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Abstract

Natural bacterial populations are subjected to constant predation pressure by bacteriophages. Bacteria use a variety of
molecular mechanisms to defend themselves from phage predation. However, since phages are nonmotile, perhaps the
simplest defense against phage is for bacteria to move faster than phages. In particular, chemotaxis, the active migration of
bacteria up attractant gradients, may help the bacteria escape slowly diffusing phages. Here we study phage infection
dynamics in migrating bacterial populations driven by chemotaxis through low viscosity agar plates. We find that expanding
phage—bacteria populations supports two moving fronts, an outermost bacterial front driven by nutrient uptake and
chemotaxis and an inner phage front at which the bacterial population collapses due to phage predation. We show that with
increasing adsorption rate and initial phage population, the speed of the moving phage front increases, eventually overtaking
the bacterial front and driving the system across a transition from a regime where bacterial front speed exceeds that of the
phage front to one where bacteria must evolve phage resistance to survive. Our data support the claim that this process
requires phage to hitchhike with moving bacteria. A deterministic model recapitulates the transition under the assumption
that phage virulence declines with host growth rate which we confirm experimentally. Finally, near the transition between
regimes we observe macroscopic fluctuations in bacterial densities at the phage front. Our work opens a new, spatio-
temporal, line of investigation into the eco-evolutionary struggle between bacteria and phage.
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studies have examined the expansion rate of a growing
plaque as a function of the microscopic properties of the
phage—host interaction [12]. A careful theoretical study
showed that the plaque expansion dynamics could be
understood quantitatively if the latency period of the phage
in the host and the role of bacterial crowding in limiting
phage diffusion are accounted for [13]. Experiments have
shown that the plaque formation process can favor mutant
phages that exhibit lower adsorption rates to their host [14].
Experimental evolution for plaque size also resulted in
phage strains with reduced infectivity [15]. A related study
showed that low productivity phages can exhibit enhanced
fitness in direct competition experiments when the envir-
onment is spatially structured [16]. A recent study showed
that colonies of susceptible bacteria can survive a phage
attack if they are of sufficient size to protect growing cells at
the interior of the colony [17]. These studies of plaque
formation dynamics have revealed how phage attacks a
dense, growing, and nonmotile host population and that
these conditions typically favor phage of lower infectivity
and productivity.

The ability of phage to attack bacteria present in biofilms
has also been explored [18, 19]. In biofilms, bacteria are
embedded in dense exopolysaccharide matrices which can
be degraded by enzymes carried on the capsids of phage
[20] and it is known that phage infection can impact biofilm
morphology [21]. In biofilms, as in the plaque formation
context, bacterial hosts are not motile but instead remain
fixed in space. Complementing these experimental efforts
are several theoretical attempts to describe spatially struc-
tured phage—bacterial interactions [22-24].

In nature, bacteria in the planktonic state are often motile
and exhibit chemotaxis up gradients of attractant. As a
result, host motility is an important and unexplored aspect
of phage—bacteria interactions. To our knowledge there is
no existing study of the dynamics of phage-host interac-
tions in a situation where the host is actively migrating up a
gradient of nutrients. Here, we study the interaction between
phages and bacterial populations moving through a porous
environment. In our experiments, bacterial populations
migrate at rates of several millimeters per hour due to
chemotaxis and growth driven by a self-organized nutrient
gradient [25, 26]. Since chemotaxis is widespread in many
natural habitats shared by bacteria and phages, including
oceans [27, 28] and soil [29], we expect the process studied
here may be relevant to bacteria—phage interactions in
environments where motility and chemotaxis are important.

Here we show that the interplay between chemotaxis and
phage predation results in rich spatio-temporal dynamics. In
this context, a bacterial front composed of the fastest
migrating bacteria, which harbor a hitchhiking phage
population, is trailed by a secondary phage front where the
bacterial population collapses under predation pressure. The
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rate of migration of this phage front increases with the size
of the initial phage population and the rate of infection until
it overtakes the migrating bacterial front and forces its
collapse. Therefore, as infectivity or initial phage popula-
tions increase, the system transitions from a regime where
bacterial abundances are regulated by chemotaxis and
nutrient consumption to one where they are regulated by
phage lysis. Near the transition between these two regimes
the phage front becomes rough, exhibiting millimeter scale
fluctuations in phage and bacterial densities.

Materials and methods
Experimental methods

All experiments were performed with lysogeny broth (LB)
rich medium (10 gL~ tryptone, 5 gL~ yeast extract, 5 gL~
NaCl). To create a swarm plate, LB medium was autoclaved
with 0.3% w/v agar after autoclaving 5 mM MgSO, and an
appropriate CaCl, concentration were added. Prior to
cooling 100 mL of medium was measured in a sterile
graduated cylinder and poured into a 15 cm diameter sterile
plate. The plate was allowed to solidify at room temperature
for 3 h. Plates were then transferred to a walk-in incubator
30 °C (Darwin Chambers) and allowed to reach thermal
equilibrium for no <24 h prior to inoculation. All experi-
ments reported here were performed at 30 °C.

To initiate an experiment, an overnight culture of
Escherichia coli (E. coli) (MG1655, motile, Coli Genetic
Stock Center #6300) was initiated in LB from frozen gly-
cerol stocks. 10 uL of saturated overnight culture (=1 x 10°
cells) was taken from this culture and mixed with 10 L
phage P1 lysate and vortexed thoroughly before being
inoculated into the center of the swarm plate. P1 lysates
were titered by standard serial dilution and plating on top
agar and counting plaques. Lysate titers were ~1 x 10'°
PFU/mL. Changing the initial phage population was
accomplished by diluting the P1 lysate into LB medium
prior to mixing with bacteria. Phage lysates were not used
for more than a year and each new phage lysate that was
made was titered by serial dilution and plating.

Plates were imaged using computer controlled Logitech
webcams housed in light tight boxes with illumination
provided by LED strips which encircled the plates and were
turned on for 1s per image acquisition [26]. Imaging
occurred in one of two ways: either plates were left in light
tight boxes and images were acquired once every 2—4 min
(Fig. 1) or plates were housed in the incubator but were
manually transferred to the imaging apparatus to acquire
images at fixed points in time since inoculation (Fig. 2). All
image analysis was performed with custom written Matlab
scripts. For plates subjected to continuous imaging (every
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Fig. 1 Spatio-temporal dynamics of bacteria and phage in a soft
agar plate with 1ImM concentration CaCl,. The center of the plate
(radius 7.5 cm) was inoculated with ~2.3 x 107 phages (PFUs/inocu-
lum) and 1 x 10° bacteria. a Images visualizing the spatial distribution
of bacteria (light regions) on the plate at 8, 14, and 15h after inocu-
lation. Scale bar applied to all three panels. b The radial profile of the
bacterial population density at 4 h (green), 9 h (blue), 14 h (red), 19h
(orange), and 24 h (purple) after inoculation along a radial direction at
angle 90° right from the vertical. ¢ The radial profile of the phage

2-4 min) the images were processed as described in a pre-
vious publication [26]. Briefly, a background image was
constructed from the median projection of five images at the
beginning of the acquisition before a colony formed. The
center of the colony was determined using a circular Hough
transform from an image acquired 24 h after inoculation.
From this center, a radial line of pixels was extracted, and
the image intensity recorded for each frame of the acqui-
sition. The location of the bacterial front was determined by
finding the outermost peak in the image intensity at all time
points where the front could be detected. The bacterial front
migration rate was then determined by linear regression
(Fig. S3). The phage front location was determined by
finding the point in this radial profile where the image
intensity fell to 80% of its maximum (Fig. 1, yellow
arrows).

For plates where intermittent images were acquired
manually (e.g., 8, 14, and 19h after inoculation, Fig. 2),
background subtraction could not be performed using the
median projection technique described above. Instead, we
computed a radial profile of pixel intensities from the col-
ony center at the earliest image acquired when the colony
was small (8 h in the case of Fig. 2a). For a radial profile of
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population density measured at 19h. The phage density reaches a
plateau around the same spatial position at which the bacterial popu-
lation collapses (referred to as the phage front). d—f Are identical to
(a—c) except they show results of model simulations in which the
phage latency time is inversely proportional to the bacterial growth
rate (with offset), and phage burst size is proportional to the growth
rate (see “Methods” and Box 1 for details of the model). Phage and
bacterial front locations at 19 h are marked with yellow and orange
arrows, respectively, in all panels.

pixel values, we computed a polynomial fit (fourth order) to
the region of the image beyond the outermost bacterial
front. We used this fit to construct a synthetic background
image by extrapolating to the center of the plate and
assuming azimuthal symmetry. The synthetic background
image was then subtracted from the 19h time point. The
result is shown in Fig. 2. The bacterial and phage front
locations were determined manually for the images in Fig. 2
using the same criteria described above.

To assess the reproducibility of the transition from the
regime where nutrients regulate bacterial abundances to the
regime where phage infections limit bacterial growth, we
performed an additional set of at least five experiments at
low (1 mM) and high (28 mM) CaCl, concentrations and
low and high initial phage densities. All of these experi-
ments showed colony morphologies and dynamics con-
sistent with the results shown in Fig. 2.

Plate reader experiments were performed in 48-well
plates using a BMG Labtech Clariostar plate reader equip-
ped with an incubator maintained at 30 °C. Media volumes
in each well were 0.75 mL. The plate reader made auto-
mated optical density measurements on 5-min intervals with
orbital shaking between measurements. Phage titer,
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Fig. 2 Phages or nutrients regulate bacterial abundances
depending on initial phage population size and infectivity. a Bac-
terial populations shown 19h after inoculation with varying phage
load quantified by the initial number of phages (PFUs) in the inoculum
(y-axis), and CaCl, concentrations in the agar. Note the logarithmic
scale of both axes. The white intensity is proportional to the local
density of bacteria with the inner black circle marking the area where
bacterial population has collapsed due to phages. Measurements of
adsorption rate with CaCl, concentration show that it varies by a factor

adsorption rate, burst size, and bacterial carrying capacity
were assayed using standard techniques, which are descri-
bed in the Supplementary Appendix.

Model

To interpret experimental observations, we developed a
reaction-diffusion model to describe the spatio-temporal
dynamics of bacterial and phage densities. The model is
described graphically and mathematically in Box 1.

Our model includes susceptible bacteria B(x, ), resistant
bacteria B,(x, t), infected bacteria I(x, f), phages P(x, f),
nutrient n(x, 1), and two chemoattractants c(x, f) and c,(x, t).
These populations are depicted graphically in Box la. The
model is shown in Box 1b where a description of each term
in the model is given. Model parameter values along with
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2 over this range (Supplementary Appendix, “Methods”). b The radial
position of the expanding outer bacterial front at 19 h. ¢ The width of
the region of high bacterial density between the outer bacterial front
and the inner phage front. The position of the phage front is defined by
the bacterial density dropping to 80% of its peak value. d Model
simulations (see Main Text and ‘“Methods”). e—f Bacterial front
location and the width of the region of high bacterial density at 19 h in
model simulations as in panel (d), but without resistant bacteria.

the source of values used in our simulations are given in
Table 1.

Several assumptions are made in the model and justified
below:

(1) Bacterial growth and nutrient depletion: the depletion
of the nutrient n leads to bacterial replication where
the specific growtgﬂxrate is assumed to follow Monod’s
growth kinetics %—".

(2) Bacterial chemotaxis: the chemotaxis is assumed

to be driven by gradients of two chemoattractants.

The  chemotactic  velocity  ¥(c1,¢2) =y X

Vlog(i if:ﬁ;) + X X VlOg(i ijffj;) models bacter-

ial chemotaxis up the gradient of c¢; and ¢, with the
log-adaptation range between a_ and a, [30].
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Box 1 Description of the model

Panel A shows a graphical description of the modeling formalism
developed to describe spatio-temporal phage—bacteria dynamics.
Four populations are captured in the model and shown
schematically: bacteria (B), infected bacteria (/), phage (P), and
bacterial mutants that are resistant to phage infection (B,). These
populations all depend explicitly on space and time and interact
with three chemical fields: nutrients (n) and two chemoattractants
(c1) and (c,). Sketches of the spatial profile of these chemical fields
are shown in the plot below. Panel B shows the explicit equations
used in our numerical simulations. The interpretation of each term
is given.
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Resistant bacteria: the generation of a phage-resistant
bacteria (B,) by spontaneous mutations is assumed to
occur with probability p,=10"> per replication.
Resistant bacteria (B,) are assumed to grow 20%
slower than the susceptible bacteria B(s,=0.2). We
cannot measure these parameters directly and therefore
they are constrained by a qualitative comparison to data
and sensitivity is determined by simulations (Fig. S8).
Phage infection: the infection of bacteria by phage
follows a simple mass action form # x B x P.

Latent period of infection: latency is modeled by
introducing S =10 auxiliary intermediate infection
states of bacteria, I, b, ..., I; taking place between
the adsorption event and the production of phage
progeny (Eq. (3), Box 1b). These intermediate states
are a well-established mathematical method to model
the dispersion of latency periods in the populations in
deterministic models [31-33]. In Supplementary
Appendix and Fig. S7, we show that multiple states
of infection are necessary for our model to recapitulate
the spatial patterns we observed in Fig. 1. It is
important to note that our conclusions are not sensitive
to S so long as it is ~>10. These intermediate states do
not have an explicit microscopic interpretation in terms
of the phage infection process. Instead they permit us to
capture the fact that the latency period is variable
across the population of infected bacteria and avoid the
computational complication of simulating time-delayed
differential equations.

Bacterial growth-dependent phage physiology: to
reproduce the experimental results, we included a
reduction of phages’ burst size and extension of their
latency time as nutrients are depleted and bacterial
growth rates decline. As n declines, we assume that
the burst size f(n) decreases and the latency time z(n)
increases as p(n) = x (rp+ (1 —rp) X %)

and 7(n) = 7/(r1 + (1 = 1) x ) Here g, (n) =

=)
gE’deer” is the specific growth rate and g,(n = n°) is the
specific growth rate when nutrients are not depleted (n°
=10mN). We note that this dependence of phage
infectivity on host physiology has been observed
previously [34, 35]. We are able to constrain these
parameters, but we cannot specify them quantitatively
directly from our data (see Figs. S2, S4 and
Supplementary Appendix). In Fig. S5, we compare
our assumed dependence of burst size and latency
period on growth rate with that observed in ref. [34]
and find that they are similar. Other studies have shown
similar dependences of burst size and latency period on

growth rate (ref. [36] Fig. 2; ref. [37] Fig. 3).

SPRINGER NATURE
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Table 1 Model parameters.

Parameters  Description Value Source

p Maximum burst size 20 Measured

n Adsorption rate 1.5-3.0x 10 *mLh™"  Measured

T Minimum latent period 1h [38]

Dg Bacterial diffusion constant 0.05 mm?h™! Fitted

D, Nutrient diffusion constant 3.0mm*h~! [26]

D, Phage diffusion constant 0.04 mm>h ™" [39]

a_ Low chemoattractant sensing constant 3.5uM [40, 41]

a; High chemoattractant sensing constant 1000 pM [40, 41]

1 Chemotactic coefficient for serine 1.5mm?*h~! Fitted

0 Chemotactic coefficient for aspartate 0.8 mm?h™! Fitted
,(7"‘“") Maximal depletion rate of nutrient 2.8h7! Fitted
i'lnax) Maximal depletion rate of serine 28h7! [42]

gf,';ax) Maximal depletion rate of aspartate 0.28h~! [29]

K, Monod constant of nutrient 10 mM Fitted

K Monod constant of serine 5%1072mM [42]

K. Monod constant of aspartate 5%107° mM [29, 33]

Y Nutrient yield 108 mL mM ™! [26]

n® Initial nutrient concentration 10 mM [30]

Cgo) Initial serine concentration 0.2 mM [30]

cgo) Initial aspartate concentration 0.2 mM [30]

Dr Mutation rate of resistant bacteria 1073 [17, 43, 44]

S, Growth reduction of resistant bacteria 0.2 Fitted

) Ratio of the minimal burst size to its maximum 0.1 Fitted

Ty Ratio of the minimal latent period to its maximum 0.5 Fitted

Sensitivity analysis

The sensitivity of several model assumptions was tested by
comparing the fitted models with and without each
assumption to well-mixed batch culture experiments, and
the result is shown in Fig. S4. The spatial profiles of phage
density are shown as a function S in Fig. S7. To further
analyze the sensitivity of model parameters related to those
assumptions, a Markov Chain Monte Carlo was performed.
The posterior distributions for parameters generated by the
adaptive Metropolis sensitivity analysis are shown in
Fig. S8. Because the posterior distribution can give an
approximation of the basin of attraction around a global
minimum, the sensitivity of a parameter is reflected by the
standard deviation of the posterior distribution (i.e.,
the smaller the standard deviation, the more sensitive to the
variation of the parameter).

Results
To study phage-bacterial interactions in a spatially struc-
tured context, we used the rich medium (LB) low viscosity

(0.3% w/v) agar plates. When E. coli is inoculated at the
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center of these plates, it rapidly consumes nutrients locally
creating a gradient in the primary attractant (serine) and the
secondary attractant (aspartate) that drives radially sym-
metric chemotactic migration of the population (rate
~0.36 cm h’l, conditions here are identical to those studied
in ref. [26] with the addition of phages). We inoculated an
agar plate with a mixture of bacteria and phage (P1, virulent
strain) at the center of the plate. Phage P1 requires calcium
(CaCl,, ranging between 1 and 10 mM in our experiments)
and magnesium (MgSQOy, 5 mM) to infect E. coli [45]. The
dependence of the infection on CaCl, allows us to modulate
the adsorption rate of phage by varying calcium con-
centration in the plate (MgSO, concentration is fixed at
5mM in all experiments shown here). We measured the
difference in adsorption rate as a function of CaCl, and
found that it changed by a factor 2 between 1 and 10 mM
CaCl,. We refer to the initial phage population as the
number of plaque-forming units (PFU) in the inoculum.
Figure 1 shows the spatio-temporal dynamics of popu-
lations of bacteria (~1x 10° cells/inoculum) and phages
(~2.3 x 10’ PFU/inoculum) for 1 mM CaCl,. At this rela-
tively low calcium concentration, the phage adsorption
rate is low. Figure 1a shows an image of the agar plate taken
9, 14, and 19h after inoculation. The overall radial
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expansion of the bacterial population (referred to as bac-
terial front, the bright outer ring of the colony, orange arrow
Fig. 1a) proceeds at a constant rate of 0.36 cm h™'. This rate
of expansion is identical to bacteria migrating in the plates
without phages present [26]. The bacterial front is followed
by a deepening and widening black region in the center of
the agar plate, whose outer boundary we refer to as the
phage front (yellow arrow, Fig. la). This central black
region is caused by a collapse of the local bacterial popu-
lation due to phage predation. Radial profiles of the bac-
terial density were measured by extracting and averaging
pixel intensities in background-subtracted images (see
“Methods”). Figure 1b shows these radial density profiles of
bacteria at the time points shown in Fig. 1a. Here the phage
front is visible as a sharp decline in image intensity (bac-
terial density) near the center of the plate at later times. For
example, the orange trace in Fig. 1b shows a radial profile at
19 h where the phage front is evident at a radius of ~3 cm,
while that of the bacterial front is present at a radius of 6
cm. For the conditions shown in Fig. 1, the separation
between the phage front and the bacterial front increases
with time (compare red and orange traces, Fig. 1b). Thus,
under these conditions, phages are not able to keep up with
the expansion of the bacterial colony.

To confirm that the collapse in bacterial densities at the
center of the plate was in fact driven by phage predation and
to measure phage densities in the expanding bacterial front,
we sampled a plate after 19 h of expansion at several dis-
tances from the center and measured the phage density
(“Methods”). Figure 1c shows the phage population density
(PFU) as a function of the radius where, as expected, we
observe very high phage densities in regions where the
image intensity is low. Unexpectedly, a small number of
phages are present at the outer edge of the expanding bac-
terial colony.

How could the phage have reached the outer edge of the
colony (radius 6 cm) in a period of 19h? The diffusion
constant of phage P1 in water is 4x 10 8cm?s™! [39]
limiting diffusive transport on this timescale to ~0.1 cm. So,
it appears passive transport of phage alone is insufficient to
explain the presence of phage at distances of 6 cm from the
site of inoculation. Previous studies of plaque formation
have found that phage plaques expand through lawns of
dense bacteria as a traveling wave with speeds up to
~0.025cmh™! [12, 13]. At this rate of expansion, we
expect the phage population to travel <0.5 cm over the 19 h
duration of the experiment. These quantitative considera-
tions strongly suggest that the phage could not have reached
the outer edge of the expanding colony by passive
transport alone.

Instead, we suggest that the phage travels along with
migrating bacteria either by attaching to the surface of
swimming bacterial cells and not injecting DNA or by being

o

Intensity (AU)
Std

0o 1 2 3 4 5 6 7
Distance to center (cm)

Frequecy

()} 25 50 75 100 125 150
Intensity (AU)

transported during the latent period of infection. If phage is
hitchhiking with the moving bacterial front, we expect
plaques to form behind the front as the hitchhiking phage
completes multiple rounds of infection on the host. We
observe the formation of these plaques in conditions where

SPRINGER NATURE
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<« Fig. 3 Bacterial population dynamics with SmM CaCl, and

~50,000 phage (PFUs) in the inoculum. Background-subtracted
(“Methods”) half-plate images at a 19 h and b 24 h. ¢, d show average
and standard deviation of pixel intensity as a function of the distance
from the center at 9h (blue), 14h (red), 19h (orange), and 24 h
(purple). Means and standard deviations in pixel intensities are com-
puted by considering all pixels within a small annulus for radius.
e Probability distribution of pixel intensity (y-axis). The distribution is
normalized at each radius (x-axis). f Frequency distribution of pixel
intensity around 4 cm (position of the dashed box in panel e). Green,
purple, and orange arrows in panels (c—d) mark radial locations as
indicated in panels (a, b). The red semi-circle in panels (a, b) has a
radius of 3 cm.

the bacterial front is moving quickly relative to the phage
front (Fig. 2a, lower-left corner, Fig. 3a, b). Note that in
these images the visible plaques are well behind the out-
ermost bacterial front. Visible plaques typically harbor
107-10® phage per plaque [14] and therefore require many
(>10) rounds of lysis and infection. Given the latency per-
iod of at least 1h for phage P1, we expect visible plaques
take on the order of 10 h to form. In this time the bacterial
front travels ~3.5cm and as a result, the visible plaques
arising from hitchhiking phages are present well behind the
primary bacterial front.

In the conditions shown in Fig. 1, the phage front is
moving at a slower rate than the bacterial front. As a result,
we expect that phages are being diluted out of the
expanding bacterial front and therefore were the front to
expand indefinitely the bacterial population would be free
from phage infection. So, while phage must be actively
transported by the migrating bacterial front, in the condi-
tions shown in Fig. 1, they are unable to keep up with the
traveling bacterial wave.

To describe the spatio-temporal dynamics observed in
Fig. la—c, we developed a deterministic ordinary differ-
ential equation model of the phage—bacteria system, which
describes the dynamics of bacterial and phage populations
in space and time. Numerical simulations of the model are
shown in Fig. 1d—f where we find that the model captures
the core features of the data. A schematic of the model is
shown in Box la and a detailed description in “Methods”,
Box 1b, and Supplementary Appendix.

Are bacteria always capable of moving faster than their
phage predators, or can phage populations slow down or
even stop the advancing bacterial front? To investigate this
question, we repeated our experiment for a broad range of
parameters characterizing phage infectivity and initial
population size. Figure 2a shows snapshots of bacterial
populations taken 19h after inoculation as a function of
CaCl, concentration on agar plates (x-axis) and the initial
number of phages in the inoculum (y-axis). Higher con-
centrations of CaCl, increase the adsorption rate of phages
[45], thereby making it easier for them to spread. This is
indeed seen as a systematic increase in the radius of the
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inner black region (phage front), as one moves from left to
right in Fig. 2a, bottom row. Similarly, increasing the initial
phage density speeds up the phage front even at fixed CaCl,
concentration (Fig. 2a, left column). Increasing both CaCl,
concentration and initial phage population size above a
certain threshold results in a slowed bacterial front (upper-
right corner, Fig. 2a). Figure 2a suggests that at low
infectivity and initial phage populations the bacterial front is
able to move faster than the phage front (lower-left region),
whereas at high infectivity or starting phage populations
bacteria are overtaken and likely evolve resistance in order
to form a migrating front (upper-right region).

To test these conclusions, we made two additional
measurements. First, for plates above and below the tran-
sition (1 or 8 mM CaCl, and 1.55 x 10° phages), we tested
bacterial populations for phage resistance after the front
expansion process had proceeded for 19 h. Indeed, at low
infectivity (1 mM CaCl,) the outermost bacterial front is
comprised of susceptible bacteria. In contrast, at high
infectivity, when a smaller bacterial colony is formed, the
entire bacterial population is phage resistant (Fig. S1,
Supplementary Appendix). Second, we made time-lapse
measurements of a series of plates with varying initial phage
population sizes ranging from 1.55 x 10* to 1.55 x 10® and
measured the speed of the phage and bacterial fronts (see
Movies S1-S4). We found that the bacterial front migration
rate did not vary substantially with initial phage population,
but that the phage front speed increased more than threefold
with a 1000-fold increase in the starting phage population
size (Fig. S3, Supplementary Appendix).

Based on these measurements, we conclude that at low
initial phage populations and low infectivity the bacterial
front manages to escape phage predation. In contrast, at
high initial phage populations, or infectivity, the bacterial
population fails to begin migration and instead must evolve
phage resistance before expanding across the plate. As a
result, when the phage population inhibits the bacterial
expansion, this inhibition is temporary due to the growth of
phage-resistant bacterial strains [46]. For phage P1, these
mutant bacteria arise at a rate of about 10~> per generation
[44]. Notice that just above this transition (e.g., 8 mM
CaCl,, 1x10* phages or 1 mM CaCl,, 1x10® phages;
Fig. 2a) the bacterial colony exhibits sectors which poten-
tially arise from clonal expansion started from single
resistant mutants. These dynamics are reminiscent of spatial
antibiotic resistance patterns [47]. Supplementary Movie S1
shows an expanding bacterial front at 10 mM CaCl, and
1.5x 10° initial phage population size where we see an
expanding front of bacteria which is halted after 12h of
expansion only to resume expanding, presumably with
resistant bacteria. However, when the phage load is large,
and infectivity high, all susceptible bacteria are eliminated
at the outset, resulting in a delayed but spatially symmetric
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expansion of the resistant bacterial population (Fig. 2a,
upper-right corner).

To quantify the speed of both phage and bacterial fronts,
we measured their respective locations in space under dif-
ferent experimental conditions. Figure 2b, c¢ shows the
position of the outer (bacterial) front and the width of the
bright region between bacterial and phage fronts measured
19h after inoculation. These measurements show the
properties of the system on both sides of the transition: the
bright area in the lower-left corner of the panel Fig. 2b
shows that for low phage loads bacterial chemotaxis pro-
ceeds at a rate that is approximately independent of the
phage load and CaCl, concentration. Above the transition,
bacterial populations are decimated at the outset of the
experiment and the remaining resistant bacteria migrate
only a short distance by 19 h. The progressive darkening of
Fig. 2b in the upper-right corner quantifies the slowing of
the migrating bacterial front by phages under increasing
initial phage population sizes and infectivity. Finally,
Fig. 2c quantifies the width of the ring where bacteria are
abundant (the distance between the bacterial and phage
fronts). This distance shrinks to zero as phages overtake
bacteria (black region, upper-right corner, Fig. 2c¢).

Overall Fig. 2a—c shows the existence of two distinct
parameter regimes in which bacterial densities are either
regulated by migration and access to nutrients or phage
lysis. As either the phage load (initial population) or phage
adsorption rate (CaCl, concentration) increases, the speed
of the phage front increases, and eventually causes a tran-
sition from the regime where bacterial abundances are set
by chemotaxis and nutrient availability to one where phage
lysis limits total bacterial abundances.

Figure 2d—f shows that our deterministic ODE model
reproduces the general properties of the measured phase
diagram shown in Fig. 2a—c. The intensity profiles shown in
Fig. 2d include the resistant bacteria, which dominate the
bacterial populations in the upper-right corner of the dia-
gram but are not significant at or below the transition along
the diagonal. As we observe experimentally, the model
predicts that increasing the adsorption rate will lead to a
transition from a regime where phages are progressively lost
from the bacterial front to one where phages overtake the
bacterial front resulting in collapse. Figure 2 is the central
finding of this study.

To better understand the nature of the transition between
the two regimes characterized by low infectivity and low
initial phage population or high infectivity and high initial
phage density, we studied a simple model of phage repro-
duction in a bacterial traveling wave (Fig. S6, Supplemen-
tary Appendix). In this model, as bacteria are migrating,
phages are lost if they do not infect the host. The ability of
phages to be retained in the migrating front is therefore
controlled by a balance between phage infection and

bacterial migration. Using this formalism, we analytically
compute a threshold adsorption rate (1) which defines the
transition between phage populations either growing, and
thereby driving bacterial colony collapse, or being lost from
the migrating front. We find #° ~2x 10" *mL/h which
agrees well with the adsorption rate at which we observe the
transition experimentally and computationally (Fig. 2).

For conditions close to the transition region, where the
phage front speed is only slightly slower than that of the
bacterial front (e.g., 4 mM CaCl, 1 x 10* phage, Fig. 2a),
the phage front becomes rough, exhibiting a star-like spatial
structure with centimeter-long phage-dominated dark
regions extending into lighter regions with high bacterial
densities. The roughening of the phage front near the
transition suggests that there are large differences in bac-
terial densities for regions of the phage front over length
scales of a millimeter or more. In plates where no phages
are added the profile of bacterial densities is smooth (Fig. 1b
in [19]), ruling out nutrient inhomogeneities. The strong
spatial variability in bacterial densities suggests a role for
contingencies in infection histories in spatially structuring
the phage—bacteria interactions.

To document the roughening of the phage front more
carefully, we studied a single plate in detail. Figure 3 shows
two snapshots (19 and 24 h after initiation) of a plate con-
taining 5 mM CaCl, and 4.7 x 10* phage in the inoculum.
These images reveal a clear spatial structure in the phage
front characterized by alternating black and white regions
that are more spatially extended than those shown in
Fig. 1a. In this condition, the dark regions (where bacteria
are being killed by phage) expand rapidly, at a rate
approaching the speed of the bacterial front (compare the
width of the light area near protruding black regions at 19
and 24 h in Fig. 3a, b). In contrast, in Fig. 1a well below the
transition the black region expands at a steady, but slower,
rate than the bacterial front and the rate of expansion is
approximately independent of the azimuthal direction.

To better quantify the spatial structure of the dark regions
visible in Fig. 3a, b, we computed statistics of image
intensity for background-subtracted images in annuli of
pixels falling within a fixed range of radii. Figure 3c shows
the azimuthally averaged image intensity as a function of
the radius at several times after the plate was initiated.
Figure 3d shows the standard deviation of all pixel inten-
sities at a fixed radius. Figure 3d clearly shows that the
variation in pixel intensities is maximal at intermediate radii
(peak around 4 cm for 24 h purple trace). The peak in pixel
intensity variability marks the center of the phage front
which is comprised of regions where phage (dark) and
bacteria (light) dominate. This peak in the variability of
pixel intensities migrates ~2 cm between 19 and 24 h. The
outermost bacterial front migrates approximately the same
distance over this time interval. Therefore, as we expect, the
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roughened phage front moves at a pace that is similar to that
of the outermost bacterial front in conditions near the
transition from a regime where bacterial abundances are
nutrient regulated to one where they are phage regulated.

To further elaborate on this observation, in Fig. 3e we
plotted the normalized histogram of bacterial abundances
(quantified by image intensity, y-axis) at 24 h as a function
of the distance from the center (x-axis). These histograms
were computed for a set of radii from the center of the plate.
In Fig. 3e, for distance around 4 cm, one can see that the
distribution of bacterial abundances is, in fact, bimodal,
corresponding to white and black regions visible in Fig 3a,
b and the position of the largest variation in Fig. 3d. The
distribution of pixel intensities at a radius of 4 cm is shown
in Fig. 3f. Simulations show that this spatial structure could
arise from spatially inhomogeneous initial phage densities
(Fig. S9).

Therefore, for 5 mM CaCl, and 4.7 x 10* phage (PFU) in
the inoculum, phages keep up with bacterial front expansion
in some directions but are left behind in others. This sug-
gests that the local dynamics in our system are potentially
driven by positive feedback which amplifies initially small
variations into macroscopic differences manifesting them-
selves at a scale of several centimeters.

Discussion

We have shown how spatial structure in bacterial popula-
tions driven by chemotaxis interacts with phage population
size and adsorption rate to determine the outcome of
bacteria—phage interactions. Our study has three important
results.

First, we find that nonmotile phages are able to hitchhike
with expanding bacterial populations by repeatedly re-
infecting cells in an expanding bacterial front (Fig. 1). This
observation suggests that the latent period of phage infec-
tion, or another mechanism by which phages attach to
swimming bacteria, permit phage to hitchhike with their
hosts into new spatial niches. At present, we cannot defi-
nitively determine which mechanism of hitchhiking is
dominant. However, the latency time is on the order of 1 h
[48, 49]. On this timescale, the bacterial front travels 0.36
cm suggesting that phages transport during the latent period
would outpace passive transport. In contrast, the time for
DNA injection during infection is typically 1-10 min
[50, 51], but to our knowledge has not been precisely
measured in phage P1. We cannot rule out the possibility
that phages are transported while being attached to the cell
prior to DNA injection. The fact that hitchhiking occurs
suggests that the timescale over which phages attach to,
infect, and subsequently lyse bacterial cells can be related to
the spatial structure of phage—bacteria populations. To our
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knowledge, the relationship between the physiology of
phage infecting bacteria and the spatial transport of phage
by migrating bacteria has not previously been appreciated.

Second, Fig. 2 shows how the outcome of
phage—bacteria interactions depends on population size and
infectivity. A transition region defines a boundary between
regimes, one where phage-susceptible bacteria escape phage
infection, and another where the bacteria are forced to
evolve phage resistance to survive. This observation has
important implications for understanding phage—bacteria
interactions in complex environmental contexts such as
lakes or the particle-filled water columns in the ocean,
where bacterial growth is variable due to transient chemo-
taxis driven exploitation of patchy resources [27]. In parti-
cular, for phages to dominate a migrating and growing
bacterial population requires high initial population den-
sities or high adsorption rates. In situations where these
conditions are not met, phages remain able to attack smaller
localized bacterial populations, which could limit their
overall fecundity and possibly their impact on bacterial
genome evolution via transduction [52].

It is interesting to note that we observe the phage-
regulated regime when infectivity (adsorption rates) is high
and the nutrient-regulated regime when infectivity is low
(Fig. 2). Therefore, for phage infecting motile host popu-
lations, higher infectivity is likely favored. This result
stands in contrast to results obtained with expanding phage
plaques in bacterial lawns [14] where selection for large
plaques favors lower infectivity [15]. It would appear then
that the evolution of phage life-history traits may depend
qualitatively on the motility of the bacterial host.

Our modeling framework confirmed that a key feature
responsible for the spatial structure in phage—bacteria
populations is the strong dependence of phage infection on
host physiology [19, 34, 36, 37, 53-55]. The decreasing
burst size and increasing latency of phage infections with
host growth rate interact with the self-organizing nutrient
gradients in migrating bacterial populations to give rise to
regions of space where phage is excluded. Previous studies
suggest this dependence on host physiology arises from
limits on the rate of synthesis of new phages and on the size
of host cells prior to lysis [34]. If this mechanism is indeed
responsible, it suggests that the dependence of phage
infectivity on host physiology may be generic. In this case,
there is a clear advantage for slow growing bacterial
populations in spatial niches with substantial phage preda-
tion pressure.

Despite the overall success of the model in describing the
dynamics in our phage—bacteria system, we do note that the
model fails to capture certain features of the data. In parti-
cular, at 8mM CaCl, and 10* or 10° phage we observe
large, dense, colonies forming (Fig. 2a), whereas the model
predicts a dim outer ring and central region of resistant
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bacteria. We suspect that the reason for this disagreement is
the presence of additional chemoattractants in the rich
media that are not modeled explicitly, potentially threonine
[25], which permit the chemotaxis of resistant bacteria even
if the susceptible population (the outer ring) has already
consumed serine and aspartate. The presence of such an
attractant would give rise to larger colonies since resistant
bacteria which arise at the center of the colony could then
migrate outward via chemotaxis. We omitted this feature in
our model for the sake of simplicity.

Third, there is a role of contingency in determining the
spatial structure of the phage front for communities near the
transition (Fig. 3a, b), where centimeter-wide spatially
extended regions are alternately dominated by phage and
bacteria. A full accounting of this phenomenon awaits
future work; however, it appears that large differences in
bacterial populations are amplified from relatively small
fluctuations in the inoculum with a large number of phages
(between 10* and 10® in our experiments). At first glance,
the alternating black and white regions in the phage front
are reminiscent of sectors in microbial range expansion with
two fluorescently labeled strains with the same fitness [56].
In our system, the roughening may then result from phage
and bacteria having nearly equal rates of expansion near the
transition and the fact that phages can be present in the
bacterial front at very low concentrations (Fig. 1). Indeed,
our results suggest that the roughened phage front near the
transition does not arise from phage-resistant bacterial
populations. First, the regions of the front which are
dominated by bacteria (Fig. 3a, b) are eventually overtaken
by dark, phage-dominated regions. Second, a sample taken
from the phage front showed bacteria at this spatial location
to be phage susceptible (Fig. S1). Our results suggest that
resistant bacteria typically arise at a later time and have very
different fan-like spatial structure.

To better understand these spatial fluctuations will
require a detailed understanding of spatially localized phage
fluctuations within the inoculum before and just after the
start of migration. Furthermore, exploring any mechanisms
of positive feedback present during multiple rounds of
infection that might be present and may amplify small
fluctuations in phage and bacterial populations. One possi-
ble mechanism for the positive feedback is that phage which
initially succeeds in killing the bacteria limit nutrient con-
sumption which subsequently drives the growth of bacteria
which can then be infected by phage. Weitz et al. [57] used
the Lotka—Volterra framework to demonstrate that reduced
adsorption rate as bacteria approach stationary state can
provide sufficient feedback to give rise to bi-stability,
potentially driving the roughening of the phage front we
observe.

We have shown that actively moving hosts impose an
important set of selection pressures on phages. For example,

we expect that phages with infection dynamics inhibiting
chemotaxis or with very short latency periods may be at a
disadvantage with respect to colonizing new spatial niches.
Chemotaxing bacteria thereby add an additional selection
pressure on phages with extremely aggressive infection cycles.
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