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ABSTRACT One of the key determinants of the size, composition, structure, and development of a microbial community is the
predation pressure by bacteriophages. Accordingly, bacteria have evolved a battery of antiphage defense strategies. Since main-
taining constantly elevated defenses is costly, we hypothesize that some bacteria have additionally evolved the abilities to esti-
mate the risk of phage infection and to adjust their strategies accordingly. One risk parameter is the density of the bacterial pop-
ulation. Hence, quorum sensing, i.e., the ability to regulate gene expression according to population density, may be an
important determinant of phage-host interactions. This hypothesis was investigated in the model system of Escherichia coli and
phage �. We found that, indeed, quorum sensing constitutes a significant, but so far overlooked, determinant of host susceptibil-
ity to phage attack. Specifically, E. coli reduces the numbers of � receptors on the cell surface in response to N-acyl-L-homoserine
lactone (AHL) quorum-sensing signals, causing a 2-fold reduction in the phage adsorption rate. The modest reduction in phage
adsorption rate leads to a dramatic increase in the frequency of uninfected survivor cells after a potent attack by virulent phages.
Notably, this mechanism may apply to a broader range of phages, as AHLs also reduce the risk of � phage infection through a
different receptor.

IMPORTANCE To enable the successful manipulation of bacterial populations, a comprehensive understanding of the factors that
naturally shape microbial communities is required. One of the key factors in this context is the interactions between bacteria and
the most abundant biological entities on Earth, namely, the bacteriophages that prey on bacteria. This proof-of-principle study
shows that quorum sensing plays an important role in determining the susceptibility of E. coli to infection by bacteriophages �
and �. On the basis of our findings in the classical Escherichia coli-� model system, we suggest that quorum sensing may serve
as a general strategy to protect bacteria specifically under conditions of high risk of infection.
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Many bacterial species possess the ability to regulate gene ex-
pression according to the cell density of the population.

They do so by releasing signaling molecules called autoinducers
into the environment. As the population density increases, auto-
inducers accumulate extracellularly, and this can be detected by
the bacteria—a phenomenon known as quorum sensing. Since
quorum-sensing signals vary between different bacterial species,
they can be utilized to distinguish groups of bacteria. Hence, quo-
rum sensing enables sensing of local population density as well as
species complexity and makes it possible for microorganisms to
switch between different gene expression patterns depending on
these parameters. Accordingly, quorum sensing is often used to
coordinate social behaviors such as virulence and biofilm forma-
tion across the population (reviewed in reference 1). This study
was motivated by the hypothesis that quorum sensing could ad-
ditionally be used as a means of regulating phage-bacterium in-
teractions.

Bacteriophages are viruses that attack bacteria. The predation
pressure by phages is substantial, as they outnumber bacterial cells
by an estimated 10-fold in many natural environments (2). Con-
sequently, host bacteria have evolved a wide range of antiphage
mechanisms, including ways of blocking the initial attachment of

phages, degradation of the phage genome, or abortive infection by
host suicide, preventing the spread of phage progeny in the pop-
ulation (reviewed in reference 3). As phages require a bacterial
host to proliferate, phages are expected to be more abundant and
diverse in densely populated mixed-species environments than in
sparsely populated environments. Therefore, the risk of suffering
phage attacks is generally elevated at high microbial cell densities.
The costs associated with general phage resistance mechanisms
are substantial and serve as a key factor in shaping the evolution-
ary dynamics between the phage and host (4, 5). We speculate that
if bacteria used quorum sensing to regulate their antiphage activ-
ities, they could specifically upregulate their defense mechanisms
to avoid infection during growth under high-risk conditions,
while saving the metabolic burden of maintaining constantly ele-
vated antiphage strategies.

As a first approach to testing whether quorum sensing is used
to regulate phage-bacterium interactions, we investigated the role
of quorum sensing in the classical model system of phage � and its
host Escherichia coli K-12. Since the discovery of phage � more
than 60 years ago (6), it has been intensively studied and likely
represents the most completely understood biological entity. The
investigations of � and its interactions with E. coli have served as a
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paradigm for molecular biology and paved the way for our under-
standing of key biological mechanisms, including gene regulation,
recombination, molecular cloning, protein folding, and virion as-
sembly (reviewed in reference 7).

Gram-negative bacteria typically quorum sense through the
production and detection of N-acyl-L-homoserine lactone (AHL)
quorum-sensing signals. AHLs are produced by synthases of the
LuxI family and typically detected by receptors of the LuxR family
(reviewed in reference 1). E. coli can detect AHL quorum-sensing
signals through SdiA, a LuxR-type transcriptional regulator (8, 9).
SdiA is able to bind and be activated by a broad range of AHLs (10,
11). Curiously, E. coli and other enterobacteria are not able to
produce AHLs, as they lack a LuxI-type AHL synthase, but they
can detect AHLs emitted by other bacterial species (10). Only a few
gene groups have reproducibly been shown to be regulated by
AHLs in E. coli. These include flagellar genes, acid resistance genes,
and virulence genes in the LEE pathogenicity island of enterohe-
morrhagic E. coli (EHEC) (12–14).

In this study, we have identified a novel quorum-sensing-
regulated antiphage defense mechanism in E. coli K-12. We find
that E. coli utilizes AHL quorum-sensing signals to reduce its sus-
ceptibility to infection by phage � as well as the broad-host-range
phage �. This is, to our knowledge, the first example of a quorum-
sensing-regulated antiphage defense mechanism. We propose
that this mechanism serves to protect E. coli under conditions of
high risk of infection, namely, during growth in high-cell-density,
mixed-species environments, where the quorum-sensing signals
would accumulate. Quorum-sensing control of phage susceptibil-
ity may be a general phenomenon in microbial communities.

RESULTS
� phages accumulate in AHL-treated cultures due to reduced
superinfection of lysogenic cells. Many known prophages can be
induced to follow the lytic pathway and kill the host cell to release
phage progeny. These prophages have evolved to incorporate sen-
sory inputs into the genetic switches that govern this developmen-
tal decision. Known induction signals generally provide the pro-
phage with information on the metabolic state and stress level of
the host cell (15–17). As a culture of � lysogens grows, a small
fraction (10�5) of the resident � prophages will induce and lyse the
host cell to release progeny phages into the medium. To assess the
effect of quorum sensing on the interaction between E. coli and
phage �, cultures of lysogenic E. coli BW25113 �i434 were grown in
the presence or absence of a cocktail of synthetic AHL autoinducer
molecules, and free � phages were enumerated as PFUs on a lawn
of �-sensitive bacteria. The cultures were grown at 30°C, where
SdiA has been shown to be most active (18, 19).

Figure 1 shows the concentrations of free � phages in AHL-
treated or control lysogenic cultures. In wild-type lysogens, AHL
treatment leads to a 2- to 3-fold increase in free phage levels (blue
bars). Thus, quorum-sensing signals do indeed influence phage-
bacterium interactions in the classic host-phage pair of E. coli and
�. Deletion of the sdiA gene encoding the AHL receptor abolishes
the AHL-mediated increase in free phage (green bars), suggesting
that the AHL effect is mediated by the AHL receptor SdiA. Similar
observations have been reported previously (20). However, the
mechanism underpinning phage accumulation has not been de-
termined and is the focus of the present study.

The concentration of free phages in a culture of lysogens is a
result of two opposing factors, production and loss. First, it de-

pends on the rate of production and release of progeny phages into
the medium by host cell lysis. Second, it depends on the rate of loss
of free phages due to superinfection of the remaining cells. Specif-
ically, a free � phage can initiate infection of a lysogenic cell by
injecting its DNA into the host cytoplasm, but the superinfection
immunity system of the resident prophage will prevent expression
of the infecting DNA, leading to loss of the superinfecting phage
(21). Hence, the observed increase in free phage in the presence of
quorum-sensing signals could be a result of increased prophage
induction or decreased superinfection of the lysogenic cells or
both. In order to distinguish between these possibilities, we mea-
sured the effects of AHLs on prophage induction in bacteria where
superinfection is not possible. Specifically, the concentration of
free phages in a culture of lysogens immune to superinfection due
to deletion of the � receptor LamB was used as a direct measure of
prophage induction. Since there is no loss of free phage due to
superinfection, cultures of lamB lysogens show higher concentra-
tions of free phages than do wild-type cultures (compare the solid
red bar to the solid blue bar in Fig. 1). Importantly, growth in the
presence of AHLs does not stimulate additional phage accumula-
tion in the lamB lysogen (red bars). This observation proves that
AHLs do not stimulate induction of the � prophage as suggested
previously (20). Rather, the observed AHL effect on free phage
concentration must be due to a decreased loss of free phage, most
likely due to a reduction in the rate of superinfection of the lyso-
genic cells.

A positive regulator of exopolysaccharide synthesis, RcsA (22),
was previously reported to be required for the AHL-mediated in-
crease in free � phage accumulation (20). Contrary to these re-
sults, we do not observe a difference between the wild type and the
rcsA mutant with respect to the AHL effect on free phage concen-
trations (Fig. 1, purple bars).

� phage adsorption rate is reduced when E. coli is grown in
the presence of AHL signals. The results displayed in Fig. 1 show
that superinfection of � lysogens is reduced when the cells are
grown in the presence of AHL autoinducers. We hypothesized

FIG 1 AHL quorum-sensing signals reduce � phage superinfection. The
concentrations of free phage from lysogenic cultures with or without AHLs are
shown for E. coli BW25113 (wild type [WT]), AHL receptor mutant (sdiA
mutant), � receptor mutant (lamB mutant), and a mutant of a transcriptional
regulator for exopolysaccharide (rcsA mutant). The cultures were grown to an
OD600 of 1.2 in the presence or absence of 5 �M AHLs. Free phage concentra-
tion is indicated as PFU per ml of culture. The number of independent cultures
tested (n) is indicated. Each error bar indicates 1 standard deviation from the
mean. Reported differences were evaluated using a Student’s t test.

Høyland-Kroghsbo et al.

2 ® mbio.asm.org January/February 2013 Volume 4 Issue 1 e00362-12

mbio.asm.org


that AHLs may act to reduce the rate of phage adsorption to the
cell surface. To test this hypothesis directly, we subjected wild-
type, nonlysogenic E. coli cells grown with or without AHLs to
primary infection by radioactively labeled � phages. After the ad-
dition of phages to a cell culture, unadsorbed free phages were
removed by filtration of an aliquot of the cells every 2 min, and the
radioactivity of the adsorbed phages retained on the filters was
quantified (Fig. 2).

Figure 2 shows that AHL treatment of wild-type cells signifi-
cantly reduces the rate of � adsorption. The rates of adsorption
were calculated under the assumption that the decrease in free
phage over time follows an exponential decay law (see Fig. S1 in
the supplemental material). The rate of adsorption of � phages to
AHL-treated wild-type cells is 2.7 � 10�10 ml min�1 phage�1

cell�1, about half that of untreated cells (4.9 � 10�10 ml min�1

phage�1 cell�1). In contrast, AHL treatment has no effect on the �
adsorption rate in the sdiA mutant, demonstrating that the AHL
signals must be transduced through the SdiA receptor to decrease
phage adsorption rates. Thus, AHL quorum sensing leads to a
reduction in the rate of adsorption of phage � to E. coli cells.

AHL-induced downregulation of the � receptor LamB. The
molecular mechanism underlying the reduced infection rate
caused by growth in the presence of AHLs was investigated. As
phage � infects E. coli through the outer membrane maltoporin
LamB, the adsorption rate depends on the concentration of LamB
receptors on the cell surface. We therefore investigated whether
AHL autoinducers directly affect LamB protein levels in the outer
membrane. Wild-type and sdiA and lamB mutant cells were
grown in the presence or absence of AHLs, and outer membrane
proteins were purified and separated by SDS-PAGE (Fig. 3A). A
maltose-induced culture was used as a positive control for identi-
fying LamB on the gel. We find that stimulation of wild-type cells
by AHLs lead to a reduction in LamB protein levels by 40%
(Fig. 3B). AHL treatment does not affect the LamB levels in the
sdiA mutant. This finding clearly shows that AHL signaling

through SdiA leads to a decrease in the levels of LamB in the outer
membrane of E. coli BW25113.

AHL signaling dramatically improves E. coli’s chances of sur-
viving a virulent phage attack. What is the physiological signifi-
cance of the modest reduction in adsorption rate? To evaluate the
effect of quorum sensing on E. coli survival, we exposed E. coli cells
grown in the presence or absence of AHL signals to a virulent
variant of �, �vir. If the �vir phages were allowed to complete mul-
tiple life cycles, they would eventually kill all wild-type cells, and
the only surviving cells would be �-resistant mutants that have lost
the ability to express lamB (23). To address the survival of non-
mutant cells, we exposed the cell cultures to a 20-fold excess of �vir

for only 50 min, corresponding to just under one phage genera-
tion time under our laboratory conditions. After 50 min, the cat-
ions in the medium were chelated to inactivate any free phage and
prevent additional rounds of infection. Uninfected cells were
counted as those that grew to form a colony on petri plates the
next day.

Figure 4 shows that the number of E. coli cells surviving �vir

infection is 3 to 4 times higher in cultures that are grown in the
presence of AHLs than in those grown in the absence of AHLs
(blue bars). In sdiA mutant cultures, the presence of AHLs do not
increase the chance of surviving the virulent infection, thus dem-
onstrating that the AHL effect is entirely dependent on SdiA
(green bars). The surviving cells can be divided into two groups,
those that are � sensitive but were not infected by a phage for the
duration of the experiment and those that carry a mutation that
makes them genetically resistant to infection by �. To assess
whether the surviving cells in the experiment shown in Fig. 4 are
mostly �-resistant mutants or nonmutant cells that have avoided
�vir infection, we took advantage of the genetic linkage between
the � resistance phenotype and that of the ability to utilize maltose
as a carbon source (24, 25). lamB encodes the maltoporin, and its
expression is coregulated with the genes required for the uptake
and utilization of maltose. Hence, about 80% of �-resistant mu-

FIG 2 Growth in the presence of AHL signals reduces the rate of phage adsorption. 35S-labeled � phages were added to a shaking culture of wild-type (WT) or
AHL receptor mutant (sdiA mutant) cells grown in the presence or absence of 5 �M AHLs. Prior to the addition of phage, chloramphenicol was added to cells
to arrest growth at an OD600 of 1.0 and prevent phage multiplication. At 2-min intervals, an aliquot of the cell-phage mixture was filtered through a 0.45-�m filter,
and the radioactivity of the adsorbed phages retained on the filter was measured. The radioactivity of filters subjected to the identical treatment using lamB
mutant cells has been subtracted as background, and each sample has been normalized to the total radioactivity of an unfiltered sample aliquot. The number of
independent cultures tested (n) is indicated. Each error bar indicates 1 standard deviation from the mean. Reported differences were evaluated using a two-way
analysis of variance (ANOVA). The experiment was repeated on three separate days with similar results. The relative rates of adsorption were calculated as shown
in the symbol key to Fig. S1 in the supplemental material and are shown in the figure.

A Quorum-Sensing-Induced Phage Defense Mechanism

January/February 2013 Volume 4 Issue 1 e00362-12 ® mbio.asm.org 3

mbio.asm.org


tants have concurrently lost the ability to utilize maltose as a car-
bon source (23). These mal mutants can be easily distinguished
from mal� cells, as the former form white colonies on maltose-
MacConkey indicator agar, while the latter form red colonies.
When the surviving cells were plated on maltose-MacConkey
agar, less than 1% of the colonies were white, indicating that the
vast majority of surviving cells at the end of the first lytic cycle are
nonmutant cells which have simply avoided infection by �vir, pre-
sumably due to the display of a reduced number of LamB recep-

tors on their cell surface at the time of phage invasion. The de-
creased susceptibility to phage infection is transient, as the vast
majority of daughter cells in colonies arising from the survivor
cells are again sensitive to infection by �vir, as determined by cross-
streaking those colonies with a high-titer �vir lysate. Thus, AHL
quorum sensing through SdiA leads to a severalfold increase in the
fraction of an E. coli population that is not resistant, but tran-
siently less susceptible, to � phage attack.

AHL quorum-sensing signals also protect E. coli from phage
�. AHL signals could also protect E. coli from phages that recog-
nize other receptors than LamB. One such example is phage chi
(�), which is known to infect E. coli and other enteric bacteria
through the flagellum (26–28). � phages were added to wild-type
E. coli cells grown in the presence or absence of AHLs, and the
proportion of free, nonadsorbed phages was monitored over time.
Figure 5 shows that growth in the presence of AHLs significantly
reduces the rate of adsorption of phage � to wild-type cells. Anal-
ogous to the � case, the AHL effect depends on the AHL receptor
SdiA, as the effect is not observed in sdiA mutant cells.

As we find that AHLs mediate an antiphage defense against
both phage � and phage �, which have different mechanisms of
infection, we suggest that quorum sensing may generically activate
antiphage strategies in E. coli and potentially other bacterial spe-
cies. The generality of this quorum-sensing response is under in-
vestigation in our laboratory.

DISCUSSION

Quorum sensing is crucial for the survival and fitness of numerous
microorganisms, and many variations on the canonical LuxI-
LuxR quorum-sensing system have evolved that allow bacteria to
engage in communication with their own and other species, en-
able quorum quenching and the spread of misinformation, and
even allow crosskingdom signaling with eukaryotic hosts (re-
viewed in reference 29). Here, we suggest that bacteria have addi-
tionally evolved to use quorum sensing as a means of regulating
their interactions with the most abundant biological entities on

FIG 3 AHL signaling induces downregulation of the � receptor LamB. (A) Outer membrane protein preparations were separated by SDS-PAGE and stained
with Coomassie blue. Outer membrane proteins from wild-type E. coli, AHL receptor mutant (sdiA mutant), and � receptor mutant (lamB mutant) grown to an
OD600 of 1.0 with 5 �M AHLs or 0.4% maltose are shown as indicated below the lanes. (B) Quantification of LamB protein. Band intensities of the protein band
were quantified using ImageJ software and normalized to the intensity of a LamB band that is not affected by AHLs. To enable pooling of the data from different
gels, the intensity of the LamB band in untreated wild-type cells was set at 1 in each gel, and the intensities of the remaining bands relative to that of the untreated
wild-type cells are shown. The number of independent outer membrane protein preparations tested (n) is indicated. Each error bar indicates 1 standard deviation
from the mean.

FIG 4 AHLs dramatically enhance E. coli’s chances of surviving attack by the
lytic phage �vir. Wild-type and sdiA mutant E. coli cells were grown to an OD600

of 1.0 in the presence or absence of 5 �M AHLs. �vir was added at an average
phage input of 20 phages per cell. Fifty minutes after the addition of phage, an
aliquot of the culture was diluted in M63-salts containing 50 mM sodium
citrate to inactivate the free phage. The figure shows the number of colonies
formed by cells that survived 50 min in the presence of �vir relative to the
number of CFU immediately prior to phage addition. The number of inde-
pendent cultures tested (n) is indicated. Each error bar indicates 1 standard
deviation from the mean. Reported differences were evaluated using a Stu-
dent’s t test.
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Earth, namely, the viruses that prey on them. We propose that
quorum-sensing signals, as a measure of population density, may
be utilized to estimate the local risk of phage infection and to
regulate antiviral defense strategies accordingly.

As a first approach to investigate our hypothesis, we evaluated
the effect of AHL quorum sensing on phage-host interactions in
the classical model system of phage � and E. coli K-12. We found
that AHL quorum sensing leads to downregulation of the number
of LamB � receptors on the cell surface, which in turn increases the
number of survivor E. coli cells in a population following a potent
phage attack. In addition, we find that AHLs protect E. coli against
infection by the broad-host-range phage �. Importantly, the ob-
served AHL effects depend entirely on the AHL receptor SdiA. The
requirement for SdiA demonstrates that the reduced phage ad-
sorption rates in AHL-treated cultures occur as a consequence of
SdiA-AHL-mediated intracellular regulation, not as a side effect of
unexpected physical or chemical changes in the medium caused
by the addition of synthetic AHLs.

Although many aspects of E. coli biology are very well under-
stood, the role of AHL quorum sensing in E. coli has remained
elusive (30). First, E. coli does not produce AHL molecules and
therefore presumably uses the AHL receptor SdiA exclusively to
pick up signals released from other AHL-producing bacteria (10).
Second, very few genes have reproducibly been shown to be reg-
ulated by the AHL-SdiA complex in E. coli K-12 (12–14). One of
the regulons that are consistently found to be downregulated by
SdiA is the flagellar genes (12, 14, 31, 32), which supports our
finding that AHLs reduce the risk of � infection, as phage � infects
its host through the flagellum. Interestingly, SdiA-mediated tran-
scriptional regulation of LamB is supported by results from Van
Houdt et al. who found that the AHL variant N-hexanoyl-L-
homoserine lactone (C6-HSL) downregulates malT at 30°C in
E. coli MG1655, in a plasmid-based promoter trap screen (19). As
MalT is a positive regulator of lamB (33), downregulation of malT
would lead to decreased lamB transcription. The expression of
another gene in the MalT regulon, malE, was additionally found to
be repressed by plasmid-based expression of sdiA in E. coli K-12
grown at 37°C (32). Hence, there are several indications that SdiA
may downregulate � receptor levels via transcriptional repression

of malT, but whether the SdiA-AHL com-
plex directly binds and represses the malT
promoter has yet to be elucidated.

The question remains why AHLs that
are not produced by E. coli affect E. coli’s
phage defense. Many phages appear to
have extreme host specificity, infecting
only the bacterial strain with which they
were isolated and thus only species-
specific, or even strain-specific, quorum-
sensing signals would be relevant for
regulating phage-host interactions. How-
ever, the standard methods for phage iso-
lation may have been biased to favor
phages of limited host range (35), and
broad-host-range phages are readily iso-
lated from environmental samples (34,
35). Moreover, phages may adapt to new
host strains at relatively high rates (36).
The issue of host specificity in mixed-
species microbial communities is still

poorly understood, but it is clear that the subject is more complex
than suggested by the traditional one-phage�one-host view.
Thus, in its natural habitats, E. coli may encounter a variety of
broad-host-range phages. By exploiting quorum-sensing signals
released from other bacterial species to reduce its susceptibility to
phage infection, E. coli may be able to protect itself against these
phages.

The evolutionary dynamics between phage and host has been
described as an arms race, where antagonistic interactions be-
tween host and parasite result in ever increasing phage infectivity
and bacterial resistance. However, increased bacterial resistance
comes at a price. Hall et al. reported that arms race evolution
results in decreased relative fitness, and that over time, this dy-
namics is replaced by fluctuating selection, potentially due to costs
of generalism and mutational limitations (5). Gómez and Buck-
ling (4) found that in a natural microbial environment,
bacterium-phage coevolution is characterized by fluctuating se-
lection and thus generates bacteria that are more resistant to pres-
ent phages than to past and future viruses. They suggest that the
evolution of resistance toward contemporary phages is favored, as
this is less costly in terms of growth rate than general resistance
mechanisms (4). In keeping with this theory, we argue that quo-
rum sensing allows bacteria to spare the cost of maintaining a
constantly elevated phage defense. Thus, a quorum-sensing-
regulated phage defense mechanism could potentially play a key
role for bacterium-phage coevolution in natural environments.

Phage-host systems show unusual prey-predator dynamics be-
cause the consumption of one prey leads to the generation of tens
to hundreds of new predators. Given this, it is remarkable that
virulent phages do not always drive their host population to ex-
tinction. To explain phage-host coexistence, various mechanisms
have been suggested that would generate a minority group of host
cells that are protected from infection, either due to spatial sepa-
ration (37), decreased lysis in stationary-phase cells (38), or sto-
chastic fluctuations in phage receptor expression (39). We pro-
pose that by subjecting genes encoding phage receptors (lamB and
flagellar genes) to quorum-sensing control, E. coli has evolved the
ability to increase the subpopulation of phage-tolerant receptor-
free cells at times where the risk of phage infection is elevated,

FIG 5 AHL signaling protects E. coli from � phage adsorption. Wild-type E. coli was grown to an OD600

of 0.75 in the presence or absence of 5 �M AHLs. To arrest growth and prevent phage multiplication,
chloramphenicol was added prior to the addition of phage �. The numbers of free (nonadsorbed) �
phages were measured as PFU on a lawn of sensitive, motile bacteria. The number of independent
cultures tested (n) is indicated. Each error bar represents 1 standard deviation from the mean. Reported
differences were evaluated using a two-way analysis of variance (ANOVA).
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despite the cost associated with temporary loss of the primary
function of these phage receptors (uptake of maltodextrins and
motility). Quorum-sensing-mediated downregulation of phage
susceptibility may well turn out to be an important factor in un-
derstanding phage-host coexistence. The phenomenon bears a
striking similarity to the formation of population heterogeneity in
other contexts, such as the generation of competent subpopula-
tions, sporulating subpopulations, or subpopulations that persist
despite antibiotic treatment. Notably, quorum sensing has been
found to upregulate the generation of all of these minority groups
(40–43).

Phage-host interactions are understood better in the classical
model system of bacteriophage � and E. coli K-12 than in any other
system. However, despite its paradigmatic status, new knowledge
continues to be revealed as exemplified here by a novel and im-
portant role for quorum sensing in regulating phage susceptibil-
ity. Given the incompleteness of our understanding of this rela-
tively simple system, one can only speculate how far we must be
from an in-depth understanding of phage-host interactions in
complex natural niches, such as the human gut. The launch of the
human microbiome project marks a renaissance in studies of the
contributions of the human bacterial flora to well-being and
promises to deliver new treatments for lifestyle diseases through
engineering alterations in the gut flora (reviewed in references 44,
45, and 46). However, for these efforts to succeed, a comprehen-
sive understanding of the factors that naturally shape the size,
composition, structure, and development of microbial communi-
ties is required. On the basis of our finding in the E. coli-� model
system, we hypothesize that an important, but so far overlooked,
determinant of phage-host dynamics could be bacterial cell-cell
communication.

MATERIALS AND METHODS
Bacterial strains and bacteriophages. The bacterial strains used in this
study are all derivatives of Escherichia coli K-12. The bacterial strains,
phages, and plasmids used in this study are listed in Table S1 in the sup-
plemental material.

Strain construction. A single �i434 lysogen of E. coli BW25113, iden-
tified by the PCR assay described by Powell et al. (47), gave rise to strain
JMØ3. Gene replacement of the open reading frames (ORFs) of lamB,
sdiA, and rcsA with an antibiotic resistance cassette was performed by the
method of Datsenko and Wanner (48). Antibiotic-resistant transfor-
mants were screened by PCR with primers flanking the ORF to identify
transformants with gene replacements of the expected size. The PCR
primers used to amplify the antibiotic resistance cassette are listed in Ta-
ble S2 in the supplemental material.

AHL preparation. A mixture of 6 AHLs (N-(butyl, heptanoyl,
hexanoyl, ketocaproyl, octanoyl, and tetradecanoyl)-DL-homoserine lac-
tones) were dissolved in ethyl acetate acidified by 0.1% acetic acid (EA)
and stored at �20°C. Prior to each experiment, the AHL mix or the equiv-
alent volume of EA alone was added to glass culture tubes to a final AHL
concentration of 5 �M and incubated with shaking at room temperature
until completely dry as in reference 20.

Bacterial growth conditions. For all experiments, E. coli BW25113
and its derivatives were grown from single colonies in TB medium (15 g
tryptone and 5 g NaCl per liter) at 30°C, shaking at 220 rpm. Exponen-
tially growing cultures were diluted a minimum of 1,000-fold into TB
medium in glass tubes coated with the AHL mixture or control tubes
treated with EA as described above and allowed to reach the desired cell
density. Cell densities were measured by determining the optical density
at 600 nm (OD600) on an Ultraspec 2100 Pro (Amersham Biosciences).
One OD600 unit corresponds to a cell density of 1.1 � 109 CFU/ml.

Measurement of free phage in lysogenic cultures. E. coli BW25113
single lysogens of �i434 and otherwise isogenic lamB, sdiA, and rcsA mu-
tant strains were grown to an OD600 of 1.2, and cells were pelleted by
centrifugation for 5 min at 7,500 � g. A drop of chloroform was added to
the supernatants. The concentration of free phages in the supernatant was
quantified as the number of PFU on a lawn of �-sensitive, maltose-
induced E. coli MG1655 as described previously (49). Three indepen-
dently constructed rcsA mutants were included in the study to verify the
AHL-dependent phenotype observed in this mutant.

35S labeling of bacteriophage �. Single colonies of E. coli S2775 were
grown for 5 to 6 h at 30°C in sulfate-free M63 (30.00 g KH2PO4, 91.71 g
K2HPO4·3H2O, 16.19 g NH4Cl, 6.54 mg FeCl2·4H2O, 9.68 mg Na3citrate
per liter) supplemented with Na2SO4 to a final concentration of 276 �M,
followed by a 15-min incubation at 42°C to induce the temperature-
sensitive prophage. To remove sulfate, cells were washed twice in sulfate-
free M63, and the growth medium was supplemented with 500 �Ci 35S-
labeled methionine and 2 �g unlabeled methionine. The cultures were
incubated with shaking for 2 h at 42°C to allow phage proliferation. Then,
the lysate was cleared by the addition of a few drops of chloroform fol-
lowed by centrifugation for 10 min at 8,000 � g to remove cell debris. The
supernatant was transferred to a fresh tube and subjected to cesium chlo-
ride banding to purify the phages as previously described (50).

Adsorption assay of 35S-labeled phages. Wild-type and lamB and
sdiA mutant cells were grown in the presence or absence of AHLs to an
OD600 of 1.0, and chloramphenicol was added to a final concentration of
0.05 mg/ml to prevent further growth. To begin the assay, 1.6 �
108 PFU/ml of 35S-labeled phages were added to the shaking cell culture,
and aliquots were filtered 2, 4, 6, 8, and 10 min after the addition of phage.
Filtration through a 0.45-�m membrane filter (Durapore membrane fil-
ter [catalog no. HVLP02500; Millipore]) served to retain bacterial cells
and any adsorbed phages on the filter, while allowing free phages to pass
through. The radioactivity retained on the filters was quantified using a
PerkinElmer Wallac 1414 liquid scintillation counter, counting each filter
for 20 min. For each cell culture, an unfiltered sample aliquot was counted
to quantify the total radioactivity of the phage-cell mixture. Adsorption
values in Fig. 2 are calculated as follows: (counts on filter minus the aver-
age counts retained on filters with lamB mutant cells)/(total counts of
sample aliquot).

Survival assay. Cultures of wild-type and sdiA mutant cells were
grown in the presence or absence of AHLs to an OD600 of 1.0. �vir was
added at an average phage input of 20 phages per cell. Samples were
collected immediately before and 50 min after phage addition and diluted
into ice-cold M63-salts containing 50 mM sodium citrate to inactivate any
free phages. The dilutions were plated on 0.4% maltose-MacConkey
plates containing 5 mM sodium citrate and incubated at 30°C overnight.
Surviving cells were counted as red and white colonies the following day.
Two hundred colonies were cross-streaked against �vir to determine
whether survival was due to transient phage tolerance (�vir-sensitive col-
ony) or inherited phage resistance (�vir-resistant colony).

Outer membrane protein preparations and SDS-PAGE. Cultures
were grown in the presence or absence of AHLs to an OD600 of 1.0, har-
vested, and chilled on ice. All steps were carried out cold, except when
noted otherwise. Cell pellets were collected by centrifugation for 5 min at
6,000 � g at 4°C. Pellets were washed in 1 ml of 50 mM Tris HCl (pH 8)
and resuspended in 20% sucrose and 100 mM Tris HCl (pH 8). Lysozyme
and EDTA were added to final concentrations of 0.4 mg/ml and 10 mM,
respectively. Samples were incubated at 4°C overnight. The next day, the
samples were overlaid by an equal volume of 2% Triton X-100, 10 mM
MgCl2, and 100 mM Tris HCl (pH 8) and sonicated until clear. Outer
membrane proteins were collected by centrifugation for 22.5 min at
16,000 � g at 4°C. Membrane particles were washed once in 50 mM Tris
HCl (pH 8), 5 mM MgCl2, and 1% Triton X-100 and spun down at 16,000
� g and 4°C for 15 min. Membrane particles were washed twice with
50 mM Tris HCl (pH 8) and 5 mM MgCl2 to remove Triton X-100. Pellets
were resuspended at room temperature in 100 mM Tris HCl (pH 8) and
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2% SDS. Protein concentrations were determined using a NanoDrop
1000 (Thermo Scientific). This protocol was adapted from references 51
and 52. Proteins were separated on a 10% SDS-polyacrylamide gel and
stained with Coomassie blue. Protein band intensities were quantified
using ImageJ and normalized to a band that was constantly expressed
regardless of the presence of AHLs.

� phage assay. Wild-type cells were grown in the presence or absence
of AHLs to an OD600 of 0.75, and chloramphenicol was added to a final
concentration of 0.05 mg/ml to prevent further growth. � phage lysate was
added to a final concentration of 1.6 � 108 PFU/ml to begin the assay. At
each time point, a culture aliquot was diluted into ice cold TMG (0.121%
Tris base, 0.12% MgSO4, 0.01% gelatin [pH 7.4]) to prevent further ad-
sorption, and cells were removed by centrifugation for 5 min at 7,500 � g.
Chloroform was added to the supernatant, and free, nonadsorbed �
phages were quantified by plating on motile, �-sensitive cells, and count-
ing PFUs. Sensitive chloramphenicol-resistant cells were prepared by
growing E. coli KX1440 cells to an OD600 of 0.75. � phage dilutions were
mixed with sensitive cells, incubated 10 min at 37°C, plated with TB mo-
tility agar (0.4% agar) on a solid TB plate, and incubated at 30°C over-
night.

Statistical analyses. Reported differences were evaluated using a Stu-
dent’s t test for individual measurements (Fig. 1 and 4) or a two-way
analysis of variance (ANOVA) for data containing repeated measure-
ments of the same cultures (Fig. 2 and 5). The analyses were carried out
with GraphPad Prism 5 software.

SUPPLEMENTAL MATERIAL
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