) or a 40X/1.2 water objective (Figure 5). A 594-nm laser was
used to excite mKate2, while a 543-nm laser line was used to excite mKO-κ. Additionally, a 488-nm laser was used
to image the phage-encoded GFP fluorescent reporter. A 640-nm laser was used to excite Alexafluor 633. Whole
chamber Z stacks were acquired by utilizing 1 X 10 vertical tile scans (total rectangular area ~500x5000µm).
Quantification of biomass was performed using customized scripts in MATLAB (MathWorks Natick, MA) as
previously described in Drescher et al. 2014 (67) and Nadell et al. 2015 (68).
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Supplementary Table 1: Model Parameters used for Simulations

Parameter

Value used in the
simulations

𝑥789 ,𝑦789

750 𝜇𝑚, 750 𝜇𝑚

𝑑𝑙, 𝑑𝑉

3 𝜇𝑚, 27 𝜇𝑚C

Description

𝑁789 ,
DN ,
h

Low
10 𝑚𝑔 𝐿GH
2.3e-6 𝑐𝑚, 𝑠 GH
100 𝑢𝑚

Mid
15
1.2e-5
100

Max
0.25
N/A
N/A

𝑁789

0.043 𝑚𝑔 𝐿GH

0.185

0.22

𝐾N

1.18 𝑚𝑔 𝐿GH

The physical size of the
system
Length and volume of a
grid element
Maximum density of
substrate (range of
values investigated in
this study)
Well-mixed simulation
nutrient availability

Half saturation constant
for substrate

References where
applicable

Representative value
ranges and additional
references, where
applicable

N/A
N/A
(69)
(70)

(40, 71)

5 - 225
Biofilm heterotrophic
bacterial biomass,
including fecal
coliforms, e.g. E. coli
(71, 72)
4.86
Pseudomonas putida
F1 on glucose
(73)

𝛿Q

1.61 (𝑚 ℎ)GH

Erosion constant

(32)

-

𝑚T

10GH, 𝑔

Bacterial mass per cell

(74)

10GH,
E. coli DSM 613

𝛿U

𝜇T (*)

0.0792 𝑑𝑎𝑦

GH

14.1 𝑑𝑎𝑦 GH

Decay to inert mass
constant

Maximum growth rate

(71)

(75)

Biofilm heterotrophic
bacterial biomass,
including fecal
coliforms, e.g. E. coli

17. 8
E. coli K-12 on glucose
(76)
4.8-17.6
E. coli K-12 on
different substrates (77)
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𝑆789

200 𝑔 𝐿GH

Maximum active
biomass density

(79)

6.1
Wastewater
heterotrophic bacterial
biomass (78)
0.69-0.77
Wastewater bacteria
(80)

𝑌

0.495

Yield of substrate
converted to biomass

(62)

0.41
E. coli K-12 on glucose
(76)
0.41-0.51
P. putida F1 on glucose
(73)

𝛽

120

Phage burst size

(81–83)

𝐷\

3.82 ∗ 10G]
𝑐𝑚, 𝑠 GH

Phage diffusivity
constant

(8, 81)

I

0.347 − 9.25 𝑠 GH

Rate of interaction of
phage particles with
biomass particles

This Study

𝜏

28.8 𝑚𝑖𝑛𝑢𝑡𝑒𝑠

𝛾

2.92 ℎGH

Incubation period
before lysis
Infection rate per
biomass per phage

(8, 81)

Bacteriophage T7
Bacteriophage T7
Bacteriophage T7
-

(*) The max growth rate is determined from the model equations as 𝜇T = 𝑞T 𝑌. 𝑞T is the substrate uptake rate with
value 28.5 𝑔 𝑑𝑎𝑦 GH as in Lapisdou et al. (75)
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Supplemental Figures

Figure S1. Variance in simulation results from major parameter sweep of phage-biofilm
interactions. Parameters and their ranges are identical to those in Figure 1 of the main text, but here the
variance in the change in frequency of the resistant strain is shown across all parameter combinations.
Note that the variance in outcome was low for the majority of simulation sets, increasing only for the
lowest nutrient conditions in which typical biofilm population sizes were smaller than those in the “mid”
or “max” nutrient conditions, and thus more heavily influenced by genetic drift.

bioRxiv preprint doi: https://doi.org/10.1101/552265; this version posted February 17, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure S2. Population dynamics of phage-resistant and phage-susceptible cells in an implementation of our
simulation models in well-mixed conditions. The frequency of resistant cells is shown from different starting
conditions; varying trace colors correspond to the initial frequency of resistant cells (red: 0.05; orange: 0.35; teal:
0.65; purple: 0.95) and are meant to assist in visualization and comparison with Figures 2-4 in the main text. For
the runs shown here, the fitness cost of phage resistance is 0.35, and all bacteria and phages interact randomly with
each other at every time step. In these conditions, here shown with a fitness cost for resistance of 35% of the
maximum growth rate, resistant cells decline in relative abundance due to slower growth rate, until phages are
introduced (indicated by the 0 time point). After phages are introduced, all susceptible cells are quickly killed.
Resistant cells go to fixation for all initial conditions, in contrast to the outcome for biofilm simulations and
experiments (see main text).
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Figure S3. Diagram of experimental biofilm growth and phage treatment regime. A) Biofilms were grown by
inoculating phage-susceptible and -resistant cells in controlled ratios (see main text) onto the glass bottom of PDMS
microfluidic devices. B) Biofilms were grown in the absence of phage for 48 hours, after which (C) the medium
inlet tubing was switched to perfuse biofilms with T7 phages. (D) the inlet tubing was replaced again to continue
flow of fresh media, and image series were acquired by confocal microscopy.
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Figure S4. Phages (yellow) trapped by majority resistant bacteria (blue) are unable to reach and infect
sparse patches of susceptible cells (red). Additional replicates of the experiment depicted in Figure 5 of the
main text, in which biofilms inoculated with 20:1 resistant-susceptible cells were grown for 48 hours and then
pulsed with phages for prior to imaging by confocal microscopy. Each panel above is a 3-D biofilm volume
rendering ~ 50µm x 50µm x 15 µm [L x W x D].
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Figure S5. Inoculating phages early during biofilm growth does not significantly affect simulation
outcomes. A subset of the simulations summarized in Figure 1 of the main text were repeated with earlier
addition of phages to the system (we did not include well-mixed controls or simulations corresponding to
the ‘max’ nutrient condition, neither of which showed any significant variation in outcome with phage
treatment timing during pilot experiments). No qualitative changes in mean simulation outcome were
observed.
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Figure S6. Inoculating phages late during biofilm growth does not significantly affect simulation
outcomes. The simulations summarized in Figure S5 were repeated with later addition of phages to the
system. No qualitative changes in mean simulation outcome were observed.
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Figure S7. Inoculating phages at a single spatial location near the biofilm surface, instead of evenly
distributed over the biofilm. The simulations summarized in Figure S5 were repeated with addition of
phages at a single location randomly chosen above the biofilm surface, instead of equally spread over the
biofilm surface as in Figure 1 of the main text. No qualitative changes in mean simulation outcomes were
observed.
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Supplemental Videos
SI Video 1: A simulation corresponding to conditions where nutrient supply is saturating (denoted by “max” in
Figure 1 of main text). The biofilm is growing with a uniform front. Phage-susceptible bacteria are shown in red, resistant in blue, -infected bacteria are shown in green, and phages are shown in black. As the biofilm expands much
faster than phage infections can kill susceptible cells, phage predation does not impose a substantial influence on
population composition. As the cost of resistance is 0, phage-susceptible and -resistant bacteria have equal fitness
with the consequence that the relative ratio at the end of the simulation remains the same as at the beginning.
SI Video 2: A simulation corresponding to conditions where nutrient supply is saturating (denoted by “max” in
Figure 1 of main text). The biofilm is growing as a uniform front. Compared to SI Video 1, the phage-resistant
strain (blue) suffer cost of resistance. As a consequence, the resistant strain suffers a lower growth rate and is
selected against. Phage-susceptible bacteria are shown in red, -resistant in blue, -infected bacteria are shown in
green, and phages are shown in black.
SI Video 3: A simulation corresponding to conditions where nutrient supply is intermediate (denoted by “mid” in
Figure 1 of main text). The biofilm is growing as tower-like structures. This simulation displays an instance of the
clearance effect, in which phage-resistant bacteria that start as a rare minority take-over the biofilm population after
the introduced phages clear most of the phage-susceptible population. Phage-susceptible bacteria are shown in red,
-resistant in blue, -infected bacteria are shown in green, and phages are shown in black.
SI Video 4: A simulation corresponding to conditions where nutrient supply is intermediate (denoted by “mid” in
Figure 1 of main text). The biofilm is growing as tower-like structures. This simulation displays an instance of
phage blocking, in which phage-resistant bacteria towers act as shield allowing phage-susceptible towers to grow
undisturbed (see Main text). Phage-susceptible bacteria are shown in red, -resistant in blue, -infected bacteria are
shown in green, and phages are shown in black.

