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ABSTRACT: Vibrio cholerae is the causative agent of the severe
diarrheal disease cholera. Bacteriophages that prey on V. cholerae
may be employed as phage therapy against cholera. However, the
influence of the chemical environment on the infectivity of
vibriophages has been unexplored. Here, we discovered that a
common metabolite produced by gut microbes�linear enter-
obactin (LinEnt), represses vibriophage proliferation. We found
that the antiphage effect by LinEnt is due to iron sequestration and
that multiple forms of iron sequestration can protect V. cholerae
from phage predation. This discovery emphasizes the significance
that the chemical environment can have on natural phage
infectivity and phage-based interventions.

■ INTRODUCTION
Bacteriophages (phages) are viruses that infect bacteria. These
naturally occurring viruses have been applied as “phage
therapy” to treat bacterial infections since the early 20th
century.1 However, shortly after the discovery of penicillin,2

administration of antibiotics overshadowed phage therapy as
an antimicrobial strategy.3 Due to the recent global antibiotic
resistance crisis,4 the world has seen a revived interest in phage
therapy.5 Phages have many advantages over antibiotics for the
treatment of bacterial infections, such as specificity of action
and tunability by engineering.6 One obstacle to the employ-
ment of phage therapy is that some phages that efficiently kill
bacteria under laboratory conditions are poor predators in the
natural infection environment.7−9

One difference between laboratory conditions and natural
conditions is the chemical environment.10 In the laboratory,
bacteria are often grown in monoculture in a defined nutrient-
rich media. In nature, phages must infect their prey bacteria
within polymicrobial communities. These communities harbor
a complex metabolic environment, including various secondary
metabolites that can alter the physiology of the prey
bacteria.10,11 Additionally, these metabolites can alter phage
infectivity. For example, anthracyclines and aminoglycosides
produced by Streptomyces can directly interfere with phage
reproduction in Escherichia coli,12−17 while β-lactams can
stimulate virulent phage proliferation in E. coli.18 Additionally,
the metabolites mitomycin C, pyocyanin, and colibactin have
been shown to trigger prophages in neighboring cells to enter
their lytic cycles.19−21 These findings suggest that environ-
mental regulation of phage-host interactions by microbial
metabolites could be common in nature. We hypothesized that

other microbial metabolites can influence phage infectivity
with uncharacterized mechanisms.
For this study, we focused on phages that infect Vibrio

cholerae�the causative agent of cholera22 and a potential
target for phage therapy.23,24 Considering the complex
metabolic environment in the gut where V. cholerae and
vibriophages live,25 we hypothesized that metabolites produced
by other microbiome members or by the host itself can
influence the infectivity of vibriophages. Prior to this work, the
influence of microbial metabolites on the infectivity of
vibriophages has been unexplored. Therefore, we screened a
library of microbial chemical extracts to determine if any could
influence the susceptibility of V. cholerae to its phages. We
discovered that a common microbial siderophore, linear
enterobactin (LinEnt), represses vibriophage proliferation.
The antiphage effect of LinEnt was linked to iron starvation,
which cautions that natural iron limitation may impact the
success of many phage-based interventions.

■ RESULTS
The Common Microbial Siderophore, Linear Enter-

obactin (LinEnt), Inhibits ICP1 Infection. An in-house
library of microbial metabolite extracts was screened
(Supporting Information) for the ability to promote or inhibit
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the lysis of V. cholerae by the common lytic Myoviridae phage
ICP1.26 V. cholerae was preincubated with the chemical
extracts in microtiter plates prior to the addition of ICP1.
Although no extracts were found to promote phage predation
(data not shown), one extract was observed to protect V.
cholerae from ICP1-induced lysis (Figure 1a). The producer of
this compound was a previously isolated Streptomyces species
(Supporting Information). Although the ecological relevance
between V. cholerae and a soil-dwelling Streptomyces was
unclear, we continued to identify the active metabolite.
Bioassay-guided fractionation was employed to isolate the

active component(s) produced by the Streptomyces sp. We
isolated a pure compound that was sufficient to protect V.
cholerae from ICP1 (Figure 1b). High-resolution mass
spectrometry of this compound revealed an m/z of 688.1619
[M + H]+ (Figure S1). Tandem mass spectrometry (MS/MS)
analysis of this compound (Figure S1) revealed a fragmenta-

tion pattern that matches substructures of linear enterobactin
(LinEnt, Figure 1c),27 a byproduct of enterobactin biosyn-
thesis and utilization.28 Subsequent 1D and 2D NMR
spectroscopy analyses (Table S3, Figures S2−S6) confirmed
that the active compound has an identical planar structure to
that of linear enterobactin.29 Optical rotation measurement
([α]D23 + 13, c 0.10, MeOH) confirmed that the absolute
stereochemistry of LinEnt matched the published form, which
is constructed from L-serine.29

Notably, LinEnt is also produced by E. coli,27 a member of
the gut microbiome. We isolated LinEnt from E. coli and
confirmed that it was identical to the one isolated from the
Streptomyces sp. (Figure S7). The LinEnt isolated from E. coli
was then used to carry out further experiments.

LinEnt Does Not Affect ICP1 Adsorption. A common
mechanism to inhibit phage infection is alteration of the cell
surface, which inhibits phage adsorption.30−32 For example,

Figure 1. LinEnt represses ICP1 infection. (a) Growth curves of V. cholerae cultures infected with ICP1 phages (MOI = 10−6) supplemented with
20 μg of Streptomyces sp. metabolite extract or DMSO. (b) Growth curves of V. cholerae cultures infected with ICP1 phages (MOI = 10−6)
supplemented with 200 μM LinEnt or DMSO. The growth curves represent the mean of three biological replicates, and the shaded area
corresponds to the standard error of the mean. (c) The chemical structure of LinEnt. (d) The percentage of ICP1 phages adsorbed on V. cholerae
cells treated with 200 μM LinEnt or DMSO. Bars represent the mean of three biological replicates, and the error bars correspond to the standard
error of the mean. (e) Growth curves of V. cholerae PLE− cultures infected with ICP1 CRISPR− phages (MOI = 10−6) supplemented with 200 μM
LinEnt or DMSO. The growth curves represent the mean of two biological replicates, and the shaded area corresponds to the standard error of the
mean. (f) The change of ICP1 concentration within one round of infection under the treatment of 200 μM LinEnt or DMSO. Curves represent the
mean of three biological replicates, and the error bars correspond to the standard error of the mean.
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LinEnt might influence production of the O antigen, which
serves as a receptor for ICP1.33 To determine if LinEnt inhibits
ICP1 adsorption, we performed a phage adsorption assay.34

Briefly, ICP1 phages were allowed to adsorb onto V. cholerae
cells, then the number of unadsorbed phages was enumerated,
and the adsorption ratio was calculated. We observed no
significant decrease in the phage adsorption ratio under LinEnt
treatment compared to DMSO treatment (Figure 1d). In both
cases, greater than 95% of the phages in the medium were able
to adsorb to bacterial cells in 10 min, which agrees with
reported data for ICP1.35 This result indicates that LinEnt
does not inhibit ICP1 adsorption.
LinEnt Inhibition Does Not Function by Enhancing a

Common V. cholerae Antiphage Defense. V. cholerae has a
well-studied anti-ICP defense called Phage-induced chromo-
somal-Like Element (PLE) to which ICP phages have evolved
CRISPR/Cas counter-defenses.26 To determine if LinEnt
inhibits ICP1 by inducing PLE or inhibiting the phage
CRISPR counter-defense, we tested if LinEnt inhibited ICP1
CRISPR− infection in a V. cholerae PLE− mutant. Indeed,
LinEnt was still active (Figure 1e). Therefore, because LinEnt
inhibits ICP1 regardless of the presence of PLE and CRISPR,
LinEnt does not function by altering the balance of the
competition between the PLE defense and the CRISPR
counterdefense.
LinEnt Delays Cell Lysis and Reduces Phage Burst

Size. Since linear enterobactin does not inhibit ICP1
adsorption to V. cholerae, the antiphage effect is likely due to
disrupting phage proliferation after the adsorption step. The
“latent period” and “burst size” are key parameters character-

izing the phage infection process. The latent period is the time
required for phages to lyse the host cell and produce new
progeny. Burst size measures the productivity of a phage,
which is defined as the number of new phages released from
each infected bacterial cell. Therefore, we measured the latent
period and burst size by monitoring the change of phage
concentration after one round of infection (Figure 1f),36 in the
presence and absence of LinEnt treatment. After LinEnt
treatment, the latent period increased from 20 to 25 min
(Figure 1f), indicating that ICP1-mediated cell lysis was
delayed by 5 min. Meanwhile, under LinEnt treatment, phage
burst size decreased from 20 ± 3 to 9.7 ± 0.5 (Figure 1f),
meaning that fewer phages were released from each infected
bacterial cell. Based on mathematical modeling, this modest
delay of cell lysis and decrease of burst size can account for a
substantial inhibitory effect after multiple generations of phage
replication (Supplemental Text and Table S4). Ultimately,
LinEnt enabled the bacterial population to reach the stationary
phase before the phage destroyed the population (Figure 1b).
Since the phage infections were only weakened but not
completely arrested, infection with a large number of phages
should overcome the effect of LinEnt. Indeed, phages began to
overcome the effect of LinEnt at a multiplicity of infection
(MOI) ∼ 0.001, while addition of ICP1 at a MOI ∼ 1
completely lysed the culture (Figure S8).

Inhibition by LinEnt Is Due to Iron Sequestration.
Because LinEnt is a siderophore produced by certain
Streptomyces spp. and E. coli,27,29 we hypothesized that it
inhibits phage proliferation by sequestering iron away from V.
cholerae. To test if the phage inhibition was the result of iron

Figure 2. Iron sequestration generally inhibits ICP1 infection. (a) Growth curves of V. cholerae cultures in the presence of Fe-LinEnt when infected
by ICP1 phages (MOI = 10−6). The growth curves represent the mean of three biological replicates, and the shaded area corresponds to the
standard error of the mean. (b) The chemical structures of Ent and EDDHA. (c) Growth curves of V. cholerae cultures infected with ICP1 phages
(MOI = 10−6) supplemented with 200 μM LinEnt, 3.7 μM Ent, 22 μM EDDHA, or DMSO.
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sequestration by LinEnt, we saturated LinEnt with iron and
added this Fe-LinEnt complex to V. cholerae culture prior to
phage infection. As expected, the Fe-LinEnt complex�which
is incapable of sequestering iron�was unable to inhibit ICP1
infection (Figure 2a). Therefore, we concluded that the
antiphage activity of LinEnt was due to iron sequestration.
Other Iron Scavengers Inhibit ICP1 Proliferation.

Since LinEnt represses ICP1 infection by sequestering iron
away from V. cholerae, we hypothesized that other iron
chelators have a similar effect. We thus investigated two other
iron chelators�enterobactin (Ent) and ethylenediamine-
N,N′-bis (2-hydroxyphenyl-acetic acid) (EDDHA; Figure
2b). Ent is the nonhydrolyzed macrocyclic analog of LinEnt,
while EDDHA is a synthetic compound commonly used to
sequester iron in laboratory studies.37 As expected, ICP1
propagation was repressed by Ent (3.7 μM) and EDDHA (22

μM; Figure 2c). Therefore, multiple methods of iron
sequestration can protect V. cholerae from ICP1.

LinEnt Exhibits a Uniquely Wide Range of Protective
Concentrations. We noticed that LinEnt, Ent, and EDDHA
all slowed the growth rate of V. cholerae at their antiphage
concentrations (Figure 2c). The decreased growth rate can be
observed in the absence of phages, as well (Figure 3a,c,e). For
LinEnt, the minimal concentration for phage inhibition
correlates with the minimal concentration for slowing growth
(∼7 μM; Figure 3a,b). We also tested a range of
concentrations of Ent and EDDHA (Figure 3c−f). In contrast
to a more than 30-fold effective range of LinEnt spanning from
7 μM to 200 μM (Figure 3b), Ent and EDDHA exhibited a
very tight window of antiphage activity (Figure 3d,f). Ent and
EDDHA arrested bacterial growth at higher concentrations,
presumably because they limit iron availability too strongly
(Figure 3c,e). LinEnt slowed bacterial growth but did not

Figure 3. The effective concentration ranges of different iron chelators. The growth curves of V. cholerae without adding phages under the
treatment of (a) LinEnt, (c) Ent, or (e) EDDHA. The growth curves of V. cholerae infected by ICP1 phages (MOI = 10−6) in the presence of (b)
LinEnt, (d) Ent, or (f) EDDHA. Curves represent the mean of three biological replicates, and the error bars correspond to the standard error of the
mean.
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completely halt it. This trait is likely because V. cholerae can
salvage iron bound to LinEnt�the V. cholerae receptors ViuA,
VctA, and IrgA have been shown to import ferric-LinEnt but
not ferric-Ent under iron-limited conditions.38 Our growth
inhibition data suggest that ferric-LinEnt is not the most
efficient means of iron import for V. cholerae, but it still allows
moderate V. cholerae growth. Therefore, LinEnt is a privileged
chelator that provides phage protection over a wide
concentration range; however, the enterobactin and EDDHA
results suggest that any form of iron limitation can protect V.
cholerae from ICP1.
LinEnt Also Protects V. cholerae from Other ICP

Phages. In addition to ICP1, two less prevalent lytic
vibriophages, ICP2 (Podoviridae) and ICP3 (Podoviridae),
have been isolated from clinical V. cholerae samples.25 To
explore the generality of the antiphage effect of LinEnt, we
tested if either of these two phages is also inhibited by LinEnt.
LinEnt protected V. cholerae well from ICP3; however, ICP2
was significantly less sensitive to LinEnt (Figure 4). To
determine if ICP2 was generally less sensitive to iron
limitation, we also tested EDDHA (Figure S9). Indeed, ICP2
was only weakly inhibited by EDDHA. Therefore, LinEnt (and
iron limitation in general) can protect V. cholerae to different
extents from multiple phages.

■ DISCUSSION
We have discovered that linear enterobactin, a common
siderophore produced by E. coli27 and some Streptomyces
species29 can repress vibriophage proliferation through iron
sequestration. We suggest that this mechanism of interspecies
iron competition may pose a challenge for the application of
vibriophages as interventions against cholera and may
represent a general limitation of phage-based therapy in
clinical use.
Vibriophages have proven effective in decreasing the severity

of cholera in animal infection models.23,24 However, phage-
susceptible V. cholerae could still be isolated from guts after
phage treatment, suggesting a transient phage resistance
mechanism.23 Yen et al. attributed the persistence of V.
cholerae to the spatial complexity of the gut, which can limit
encounters between phages and bacteria.23 Our data suggest
another possibility: the chemical environment in guts may
confer V. cholerae transient resistance to its phages. E. coli and

other enterobactin producing bacteria are commonly present
in the gut microbiome, albeit at low concentrations.39 In fact,
their levels can increase following V. cholerae infection.40,41 In
pure culture, strains of E. coli have produced greater than 200
μM enterobactin (which readily hydrolyzes into LinEnt).42

Furthermore, enterobactin has been observed in animal guts.43

Therefore, it is plausible that the hydrolyzed product of
enterobactin, LinEnt, exists in guts at concentrations sufficient
(>10 μM) to repress vibriophage infection.
Furthermore, we found that other iron chelators reproduce

the antiphage effect�albeit with a narrower concentration
range before they completely inhibit V. cholerae growth.
Although it is difficult to measure the amount of available iron
in the gut, it is likely that substantial competition for iron
exists. Many gut microbes express siderophores,44 and the host
gut mucosa is rich in iron-sequestering proteins such as
lipocalin-2 (Lcn2) during inflammation.45,46 Therefore,
beyond the specific effect of LinEnt, other mechanisms of
iron sequestration may inhibit vibriophage infectivity in the
gut. Nonetheless, it is notable that LinEnt inhibits phage
proliferation at a wider concentration range without
completely arresting V. cholerae growth compared to enter-
obactin and EDDHA. LinEnt is unique because V. cholerae can
import and salvage some iron from ferric-LinEnt.38,47 Further
studies are warranted to evaluate the significance of LinEnt or
other forms of iron sequestration for vibriophage interventions
in animal models. Our results predict that the effect will be
greatest when low concentrations of phages are employed.
Two of the three examined vibriophages (ICP1 and ICP3)

were strongly inhibited by LinEnt, while the effect on ICP2
was weaker. The mechanism by which ICP2 evades inhibition
is an intriguing topic for further study. Its replication may be
less sensitive to iron concentration. Alternatively, iron
limitation may have a counteracting phage-promoting effect
for ICP2�for example by increasing expression of its receptor
in V. cholerae. Regardless, the result demonstrates that iron
limitation can generally inhibit vibriophage proliferation.
The exact mechanism by which iron limitation inhibits

vibriophage proliferation remains unclear. Our experiments
rule out effects on adsoption or on the V. cholerae PLE defense
and phage CRISPR counterdefense. Although iron limitation
both slows V. cholerae growth and inhibits vibriophage
replication, one might hypothesize that other forms of growth

Figure 4. LinEnt also protects V. cholerae from the ICP3 phage. Growth curves of V. cholerae cultures infected with (a) ICP2 phages (MOI = 10−5)
and (b) ICP3 phages (MOI = 10−5) after treatment with 200 μM of LinEnt or DMSO. The growth curves represent the mean of three biological
replicates, and the shaded area corresponds to the standard error of the mean.
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inhibition generally inhibit phage replication and protect the
host. However, several antibiotics failed to inhibit phage
replication at concentrations where they slowed bacterial
growth (Figure S10). Only some aminoglycosides protected V.
cholerae from phages (Figure S11)�a result previously noted
in E. coli and suspected to involve unique interactions with the
phage DNA.15−17 Therefore, we hypothesize that the modest
iron limitation caused by LinEnt inhibits a process that is more
important for phage replication than for bacterial replication.
One hypothetical target is the iron-dependent ribonucleotide
reductase (RNR) enzymes, which generate deoxyribonucleo-
tides. Phages need an abundance of deoxyribonucleotides to
rapidly replicate their genomes�evidenced by the frequent
occurrence of RNR genes on phage genomes.48 The best
annotated ICP phage genome (ICP1) encodes both a type I
and a type III RNR.48 Therefore, a slight decrease in available
intracellular iron could lead to fewer active RNR enzymes,49,50

a depleted pool of deoxyribonucleotides, and therefore lower
replication of phage genomes. Further studies are necessary to
test this hypothesis and consider the involvement of other
iron-dependent processes.
Beyond vibriophages, we posit that this antiphage protection

of bacteria by iron sequestration is a mechanism of
physiological refuge that may broadly inhibit phage-based
interventions on many bacterial species. The term “physio-
logical refuge” explains how bacteria that remain genetically
susceptible to a phage can survive: a portion of the (or the
entire) bacterial population sometimes enters a physiological
state that is recalcitrant to phage infection.51 Physiological
refuge is mostly discussed in terms of a modified cell wall or
calcium starvation.52,53 However, iron starvation is a common
occurrence that impacts the rates of the tricarboxylic acid cycle
and DNA biosynthesis in bacteria.54 Therefore, the efficiency
with which many phages infect their hosts may be greatly
diminished in natural iron-limited environments. Indeed,
another study showed that supplementing iron in a metal
deficient condition can stimulate phage infection of E. coli.8

This hypothesis is not universal, though, as some phages may
infect bacteria better under iron starvation, notably in cases
where the phages dock onto the bacterial siderophore
receptors, which are frequently upregulated during iron
starvation.54 Therefore, the availability of iron ions in each
environment may determine the susceptibility of many bacteria
to their multitude of phages.
In conclusion, we have found a new natural product-

bacteriophage interaction that weakens the efficacy of lytic
phages that kill V. cholerae, the causative agent of cholera.
Importantly, this natural product is prevalent in both
environmental and host-associated microbiomes, where V.
cholerae exists. This observation emphasizes the significance
that the chemical environment can have on natural phage
infectivity and phage-based interventions.

■ METHODS
Safety Statement. Caution! V. cholerae was handled following BSL

2 protocols.
Strains and Growth Conditions. The strains and bacteriophages

used in this study are listed in Table S1. All of the chemicals used in
this study are listed in Table S2. V. cholerae strains were routinely
grown in LB broth supplemented with 100 μg/mL of streptomycin at
37 °C and 220 rpm. To obtain a log-phase V. cholerae culture, an
overnight culture was diluted 1:50 into fresh LB broth and incubated
at 37 °C and 220 rpm for 1.5 h until the optical density at 600 nm

(OD600) reached 0.3−0.4 (1 cm path length). A detailed description
of phage preparation can be found in the Supporting Information.

Antiphage Activity Test. The tested compound was dissolved in
DMSO, and 2 μL was added into a microtiter well of a 96-well plate.
A total of 180 μL of log-phase V. cholerae KS393 (OD600 0.3−0.4) was
added into the well and incubated at 37 °C for 2 h. Then, ∼100
plaque forming units (PFUs) of phages were added into the
compound-treated bacteria (MOI = 10−6). The plate was incubated
at 37 °C in a Biospa8 (Biotek), and the OD600 was recorded every 30
min for 20 h using a Synergy H1 plate reader (Biotek).

Growth Inhibition Test of V. cholerae. The tested compound
was dissolved in DMSO, and 2 μL was added into a microtiter well of
a 96-well plate. Then, 200 μL of log-phase V. cholerae KS393 (OD600
0.3−0.4) was added into the well. The plate was incubated at 37 °C in
a Biospa8, and the OD600 was recorded every 30 min for 20 h using a
Synergy H1 plate reader.

Adsorption Assay. A total of 180 μL of log-phase V. cholerae
KS393 (108 colony forming units[CFUs]/mL) was mixed with 2 μL
of 20 mM linear enterobactin DMSO solution or 2 μL of DMSO and
incubated at 37 °C for 2 h. Then, 20 μL of ICP1 phage (105 PFUs)
was added to the treated bacteria and incubated for 10 min to allow
adsorption. The culture was then centrifuged at 4 °C and 16 000g for
2 min to pellet the bacteria with adsorbed phages. The supernatant
was collected and treated with 20 μL of chloroform. The number of
unadsorbed phages in the aqueous layer was measured by the soft agar
overlay method (Supporting Information). The adsorption ratio was
calculated by the following equation:

=
# #

#
×

Adsorption ratio
(  of phages added  of unadsorbed phages)

 of phages added
100%

One-Step Growth Curve Measurement. This protocol was
adapted from the one reported by Kropinski.36 Briefly, 900 μL of log-
phase V. cholerae KS393 (OD600 0.3−0.4) was added to a culture tube
and then incubated with 10 μL of DMSO or 10 μL of 20 mM LinEnt
DMSO solution at 37 °C for 2 h. After the treatment, 100 μL of ICP1
phage (∼1000 PFUs, MOI = 10−5) was added to the tube and kept at
37 °C. After 10 min of adsorption, 150 μL of the culture was removed
and treated with 20 μL of chloroform. This sample was placed in ice
and titrated in the end to determine the number of infected cells. At
10 min postinfection, 100 μL of the culture was mixed with 100 μL of
V. cholerae KS393. The mixture was serially diluted, added into 3 mL
of melted LB + 0.5% agar, and poured onto a prewarmed LB + 1.5%
agar plate. The culture was sampled every 5 min afterward, and the
step above was repeated. The plates were incubated at 37 °C for 6 h,
and the number of plaques was enumerated. The phage concentration
in the culture was calculated based on the number of plaques counted.

High-Throughput Screening and Isolation of LinEnt. A
detailed description of high-throughput screening for the anti-ICP1
metabolite, isolation, and characterization of LinEnt can be found in
the Supporting Information.
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