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SUMMARY
The developmental choice made by temperate phages, between cell death (lysis) and viral dormancy
(lysogeny), is influenced by the relative abundance of viruses and hosts in the environment. The paradigm
for this abundance-driven decision is phage lambda of E. coli, whose propensity to lysogenize increases
with the number of viruses coinfecting the same bacterium. It is believed that lambda uses this number to
infer whether phages or bacteria outnumber each other. However, this interpretation is premised on an ac-
curatemapping between the extracellular phage-to-bacteria ratio and the intracellularmultiplicity of infection
(MOI). Here, we show this premise to be faulty. By simultaneously labeling phage capsids and genomes, we
find that, while the number of phages landing on each cell reliably samples the population ratio, the number of
phages entering the cell does not. Single-cell infections, performed in a microfluidic device and interpreted
using a stochastic model, reveal that the probability and rate of phage entry decrease with the number of ad-
sorbed phages. This decrease reflects an MOI-dependent perturbation to host physiology caused by phage
attachment, as evidenced by compromisedmembrane integrity and loss of membrane potential. The depen-
dence of entry dynamics on the surrounding medium results in a strong impact on the infection outcome,
while the protracted entry of coinfecting phages increases the heterogeneity in infection outcome at a given
MOI. Our findings in lambda, and similar results we obtained for phages T5 and P1, demonstrate the previ-
ously unappreciated role played by entry dynamics in determining the outcome of bacteriophage infection.
INTRODUCTION

Bacteriophage lambda serves as a paradigm for the decision

made by temperate phages between rampant replication, result-

ing in the release of viral progeny and cell death (lysis) and

dormancy in a prophage state (lysogeny), which allows the

host bacterium to live and reproduce.1,2 The best-characterized

factor affecting this choice is the number of lambda phages co-

infecting the cell (multiplicity of infection [MOI]).3,4 Infection by a

single phage typically results in lysis, whereas a higher MOI re-

sults in lysogeny.5,6 The effect of MOI is mediated by a phage-

encoded circuit that chooses the transcriptional program to be

executed based on the number of lambda genomes that entered

the cell.7,8 In terms of its utility, viral self-counting is believed to

serve as a way of inferring the abundance of available hosts in

the environment.3,9 Specifically, simultaneous infection bymulti-

ple phages (i.e., MOI > 1) implies that phages outnumber bacte-

ria, thus the release of new progeny via lysis will be futile, and

lysogeny should be chosen. This interpretation is consistent
All rights are reserved, including those
with other examples where the relative abundance of phages

and bacteria impacts infection outcome.10 However, it is pre-

mised on an accurate mapping between the environmental

phage-to-bacteria ratio and the intracellular MOI, a mapping

that has not been directly tested. This accurate mapping is

further called into doubt by the fact that, at the single-cell level,

the relation between MOI and infection outcome is highly prob-

abilistic rather than threshold-like.6,11 Thus, the relationship be-

tween the population ratio and the number of internalized phage

genomes merits careful examination.

Another motivation to closely inspect phage entry is that our

understanding of the process remains fragmentary, even for a

system as extensively studied as lambda.2 For one, there is no

consensus regarding the nature of physical forces driving trans-

location of the encapsidated DNA into the cell.12 Several

competing hypotheses exist, including DNA self-repulsion fol-

lowed by diffusion,13 and hydrodynamic drag due to water

drainage through the capsid,14 but the available data are insuffi-

cient to determine their veracity. Also unclear is the exact route
Current Biology 34, 1–13, July 8, 2024 ª 2024 Elsevier Inc. 1
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Figure 1. The intracellular viral copy number is not proportional to the extracellular phage-to-bacteria ratio

(A) Phage capsids and intracellular phage genomes were fluorescently labeled. Left: schematic of the labeling system. Right: an E. coli cell adsorbed by seven

lambda phages (cyan spots), three of which have ejected their genomes (red spots). The infection mixture was imaged 5min after triggering genome ejection. The

image shown is a maximum projection of multiple focal planes, spanning the height of the cell.

(B) The fraction of phages whose genomes entered the cell decreases at higher phage-to-bacteria ratio. Phages and bacteria were mixed at different ratios.

Markers, mean ± SE for the average numbers of adsorbed and intracellular phages (n = 201, 204, and 221 cells for samples with mixing ratios of 0.5, 2, and 8,

respectively). Cyan line, linear fit. Red curve, fit to a Michaelis-Menten function, serving as a guide to the eye. Dashed line, linear scaling extrapolated from the

sample with the phage-to-bacteria ratio of 0.5. Inset: the efficiencies of phage adsorption and entry (defined as the average numbers of adsorbed and intracellular

phages per cell, respectively, divided by the phage-to-bacteria ratio).

(C) The number of intracellular phage genomes scales sublinearly with the number of phages adsorbed to the cell. Black markers, mean ± SE (n = 1,437 cells,

pooled from 7 independent experiments); cells at higher MOI were binned together to allow for at least 10 cells per bin. Red curve, fit to a Michaelis-Menten

function, serving as a guide to the eye. Dashed line, linear scaling extrapolated from cells with one adsorbed phage. Inset: the efficiency of phage entry as a

function of the number of adsorbed phages. The red curve was calculated using the same fit as in the main panel.

See also Figure S1.
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the phage genome takes to enter the cell: the maltoporin LamB

(lambda receptor) is involved in the initial reversible binding to the

host surface,15 the eventual irreversible docking at the site where

DNA will cross the cell membrane,16 and in triggering DNA en-

try.17 It is unlikely, however, that phage DNA moves through

the LamB porin.18,19 Instead, it is suggested that the phage’s

tape measure protein (gpH) breaches the outer membrane and

then acts as a conduit for DNA translocation through the bacte-

rial periplasm.19–22 Similarly elusive is how lambda DNA crosses

E. coli’s inner membrane. Whereas penetration generally re-

quires the inner-membrane mannose phosphotransferase sys-

tem (PtsM or Man-PTS),23,24 phages with extended genomes

and those harboring certain tail mutations can overcome this

requirement.21,25 Thus, how lambda DNA and PtsM interact dur-

ing phage entry also remains an open question. Critically, our

picture of phage entry is largely inferred from studies of isolated

components in vitro and from bulk studies where single-cell ki-

netics remains hidden.12 There is thus considerable benefit to

examining the entry process in its true context of infection, at

the resolution of individual phages and cells.

RESULTS

The intracellular viral copy number is not proportional to
the extracellular phage-to-bacteria ratio
To examine infection at the single-cell level, we utilized phages

(l cI857 Pam80 stf::P1parS-kanR)8 whose capsid was decorated

with gpD-mTurquoise2 or gpD-EYFP.26 Following infection (of

host MG1655), the intracellular phage genome is detected via

binding of mCherry-ParB or CFP-ParB to an engineered parS

sequence27,28 (Figure 1A; STAR Methods). The infecting phage
2 Current Biology 34, 1–13, July 8, 2024
is unable to replicate on wild-type host, preventing intracellular

genome number from increasing after entry.8 The labeling

scheme enables reliable counting of both extracellular capsids

and intracellular phage genomes (Figure S1).

We first asked how the numbers of phages adsorbed (irrevers-

ibly attached29,30) to the cell and of phages that have entered the

cell (intracellular genomes) changed as we infected cells with

varying phage concentrations. Cells grown in LB (supplemented

with maltose and MgSO4) were concentrated, mixed with

phages, and incubated at 4�C for 30 min to allow adsorption;

then, to trigger genome ejection, the infection mixture was

shifted to 35�C6,8,29 (STAR Methods). Imaging the infected sam-

ples at 5 min after triggering, we found that, over an �10-fold

change in phage concentration, the average number of ad-

sorbed phages per cell followed the phage-to-bacteria ratio (Fig-

ure 1B), with the adsorption efficiency remaining constant at

0.71 ± 0.04 (mean ± SE of three samples, n = 201, 204, and

221 cells), consistent with reported values31–33 (Figure S1). By

contrast, the efficiency of phage entry decreased approximately

2-fold (from 0.36 ± 0.06 to 0.16 ± 0.01; Figure 1B). Consequently,

the average number of intracellular phage genomes per cell did

not reflect the bulk ratio of phages to bacteria.

We next utilized the natural variability in the number of phages

adsorbed to each cell6,8 to probe the relation between the

adsorbed and intracellular phage numbers at the single-cell

level. We found that as the number of adsorbed phages per

cell increased, the efficiency of phage entry decreased: from

approximately 60% in cells adsorbed by a single phage (consis-

tent with previous reports29,33; Figure S1) to approximately 30%

in cells adsorbed by 10 phages (Figure 1C; n = 1,437 cells,

pooled from 7 independent experiments). As a result, the number



Figure 2. Time-lapse measurements indicate an MOI-dependent decrease in the probability and rate of phage entries

(A) Adsorption and entry of individual phages were followed in a microfluidic device. Top: an infected cell tracked over time. Bottom: for each cell, the times of

adsorption and entry events were recorded. Data for 20 cells are shown. For all cells in this experiment, see Figure S2.

(B) Schematic of the stochastic model for phage entry kinetics; see text for details.

(C) The theoretical model captures the time-dependent average number of intracellular phages in cells adsorbed by one phage. Black markers, mean ± SE

(n = 208 cells, pooled from 7 independent experiments). Pink curve, fit to the model. Inset: linearized data and model.

(D) The model successfully predicts the distribution of entry times in cells adsorbed by one phage. Gray bars, histogram of the data, with error bars indicating SE.

Pink curve, the probability distribution predicted by the model, binned by the imaging inter-frame interval. Inset: the theoretical probability distribution before

binning.

(E) A dependence of the entry parameters on the number of adsorbed phages is required to capture the experimental data. Dashed curves in pink, predictions by

amodel in which h and k in cells adsorbed bymultiple phages are equal to those in cells adsorbed by a single phage. Solid curves in red, predictions by amodel in

which h and k are allowed to vary with the number of adsorbed phages. Black markers, data ± SE for cells adsorbed by 2, 4, 6, 8, and 10 phages. For other MOIs,

see Figure S2.

(F) Inferred parameters for the MOI-dependent model. Black markers, fitted values ± SE from bootstrapping (n = 1,030 cells, pooled from 7 independent ex-

periments); cells at higherMOI were binned together to allow for at least 10 cells per bin. Red curves, parametrization: h and k as exponentially decaying functions

of the number of adsorbed phages, t remaining the same as in cells adsorbed by a single phage.

(G) The MOI-dependent model successfully predicts the distributions of intracellular phage numbers at a given time. Gray bars, histograms of the data, with error

bars indicating SE. Red curves, model predictions. Data for cells adsorbed by 4 phages at 1, 3, 5, and 10min are shown. For otherMOIs and other time points, see

Figure S2.

(legend continued on next page)
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of intracellular phage genomes scales sublinearly with the num-

ber of adsorbed phages (Figure 1C). To exclude the possibility

that this reduced efficiency is an artifact of our capsid or genome

labeling schemes, we used SYTOX orange (a DNA-intercalating

dye) to visualize DNA ejection34,35 from non-fluorescent capsids

into cells that did not express fluorescent ParB fusions (Fig-

ure S1; STAR Methods). We again found that, as more phages

adsorbed to the cell, the efficiency of phage ejection decreased

(Figure S1). Altogether, our results thus indicate that lambda en-

try becomes impeded at high multiplicities of infection.

Time-lapse measurements indicate an MOI-dependent
decrease in the probability and rate of phage entries
To gain insight into the observed reduction in entry efficiency, we

next aimed to examine the temporal kinetics of phage entries in

individual cells. To that end, we performed infection in a micro-

fluidic device, tracking phage adsorption and entry in real time

(Figure 2A; STAR Methods). The experiments provided the

time series of phage adsorption and entry events in each in-

fected cell (Figure 2A; see Figure S2 for additional cells). To inter-

pret these time series and identify which aspect of viral entry is

perturbed at high multiplicities, we formulated a simple stochas-

tic model where phage entry is governed by three parameters

(Figure 2B): h, the entry probability (at infinite time); k, the rate

(or probability per unit time) of initiating entry; and t, the time be-

tween entry initiation and detection (STAR Methods for the full

model description). For a cell adsorbed by n phages, the model

is solved to yield the probability distribution for the number of

intracellular phage copies at time t. We first tested the model

on cells adsorbed by a single phage (n = 1). The model suc-

cessfully captured the time-dependent average number of intra-

cellular phages Clðt;n = 1ÞD (Figure 2C) and the distribution

of phage entry time PðT1jn= 1Þ (Figure 2D). The inferred param-

eter values (h = 0.56 ± 0.04, 1=k = 1.7 ± 0.2 min, t = 35.9 ± 5.6 s,

n = 208 cells pooled from 7 independent experiments, SE

from bootstrapping) were consistent with the entry efficiency

and mean entry time we observed in bulk and with reported

values26,29,33,34,36 (Figure S1), thus lending credence to the mi-

crofluidic-acquired data and the stochastic model used to inter-

pret it.

Having calibrated our model based on singly infected cells, we

aimed to use it to predict the entry kinetics in cells adsorbed by

two or more phages (Figure 2E). We first tested the null hypoth-

esis that the parameters inferred from cells adsorbed by one

phage also govern the kinetics in cells adsorbed by multiple

phages (‘‘MOI-independent model’’). We found, however, that

as the number of adsorbed phages increased, the prediction of

intracellular phage number became poorer. In particular, the

MOI-independent model overestimated the average number of

intracellular phages at any given time (Figures 2E and S2). This

was no surprise, considering our observations above (Figure 1C),

which indicated a decrease in phages’ ability to enter the cell at

higher multiplicities. Aiming to capture that effect, we allowed

model parameters to now vary with the number of adsorbed
(H) The MOI-dependent model reproduces the sublinear relation between the num

higher MOI were binned together to allow for at least 10 cells per bin. Dashed line i

MOI-dependent model. Data at 10 min following phage adsorption are shown. F

See also Figure S2.
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phages (‘‘MOI-dependent model’’). The revised model success-

fully reproduced the average kinetics (Figure 2E) and revealed a

decrease in both entry probability h and rate k with the number of

adsorbed phages per cell (Figure 2F); no MOI dependence of t

was required to capture the data (see Figure S2 for all model var-

iations). Parametrizing h and k as exponentially decaying func-

tions of the number of adsorbed phages, the stochastic model

also captured the distributions of intracellular phage numbers

at a given time (Figures 2G and S2). Finally, the model success-

fully reproduced the sublinear relation between the numbers of

intracellular and adsorbed phages observed in both the micro-

fluidic and bulk experiments (Figures 2H and S2). The time-lapse

analysis of infection thus indicates an MOI-dependent decrease

in the probability and rate of phage entries.

Phage adsorption causes cellular perturbation,
resulting in impeded phage entry
How does coinfection impede phage entry into the cell? As

mentioned above, the successful ejection of lambda DNA into

the cell requires both LamB and PtsM.2,19 It is conceivable

that, in cells adsorbed by multiple phages, one or both of these

factors become the limited resource for entry. To test this hy-

pothesis, we performed infections of cells grown in media

supplemented by either maltose or glucose (STAR Methods).

The latter sugar is known to repress the expression of both

LamB and PtsM,37,38 as well as the activity of PtsM.39 Consistent

with previous reports,37 we found that maltose-grown cells ex-

hibited higher efficiency of lambda adsorption (Figure S3). How-

ever, no difference in entry efficiency was seen betweenmaltose

and glucose, and the same sublinear relation between the

numbers of adsorbed and intracellular phages was observed in

both cases (Figure S3). Our data thus suggest that LamB or

PtsM levels do not drive the impedance to entry at high

multiplicities.

We next asked whether the impeded entry reflects the activity

of an unidentified factor produced upon early phage entries by

either those phages themselves (acting as an exclusion factor40)

or, in response to entry, by the host (as part of an anti-phage de-

fense mechanism41). To test this idea, we performed infection in

the presence of rifampicin, an inhibitor of transcription42 (STAR

Methods). As expected, we found that both cell growth and viral

development were strongly repressed in the presence of the

drug (Figure S3). However, lambda entry was not significantly

impacted and exhibited the familiar reduction in efficiency as

the number of adsorbed phages increased (Figure S3).We there-

fore concluded that impeded entry is not mediated by a factor

expressed by either phage or host upon the initial viral entry.

In searching for an alternative explanation for the MOI-depen-

dent impediment to phage entry, we revisited several reported

aspects of early infection. First, phage infection induces a strong

ionic perturbation to the host cell, involving fluxes of solutes and

a reduction or even loss of membrane potential.43,44 Phage-

induced perturbations were reported for diverse phage and bac-

terial species, including lambda and E. coli.43,45,46 The severity of
bers of adsorbed and intracellular phages. Black markers, mean ± SE; cells at

n pink, prediction by theMOI-independent model. Red curve, prediction by the

or other time points, see Figure S2.



Figure 3. Phage adsorption causes cellular perturbation, resulting in impeded phage entry

(A) Following infection, cells were stained with propidium iodide (PI, shown in magenta). Dashed line, cell boundary. The image shown was taken 5 min after

triggering genome ejection. Both cells were cropped from the same field of view. For additional cells, see Figure S4.

(B) Phages permeabilize the cell’s membrane in anMOI-dependent manner. The intracellular fluorescence of PI is plotted as a function of the number of adsorbed

phages. Gray markers, single-cell values (n = 188 cells). Black markers, mean ± SE; cells at higher MOI were binned together to allow for at least 10 cells per bin.

Magenta line, linear fit, the slope of which reflects the degree of membrane permeabilization per phage. Data at 5 min after triggering genome ejection are shown.

For other time points, see Figure S4.

(C) Infected cells recovermembrane integrity. The slope of the linear fit between PI fluorescence and the number of adsorbed phages at each time point is plotted.

Error bars indicate SE from bootstrapping (n = 188, 132, 131, and 135 cells).

(D) The efficiency of phage entry decreases in cells with stronger PI fluorescence. Gray markers, single-cell values (n = 298 cells pooled from t = 5 and 20 min).

Black markers, mean ± SE (40 cells per bin). Magenta curve, fit to an exponential decay with a baseline.

(E) Phage entry efficiency and PI fluorescence, conditioned on the number of adsorbed phages, are negatively correlated. Gray markers, residuals obtained by

linear regression of the PI fluorescence and of the entry efficiency on the number of adsorbed phages (n = 298 cells). Blackmarkers, mean ± SE of the residuals (30

cells per bin). Magenta line, linear fit.

(F) The flagellar rotation frequency of phage-infected cells, indicating the membrane potential, is measured using optical traps. Top left: schematic of the trap

setup and the flow chamber. Top right: a trapped cell with one adsorbed phage (encapsidated DNA was stained using SYTOX orange, shown in green), imaged

(legend continued on next page)
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perturbation increases with MOI45,47 but does not always require

phage entry to occur, as evidenced by infection of ‘‘ghost’’

phage particles devoid of DNA.47–49 Could these perturbations

to the host cell underlie the diminished entry we find at

higher MOI? Consistent with this idea, ionic conditions have

been shown to impact the kinetics of DNA ejection in vitro,12

possibly by modulating the self-repulsion of the encapsidated

DNA or altering the osmotic pressure that opposes ejection.12

In lambda, specifically, both the extent50–52 and rate53,54 of

DNA ejection are affected. Putting these elements together, we

hypothesized that phage-induced perturbations to the host

physiology, which occur following adsorption but prior to entry,

impede phage entry into the cell in an MOI-dependent manner.

To directly probe the relation between phage-induced pertur-

bation and DNA entry, we focused on two reported aspects of

this perturbation: the compromise to membrane integrity and

the reduction of membrane potential.12 To measure the mem-

brane integrity, we performed infection in LB supplemented

with maltose and MgSO4, sampled the infection mixture at

different times, and stained cells using propidium iodide (PI;

STAR Methods). For each cell, we recorded the numbers of ad-

sorbed and intracellular phages, as well as the intracellular PI

fluorescence (Figure 3A; see Figure S4 for additional cells).

Within 5 min of infection, cells became permeable to PI, with

intracellular PI fluorescence rising linearly with the number of ad-

sorbed phages (Figure 3B). TheMOI dependence of permeability

is consistent with the idea that each adsorbed phage induces an

opening in the cell membrane.47,55 In agreement with reports

that phage-induced perturbations do not require entry,47,49 we

found that PI permeation was not correlated with the intracellular

phage numbers (Figure S4). We note that the permeation of PI

into phage-infected cells did not reflect cell death or phage-

induced lysis, and PI-stained cells still exhibited the sublinear

relation between the numbers of adsorbed and intracellular

phages (STAR Methods; Figure S4). Examining PI fluorescence

later in infection, we found that the degree of PI permeation

per adsorbed phage decreased over time, indicating that the in-

fected cells gradually recover membrane integrity (Figure 3C).

Taken together, these results show that phage adsorption tran-

siently permeabilizes the infected cell’s membrane in an MOI-

dependent manner.

We next used the degree of PI permeation to test whether the

compromise tomembrane integrity impedes phage entry. Exam-

ining single-cell data up to 20 min post-infection (prior to the re-

covery of membrane integrity; Figure 3C), we found that cells

with stronger PI fluorescence exhibited lower efficiency of phage

entry (ratio of intracellular phage genomes to adsorbed phages

per cell; Figure 3D). In particular, the entry efficiencies found in

the least and most permeabilized cells were comparable to the
over time; the dashed line indicates the cell outline, and the white arrow indicates

rotation frequency of the same cell; gray vertical lines indicate the time points co

(G) Phage adsorption results in loss ofmotility. Dotted green line, the fraction ofmo

Black line, exponential fit to the data up to 10 min. Dotted gray line, the fraction

(H) Complete membrane depolarization results in impeded phage entry. Green ma

m-chlorophenyl hydrazone (CCCP, n = 219 cells). Green line, the average over al

with 0.5% DMSO, serving as a negative control (n = 209 cells). Gray line, fit to an

binned together to allow for at least 5 cells per bin.

See also Figures S3–S5.
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values observed above for cells with low and high numbers of

adsorbed phages, respectively (Figure 1C). Although these find-

ings are consistent with the idea that the impediment to entry re-

flects the severity of the phage-induced perturbation, the

observed correlation is vulnerable to the confounding effect of

the number of adsorbed phages per cell, which is correlated

with both the efficiency of phage entry (Figure 1C) and the intra-

cellular PI fluorescence (Figure 3B). To directly establish the

causal link between PI permeation and entry, we applied causal

inference56 by calculating the correlation between entry effi-

ciency and PI fluorescence, conditioned on the number of ad-

sorbed phages (STAR Methods; Figure S4). Consistent with

our hypothesis, the correlation coefficient r(entry efficiency, PI

fluorescence|number of adsorbed phages) was still negative

(Figure 3E). Although we cannot rule out the presence of addi-

tional mechanisms connecting phage adsorption and impeded

entry,56 our causal inference analysis established that phage-

induced compromise to membrane integrity is a cause of entry

impediment.

To examine phage-induced changes to E. coli’s membrane

potential, we utilized as proxies the flagellar rotation frequency57

and the fluorescence of a proteo-rhodopsin optical proton

sensor (PROPS),58 both of which vary with the proton motive

force. We used dual-trap optical tweezers to trap cells in a

flow chamber, into which chemicals and phages can be

perfused.59 Trapped cells were fluorescently imaged, while their

flagellar rotation frequency was inferred from the trap signal60

(Figure 3F; STAR Methods). Exposing cells to carbonyl cyanide

m-chlorophenyl hydrazone (CCCP), a protonophore that de-

pletes the protonmotive force,58 resulted in rapid loss of flagellar

motility and an increase in fluorescence fromPROPS (Figure S5),

as expected. A similar cessation of motility was exhibited

following lambda adsorption (Figures 3F and 3G; Video S1).

The typical time for an infected cell to lose motility—indicated

by the half-life of the exponential fit in Figure 3G (5.7 ± 2.7 min;

n = 11 cells, SE from bootstrapping)—was consistent with the

timescale of ionic fluxes from lambda-infected cells (Fig-

ure S5).43,46 The encapsidated DNA of the adsorbed phages

could still be detected on cells that had lost motility (Figure 3F;

Video S1), indicating that membrane depolarization did not

require phage entry. Phage-induced depolarization was also re-

vealed by the changes to PROPS fluorescence, which mirrored

the effect of CCCP treatment (Figure S5).

Having established that lambda adsorption results in mem-

brane depolarization, we next aimed to test whether membrane

depolarization will in turn impede entry. To do so, we measured

entry efficiency in cells treated with 200 mM CCCP (a concentra-

tion that induces a complete loss of membrane potential [Fig-

ure S5] and results in a similar degree of PI permeation to that
the cell body rotation. Bottom right: the trapped cell position and the flagellar

rresponding to the snapshots. See also Video S1.

tile cells following phage adsorption (MOI = 1), with shading for SE (n= 11 cells).

of motile cells in the uninfected sample (n = 7 cells).

rkers, mean (± SE) entry efficiency of cells depolarized using carbonyl cyanide

l cells in the CCCP-treated sample. Gray markers, mean ± SE for cells treated

exponential decay with a baseline. For both samples, cells at higher MOI are



Figure 4. The infection medium modulates the extent of entry impediment

(A) Infectionmedia alter the degree to which lambda entry is impeded. Identically cultured cells were infected in differentmedia, and the numbers of adsorbed and

intracellular phages per cell were measured at 5 min after triggering genome ejection. Orange markers, mean ± SE for infection in LB (data reproduced from

Figure 1C). Blue markers, infection in SM (n = 242 cells, at least 5 cells per bin). Orange and blue curves, fit to a Michaelis-Menten function. For other infection

media and buffers, see Figure S6.

(B) Membrane permeabilization in SM is more severe than that in LB. Light blue and light orange markers, single-cell values for the intracellular fluorescence of

propidium iodide (PI) as a function of the number of adsorbed phages in the same cell, measured at 5 min after triggering genome ejection (n = 217 and 431 cells

for LB and SM, respectively). Blue and orange markers, mean ± SE; cells at higher MOI were binned together to allow for at least 5 cells per bin. Blue and orange

lines, linear fits.

(C)Membrane permeabilization in SM is longer-lasting than that in LB. The PI fluorescence in cells adsorbed by one phage (MOI = 1) was inferred from linear fitting

of PI fluorescence as a function of the number of adsorbed phages, measured at different time points after triggering genome ejection. Orangemarkers, infection

in LB (same time series data as shown in Figure S4). Blue markers, infection in SM (n = 261, 234, 190, and 184 cells at 5, 20, 35, and 50 min, respectively). Error

bars indicate SE from bootstrapping.

See also Figure S6.
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of lambda-infected cells [Figure S4]). Although intracellular

lambda genomes were still detected following CCCP treatment,

the entry efficiency (�15%, n = 219 cells) was lower than

that of untreated cells (Figure 3H) and comparable to the value

in (untreated) cells with high numbers of adsorbed phages

(Figures 1C, 2F, and 3H). Depolarization-induced entry efficiency

was also similar to that of highly permeabilized cells, as indicated

by PI fluorescence (Figure 3D). Thus, CCCP-induced membrane

depolarization emulates the perturbation caused by adsorption

of multiple phages and results in significantly impeded phage

entry.

The infection medium modulates the extent of entry
impediment
Previous studies in several phages have shown that the severity

and duration of phage-induced ionic perturbations strongly

depend on the medium in which infection takes place.61,62 In

light of our finding that these perturbations underlie the MOI-

dependent entry impediment, we reasoned that varying infection

conditions would also result in different entry characteristics. To

test this prediction, we grew cells in LB, supplemented with

maltose and MgSO4, and performed infection in 11 different so-

lutions used in microbiological studies (STAR Methods). This

survey revealed diverse relations between the numbers of ad-

sorbed and intracellular phages (Figure S6). Some infection con-

ditions, including LB, tryptone broth (TB), andM9minimalmedia,

permit multiple phage entries (Figure S6). However, under other

conditions, such as saline magnesium (SM, a common phage

buffer63), phosphate-buffered saline (PBS), and trap motility

buffer (used in the optical trap assay60), adsorption by as many

as ten or more phages only resulted, on average, in a single

phage entry (Figure S6).
Taking SM as a representative of conditions where phage

entry is severely impeded (Figure 4A), we confirmed that the

compromise to the cell membrane in SM, measured using PI

(STAR Methods), was more severe than that in LB (Figure 4B).

Notably, the PI fluorescence in cells adsorbed by a single phage

in SMwas comparable to that induced by�10 phages in LB (Fig-

ure 4B), at which point phage entry was strongly impeded.

Furthermore, in contrast to LB where the PI fluorescence of

singly adsorbed cells decreased over time (recall Figure 3C),

the signal in SM increased (Figure 4C), suggesting that the

phage-adsorbed cells in SM remain permeabilized at later times.

Taken together, these results are consistent with the picture

where the extent of entry impediment reflects the degree of

phage-induced, medium-dependent perturbations.

Impediment to viral entry impacts the infection outcome
In nature, the occurrence of lysogeny is reported to vary greatly

with the environmental conditions.64,65 Motivated by the survey

of infection media above (Figure S6), we hypothesized that the

environmental conditions exert their influence on lysogeny, at

least in part, by setting different limits on the intracellular phage

number, which in turn drives the choice of developmental pro-

gram by the phage.8 To test this hypothesis, we assayed the fre-

quency of lysogeny when infection takes place in the two media

characterized above (Figure 4): LB (which enables multiple

phage entries) and SM (which limits entry to a single phage, on

average). In both cases, cell growth pre- and post-infection

took place in LB,8 and cells were not starved prior to infection

(STAR Methods). Following Yao et al.8, we again used a replica-

tion-deficient phage, where the number of viral genomes re-

mains constant following entry. Under each infection condition,

we measured the fraction of cells undergoing lysogeny as a
Current Biology 34, 1–13, July 8, 2024 7



Figure 5. Impediment to viral entry impacts the infection outcome
(A) Entry dynamics in different media accounts for most of the difference in lysogenization frequency. Left: the frequencies of lysogeny as a function of phage-to-

bacteria ratios (corrected for adsorption efficiency) when infection is performed in LB (orange) and SM (blue). Markers, mean ± SE from technical duplicates.

Orange and blue curves, fit to themodel in (B). Right: entry dynamics (red) accounts for�10-fold of the observed�30-fold difference in themaximum frequency of

lysogeny between the two media. The other �3-fold is due to differences in the single-cell probability of lysogeny (white, SE from bootstrapping).

(B) Schematic of the model used to capture the data in (A). Top: the model accounts for phage adsorption, entry, and decision-making. Bottom: the predicted

distributions of intracellular phage numbers in LB and SM, parametrized using the data in Figure 4A. Dashed lines, the minimumMOI required for lysogenization.

See also Figure S7 and Table S6.
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function of the phage-to-bacteria ratio (Figure S7).66 The two

conditions resulted in distinct lysogeny-versus-MOI curves (Fig-

ure 5A). In particular, at higher ratios of phage to bacteria, when

cells are likely absorbed by multiple phages, the frequency of

lysogeny in SM saturated at a value �30-fold lower than that in

LB. Thus, given the same growth and recovery conditions, the

choice of infection conditions dramatically impacted the propen-

sity to lysogenize at high MOI.

We interpreted the lysogenization curves in the two media

using a simple model (Figure 5B) consisting of (1) random

phage-bacteria collisions, resulting in a Poisson distribution of

single-cell numbers of adsorbed phages8; (2) stochastic entry

of phages into the cell, parametrized using the experimentally

measured values (Figures 4A and S6); and (3) choice of lysogeny

if three or more phage genomes entered the cell5,8 (STAR

Methods). The model was able to capture the experimental

curves (Figure 5A). The inferred model parameters revealed

that the difference in phage entry—specifically, the reduced

probability in SM of having three or more intracellular phages,

even at high numbers of adsorbed phages—accounted for

most of the difference in lysogenization between the two media

(Figure 5A). In other words, when infecting in SM, the number of

intracellular phage genomes poorly reflected the phage-to-bac-

teria ratio in the environment, resulting in a strong impact on

infection outcome.

Protracted viral entry increases the heterogeneity in cell
fate
Finally, beyond its impact on the lysogeny phenotype as

measured in bulk (Figure 5), we asked whether entry dynamics

can account for the reported cell-to-cell variability in infection

outcome at a given MOI.6,67,68 Although this heterogeneity has

traditionally been attributed to the stochastic (‘‘noisy’’) expres-

sion of genes in the decision network,69 the idea lacks experi-

mental evidence. We reasoned that, instead, the stochastic ki-

netics of phage entry may be key. This was motivated by

recent works suggesting that, rather than simply measuring
8 Current Biology 34, 1–13, July 8, 2024
MOI, the lysis/lysogeny decision circuit weighs intracellular ge-

nomes by their arrival times, with latecomers contributing less

to the outcome.8,32 To test the consequences of stochastic en-

try, we first used our entry model (Figure 2B) to create simulated

time series of phage entries in many individual cells, under vary-

ing numbers of adsorbed phages (STAR Methods). We then

used this series as the input to a deterministic model of the de-

cision network,8 yielding the predicted kinetics for the concen-

trations of the Cro and CI transcription factors, and thus the

infection outcome, in each cell (Figure 6A; see Figure S7 for addi-

tional MOIs). To facilitate comparison with the single-cell data of

Zeng et al.,6 we simulated infection by a replication-competent

(wild-type) phage. When stochastic entry dynamics are ignored,

i.e., all adsorbed phages are assumed to enter the cell instanta-

neously, cells adsorbed by two phages show dominant CI

expression, resulting in the choice of lysogeny8 (Figure 6A). By

contrast, when entry dynamics is incorporated into the model,

some cells adsorbed by two phages may have only one intracel-

lular phage genome, or the second phage genome may arrive in

the cell too late to contribute to the decision.8,32 As a result, ap-

prox. 50% of the infected cells are Cro-dominant and will hence

undergo lysis (Figure 6A; see Figure S7 for infection outcomes at

other MOIs).

To quantify the heterogeneity in infection outcome, we calcu-

lated the resulting ‘‘decision curve,’’ which describes the fraction

of cells undergoing lysogeny as a function of single-cell MOI—

here taken as the number of phages adsorbed to the cell, the

observable in Zeng et al.6 When entry dynamics were incorpo-

rated into the model, the predicted decision curve increased

gradually rather than step-like, reminiscent of the data in Zeng

et al.6 (Figure 6B). The degree of precision of the decision can

be quantified using the fitted Hill coefficient of this curve.6,70

We found that incorporating entry dynamics into the model

reduced the Hill coefficient from 7.9 ± 0.4 to 1.8 ± 0.1 (Figure 6B),

thus considerably closer to the experimental value of 1.0 ± 0.1 in

Zeng et al.6 The ‘‘flattening’’ of the step-like response present in

the original model8 reflects the lower entry efficiency and slower



Figure 6. Protracted viral entry increases the heterogeneity in cell fate

(A) Stochastic phage entry results in different expression profiles of Cro (driving lysis) and CI (driving lysogeny). Top: schematics of the temporal change in the

number of intracellular phage genomes in cells adsorbed by two phages, assuming instantaneous (cyan) or stochastic (red) phage entry. Bottom: predicted

single-cell trajectories of Cro and CI concentrations in the Yao et al.8 model, assuming different dynamics of phage entry. Trajectories of 24 cells, each adsorbed

by two phages, are shown for each case. For other MOIs, see Figure S7.

(B) Entry dynamics increase the cell-to-cell variability in infection outcome at a given MOI. Black markers, data from Zeng et al.6 Cyan and red markers, pre-

dictions by the model of Yao et al. in the absence or presence of stochastic entry kinetics, respectively. Solid curves, fits to Hill functions. The Hill coefficients,

which describe the degree of precision in the lysis versus lysogeny decision, are shown on the right (SE from bootstrapping).

See also Figure S7.

ll

Please cite this article in press as: Nguyen et al., Coinfecting phages impede each other’s entry into the cell, Current Biology (2024), https://doi.org/
10.1016/j.cub.2024.05.032

Article
entry in cells adsorbed by multiple phages. That this effect is

captured by a fully deterministic model of the decision suggests

a diminished role for stochastic gene expression in explaining

the observed heterogeneity of outcome among cells.

Phages T5 and P1 exhibit MOI- and medium-dependent
impediment to cell entry
Considering that phage-induced perturbations and ion-modu-

lated ejection have been reported for multiple phage-bacteria

systems,12 we hypothesized that the MOI-dependent entry we

found extends beyond lambda. We tested this hypothesis in

two phages: T5, a virulent phage of the same Siphoviridae family

as lambda, and P1, a temperate phage of theMyoviridae family.

Motivating our choice, infections by both T5 and P1 have been

reported to induce ionic fluxes and/or membrane depolariza-

tion.43,71 To measure the efficiency of phage entry, we utilized

the SYTOX orange assay (used above in lambda; Figure S1)

and tracked the disappearance of fluorescently labeled encapsi-

dated DNA in cells adsorbed by varying numbers of phages (Fig-

ure 7; STAR Methods). Mirroring the observation in lambda

(Figures 1C and S1), we found that entry efficiency in both T5

and P1 decreased with the number of adsorbed phages (Fig-

ure 7). As in lambda (Figures 4A and S1), phage P1 exhibited

lower entry efficiencies in SM than in LB (Figure 7). We were un-

able to quantify the entry efficiency of T5 in LB since some cells in

the infected sample were already damaged—likely due to phage

entry—by the time imaging began. This observation neverthe-

less suggested that T5 entry in LB was faster than that in SM.

Taken together, these findings suggest that MOI-dependent

impediment to entry, modulated by the infection medium, may

be a general phenomenon.

DISCUSSION

Above, we provided evidence that phage-induced perturbations

to the host cell impede DNA entry at high multiplicities of infec-

tion. However, the molecular details of this phenomenon remain
unknown. Elucidating those details will contribute, we believe, to

a deeper understanding of how phage entry takes place,

including the forces driving DNA translocation and the structural

changes to both phage particle and cell envelope during the en-

try process. Already, by highlighting the intimate relation be-

tween viral entry and the host’s membrane integrity and ionic

balance, our findings contribute to the emerging view of electro-

physiology as a prime mover in the bacterial cell,72 adding a role

in phage infection to recent discoveries implicating electrophys-

iology inmicrobial stress response and biofilm formation.73 More

generally, our findings demonstrate yet again the importance

of examining physiological processes in their native, in vivo

context, where the full complexity of the cellular environment re-

sults in regulatory interactions absent from in vitro experiments.

The dynamics of viral entry, as described in this work, have

important implications for the outcome of bacteriophage infec-

tion. For temperate phages, the strong dependence on medium

conditions provides a way for the environment to impact the

choice of cell fate bymodulating the timing and number of phage

genomes entering the cell. This previously unappreciated effect

may help resolve the standing conflict between the simple

MOI-to-lysogeny mapping observed in the lab and the complex,

sometimes contradictory, relations found in natural phage habi-

tats.74–76 Beyond the case of infection by multiple copies of the

same phage, mutual impedance of entry may facilitate competi-

tion between phages of different species that coinfect the same

host,77 where the effect may be seen as an alternative form of su-

perinfection exclusion,40,41 one that does not entail gene expres-

sion from the internalized phage genomes.

Finally, the stochastic and protracted entry of coinfecting

phages may also have implications for the continuous arms

race between phages and bacteria.40,41 From the point of

view of the infected cell, the sensitivity of phage entry to phys-

iological parameters may provide an opportunity for the host to

delay a critical step in the infection cycle, while its defenses are

triggered,46,78,79 and offers regulatory opportunities to halt

this entry altogether. The reverse is that delayed entries may
Current Biology 34, 1–13, July 8, 2024 9



Figure 7. Phages T5 and P1 exhibit MOI- and

medium-dependent impediment to cell entry

(A) E. coli cells infected by phages whose encap-

sidated DNA was fluorescently labeled using

SYTOX orange (yellow signal). Left: infection by T5.

Right: infection by P1. Dashed circles, the disap-

pearance of SYTOX orange spots between 0 and

10 min was interpreted as ejection of the encapsi-

dated DNA.

(B) Entry efficiency of phages T5 and P1 is reduced

in cells adsorbed by multiple phages. Orange

markers, mean ± SE for infection in LB (n = 234 cells

for P1). Bluemarkers, mean ± SE for infection in SM

(n = 256 and 221 cells for T5 and P1, respectively).

For all samples, cells at higher MOI were binned

together to allow for at least 5 cells per bin. Orange

and blue curves, fits to an exponential decay with a

baseline, serving as a guide to the eye. Both LB and

SM were supplemented with CaCl2, required for

successful T5 and P1 infection.
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facilitate cooperation between coinfecting phages, with early-

arriving phages counteracting the host’s defense system,78,80

allowing later-arriving phages to survive and successfully

propagate.81
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli MG1655, wild-type Lab stock N/A

E. coli LE392, glnV (supE44) tryT (supF58) Lab stock N/A

Phage lambda, lTY11 (l cI857 Pam80 stf::P1parS-kanR) Lab stock; see Yao et al.8 N/A

Phage lambda, lTY8 (l cI857 stf::P1parS-kanR) Lab stock N/A

Phage T5 Coli Genetic Stock Center # 12144

Phage P1vir Lab stock N/A

Chemicals, peptides, and recombinant proteins

Ampicillin Fisher Scientific # BP1760-25

Kanamycin Fisher Scientific # BP906-5

NaCl Fisher Scientific # BP358-1

NaOH Fisher Scientific # BP359-500

MgSO4 Fisher Scientific # BP213-1

CaCl2 Fisher Scientific # BP510-500

Tris-Cl Fisher Scientific # BP152-500

K2HPO4 EMD Millipore # PX1570-1

KH2PO4 EMD Millipore # PX1565-1

EDTA Promega Life Sciences # V4231

Maltose Fisher Scientific # BP684-500

Glucose Fisher Scientific # BP350-500

L-arabinose Sigma-Aldrich # A3256

Glycerol Fisher Scientific # BP229

Isopropyl-b-thiogalactoside (IPTG) Sigma-Aldrich # I6758

Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) Acros Organics # AC228131000

(Thermo Scientific Chemicals)

Rifampicin Fisher Scientific # BP26795

SYTOX Orange Invitrogen # S11368

40,6-diamidino-2-phenylindole (DAPI) Invitrogen # D1306

All-trans retinal Sigma-Aldrich # R2500

Propidium iodide (PI) Invitrogen # P1304MP

Pyranose oxidase Sigma-Aldrich # P4234

Catalase EMD Millipore # 219261

Agar BD Biosciences # 214010

Agarose Sigma-Aldrich # A9414

Tryptone Gibco # 211705 (Thermo Fisher Scientific)

Yeast extract Gibco # 212750 (Thermo Fisher Scientific)

NZYM Teknova # N2062

M9 minimal salts broth without carbon source Teknova # M8005

M9 minimal salt broth with 1% glucose

and 0.1% casamino acids

Teknova # M8010

SM Teknova # S0249

103 PBS Invitrogen # AM9624

Formaldehyde Fisher Scientific # BP531-500

Ethanol Decon Labs # 2716

Dimethyl sulfoxide (DMSO) Fisher Scientific # BP231-100

(Continued on next page)

e1 Current Biology 34, 1–13.e1–e18, July 8, 2024



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

p2973 (Ptrc-mCherry-P1D30ParB-YGFP-pMT1D23ParB) Tal et al.28 N/A

pALA3047 (Ptrc-CFP-P1D30ParB) Gift of Stuart Austin;

see also, Yao et al.8
N/A

pACYC177-Plate*D-mTurquoise2 Shao et al.26 N/A

pACYC177-Plate*D-EYFP Shao et al.26 N/A

pJMK001 (ParaBAD-PROPS) Kralj et al.58 # 33780 (Addgene)

Software and algorithms

Original MATLAB scripts for simulating

phage entry and infection outcome

This study https://github.com/thuvpnguyen/

NIS-Elements Nikon https://www.nikon.com/

ImageJ2/FIJI Schindelin et al.82 https://imagej.net/

Mathematica Wolfram https://wolfram.com/

MATLAB MathWorks https://www.mathworks.com/

Other

Slide-A-Lyzer MINI Dialysis Devices, 2K MWCO Thermo Scientific # 69580

22322 mm coverslips no. 1 Fisherbrand # 12-542-BP

24350 mm coverslips no. 1 Fisherbrand # 12-545-FP

CellASIC ONIX and ONIX2 microfluidic

systems (see STAR Methods for details)

Millipore Sigma N/A

Epifluorescence microscope systems

(see STAR Methods for details)

Nikon and others N/A

Optical trap system (see STAR Methods for details) Various N/A

Microplates and microplate readers

(see STAR Methods for details)

TECAN and others N/A

Equipment for standard procedures in

microbiology and molecular biology

(see STAR Methods for details)

Various N/A
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RESOURCE AVAILABILITY

Lead contact
Requests for further information, resources, or reagents should be directed to and will be fulfilled by the lead contact, Ido Golding

(igolding@illinois.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d The original code for simulating phage entry and infection outcome has been deposited at https://github.com/thuvpnguyen/

and is publicly available as of the date of publication (see also, the key resources table).

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains, phages, and plasmids
All strains and plasmids used in this study are listed in the key resources table and Table S1. The lambda strain used in this study,

lTY11 (l cI857 Pam80 stf::P1parS-kanR),8 is unable to replicate in wild-type (MG1655) host. Capsids of the infecting phages were

labeled using gpD-mTurquoise2 or gpD-EYFP fusions.26 Intracellular phage genomes, each harboring a parS sequence, were

labeled using mCherry-ParB or CFP-ParB fusions.8,28 Plasmid transformation (using a Bio-Rad MicroPulser Electroporator), colony

plating, and phage titering followed standard protocols.63,83
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Chemical reagents, growth media, and buffers
Reagents used in sections ‘‘phage preparation’’, ‘‘bacterial growth conditions’’, and in method details below are listed in the key re-

sources table and Table S2, excluding those involved in the phage purification protocol (following Zeng and Golding84) and those

involved in section ‘‘optical trap assay’’ (following Min et al.60). Growth media and buffers used in this study are described in

Table S3. The growthmedium inmost experiments was LB (Lennox formulation).63 Themedium in optical trap experiments was tryp-

tone broth (TB).60 Plaque assays to titer phages were performed using NZYM.8,84 Supplements to growth media are specified below

for each experiment. Agar plates and soft agar were prepared by supplementing themediumwith 1.5% and 0.7% (w/v) agar, respec-

tively. All media were autoclaved at 121�C for at least 25 minutes in a liquid cycle for sterilization.

Phage preparation
Production and purification of lambda phages

This procedure was performed as described in Zeng and Golding.84 Briefly, fluorescently labeled phages were produced from LE392

lTY11 lysogens harboring plasmids that express gpD-mTurquoise2 or gpD-EYFP. Crude phage lysates were obtained using heat in-

duction, followed by precipitation using polyethylene glycol (PEG), CsCl ultracentrifugation, and dialysis into SM buffer. For the ul-

tracentrifugation step, the step and equilibrium gradients were both set up using 14mL ultracentrifuge tubes, and spun at 4�C using a

Beckman SW40Ti rotor for 4–6 hours at 24,000 rpm, or 20–24 hours at 35,000 rpm, respectively.

The concentration of the purified phage stock (typically 1011–1012 plaque-forming units [PFU]/mL) was measured using LE392 in-

dicator cells. To measure the efficiency of capsid labeling, the phages were stained using 5 mg/mL DAPI.84 Then, 1 mL of stained

phages was mounted between a 24350 mm coverslip no. 1 and a 22322 mm coverslip no. 1, and imaged as described in section

‘‘microscopy’’. The efficiency of capsid labeling is defined to be the fraction of detected phages with both capsid and DAPI signals

(97.0 ± 1.0%, mean and standard error, SE, from 3 independent phage purification runs, Figure S1A).

Production of other phages

Phages T5 and P1 were produced by performing infection of liquid cell cultures.63 Briefly, cultures of MG1655 were grown in LB (sup-

plemented with 1 mM CaCl2 for T5,
62 or 5 mM CaCl2 for P1

85) at 37�C with aeration. When the culture reached the optical density

(OD600)z 0.2, approx. 107 PFU of phage T5 or P1 were added to the cultures, and the cell cultures were incubated at 37�C without

shaking for 15 minutes. Shaking was then resumed, and the OD was monitored until lysis was observed. The phage lysates were

treated with 5% chloroform, incubated at room temperature (RT) for 20 minutes, and centrifuged at 45003g for 10 minutes at

4�C. The clear supernatants were transferred to new Corning tubes and stored with 0.3% chloroform at 4�C.
SYTOX Orange staining

In some experiments, phage particles were stained with SYTOXOrange, a DNA-intercalating fluorescent dye, following the protocols

fromVan Valen et al.34 and Tzipilevich et al.35 The phage stock of lambda, T5, or P1was first diluted into the samemedium or buffer as

the subsequent infection step. Phages were mixed with 500 nM SYTOX Orange and incubated in the dark at RT for 3 hours. Excess

SYTOXOrangewas removed using Slide-A-LyzerMINI Dialysis Devices (2KMWCO, ThermoScientific) in two rounds of dialysis, each

round for 2 hours at RT in at least 5003 the phage volume. Staining and dialysis were always performed on the day of infection.

To estimate the efficiency of SYTOX Orange labeling in phage lambda, the stained phages were mounted as described above for

DAPI staining and imaged as described in section ‘‘microscopy’’. The labeling efficiency is defined to be the fraction of detected cap-

sids with colocalized SYTOX Orange signal (91.9% ± 1.6%, mean and SE from 3 independent staining replicates, Figure S1B).

Bacterial growth conditions
Equipment

Bacterial agar plates were incubated in Isotemp Microbiological Incubators (Fisherbrand). Liquid cultures were grown with aeration

(using 220 rpm shaking) in either a MaxQ 4000 Benchtop Orbital Shaker (Thermo Scientific), a MaxQ 7000Water Bath Orbital Shaker

(Thermo Scientific), or an Excella E24 Incubator Shaker (New Brunswick Scientific, Eppendorf). Optical density (OD) was measured

using a SmartSpec Plus spectrophotometer (Bio-Rad).

Plating and overnight cultures

Cells were streaked from 15% glycerol stocks (stored at -80�C) onto LB agar plates (supplemented with 100 mg/mL ampicillin and/or

50 mg/mL kanamycin when applicable) and incubated at 30�C for approx. 16 hours. For overnight cultures, fresh colonies were inoc-

ulated into 2 mL of growth medium (supplemented with antibiotics at the same concentration as the agar plates when applicable) in

14 mL round-bottom test tubes (Falcon). Overnight cultures were grown for approx. 16 hours at 30�C with aeration.

Experimental cultures

To prepare cells expressing mCherry-ParB or CFP-ParB (MG1655 harboring p2973 or pALA3047), we followed the protocol of Yao

et al.8 Experimental cultures (‘‘overday’’ cultures) were prepared by diluting the overnight cultures by at least 1:500 into LBMM (for

most experiments), LBGM, M9Mal, M9Glu, or TBM, all supplemented with IPTG, in baffled Erlenmeyer flasks; the culture volume

(typically 12 mL) was 10–20% of the flask volume. The medium was supplemented with 100 mM or 10 mM IPTG to induce the expres-

sion ofmCherry-ParB or CFP-ParB fromp2973 or pALA3047, respectively.We note that inducing p2973 using 10 mM IPTG resulted in

poor fluorescence, whereas inducing pALA3047 using 100 mM IPTGmay result in aggregates.86 The cultures were grown at 37�Cwith

aeration to OD600 z 0.3–0.4 and harvested as described for each experiment below in method details.

To prepare cells expressing the proteorhodopsin optical proton sensor (PROPS) for all experiments except for those in section

‘‘optical trap assay’’, we followed the protocol of Kralj et al.58 Cultures of MG1655 harboring pJMK001 were grown in LB at 33�C
e3 Current Biology 34, 1–13.e1–e18, July 8, 2024
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with aeration. When the culture reached OD600 z 0.3, 0.2% L-arabinose (for ParaBAD induction) and 5 mM all-trans retinal (the chro-

mophore of PROPS) were added to the cultures. Growth was resumed in the dark for 3 hours, after which the cultures were harvested

as described in section ‘‘validating the CCCP treatment protocol using PROPS’’. We note that MG1655 harboring pJMK001, when

cultured with 10 mMMgSO4, showed no detectable PROPS fluorescence. Hence, MgSO4 was omitted during growth and only sup-

plemented before the infection step to enable phage adsorption.31 Because PROPS is expressed from an arabinose-induced pro-

moter, we also omitted maltose to avoid interference with arabinose uptake. Previous studies have shown that adsorption of lambda

phages still occurred in the absence of maltose in the growth medium31,36 (also confirmed in this work, Figure S3A).

To prepare motile cells for experiments in section ‘‘optical trap assay’’, we followed the protocol of Min et al.60 Cultures of MG1655

or MG1655 harboring pJMK001 (expressing PROPS) were grown in TB at 30�C with aeration. For MG1655, the cultures were har-

vested upon reaching OD600 z 0.5 as described below. For MG1655 harboring pJMK001, induction of PROPS was performed as

described above.

To prepare cells for experiments in sections ‘‘potassium efflux assay’’ and ‘‘measuring the frequency of lysogeny following infec-

tion in different media’’, cultures of MG1655 were grown in LBMM and LBM, respectively, at 37�Cwith aeration, and harvested upon

reaching OD600 z 0.3–0.4 as described below.

METHOD DETAILS

Measuring the numbers of adsorbed phages and intracellular phage genomes following bulk infection
Preparation of cells and phages

Cultures of MG1655 harboring p2973 or pALA3047 were grown at 37�C in LBMM (for most experiments), LBGM, M9Mal, M9Glu, or

TBM, supplemented with IPTG as described in section ‘‘bacterial growth conditions’’. When the cultures reached OD600 z 0.3–0.4,

10 mL of cells were transferred to a centrifuge tube (Corning) and spun at 20003g for 10 minutes at 4�C using a Thermo Scientific

Sorvall Legend XTR centrifuge, and the supernatant was removed. The cell pellet was resuspended in 1mL of an ice-cold medium or

buffer (dictated by the subsequent infection step) and transferred to a 1.5 mL microcentrifuge tube (Eppendorf). The cell suspension

was centrifuged at 21,1303g for 30 seconds at RT using an Eppendorf 5420 centrifuge, and the supernatant was removed. The cell

pellet was resuspended in 100 mL of the ice-cold medium or buffer and used for infection immediately.

The purified phage stock (lTY11 with fluorescently labeled capsids, described in section ‘‘phage preparation’’) was diluted to 23

1010 PFU/mL using the same medium or buffer as the cell resuspension. In most experiments, gpD-mTurquoise2 phages were used

to infect MG1655 harboring p2973 (expressingmCherry-ParB). In some experiments, including those involving SYTOXOrange, gpD-

EYFP phages were used to infect MG1655 harboring pALA3047 (CFP-ParB).

Infection

Infection mixtures comprising 10 mL of cells and 10 mL of phages (with phage-to-bacteria ratioz 3), and a negative (uninfected) con-

trol comprising cells and blank solution were prepared. In experiments where the phage-to-bacteria ratio was varied (Figure 1B),

phages at different concentrations were used but the volume ratio between cells and phages remained constant. The samples

were cooled at 4�C for 30 minutes in a dry block incubator (ThermoFisher/VWR) to allow phages to adsorb to cells, then heated

at 35�C for 5 minutes to trigger phage ejection. Using wide pipette tips, the samples were gently diluted 1:10 to decrease the cell

density before imaging. During this step, if the infection medium was based on LB or TB, we used PBSM for dilution to reduce

the autofluorescence background.16 Otherwise, the same solution as the infection step was used for dilution.

Sample mounting and imaging

Samplesweremounted for imaging as described in Zeng et al.6 Briefly, a 1.5%agarose pad (made using the same solution as the one

used to dilute the infection mixture) was laid on top of a 22322 mm coverslip no. 1. Then, using a wide pipette tip, 1 mL of the diluted

sample was gently pipetted onto the pad.When the 1 mL droplet was no longer visible (1–2minutes), a 24350mmcoverslip no. 1 was

gently laid on top of the pad. Samples were imaged as described in section ‘‘microscopy’’, followed by quantification (described in

section ‘‘image analysis’’) to obtain the numbers of adsorbed phages and intracellular phage genomes for each cell.

Treatment with carbonyl cyanide m-chlorophenyl hydrazone (CCCP)

In experiments where the efficiency of phage entry in depolarized cells was examined (Figure 3H), cell washing and resuspension,

phage dilution, and infection were performed using LBMM supplemented with 200 mM CCCP (similar concentration to that in Kralj

et al.58). A no-treatment control was prepared using LBMM supplemented with 0.5% dimethylsulfoxide (DMSO). Following infection,

the samples were diluted, mounted, and imaged as described above. This CCCP treatment was validated using propidium iodide (PI,

resulting in the same degree of PI permeation as in infected cells, Figure S4C) and PROPS-expressing cells (resulting in a �33 in-

crease in PROPS fluorescence, Figure S5B).

Treatment with rifampicin

In experiments where the efficiency of phage entry in cells with inhibited transcription was examined (Figure S3D), we performed bulk

infection using LBMM supplemented with 500 mg/mL rifampicin42; the negative control was prepared using LBMM supplemented

with 1% DMSO. This rifampicin treatment was validated by following the OD600 of infected cultures (Figure S3C). Briefly, replica-

tion-competent phages (l cI857 stf::P1parS-kanR, at a ratio to bacteria of approx. 1) and 500 mg/mL rifampicin were added to expo-

nentially-growing cells (MG1655, in LBMM) in a clear 48-well flat-bottom microplate (COSTAR). Incubation at 37�C with shaking

(orbital mode, 1 mm amplitude) and OD600 measurement were performed using a TECAN M Nano plate reader. We found that

500 mg/mL rifampicin repressed all cell growth and viral development (Figure S3C).
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Data analysis

We used the model described in section ‘‘stochastic model of phage entry kinetics’’ below (see Table S5 for variable definitions) to

capture the sublinear relation between the numbers of intracellular and adsorbed phages following bulk infection in LBMM. To do so,

we used the parameters ðhn; kn; tnÞ calibrated using themicrofluidic assay in LBMM (section ‘‘measuring the kinetics of phage entries

in the microfluidic device’’) and Equation 24 to calculate Clðn;tÞD. To account for the additional time of sample dilution and mounting

before themicroscopy images were taken, we scanned for t between 5 and 12minutes at a 0.1-minute increment. At each time point,

the root-mean-squared-error (RMSE) between the model prediction and the data was calculated. The time at which RMSEwasmini-

mized was 9.1 minutes (Figure S2G).

Thismodel prediction was possible because the kinetic parameters were already inferred frommicrofluidic infection data in LBMM.

When kinetic parameters were not available (e.g., in other infection media surveyed in Figure S6), we used the following phenome-

nological expression to capture the average number of intracellular phage genomes:

ClðnÞD =
a$n

K+n
: (Equation 1)

Equation 1 shares the same form with the Michaelis-Menten function, which is also a Hill function with a coefficient of 1. The fitted

parameter values for each infection medium are given in the caption of Figure S6.

To capture the asymptotic value of entry efficiency in cells adsorbed by many phages (Figures 3H, 7B, and S1D), we used the

following expression:

Cl = nD = a$e�bðn� 1Þ + c; (Equation 2)

which describes an exponential decay with a baseline. This expression provides the entry efficiency in cells adsorbed by one phage

(= a+ c when n = 1) and in cells adsorbed by many phages (= c when n/N).

To capture the distribution of intracellular phage numbers (e.g., Figure 5B), we used the following expression:

PðlÞ =

 Xn
j = 0

mje�m

j!

!� 1
mle�m

l!
: (Equation 3)

Equation 3 describes a truncated Poisson distribution for the random variable l, controlled by a parameter m. Truncation is neces-

sary because there cannot be more intracellular phage genomes (l) than the number of adsorbed phages (n).

We confirmed that Equations 1, 2, and 3 capture the corresponding predictions by the stochasticmodel (section ‘‘stochasticmodel

of phage entry kinetics’’) over the experimentally relevant range of MOI and time.

Fitting procedure

Fitting to single-cell data was performed with bootstrapping (1000 iterations). In each iteration, a bootstrapped sample with the same

number of cells as the original dataset was randomly drawn with replacement (implemented using the MATLAB ‘datasample‘ func-

tion). Fitting to each bootstrapped sample was implemented with the MATLAB ‘fit‘ function, using nonlinear least-squares optimiza-

tion and the trust-region algorithm. Estimates and SE of the parameters were calculated from the mean and standard deviation (SD)

of the fitted parameters’ sampling distributions.

Measuring the efficiency of phage entry using SYTOX Orange
Infection and imaging

This assay was used to measure the entry efficiency of phage lambda (Figure S1D), T5, and P1 (Figure 7). MG1655 cells were grown

and concentrated in ice-cold media as described in section ‘‘measuring the numbers of adsorbed phages and intracellular phage

genomes following bulk infection’’. The resuspension media for lambda infection were LBMM and SM; the resuspension media

for T5 and P1 infection were LB and SM, both supplemented with 1 mM or 5 mM CaCl2, respectively for each phage.62,85 Phage so-

lutions were stained with SYTOX Orange and dialyzed into the corresponding solution as described in section ‘‘phage preparation’’.

For each phage and each infection medium, an infection mixture at a phage-to-bacteria ratio of approx. 3 was prepared. The sample

was incubated at 4�C for 30minutes to allow for phage adsorption, diluted 1:10 in the pre-infectionmedium, immediately mounted on

an agarose pad as described in section ‘‘measuring the numbers of adsorbed phages and intracellular phage genomes following bulk

infection’’, and imaged as described in section ‘‘microscopy’’.

In contrast to the protocol in section ‘‘measuring the numbers of adsorbed phages and intracellular phage genomes following bulk

infection’’, here, there was no 5-minute incubation at 35�C to trigger phage ejection before imaging. Instead, the enclosure in which

the microscope was housed (see section ‘‘microscopy’’ for details) was set to 37�C, and phage entry took place on the agarose pad

during imaging. Image acquisition was performed twice: Immediately after the sample wasmounted onto themicroscope (0minutes),

and after 10minutes of incubation at 37�C.Quantification was performed as described in section ‘‘image analysis’’ to obtain the num-

ber of encapsidated phage DNA (using the SYTOX Orange signal) on each cell at 0 and 10 minutes.

Data analysis

The number of SYTOX Orange spots on the cell at 0 minutes was taken as the number of phages adsorbed to the cell. An entry event

was defined to have occurred for every SYTOXOrange spot at 0minutes that no longer exists at 10minutes, interpreted as ejection of

encapsidated phage DNA (Figures 7A and S1D). The efficiency of phage entry was calculated as the ratio of the number of entry
e5 Current Biology 34, 1–13.e1–e18, July 8, 2024



ll

Please cite this article in press as: Nguyen et al., Coinfecting phages impede each other’s entry into the cell, Current Biology (2024), https://doi.org/
10.1016/j.cub.2024.05.032

Article
events and the number of adsorbed phages in the same cell. In Figures 7B and S1D, the efficiency of phage entry was used to fit

Equation 2, describing an exponential decay with a baseline.

Measuring phage-induced membrane permeabilization using propidium iodide
Infection, staining, and imaging

MG1655 cells or MG1655 cells harboring pALA3047 (expressing CFP-ParB) were grown in LBMM supplemented with IPTG, and

concentrated in either LBMM or SM as described in section ‘‘measuring the numbers of adsorbed phages and intracellular phage

genomes following bulk infection’’. An infection mixture, using lTY11 with fluorescently labeled capsids, was prepared at a phage-

to-bacteria ratio of approx. 3, incubated for 30 minutes at 4�C for phage adsorption, then shifted to 37�C to trigger phage ejection.

At each time point (5, 20, 35, and 50min) during the incubation at 37�C, an aliquot of the infectionmixture was taken, diluted 1:10, and

mixed with propidium iodide (PI, final concentration 10 mM, following Cohen et al.87). The sample was incubated in the dark at RT for

5 minutes, then mounted and imaged as described in section ‘‘microscopy’’. Quantification was performed as described in section

‘‘image analysis’’ to obtain the number of adsorbed phages, the number of intracellular phage genomes, and the intracellular PI fluo-

rescence of each cell.

Controls

Because PI was previously reported to perturb productive phage infection,46 here, we only added PI to an aliquot of the infection

mixture before imaging, while phage adsorption and entry both took place in the absence of PI. As a result, phage entry was not per-

turbed by PI. Indeed, the efficiency of phage entry in PI-stained samples was similar to that in the unstained sample (both in LBMM),

and the sublinear relation between the numbers of intracellular and adsorbed phages was reproduced (Figure S4B).

For the negative control, cells that had gone through the same centrifugation and washing protocol as the infected sample were

mixed with blank medium, incubated at 4�C for 30 minutes, and shifted to 37�C for 60 minutes (longer than the last time point of the

infected sample). The sample was then stainedwith PI and imaged. The PI fluorescence in this uninfected control was similar to that in

cells with no adsorbed phages in the infected sample (Figure S4C).

For the positive control, cells were permeabilized by incubation with 70% ethanol at RT for 30 minutes,88 then washed and resus-

pended in PBS. Permeabilized cells were stained with PI and imaged. The PI fluorescence in ethanol-treated cells was approx. 503

higher than that in cells adsorbed by�10 phages (Figure S4C). This suggested that the PI permeation observed in the infected sam-

ple did not reflect cell death (in contrast to, e.g., Yang et al.89). In addition, since the phage strain used in this experiment, lTY11, is

incapable of the lytic pathway,8,90 permeation of PI into the cell, even at 50 minutes after infection, was not due to the onset of cell

lysis (in contrast to, e.g., Cohen et al.87).

PI was also used to validate our CCCP treatment protocol (section ‘‘measuring the numbers of adsorbed phages and intracellular

phage genomes following bulk infection’’). Briefly, cells were washed and resuspended in the medium supplemented with 200 mM

CCCP, stained with PI, and imaged. The PI fluorescence in CCCP-treated cells was in the range of that in cells adsorbed by 1–10

phages, suggesting that our CCCP protocol can be used to emulate the perturbations caused by phage adsorptions (Figure S4C).

Data analysis

We fitted a linear equation to the intracellular PI fluorescence (F) as a function of the number of adsorbed phages (n):

FðnÞ = a$n+b: (Equation 4)

Here, the slope a provides an estimate for the degree of membrane permeabilization per infecting phage. Equation 4 was fitted to

data at each time point (5, 20, 35, and 50 minutes), with bootstrapping as described above. The data and linear fits for LBMM are

shown in Figures 3B, 4B, and S4D; the values of the slope a in LBMM at different times are shown in Figure 3C. The data and linear

fit for SM are shown in Figure 4B. The inferred values of Fðn = 1Þ for both LBMM and SM are shown in Figure 4C.

A similar fitting procedure was performed for the intracellular PI fluorescence as a function of the number of intracellular phage

genomes, FðlÞ, shown in Figure S4D for infection in LBMM.

For infection in LBMM, calculations of the Pearson correlation coefficients between the PI fluorescence and the number of ad-

sorbed phages, and between the PI fluorescence and the number of intracellular phage genomeswere performedwith bootstrapping

(1000 iterations, implemented using the MATLAB ‘corrcoef‘ function). We found that the PI fluorescence was positively correlated

with the number of adsorbed phages and was not correlated with the number of intracellular phage genomes (Figure S4E).

We fitted the following expression to the efficiency of phage entry in LBMM as a function of the PI fluorescence:

Cl =nD = a$e�bF + c: (Equation 5)

Equation 5 provides an estimate of the entry efficiency in non-permeabilized cells (= a+ cwhen F = 0) and the asymptotic value in

highly permeabilized cells (= c when F/N). Equation 5 was fitted to the pooled LBMM data from 5 and 20 minutes

with bootstrapping as described above. Fitting results are shown in Figure 3D, and the fitted parameters are a = 0:45±0:05,

b = 0:004±0:002, and c = 0:26±0:08.

Causal inference

Because the number of adsorbed phages is negatively correlated with the efficiency of phage entry (Figure 1C) and positively corre-

lated with the intracellular PI fluorescence (Figure 3B), the observed correlation between the entry efficiency and the PI fluorescence
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(Figure 3D) could be due to the confounding effect of the number of adsorbed phages per cell. To control for this variable, we followed

Kar et al.56 and calculated the conditional correlation, r, between entry efficiency and PI fluorescence when the effect of the number

of adsorbed phages is removed.

Using the pooled data from 5 and 20 minutes, we performed linear regressions of entry efficiency on the number of adsorbed

phages, and of PI fluorescence on the number of adsorbed phages (Figure S4F). Cells with no adsorbed phages, in which the

efficiency of phage entry is undefined, were not included in this analysis. The residuals following linear regressions represent varia-

tions in the entry efficiency and in the PI fluorescence due to sources other than the number of adsorbed phages. These residuals

were denoted as Entry efficiency ðResidualÞ and PI fluorescence ðResidualÞ (Figures 3E and S4F) If there is no causal link between

PI fluorescence and entry efficiency, the correlation between these residuals will be zero. However, we found that the Pearson

correlation coefficient between Entry efficiency ðResidualÞ and PI fluorescence ðResidualÞ, denoted as rðEntry efficiency;

PI fluorescencejNumber of adsorbed phagesÞ, is negative (Figure 3E). Calculation of correlation was performed with bootstrapping

(1000 iterations), yielding r = � 0:27±0:04. Performing the Student’s t-test, we found that this negative correlation is statistically

significant (p� valuez33 10� 6). Therefore, compromise to membrane integrity was inferred to be a cause of impeded phage entry.

Measuring the time of the first phage entry following bulk infection
Infection, fixation, and imaging

MG1655 cells harboring pALA3047 (expressing CFP-ParB) were grown and concentrated as described in section ‘‘measuring the

numbers of adsorbed phages and intracellular phage genomes following bulk infection’’. An infection mixture was prepared at a

phage-to-bacteria ratio of approx. 0.5 and incubated at 4�C for 30 minutes. To trigger phage ejection and to prevent additional ad-

sorptions, the infectionmixture was diluted 1:1000 into prewarmed LBGM supplemented with IPTG in a baffled Erlenmeyer flask. The

diluted infection mixture was shaken at 220 rpm in a 37�C water bath for 10 minutes, during which samples were extracted for fix-

ation. A negative control (cells and blank solution) was also prepared and extracted at the end of the experiment.

Chemical fixationwas performed as described in Yao et al.8 Briefly, at each time point (immediately before the dilution to 37�C, then
at 1, 2, 3, 4, 5, and 10 minutes), samples were aliquoted and mixed with formaldehyde (final concentration 3.7%) in PBS (final con-

centration 13) for 30 minutes at RT. The samples were washed twice and concentrated in PBS, mounted as in Skinner et al.,88 and

imaged as described in section ‘‘microscopy’’. Quantification was performed as described in section ‘‘image analysis’’ to obtain the

number of intracellular phage genomes in each cell.

Data analysis

At this phage-to-bacteria ratio (z 0.5), we assumed that all cells in the infection mixture were adsorbed by either 0 or 1 phage.68

Hence, measurements obtained from the infected cells reflected the kinetics of phage entry in cells adsorbed by one phage.We fitted

the following expression to the time-dependent average number of intracellular phage genomes:

ClðtÞD = a
�
1 � e� kðt� tÞ� for tR t; and 0 otherwise: (Equation 6)

Equation 6 was derived from Equation 37 in section ‘‘stochastic model of phage entry kinetics’’ below. Here, the parameter a de-

scribes the fraction of cells with intracellular phage genomes among all cells in the infection mixture, thus representing both the entry

(h) and adsorption efficiencies. Fitting was performed with bootstrapping as described above. Both the data and the fit in Figure S1I

are shown after rescaling, i.e., 1=a$ClðtÞD vs. t. The measured kinetics from this bulk assay is compared with that in the microfluidic

assay and the literature in Figure S1G.

Measuring the kinetics of phage entries in the microfluidic device
Preparation of cells and phages

Cultures of MG1655 harboring p2973 or pALA3047 were grown at 37�C in LBMM supplemented with IPTG and 100 mg/mL ampicillin

as described in section ‘‘bacterial growth conditions’’. Upon reaching OD600z 0.3–0.4, the culture was diluted 53 in LBMM supple-

mented with IPTG, and introduced into themicrofluidic device as described below. The purified phage stock (lTY11 with fluorescently

labeled capsids, described in section ‘‘phage preparation’’) was diluted to approx. 231010 PFU/mL using LBMM supplemented with

IPTG. In this assay, gpD-mTurquoise2 or gpD-EYFP phages were used to infect MG1655 harboring p2973 or pALA3047 (expressing

mCherry-ParB or CFP-ParB), respectively.

Setting up and operating the microfluidic device

Microfluidic experiments were performed in B04A plates of the CellASIC ONIX or ONIX2 microfluidics system (MilliporeSigma),

controlled using the ONIX FG software. The microfluidic system was incubated in a temperature-controlled enclosure (Okolab),

set at 37�C. Cells, phages, and blank medium (LBMM supplemented with IPTG) were pipetted into inlets of a microfluidic plate

(pre-purged as described in the instruction manual). The observation chamber was first primed with the blank medium. Cells

were then loaded into the chamber and grown for 30 minutes (approx. one generation). Fresh medium was constantly exchanged

during this time using a flow pressure of 1 psi. To begin infection, phages were perfused into the chamber at 10 psi for 2 minutes,

followed by the blank medium at 10 psi for 4 minutes to wash out excess phages. Constant medium exchange at 1 psi was resumed

until the end of the experiment. Image acquisition was performed throughout this perfusion protocol (described in section
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‘‘microscopy’’). Quantification was performed as described in section ‘‘image analysis’’ to obtain the numbers of adsorbed phages

and intracellular phage genomes for each cell at every time point. The time series of phage adsorptions and entries from a represen-

tative experiment are shown in Figure S2A.

Data analysis: Estimation of model parameters for MOI = 1

In the following analyses, the expressions used formodel fitting are derived in section ‘‘stochasticmodel of phage entry kinetics’’, and

the variables are defined in Table S5. Model fitting was implemented with the MATLAB ‘lsqcurvefit’ function, using nonlinear least-

squares optimization and the trust-region algorithm. Fitting was performed with bootstrapping (1000 iterations for each single-cell

dataset), as described above.

We first examined the entry kinetics in cells with one adsorbed phage (7 experiments acquired at 1-minute imaging frequency, each

yielding 6–49 cells with n = 1). For each experiment, we calculated the time-dependent average number of intracellular phages in

cells adsorbed by one phage, Clðn = 1; tD, and fitted Equation 37 to this data. The inferred parameters are h1 = 0:56±0:04, k1 =

0:011±0:004 s� 1, and t1 = 43:0±10:5 s (mean and SE of the fitted parameters of the 7 experiments; the subscript ‘‘1’’ denotes pa-

rameters for n = 1). Using the pooled dataset from all 7 experiments yielded similar values: h1 = 0:56± 0:04, k1 = 0:010±

0:001 s� 1, and t1 = 35:9±5:6 s (SE from bootstrapping); this fitting result is shown in Figure 2C. The inset of Figure 2C shows

logð1 � ClD =hÞ vs. t � t; the linearity of this graph supports the analytical expression in Equation 37. The inferred parameters are

compared with those obtained in the bulk assay and the literature in Figures S1F–S1H.

We next used Equation 35 and the fitted parameters ðh1; k1; t1Þ above to calculate the probability density of phage entry time,

fðT1jn = 1Þ. To compare with the experimental data (Figure 2D), we binned the predicted probability density by the imaging in-

ter-frame interval (calculated using the MATLAB ‘trapz’ function):

PðT1 = tjn = 1Þ =

Z t

t� 1

fðT1 = t0jn = 1Þ dt0: (Equation 7)

Estimation of model parameters for MOI > 1

Next, we assumed that the parameters fitted using cells with n = 1 were also applicable to cells with n> 1. Following this assumption

(termed theMOI-independent model), we used Equation 24 and the parameters ðh1; k1; t1Þ from above to predict the time-dependent

average number of intracellular phage genomes in cells adsorbed by multiple phages, Clðn;tÞD, and compared these predictions with

the data for n˛ ½2; 10� (beyond which the number of cells for a given number of adsorbed phages is less than 5). As n increases, the

model prediction becomes poorer (Figures 2E and S2D). We concluded that the MOI-independent model was inappropriate, and the

parameters for n = 1 cannot be applied to n> 1.

Instead, we allowed all three parameters of themodel to vary with the number of adsorbed phages. To do so, we divided the pooled

dataset into subsets of cells with different n, and fitted Equation 24 to each of these data subsets, yielding separate sets of param-

eters ðhn; kn; tnÞ for each n value. This model (termed the MOI-dependent h; k; t model), captured the time-dependent average num-

ber of intracellular phages well (Figure S2D). The average RMSE of the MOI-dependent h; k; t model is 0.0862, a considerable

improvement compared to the MOI-independent model with RMSE = 0.887 (Figure S2B). Examining how each parameter varies

with n, we noted that both the fitted hn and kn appeared to decrease with n, whereas tn showed no consistent trend (Figure S2C).

We hypothesized that a dependence of h and k on the number of adsorbed phages (n) is necessary to capture the data, while t

can remain MOI-independent.

To test this hypothesis, we fitted a model in which only h and k were allowed to vary with n, while t was constrained at t1, and

obtained the parameters ðhn; kn; t1Þ for each n value. Predictions by this model (termed the MOI-dependent h; k model) were

indistinguishable from those of the MOI-dependent h; k; t model (Figure S2D). The average RMSE of the MOI-dependent h; k model

(= 0.0825) is similar to that of theMOI-dependent h; k; tmodel (Figure S2B). When we investigated the other 5models in which one or

two of the parameters were allowed to vary with the number of adsorbed phages, none of them achieved a lower RMSE than when

only h and k were allowed to vary (Figure S2B). Therefore, we concluded that the MOI-dependent h; k model is the most appropriate

one to describe the observed data.

Parametrization of the MOI-dependent model

To describe the overall behaviors of h and k as a function of n, and to infer parameter values when data of a given nwas not available,

we parametrized hn and kn as exponentially decaying functions of n:

hn = ah$e
�bhðn� 1Þ + ch; (Equation 8)
kn = ak$e
�bk ðn� 1Þ + ck : (Equation 9)

The fitted values of h and k from the MOI-dependent h; k model above were used to fit Equations 8 and 9, respectively. Fitting was

weighted by the natural logarithm of the number of cells with a given n. The results of this parametrization are shown in Figure 2F. For

h, ah = 0:458, bh = 0:0762, and ch = 0:131. For k (unit, s� 1), ak = 0:00450, bk = 0:456, and ck = 0:00479. As for t, we simply set

tn = t1 = 35:9±5:6 s. This set of inferred parameters ðhn; kn; tnÞ constitutes the MOI-dependent model of entry dynamics.
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To predict the distribution of intracellular phage numbers at a given time, we used Equation 33 and these inferred parameters

ðhn; kn; tnÞ to calculate Pðljn; tÞ. These predictions are shown in Figures 2G and S2E for t˛ ½0; 10� min and n˛ ½2;4� (beyond which

the sample size is smaller than 30 cells).

We also used the inferred parameters to predict the relation between the numbers of adsorbed and intracellular phages at different

times. This was calculated using Equation 24 and plotted as ClðnÞD separately for each time point t˛ ½0;10� min (Figures 2H and S2F).

Using the same model parameters, we also captured the values observed in bulk infection assays (Figure S2G, described above in

section ‘‘measuring the numbers of adsorbed phages and intracellular phage genomes following bulk infection’’).

Validating the ParB-parS labeling system using SYTOX Orange
Experimental protocol

To measure the detection efficiency of the ParB-parS system (Figure S1C), we used SYTOX Orange to stain the DNA of phages

whose capsids are labeled with gpD-EYFP (produced as described in section ‘‘phage preparation’’), and infected cells expressing

CFP-ParB. Infection was performed as described in section ‘‘measuring the kinetics of phage entries in the microfluidic device’’. Im-

aging was performed at the end of the experiment (described in section ‘‘microscopy’’), followed by quantification as described in

section ‘‘image analysis’’ to obtain the numbers of adsorbed phage capsids, encapsidated phage DNA, and intracellular phage ge-

nomes in individual cells.

Data analysis

An entry event was defined to have occurred for every phage capsid without encapsidated DNA (i.e., gpD-EYFP foci without SYTOX

Orange signal). If the ParB-parS system faithfully detects intracellular phage genomes, there will be a ParB-parS spot for every cor-

responding entry event. In other words, we predicted the following relation:

NParB�parS = Nfluorescent capsids � NSYTOX Orange; (Equation 10)

in which Ni is the number of fluorescent spots of type i in each cell. The fitted slope of NParB�parS vs. Nfluorescent capsids � NSYTOX Orange

is 0.89 ± 0.04 (Figure S1C, SE from bootstrapping as described above).

Correcting for the efficiency of SYTOX Orange labeling

If SYTOXOrange fails to stain the encapsidated phage DNA, the capsid would appear to be empty regardless of whether ejection has

occurred. As a result, an entry event would be falsely registered, and the detection efficiency of ParB-parSwould be underestimated.

To correct this underestimation, we performed a simple stochastic simulation as follows. For each cell, given Nfluorescent capsids, we

generated a random number from the following binomial distribution (implemented using the MATLAB ‘binornd’ function):

Nstained particles � Binom
�
Nfluorescent capsids; hSYTOX Orange

�
; (Equation 11)

in which hSYTOX Orange is the labeling efficiency of SYTOX Orange (91.9% ± 1.6%, measured as described in section ‘‘phage prepa-

ration’’). For each cell,Nstained particles simulates the number of phage particles that were stained with SYTOXOrange prior to infection.

This simulation was performed for all cells in the original dataset, yielding a simulated dataset of the same size. The fitted slope of

NParB�parS vs. Nstained particles � NSYTOX Orange provided a corrected estimate of the detection efficiency of the ParB-parS system.

The distribution of this simulated slope value (n = 1000 realizations) is shown in the inset of Figure S1C. The mean and SD of this

distribution is 0.93 ± 0.02, suggesting the detection efficiency of the ParB-parS system was approx. 93%.

Validating the CCCP treatment protocol using PROPS
Our protocol for carbonyl cyanide m-chlorophenyl hydrazone (CCCP) treatment (sections ‘‘measuring the numbers of adsorbed

phages and intracellular phage genomes following bulk infection’’ and ‘‘optical trap assay’’) was validated using PROPS-expressing

cells. Cultures of MG1655 pJMK001 were grown as described in section ‘‘bacterial growth conditions’’. Following PROPS induction,

cells were washed and concentrated 53 in LBM supplemented with either 200 mMCCCP or 0.5%DMSO (serving as a negative con-

trol). Samples were mounted and imaged as described in section ‘‘microscopy’’, and the PROPS fluorescence was quantified as

described in section ‘‘image analysis’’.

The PROPS fluorescence in cells depolarized using CCCPwas approx. 33 higher than that in the DMSO control (Figure S5B). This

fold-change is in agreement with Kralj et al.,58 thus validating our protocol for CCCP treatment.

Microscopy
Equipment and setup

For all experiments except for those involving section ‘‘optical trap assay’’, either one of the following two inverted epifluorescence

microscopes was used. The first one is an Eclipse Ti (Nikon) system, equipped with a mercury lamp (Intensilight C-HGFIE, Nikon), a

CMOS camera (Prime 95B, Photometrics), and a 1003, NA 1.45, oil-immersion phase-contrast objective lens (Plan Apo, Nikon). The

second one is an Eclipse Ti2 (Nikon) system equippedwith an LED light source (X-Cite XYLIS); the camera and the objective lenswere

identical to the first setup. The microscopes were installed on a pneumatically-supported vibration-isolation table (CleanBench) and

placed in a temperature-controlled enclosure (Okolab). Microscope operation and image acquisition were performed using the NIS-

Elements software (Nikon). For phase contrast imaging, we used an exposure time of 100ms. For fluorescence imaging, we used the

filter sets listed in Table S4, with exposure times ranging between 50 ms and 400 ms.
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Snapshot imaging

Samples were mounted using coverslips and an agarose pad (e.g., as in section ‘‘measuring the numbers of adsorbed phages and

intracellular phage genomes following bulk infection’’), and placed on a universal specimen holder (Ti2-S-HU, Nikon). Images were

acquired at multiple fields of view (xy-positions), located at least 300 mm apart to minimize photobleaching across fields of view. The

different fields of view were located using motorized stage control. For each field of view, the phase contrast channel was imaged

first, followed by the fluorescence channels. For each channel, images were taken at 7 focal planes (z-slices), with steps of 300 nm

apart.

Time-lapse imaging

For imaging infection in the microfluidic device, CellASIC ONIX B04A plates were prepared as described in section ‘‘measuring the

kinetics of phage entries in the microfluidic device’’ and placed on a well-plate holder (Ti2-S-HW, Nikon). The imaging frequency was

either 1minute (most experiments), 2 minutes, or 10minutes (pilot or control experiments). For each time point, all of the fields of view

were imaged. For each field of view, all of the phase contrast and fluorescence channels were imaged. For each channel, images

were taken at 3 focal planes, with steps of 400 nm apart. Image acquisition was initiated at least 1 minute before phage perfusion

and terminated no earlier than 20 minutes afterwards.

For imaging infection on agarose pads (section ‘‘measuring the efficiency of phage entry using SYTOX Orange’’), the setup was

similar to that for snapshot imaging. Image acquisition was performed twice, at 0 minutes (immediately after the sample was

mounted) and 10 minutes (after incubation at 37�C).

Image analysis
Analysis was performed on the original images (before contrast adjustment was performed to produce representative images,

described below), using Nikon NIS-Elements, ImageJ2/Fiji,82 and MATLAB. In all analyses, the phase contrast channel provides in-

formation regarding the outline, size, and morphology of bacterial cells.

Measuring single-cell MOI

To quantify the numbers of extracellular phages (using DAPI, gpD-mTurquoise2, gpD-EYFP, or SYTOX Orange) and intracellular

phage genomes (using CFP-ParB or mCherry-ParB), we manually counted the number of diffraction-limited fluorescent foci (spots)

on the cell surface or inside the cell, respectively, in the corresponding fluorescence channels.

In time-lapse assays using the microfluidic device, for each cell tracked over the course of the experiment, the numbers of ad-

sorbed phages and of intracellular phage genomeswere recorded at each time point. Using this time series with respect to the begin-

ning of phage perfusion, the times of phage adsorptions and entrieswere inferred. For example, if the numbers of adsorbed phages at

(0, 1, 2, 3, 4,.) minutes were (0, 0, 1, 3, 3,.), the 1st adsorption event was considered to have occurred between 1 and 2 minutes,

while the 2nd and 3rd adsorptions both took place between 2 and 3 minutes. Only cells with synchronized phage adsorptions—

defined to be those with the first and last adsorption events within 2 minutes of one another—were used for model fitting. For

each cell, the average time at which phages adsorbed to the cell was calculated. The time-dependent numbers of intracellular phage

genomes and the entry times of individual phages were calculated with respect to this cell-specific average adsorption time (i.e., time

since phage adsorption, set to be t = 0).

Measuring propidium iodide (PI) fluorescence

Using phase contrast, we performed manual segmentation to identify a region of interest (ROI) corresponding to each cell and

measured the average fluorescence of PI (in arbitrary units, A.U., per pixel) within the ROI. Because some of the phage particles ex-

hibited PI signal (corresponding to the encapsidated DNA), the intracellular fluorescence was measured using the focal plane at

which such foci were not visible. The PI fluorescence of each cell was corrected for the average background outside the cells in

the same field of view, then normalized by a factor equal to 1/1000 of the fluorescence in ethanol-treated cells (section ‘‘measuring

phage-induced membrane permeabilization using propidium iodide’’). Cells with overwhelming PI fluorescence (< 0.5% of the data-

set, comparable to that in ethanol-treated cells) were excluded from the analysis.

Measuring PROPS fluorescence

PROPS fluorescence in individual cells was quantified using ROI in the samemanner as PI, as described above. PROPS fluorescence

was corrected for the background outside the cell in the same field of view, then normalized using the average intensity of cells in the

negative control. Hence, the PROPS fluorescence following CCCP treatment or phage infection was reported in fold-change, as in

Kralj et al.58

Optical trap assay
Preparation of cells and phages

For this assay, we followed the protocol from Min et al.59 Briefly, cultures of MG1655 or MG1655 harboring pJMK001 (expressing

PROPS) were grown as described in section ‘‘bacterial growth conditions’’. Cells were centrifuged at 13003g for 10 minutes at

RT, resuspended in the same volume in themotility buffer (MB), and diluted 53 in the trapmotility buffer (TMB) or TMB supplemented

with 10 mM MgSO4 (TMBM) as specified below (see Table S3 for the composition of these buffers). When required, phages were

stained with SYTOX Orange as described in section ‘‘phage preparation’’.

Setup of the optical traps and the flow chamber

All trap-related experiments were performed at room temperature. The optical traps and epifluorescence setup were described in

Mears et al.91 The three-channel flow chamber (Figure 3F) was made as described in Min et al.59 Solutions were perfused at a
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flow rate of 0.33 mL/min, resulting in a linear speed of 35 mm/s. The cell positions in the optical trap were recorded at a rate of 666 Hz,

and the fluorescence of SYTOX Orange or PROPS was imaged at a rate of 10 Hz, using a 532 nm excitation laser.

Measuring the membrane potential following CCCP treatment

In this experiment, the three channels of the flow chamber contained (i) PROPS-expressing cells in TMB, (ii) blank TMB, and (iii) TMB

supplemented with 200 mMCCCP. Individual cells were first trapped from the cell channel, then moved into the blank channel. Each

cell was kept in the blank channel for approx. 1 minute to record the basal flagellar rotation frequency, then moved into the CCCP

channel, where the loss of motility and the increase in PROPS fluorescence were observed within �5 seconds (Figure S5C).

Measuring the membrane potential following phage adsorption

In this experiment, the three channels of the flow chamber contained (i) cells in TMBM, (ii) blank TMBM, and (iii) phages at approx. 13

1010 PFU/mL in TMBM. Two combinations of phages and cells were used: (i) Phages stained with SYTOX Orange, infecting MG1655

cells (Figures 3F and 3G); and (ii) Unstained phages, infecting PROPS-expressing cells (Figures S5D and S5E).

Individual cells were first trapped from the cell channel, then moved into the blank channel for approx. 1 minute to record the basal

flagellar rotation frequency. Each cell was then moved into the phage channel for at least 5 minutes. During this time, if a phage (visu-

alized using SYTOX Orange) stably adsorbed to the cell, the cell was considered to be infected and was moved back into the blank

channel. Cells with no adsorbed phage were used as a negative control. Cells were monitored in the blank channel for at least 30 mi-

nutes or until motility was lost. In this experiment, t = 0 was defined to be the time the phage adsorbed to the cell, or when a cell with

no adsorbed phage was moved back into the blank channel.

In experiments with PROPS-expressing cells, cells were kept in the phage channel for at least 30 minutes or until motility was lost.

In this case, t = 0 was defined to be the time the cell was moved into the phage channel. Because phages were not stained in this

experiment, the adsorption time and the number of adsorbed phages could not be measured.

Data analysis

To extract the flagellar rotation frequency, the cell position in the traps was analyzed using wavelet analysis as described in Min

et al.60 A typical cell in this assay had a flagellar rotation frequency of approx. 100 Hz. A cell was determined to have lost motility,

indicating membrane depolarization, when the wavelet amplitude of the flagellar rotation peak decreased below a threshold (set

manually).

Figure 3G shows a ‘‘survival curve’’ for the fraction of motile cells over time following phage adsorption, fmotileðtÞ. Data within the

first 10 minutes was used to fit the following expression:

fmotileðtÞ = e� kt: (Equation 12)

To estimate k, fitting of Equation 12 to data was performed with bootstrapping as described above. The fitting result is shown in

Figure 3G, with k = 0:12± 0:06 min� 1.

In experiments involving PROPS, the PROPS fluorescence was corrected for the background fluorescence, then normalized using

the basal fluorescence prior to CCCP treatment or phage adsorption (Figure S5E; see also, section ‘‘image analysis’’). Hence, the

PROPS fluorescence was reported in fold-change, as in Kralj et al.58

Preparation of representative images
To prepare representative images (Figures 1A, 2A, 3A, 3F, 7A, S1A, S1B, S1D, S4A, and S5B), we used Nikon NIS-Elements and

ImageJ2/Fiji to first perform a maximum intensity projection across the focal planes. Then, to remove background and non-specific

fluorescence, we applied contrast adjustments to the entire image and to all samples. Pseudo-coloring of the fluorescence channels

was then performed. Extracellular phage capsids (gpD-mTurquoise2 or gpD-EYFP) were pseudo-colored in cyan, and intracellular

phage genomes (mCherry-ParB or CFP-ParB) were pseudo-colored in red. DAPI, SYTOX Orange, propidium iodide (PI), and PROPS

were shown in other colors.When appropriate, the relevant channels were combined into a single image, and cropped to highlight the

cell or area of interest. Scale bars were provided for all images (80 nm per pixel for images obtained with the optical traps, and 44 nm

per pixel otherwise).

Potassium efflux assay
For this assay, we followed the protocols from Kronheim et al.46 and Leavitt et al.92 Cultures of MG1655 were grown at 37�C in LBMM

as described in section ‘‘bacterial growth conditions’’. When the culture reached OD600 z 0.3–0.4, cells were centrifuged, washed

once in SM3 buffer (described in Kronheim et al.46), and resuspended in SM3 at the original concentration. The cell suspension was

incubated at 37�C for at least 5 minutes before infection was performed. The purified phage stock (section ‘‘phage preparation’’),

diluted to 131010 PFU/mL in SM3, was added to the cells at a phage-to-bacteria ratio of approx. 100. For the negative control,

the same volume of blank SM3 buffer was added to the cell suspension. The concentration of K+ ions in the medium was measured

using an Orion K+ ISE Electrode (ThermoScientific) and a FiveEasy pH/mV meter (Mettler Toledo). The voltage readings were manu-

ally recorded once every 10 seconds from 5 minutes before phage addition (the baseline) to 15 minutes after. Voltage readings were

converted to molarity using a calibration curve, obtained using K+ standard solutions as prescribed by the electrode’s instruction

manual. The total K+ content in the cells was determined by treating the same amount of cells with the BugBuster 103Reagent (Milli-

pore), followed by incubation at 95�C–100�C for 5minutes to lyse the cells. This total value was used for normalization to calculate the

time-dependent fraction of K+ released due to phage infection (Figure S5A).
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Measuring the frequency of lysogeny following infection in different media
Infection and selection

This assay was an adaptation of Yao et al.,8 but instead of using agar plates, we used a plate reader to count the number of lyso-

gens.66 MG1655 cells, grown as described in section ‘‘bacterial growth conditions’’, were centrifuged, washed in LBM or SM,

and concentrated 203 in LBM or SM (similarly to section ‘‘measuring the numbers of adsorbed phages and intracellular phage ge-

nomes following bulk infection’’). Two 2.53 dilution series of the phage stock (produced as described in section ‘‘phage preparation’’)

were prepared in LBM or SM (from �7.53107 to �1.231011 PFU/mL). Two infection series in LBM and SM (phage-to-bacteria ratio

ranging from �0.05 to �50) were prepared, incubated at 4�C for 30 minutes, and shifted to 35�C for 5 minutes. Then, 2 mL of each

infection mixture was diluted into duplicate wells containing 500 mL LBM, in a clear 48-well flat-bottom microplate (COSTAR). Sam-

ples were incubated for 1 hour at 30�C with shaking (orbital mode, 1 mm amplitude) in a TECAN F200 Pro plate reader to allow the

lysogenic cells to express kanamycin resistance. Each culture was then supplemented with 50 mg/mL kanamycin, and incubation

with shakingwas resumed. For each infection series, an uninfected control without kanamycin selection was also prepared. The plate

reader was set to measure the optical density (OD) of the cultures once every 5 minutes for �24 hours.

Our SM infection procedure is different from protocols involving pre-infection starvation (Table S6), which were reported to result in

a higher frequency of lysogeny.5,68,93,94 In these studies, starvation prior to infection was achieved by either growing cells into sta-

tionary phase68,94 or by incubating exponentially growing cells in a solution without nutrients for at least one generation (in one case

with shaking at 37�C93) before adding phages.5 Here, we resuspended exponentially growing cells in cold SMbuffer and immediately

added phages to begin adsorption. Thus, our cells were not starved before infection, and the observed lower frequency of lysogeny

following infection in SM (analyzed as described below) does not contradict previous studies.

We also note that in Kourilsky,5 after starved cells had been incubated with phages in a 10 mM MgSO4 solution for 30 minutes at

4oC, the infection mixture was diluted into tryptone-maltose broth at 32�C to trigger phage ejection. Our survey of different entry me-

dia (Figure S6) showed that in solutions containing tryptone and/ormaltose, the average number of intracellular phage genomes does

not saturate at one (as in SM, used in this study). Thus, the high frequency of lysogeny found in Kourilsky5 was conceivably due to the

combined effect of starvation and a medium permissive of multiple phage entries.

Data analysis: Calculating the frequency of lysogeny

Under kanamycin selection, only lysogenic cells, which harbor prophages with the resistance cassette, can grow.6,8,66,68 As a result,

the OD curves of infected cultures can be used to infer the number of lysogens. The frequency of lysogeny, flysogeny, is defined to be

the fraction of lysogenic cells (L0) among total cells (T0), calculated as follows:

flysogeny =
L0

T0

= 2� 1
gðt�L � t�

TÞ = 2� Dt�
g : (Equation 13)

Here, g is the doubling time of the cell cultures (approx. 35 min). t�L and t�T are the times the infected culture under selection and the

uninfected culture without selection, respectively, reached a threshold OD (= 0.1) during the exponential growth phase. Hence,Dt�= g
is the difference in the number of elapsed generations between the two samples (Figure S7B).

Following this calculation, the maximum frequencies of lysogeny observed under the two conditions are fmax;LBM = 0:012±0:003

and fmax;SM = 0:0004±0:0002 (Error bars indicate SE from n = 2 replicates and variation in the parameter g). Our model in section

‘‘modeling bulk lysogenization following phage entry in different media’’ aimed to use themedium-specific entry dynamics to account

for this difference (fmax;LBM=fmax;SMz32:1).

Model fitting

We fitted Equation 20 (derived in below) to the frequency of lysogeny as a function of the phage-to-bacteria ratio, flysogenyðMÞ, ob-
tained following infection in LBM and SM. Only a and qmax were fitted parameters. Because the phage strain used in this assay

was replication-deficient, following Kourilsky5 and Yao et al.,8 we set MOI� to be 3. Parametrization of mn = ClðnÞDwas also pre-deter-

mined using microscopy data (see Figure S6 for the parameters following infection in LBMM and SM).

While Equation 20 includes a summation from 0 to infinity for n, for numerical purposes, the sumwas taken from 0 to either 4-fold of

M or to 10, whichever is larger. Beyond this range, the probabilityPðn > 4MÞ orPðn > 10Þ becomes vanishingly small andwas ignored.

We confirmed that increasing the upper limit of this sum added computational time but resulted in no change in the fitted values.

Fitting was implemented with the MATLAB ‘lsqcurvefit‘ function, using nonlinear least-squares optimization and the trust-region

algorithm. Because the sample size was small (6 data points for each series in LBM or SM), we bootstrapped each series by fitting

to all 6 data points, then fitting to two subsets of the data (the 1st, 3rd, 5th points, and the 2nd, 4th, and 6th points). Estimates and SE of

the parameters were calculated from the mean and SD of these three fitting runs.

This fitting procedure yielded the parameters a and qmax specific for eachmedium. In LBM, qmax;LBM = 0:0116±0:0009, and in SM,

qmax;SM = 0:003±0:001. We interpreted these fitting results as follows (Figure 5A). The experimentally observed

fmax;LBM=fmax;SMz32:1 was captured using an inferred ratio qmax;LBM=qmax;SM of only 3.4. This suggests that the remaining 9.4-fold

could be attributed to the other difference between the two media: the specific parametrization of the distribution of intracellular

phage numbers, PðljnÞ.
Differences in the fitted parameter a (aLBM = 0:59±0:05, aSM = 0:20±0:05) only shifted the lysogeny-vs.-MOI curves horizontally

when plotted in log-log scale and did not contribute to the maximum frequency of lysogeny. Data and the fits in Figure 5A are shown

with the phage-to-bacteria ratios rescaled, flysogenyða $MÞ, as done in Yao et al.8
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Modeling bulk lysogenization following phage entry in different media
Description of the model

Following Kourilsky,5 Zeng et al.,6 and Yao et al.8 our model maps the phage-to-bacteria ratio in the infection mixture to a single-cell

MOI, and the MOI to a probability at which the infected cell is lysogenized. However, while previous models omitted the entry stage,

thus implicitly assuming all adsorbed phages enter the cell instantaneously, ours includes an explicit term for the entry dynamics. The

model is depicted in Figure 5B.

The frequency of lysogeny as a function of the phage-to-bacteria ratio, flysogenyðMÞ, is described using the following function:

flysogenyðMÞ =
XN
n = 0

"
PðnjMÞ

Xn
l = 0

PðljnÞ $QðlÞ
#
: (Equation 14)

Equation 14 consists of three terms. The first term, PðnjMÞ, is the probability a cell is adsorbed by n phages, given a phage-to-bac-

teria ratioM. Following Kourilsky5 and Yao et al.8 we assumed phage-bacteria collisions follow Poisson statistics. Hence, the number

of adsorbed phages per cell follows the distribution below:

PðnjMÞ =
ðaMÞne� aM

n!
; (Equation 15)

in which a scaling factor a accounts for both the adsorption efficiency and the accuracy in measuring phage and cell concentrations.

In Equation 14, PðljnÞ is the probability a cell has l intracellular phage genomes, given n adsorbed phages. This distribution is

described in the next subsection.

Finally, QðlÞ is the probability a cell with l intracellular phage genomes is lysogenized. Following Kourilsky5 and Yao et al.8 we

assumed that coinfection by lRMOI� phages is required for lysogeny. Accordingly, QðlÞ is described using the following step-

function:

QðlÞ =

�
0 for l<MOI�

qmax for lRMOI�;
(Equation 16)

in which qmax is the maximum probability of lysogenization.

Using this parametrization of QðlÞ, Equation 14 can be rewritten as follows:

flysogenyðMÞ = qmax

XN
n = 0

"
PðnjMÞ

Xn
l = MOI�

PðljnÞ
#
: (Equation 17)

Parametrization of the distribution of intracellular phage numbers

If we assume that all adsorbed phages enter the cell instantaneously, PðljnÞ can be parametrized as:

PðljnÞ =

�
0 for lsn
1 for l = n:

(Equation 18)

As a result, Equation 17 is rewritten as follows.

flysogenyðMÞ = qmax

XN
n = MOI�

PðnjMÞ = qmax

 
1 �

XMOI� � 1

n = 0

ðaMÞne� aM

n!

!
: (Equation 19)

We note that Equation 19 has been reduced to the expression used to fit the bulk lysogenization data in Yao et al.8

To incorporate stochastic phage entry into the model, we parametrized PðljnÞ using Equation 3: For cells adsorbed by n phages,

the intracellular phage number l is assumed to follow a truncated Poisson distribution controlled by a parameter mn. With this param-

etrization of PðljnÞ, Equation 17 is rewritten as follows:

flysogenyðMÞ = qmax

XN
n = 0

2
4ðaMÞne� aM

n!

 Xn
j = 0

mj
ne

�mn

j!

!� 1 Xn
l = MOI�

ml
ne

�mn

l!

3
5: (Equation 20)

For simplicity, we set mn, the mean of the Poisson distribution before truncation, to be equal to ClðnÞD, the average number of intra-

cellular phages in cells adsorbed by n phages. ClðnÞD is parametrized by Equation 1, using experimental data obtained in each infec-

tion media (Figure S6). Therefore, PðljnÞ is also specific to each medium (e.g., Figure 5B).

The values of flysogenyðMÞ predicted using Equations 19 and 20, the latter parametrized using mn = ClðnÞD in LBMM and SM, are

shown in Figure S7B (MOI�, a, and qmax were kept constant). Given the same qmax, the reduced probability of Pðl RMOI�Þ in SM

results in a lower predicted flysogenyðMÞ as compared to that in LBM.
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Stochastic model of phage entry kinetics
Setup of the model

The model is depicted in Figure 2B, and the variables used in the following derivations are listed in Table S5. For cells adsorbed by n

phages, the model outputs, at time t, the probability distribution of the number of intracellular phage genomes, Pðljn;tÞ. In addition,

the model also predicts the probability distribution of the time of the i-th phage entry, PðTijnÞ.
Ourmodel is governed by three parameters: The entry probability of each adsorbed phage at infinite time (h); the rate (or probability

per unit time) of entry initiation by each phage (k); and the time between entry initiation and detection (t). We note that to capture the

experimental data, these three parameters were further parametrized as functions of n (Equations 8 and 9).

In the following derivations, the basic rules of probability were applied as described in Papoulis95 and Arfken et al.96 Symbolic inte-

gration was performed using Wolfram Mathematica, and the analytical solutions were confirmed using a simulation (section ‘‘simu-

lating the stochastic model’’).

Model assumptions

For a cell adsorbed by n phages, we assumed that onlym%n phages are capable of entering the cell. Biologically, a phage may not

be entry-capable because of faulty capsid assembly or DNApackaging, improper docking to the cell’s receptors, ionic conditions not

conducive for DNA ejection, or other reasons.33,51,53,54,97,98 The probability per phage of being entry-capable is designated h. Thus,

with n adsorbed phages on the cell, m follows a binomial distribution with a mean of hn.

We assumed that each of the entry-capable phages has a probability of initiating entry per unit of time (i.e., a rate) equal to k. For a

cell withm entry-capable phages, the probability per unit of time that an entry event is initiated by any of the phages ismk. Thewaiting

time until the first entry initiation, t0;1, thus follows an exponential distribution with a rate mk.

Following entry initiation, phage DNA is assumed to take a time t to translocate into the cell and become labeled by the ParB-parS

system. The time of the first phage entry, as measured, is thus T1 = t0;1 + t.

After one phage has initiated entry, the number of remaining entry-capable phages ism � 1. The waiting time between the first and

the second entry initiations, t1;2, thus follows an exponential distribution with a rate ðm � 1Þk. The time of the second phage entry is

thus T2 = t0;1 + t1;2 + t.

The same assumptions apply to the subsequent phages until allm entry-capable phages have entered the cell. Therefore, the time

of the i-th phage entry is:

Ti = t +
Xi

j = 1

tj� 1; j; (Equation 21)

where tj� 1;j is the waiting time between the (j � 1)-th and j-th entry initiations. Once all entries have occurred, the number of intra-

cellular phage genomes is equal to the initial number of entry-capable phages, lim
t/N

lðtÞ = m.

Time-dependent average number of intracellular phage genomes

Following the assumptions above, an expression for the average number of intracellular phage genomes, Clðn;tÞD, can be derived as

follows. The rate of change in the average number of entry-capable phages that have not yet ejected their genomes (‘‘unejected’’),

CUðtÞD, is given by:

dCUD
dt

= � k$CUðtÞD: (Equation 22)

The solution of this ordinary differential equation, using the initial condition of CUðt = 0ÞD = CmD = hn, is:

CUðn; tÞD = nhe� kt: (Equation 23)

Accounting for the delay between entry initiation and detection (t), the time-dependent average number of detected intracellular

phage genomes in cells adsorbed by n phages is:

Clðn; tÞD = CmD � CUðtÞD = nh
�
1 � e� kðt� tÞ� for tR t; and 0 otherwise: (Equation 24)

Equation 24 was used to predict the average number of intracellular phage genomes in Figures 2C, 2E, 2H, S2D, S2F, and S2G.

The probability distribution of phage entry time, given m

With regard to the stochastic model, we first aimed to derive the probability density function (PDF) of the time of the i-th phage entry,

given m entry-capable phages. Following Equation 21, this PDF was found using the convolution of the individual PDFs of the tj� 1;j

terms (each of which follows an exponential distribution with a rate equal to the product of k and the number of remaining entry-

capable phages):

fðTi = tjmÞ = fTi jmðtÞ =
0
@m

i

1
Aike�ðm�ði� 1ÞÞkðt� tÞ�1 � e� kðt� tÞ�i� 1

for tR t andmR i; and 0 otherwise:

(Equation 25)
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We used this PDF to derive the cumulative distribution function (CDF) of the time of the i-th phage entry, given m entry-capable

phages:

FðTi% tjmÞ = FTi jmðtÞ =
 
m

i

!
ið� 1Þi

Xi

j = 1

ð� 1Þj
 
i � 1

j � 1

!
1 � e�ðm�ðj� 1ÞÞkðt� tÞ

m � ðj � 1Þ

for tR t andmR i; and 0 otherwise:

(Equation 26)

The first moment of the PDF fTi jmðtÞ is the average time of the i-th phage entry, given m entry-capable phages:

CTiðmÞD = t +
Xi

j = 1

1

ðm � ðj � 1ÞÞk for mR i: (Equation 27)

The probability distribution of phage entry time, given n

Equations 25, 26, and 27 above are conditional on the number of entry-capable phages, m. However, the observable in our exper-

iments was notm, but the number of adsorbed phages, n. Asm follows a binomial distribution with a ‘‘success’’ probability of h, given

n adsorbed phages, the joint PDF for a cell to havem entry-capable phages and the i-th entry time to occur at Ti = t is the product of

the probability mass function (PMF) of m, PðmjnÞ, and fTi jmðtÞ (Equation 25):

fðTi = t;mjnÞ = fTi ;mjnðtÞ = PðmjnÞ3 fTi jmðtÞ

= C� 1

0
@ n

m

1
Ahmð1 � hÞn�m

0
@m

i

1
Aike�ðm�ði� 1Þ Þkðt� tÞ�1 � e� kðt� tÞ �i� 1

for tR t;mR i; and nR i; and 0 otherwise;

(Equation 28)

in which C =
Pn

j = i

�
n
j

�
hjð1 � hÞn� j is a normalization constant. This renormalization was necessary because the supports of

PðmjnÞ, defined for m˛ ½0;n�, and of fTi jmðtÞ, defined for mR i, are different.

The PDF of the time of the i-th phage entry, given n adsorbed phages (regardless of how many of which are entry-capable), was

found by summing the joint PDF fTi ;mjnðtÞ in Equation 28 over all supported values of m˛ ½i;n�:
fðTi = tjnÞ = fTi jnðtÞ =

X
m

fTi ;mjnðtÞ

= C� 1
Xn
m = i

0
@ n

m

1
Ahmð1 � hÞn�m

0
@m

i

1
Aike�ðm�ði� 1ÞÞkðt� tÞ�1 � e� kðt� tÞ�i� 1

for tR t and nR i; and 0 otherwise:

(Equation 29)

Similarly, the average time of the i-th phage entry given n adsorbed phages was found using PðmjnÞ and CTiðmÞD (Equation 27):

CTiðnÞD =
X
m

PðmjnÞ3 CTiðmÞD = t +C� 1
Xn
m = i

" 
n

m

!
hmð1 � hÞn�m

Xi

j = 1

1

ðm � ðj � 1ÞÞk

#

for nR i:

(Equation 30)

The probability distribution of the intracellular phage number at time t, given n

At time t, a cell would have exactly l = i intracellular phage genomes if the i-th phage entry has occurred by time t, but the ði + 1Þ-th
phage entry has not occurred yet. Therefore, given m entry-capable phages, the probability that a cell has l = i intracellular phage

genomes at time t is:

Pðl = ijm; tÞ = FTi jmðtÞ � FTi+1 jmðtÞ; (Equation 31)

in which FTi jmðtÞ, defined as the CDF of the entry time (Equation 26), describes the probability that the entry time of the i-th phage is

less than or equal to t.

The joint probability for a cell to have m entry-capable phages and l = i intracellular phage genomes at time t, given n adsorbed

phages, is the product of PðmjnÞ and Pðl = ijm; tÞ (Equation 30):

Pðl = i;mjn; tÞ = PðmjnÞ 3 Pðl = ijm; tÞ =

�
n
m

�
hmð1 � hÞn�m�

FTi jmðtÞ � FTi+1 jmðtÞ
�
: (Equation 32)
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The probability that a cell has l = i intracellular phage genomes at time t, given n adsorbed phages, was found by summing the joint

probability in Equation 32 over all values of m˛ ½i;n� (recall that FTi jmðtÞ = 0 for m< i):

Pðl = ijn; tÞ =
X
m

Pðl = i;mjn; tÞ =
Xn
m = i

�
n
m

�
hmð1 � hÞn�m�

FTi jmðtÞ � FTi+1 jmðtÞ
�
: (Equation 33)

Equation 33 was used to predict the theoretical distributions of intracellular phage numbers in Figures 2G and S2E.

Using Equation 33, we arrived at the expression for the average number of intracellular phage genomes at time t, given n adsorbed

phages:

Clðn; tÞD =
Xn
i = 0

i $Pðl = ijn; tÞ =
Xn
i = 0

i$

"Xn
m = i

�
n
m

�
hmð1 � hÞn�m�FTi jmðtÞ � FTi+1 jmðtÞ

�#
: (Equation 34)

Substituting FTi jmðtÞ from Equation 26 and integer values of n˛ ½0;20� into Equation 34, we recovered the same expression for

Clðn; tÞD obtained from the mean-field model, Equation 24.

The case of cells with a single adsorbed phage

For convenience, some simple expressions for the case of n = 1 arewritten below. FromEquation 29, the PDF of the phage entry time

in cells adsorbed by one phage (shown in Figure 2D) is:

fðT1 = tjn = 1Þ = ke� kðt� tÞ for tR t; and 0 otherwise: (Equation 35)

From Equation 30, the average time of phage entry in cells adsorbed by one phage is:

CT1ðn = 1ÞD = t +
1

k
: (Equation 36)

In both Equations 35 and 36, because the entry time is only defined in cells with phage entry, the parameter h (controlling whether

the adsorbed phage is entry-capable) does not appear in the expressions.

Because l is either 0 or 1 for n = 1, the probability that a singly-adsorbed cell has one intracellular phage genome at time t (from

Equations 26 and 33) and the time-dependent average number of intracellular phage genomes in singly-adsorbed cells (shown in

Figure 2C) share the same expression:

Pðl = 1jn = 1; tÞ = Clðn = 1; tÞD = h
�
1 � e� kðt� tÞ� for tR t; and 0 otherwise: (Equation 37)

Simulating the stochastic model
Description of the simulation

This stochastic simulation was based on the mathematical model described above in section ‘‘stochastic model of phage entry ki-

netics’’ and utilized the Gillespie algorithm.99 Below, we briefly summarize the pertinent parts of the model in the language of the

simulation.

We assumed that an entry-capable phage exists in either one of the following two states: Adsorbed on the cell but unejected

(‘‘Outside’’), or having ejected its DNA, now intracellular (‘‘Inside’’). There is only one forward reaction: A phage can transition

from the ‘‘Outside’’ state to the ‘‘Inside’’ state using an ‘‘Ejection’’ reaction at a rate constant of k. For a cell with m entry-capable

phages and lðtÞ ‘‘Inside’’ phages at time t, the time-dependent number of ‘‘Outside’’ phages is m � lðtÞ. Hence, the propensity

for the ‘‘Ejection’’ reaction is:

aejection = ðm � lÞk: (Equation 38)

Because there is no reverse reaction, eventually, all entry-capable phages will be ‘‘Inside’’, i.e., lim
t�N

lðtÞ = m. This serves as the

terminal condition in the simulation.

Simulation algorithm

Prior to simulation, the MATLAB random number generator was seeded using ‘rng(‘shuffle’)’. For a cell adsorbed by n phages, with

t = 0 defined as the time of phage adsorption:

(1) Determine the parameters ðh; k; tÞ that govern the dynamics of phage entry in this cell.

If these parameters are to be MOI-dependent, use the parametrization in Equations 8 and 9 above.

(2) Draw m, the number of entry-capable phages, randomly from a binomial distribution with parameters n and h (implemented

using the MATLAB ‘binornd’ function).

(3) Initialize the system: t = 0 and lðt = 0Þ = 0.

(4) Simulate the waiting time between phage entries:
(4.1) Calculate the ejection propensity (using Equation 38).

(4.2) Draw a random number r from a uniform distribution in the unit interval (implemented using the MATLAB ‘rand’ function).
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(4.3) Calculate the waiting time until the next entry initiation:
twaiting =
1

aejection
log

1

1 � r
: (Equation 39)
(4.4) Record twaiting into a vector of waiting times between entry initiations, tbetween.

(4.5) Update the system: t)t + twaiting, and l)l+ 1.

(4.6) If l = m, terminate the waiting-time simulation and proceed to step 5. Else, return to step 4.1.

(5) Determine the time from adsorption to the initiation of each phage entry, tinitiation, equal to the cumulative sum of tbetween.

(6) Determine the time from adsorption to when the intracellular phage genome is detected, tentry = tinitiation + t. This is equivalent

to the phage entry times as experimentally measured.

Processing of simulation results

The simulation was performed for n˛ ½0;20�, with 10000 cells for each n value. For each simulated cell, the vector of simulated entry

times was processed as a series of entry events following synchronized adsorptions. We confirmed that the observables produced

by this stochastic simulation are in agreement with the analytical solution described in section ‘‘stochastic model of phage entry

kinetics’’.

Stochastic simulation of infection outcome in individual cells
Summary of the mathematical model in Yao et al.

Our simulation for the infection outcome was based on the model in Yao et al.8 Below, we briefly describe this model where pertinent

to the current work.

Yao et al. modeled the cell-fate decision of phage lambda using a set of ordinary differential equations (ODEs) that track the mRNA

and protein concentrations of three genes governing the decision: cI, cII, and cro, as well as the concentration of the phage genomes

in the infected cell. The cell volume was assumed to grow exponentially over time. The input of the model is the initial viral concen-

tration, defined to be theMOI divided by the initial cell volume. TheMOI is the initial intracellular number of phage genomes; themodel

in Yao et al. was agnostic to the number of adsorbed phages or the phage-to-bacteria ratio in the environment. The initial cell volume

was set to be 1 mm3, uniform for all cells. Depending on whether infection of a replication-competent or replication-deficient phage is

modeled, the copy number of the phage genomes may increase over time. The ODEs were solved numerically to yield the kinetics of

Cro (driving lysis) and CI (driving lysogeny), whose concentrations were compared to respective thresholds to determine the cell fate.

Four outcomes are possible: Failed infection, lysis, lysogeny, and mixed outcome (Figure S7C).

Because the initial cell volume is assumed uniform, the predicted cell fate for a given MOI is deterministic, and the frequency of

lysogeny is a step-function of MOI. In particular, for infection by replication-competent phages, cells with MOI = 1 are lytic, while cells

with MOI R 2 are lysogenic.

Summary of the single-cell data in Zeng et al.

We aimed to compare our simulation results with the single-cell data from Zeng et al.6 Below, we briefly describe this data where

pertinent to this study.

Zeng et al. measured the fate of individual cells following infection by a replication-competent phage strain. Capsids of the infecting

phages were fluorescently labeled using a scheme similar to the current study, and the single-cell MOI was defined as the number of

phages adsorbed to the cell (Zeng et al. did not measure the number of intracellular phage genomes). After 30 minutes of incubation

at low temperature to allow phages to adsorb to the cell and 5minutes at 35�C to trigger phage ejection, the infectionmixtures in Zeng

et al. were diluted using room-temperature (RT) medium, mounted, and imaged in a time-lapse at RT. The infected cells harbored

fluorescence reporters that enabled the detection of cell fate. In Zeng et al., the measured frequency of lysogeny increased gradually

with the number of adsorbed phages.

In addition, Zeng et al. found cell size to affect the infection outcome. For a given MOI, smaller cells had a higher chance of being

lysogenized. The distribution of normalized cell size in Zeng et al. was approximated as a log-normal distribution (m = 1;s = 0:28).

Description of our simulation

We performed the following simulation for cells adsorbed by n˛ ½0; 5� phages, with 1000 cells for each n value.

For a cell adsorbed by n phages:

(1) Determine the initial cell size (drawn from a log-normal distribution, described in below).

(2) Determine the single-cell MOI (accounting for stochastic phage entries, described in below).

(3) Calculate the initial viral concentration.

(4) Apply the Yao et al. model to determine the cell fate.

The system of ODEs from Yao et al. was solved for infection by replication-competent phages as described in the original paper.

The frequency of lysogeny was calculated as the fraction of lysogenic cells among lytic or lysogenic cells (i.e., failed infection and
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mixed outcome were not included). Following how Zeng et al. reported the data, the decision curve (Figure 6B) depicts the frequency

of lysogeny as a function of the number of adsorbed phages, flysogenyðnÞ, regardless of how many intracellular phage genomes are in

the cell.

Incorporating variations in cell size

We first aimed to introduce variations in cell size into the Yao et al. model. For each cell with a given number of adsorbed phages (n),

we randomly generated the initial cell size by drawing from a log-normal distribution with m = 1; s = 0:28 (as described in Zeng et al.),

implemented using the MATLAB ‘lognrnd’ function. This initial cell size was used to calculate the initial viral concentration, with the

MOI equal to the number of adsorbed phages.

Variations in cell size introduced some variability to the cell fate. In particular, while Yao et al. deemed all cells with MOI = 1 to be

Cro-dominant, thus lytic, variations in cell size rendered approx. 20% of the cells lysogenic. This fraction reflected infection in very

small cells, such that the initial concentration of phage genomeswas higher, facilitating increased CI concentration (Figure S7C), thus

lysogeny. Because infection in very large cells reduced the initial viral concentration, for MOI = 2, the frequency of lysogeny

decreased from 100% in Yao et al. to approx. 98%. Variations in cell size did not change the frequency of lysogeny for MOI higher

than 2.We used these predictions by themodel with cell size variations as a baseline to determine the effect of phage entry dynamics

on the infection outcome.

Incorporating stochastic phage entry

Next, we introduced stochastic phage entries into the model with cell size variation. For each cell with a given number of adsorbed

phages (n), we implemented the simulation of stochastic phage entries (described in section ‘‘simulating the stochastic model’’) to

determine the time series of phage entries in this cell. On average, the simulated number of intracellular phage genomes was lower

than the number of adsorbed phages, and the phage genomes entered the cell non-simultaneously. Because Zeng et al. diluted the

infection mixture using RTmedium and imaged the cells at RT, effectively halting additional phage entries after 5 minutes, we set the

MOI that drives the lysis vs. lysogeny decision to be the number of phage genomes that have entered the cell within 5 minutes. The

initial viral concentration is thus lðt = 5 minÞ divided by the initial cell size (drawn from a log-normal distribution as above).

Stochastic phage entries had a strong effect on the decision curve (Figure 6B). For example, among cells adsorbed by n = 2

phages, approx. 50% of the cells had only one intracellular phage genome by 5 minutes. In such cells, the increased concentration

of Cro (Figures 6A and S7C) rendered the cell lytic. Similarly, the frequency of lysogeny also decreased for MOI higher than 2, and

even in cells adsorbed by 5 phages, not all of the infected cells were lysogenic (Figure S7D).

We note that within our simulation framework, stochastic phage entries had no effect on the infection outcome of MOI = 1. For this

MOI, failed or delayed phage entry, which would result in failed infection (Figure S7D), did not change the decision curve, which was

calculated based on the ratio between the lytic and lysogenic cells only.

Fitting to the Hill function

The Hill equation (below) was fitted to the frequency of lysogeny as a function of the number of adsorbed phages, flysogenyðnÞ, for the
data from Zeng et al. and our simulation results.

flysogenyðnÞ =
nh

Kh+nh
: (Equation 40)

In Equation 40, h is the Hill coefficient, which describes the degree of precision in the decision curve,70 and K is the MOI at which

the frequency of lysogeny reaches half its maximum. For Zeng et al., data for ‘‘all cells’’ in Figure 2C of the original paper was ex-

tracted, and bootstrapping was performed by resampling the mean values. For our simulation results, bootstrapping was performed

on the single-cell level as described above.

Fitting results are shown in Figure 6B. The simulation with cell size variation alone gave h = 7:87±0:41, K = 1:18±0:01. The

simulation with both cell size variation and stochastic phage entries gave h = 1:84±0:08, K = 1:81±0:05. Refitting Zeng et al.

data gave h = 0:94± 0:20, K = 1:71±0:29, similar to the published values, h = 1:0±0:1, K = 1:8±0:1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis andmodeling were performed using MATLAB as described above. The statistical details of each experiment, including

sample size, calculation of error bars or uncertainty values, and p-values where appropriate, are provided in the legends and captions

of the graphs, or in the corresponding STAR Methods sections.
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