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Today’s arsenal of antibiotics is ineffective against some emerging
strains of antibiotic-resistant pathogens. Novel inhibitors of bacte-
rial growth therefore need to be found. The target of such bacterial-
growth inhibitors must be identified, and one way to achieve this
is by locating mutations that suppress their inhibitory effect. Here,
we identified five growth inhibitors encoded by T7 bacteriophage.
High-throughput sequencing of genomic DNA of resistant bacterial
mutants evolving against three of these inhibitors revealed unique
mutations in three specific genes. We found that a nonessential host
gene, ppiB, is required for growth inhibition by one bacteriophage
inhibitor and another nonessential gene, pcnB, is required for
growth inhibition by a different inhibitor. Notably, we found a
previously unidentified growth inhibitor, gene product (Gp) 0.6,
that interacts with the essential cytoskeleton protein MreB and
inhibits its function. We further identified mutations in two distinct
regions in the mreB gene that overcome this inhibition. Bacterial
two-hybrid assay and accumulation of Gp0.6 only in MreB-express-
ing bacteria confirmed interaction of MreB and Gp0.6. Expression of
Gp0.6 resulted in lemon-shaped bacteria followed by cell lysis, as
previously reported for MreB inhibitors. The described approach
may be extended for the identification of new growth inhibitors
and their targets across bacterial species and in higher organisms.
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bacteriophage biology | high-throughput DNA sequencing

Bacteria have evolved to overcome a wide range of antibiotics;
in some bacteria, the resistance mechanisms against most

conventional antibiotics have been identified (1, 2). This increasing
threat is spurring the identification of novel antimicrobials against
novel molecular targets in the pathogens (e.g., refs. 3–6). There are
currently only a few host molecules targeted by antibiotics. These
targets (and examples of the antibiotics against them) are host
RNA polymerase (rifampicin), topoisomerase (quinolones), cell
wall (penicillin), membranes (polymyxin), ribosome (tetracyclines,
aminoglycosides, macrolids), and synthesis of nucleic-acid pre-
cursors (sulfonamides, trimethoprim). Increasing the arsenal of
bacterial targets and antimicrobial drugs against them is valu-
able, and novel strategies to increase this repertoire are there-
fore of great importance.
One strategy for the identification of novel antibacterial tar-

gets is to determine how bacteriophages shut down their host’s bio-
synthetic pathways and enslave its machinery during infection.
Phages have coevolved with bacteria for over 3 billion years and
have thus developed molecules to specifically and optimally in-
hibit or divert key metabolic functions. Examples of bacterial
targets inhibited by phage-derived products include the δ subunit
of the DNA polymerase III clamp loader, inhibited by gene
product (Gp) 8 of the coliphage N4 (7); the Staphylococcus au-
reus putative helicase loader, DnaI, inhibited by ORF104 of
bacteriophage 77 (5); a key enzyme of folate metabolism, FolD,
inhibited by Gp55.1 of the coliphage T4 (8); and the essential
cell-division protein, filamenting temperature-sensitive mutant Z
(FtsZ), inhibited by Gp0.4 of the coliphage T7 (9). These examples

suggest that there are other phage products that may inhibit
other bacterial targets.
A model for the systematic study of host–virus interactions

and for elucidating phage antibacterial strategies is provided by
bacteriophage T7 and its host, Escherichia coli. The laboratory
strain E. coli K-12 shares many essential genes with pathogenic
species, such as E. coli O157:H7 and O104:H4, and therefore,
growth inhibitors against it should prove effective against these
pathogens as well. E. coli has been studied extensively, and the
putative functions or tentative physiological roles of over half of
its 4,453 genes have been identified. T7 is a virulent phage that
upon infection of its host, E. coli, produces over 100 progeny
phage per host in less than 25 min. It is an obligatory lytic phage,
and therefore, its successful growth cycle always results in lysis
of the host. Despite extensive knowledge of the T7 phage, the
mechanism by which it manipulates host functions remains ob-
scure. Specific functions have been attributed to over half of the
56 T7 Gps (9–12); all of the phage structural Gps are well
characterized, as are those Gps that take part in phage DNA
replication. However, most of the remaining Gps that take over
the host machinery have not yet been characterized, and the host
proteins with which they interact have not been identified. We
hypothesized that some of these Gps would inhibit E. coli growth
by targeting specific essential proteins.
Here we propose an approach to searching for antibacterial

targets using whole-genome DNA sequencing. The basic un-
derlying principle is that many resistance mutations against
growth inhibitors arise in target genes. Therefore, by expressing
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a growth inhibitor and identifying resistance mutations using
whole-genome sequencing, one may be able to identify its target.
High-throughput sequencing has been recently used to identify
genetic interactions (e.g., refs. 13–15) but not host–virus inter-
actions. Advances in DNA sequencing technology, as well as its
accessibility and affordability, are enabling its application to the
identification of bacterial targets at high throughput and minimal
cost. We used this approach to search for bacterial targets of T7
bacteriophage proteins. We cloned most of the uncharacterized
genes of T7 bacteriophage and tested their inhibition of bacterial
growth. We then isolated mutants that are resistant to these
growth inhibitors and identified the arising mutations by high-
throughput sequencing. The mutations arose multiple times, in
unique genes for each growth inhibitor, indicating a unique
mechanism for overcoming the inhibition. Of particular interest
was inhibition of the essential cytoskeleton protein, MreB, which
was further validated by genetic and biochemical methods.

Results
High-Throughput Sequencing Identifies a Characterized Inhibitor–
Target Interaction. We hypothesized that expression of growth
inhibitors in E. coli would result in resistance mutations in the
target genes and that these mutations could be identified using
high-throughput DNA sequencing of the genomes of the se-
lected resistant mutants (Fig. 1). To test the feasibility of this
approach, we expressed the growth inhibitor Gp0.4 of T7 bac-
teriophage, which inhibits the division protein FtsZ (9). Twelve
mutants resistant to this growth inhibitor were isolated, and their
genome was deep-sequenced. We expected to identify a specific
mutation that renders FtsZ refractory to Gp0.4 inhibition and
hence enables survival of the bacteria encoding this mutation, as
we previously reported (9). Indeed, following analysis of the
sequencing results (described in the next section), we identified
a unique mutation encoded only by resistant mutants expressing
Gp0.4. Other genes were also mutated in these resistant mutants,
but none were unique, as they were also mutated in mutants
resistant to other growth inhibitors. The specific mutation was an
insertion mutation of 6 nt in ftsZ, shown to confer resistance
to Gp0.4 expression (9). The frequency of this mutation was
61.54%, suggesting it appears in the majority of the 12 resistant
mutants (Table 1). As expected, this mutation in ftsZ was only
observed in mutants resistant to the Gp0.4 growth inhibitor, and
not in other resistant mutants. This finding validated the feasi-
bility of the approach for specifically identifying novel targets of
phage-derived growth inhibitors.

High-Throughput Sequencing Reveals Targets of Growth Inhibitors.
To search for targets of novel growth inhibitors, we cloned 14
uncharacterized genes from T7 phage on a plasmid: genes 0.5,
0.6, 1.1, 1.4, 1.5, 1.6, 1.8, 2.8, 3.8, 4.1, 4.2, 4.3, 4.7, and 5.3.
These genes were cloned downstream of an L-arabinose–
inducible promoter, plated in the presence of D-glucose (tran-
scription repressor) or L-arabinose (transcription activator), and
bacterial viability was monitored in both cases. All bacteria
encoding these 14 genes grew well on plates supplemented with
0.2% (wt/vol) D-glucose. However, among these 14 genes, five
were inhibitory to the host upon L-arabinose induction—genes
0.6, 1.6, 3.8, 4.3, and 5.3—whereas the other nine were not in-
hibitory (Fig. 2). To identify the Gps targeted by these five
growth inhibitors, we expressed them in E. coli and isolated 15–
83 independent resistant mutants from each of the five trans-
formants encoding the growth inhibitors (Table S1). In all cases,
resistant mutants emerged at a frequency of ∼2 × 10−7. To dis-
criminate between genomic mutations and mutations occurring
in the growth inhibitor itself, we excluded mutants in which the
plasmid lost its inhibitory effect due to disruptive mutations in
the growth inhibitor. To this end, we extracted plasmids from
those colonies that have become resistant to the phage inhibitors,

retransformed them into another strain, and checked their
inhibition. We found that all of the resistant mutants formed in
response to expression of Gp1.6 or 5.3 evolved from mutations in
the plasmid (Table S1), and these mutants were eliminated from
further studies. Genomic DNA was extracted from mutants
resistant to genes 0.4 (positive control), 0.6, 3.8, and 4.3, whose
plasmids retained growth inhibition, and sequenced using an
IlluminaHiSEq. 2500. The sequencing results were analyzed by
applying several filters. Mutations occurring in less than 5% of
the reads were discarded. Mutations passing this filter were
further processed only if more than 90% of the mutations in
a single gene were uniquely mapped to a specific group of
resistant mutants (Table 1). As described above, this analysis
identified FtsZ as the top target of Gp0.4, as expected. It also
identified the accumulation of missense mutations in mreB,
encoding the cytoskeleton protein MreB, in mutants resistant to
Gp0.6. Moreover, it determined that disruptive mutations in
genes ppiB and pcnB accumulate in mutants resistant to Gp 3.8
and 4.3, respectively (Table 1). Note that the above filters
yielded a unique mutated gene for every group of resistant
mutants, and each was found to confer resistance, as described in
the following sections.

Nonessential Targets PpiB and PcnB Validated as Contributing to
Inhibitor Functionality. Both ppiB and pcnB encode nonessential
proteins, and therefore, resistance could be validated using E. coli
lacking these genes. We transformed the plasmids encoding genes

T7 phage
E. coli

Growth inhibitor?
YesNo

Resistant mutants

Yes
No

High throughput sequencing 

Chromosomal
mutation?

PBAD

Growth inhibition

Non-inhibitory interaction

No interaction

T7 phage protein
T7 phage mutant protein
E. coli target protein
E. coli target mutant protein

Fig. 1. Schematic representation of the approach used to identify novel
targets of bacteriophage growth inhibitors. E. coli bacteria are transformed
with plasmids cloned with genes derived from T7 bacteriophage down-
stream of an inducible promoter (PBAD). Expression of noninhibitory genes
results in viable bacteria, and these genes are excluded from further analysis.
Expression of inhibitory genes results in resistant mutants. These resistant
mutants are isolated and then tested for plasmid growth inhibition. Plasmids
are extracted from these clones, and their growth inhibition is validated
by retransformation into E. coli bacteria, as described in SI Materials and
Methods. Mutants whose plasmids have lost growth inhibition are excluded
from further analysis. Mutants whose plasmids are inhibitory are suspected
of having mutations in the genome that confer resistance. Genomes of these
mutants are extracted, sequenced, and analyzed.
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3.8 and 4.3 into strains deleted in ppiB and pcnB, respectively.
These transformants were then plated on medium having 0.2%
D-glucose or 0.2% (wt/vol) L-arabinose to control expression of the
growth inhibitor. Indeed, as expected, lack of PpiB conferred re-
sistance to Gp3.8 expression (Fig. 3A), and lack of PcnB conferred
resistance to Gp4.3 expression (Fig. 3B). A positive control,
demonstrating that both Gp3.8 and Gp4.3 inhibit growth in these
settings, was carried out in an isogenic strain, whose growth was
inhibited in the presence of L-arabinose, as expected. These results
indicated that Gp3.8 and Gp4.3, respectively, require the ppiB and
pcnB genes or their products for growth inhibition. One possibility
for the growth inhibition is that Gp3.8, a putative homing endo-
nuclease (10), or Gp4.3 inhibits growth by cleaving unique re-
striction sites in the ppiB or pcnB genes, respectively. In this
scenario, the growth inhibitors cleave the chromosome at these
genes, but deletion of these genes eliminates the restriction sites
from the chromosome, thus rescuing the bacteria. If this is the
case, then complementing the deletion mutants with plasmids
encoding ppiB and pcnB genes should not restore growth in-
hibition by Gp3.8 and Gp4.3. To test this, we transformed E. coli
mutants lacking ppiB with plasmids expressing PpiB and Gp3.8
or expressing PpiB and a control plasmid. Similarly, we trans-
formed E. coli mutants lacking pcnB with plasmids expressing
PcnB and Gp4.3 or expressing PcnB and a control plasmid. We
then monitored growth in the presence of transcription repressor
(D-glucose) or inducer (L-arabinose) of the growth inhibitors.
Notably, at this stage, we did not add antibiotics to which the
ppiB or pcnB encoding plasmids confer resistance, and therefore,

plasmid cleavage and consequent loss should not result in bac-
terial death. We observed that plasmids encoding the ppiB and
pcnB genes did restore growth inhibition in the respective de-
letion mutants (Fig. 3 C and D). The control strains encoding
only the complementing genes did not inhibit growth, indicating
that toxicity is not due to their expression but rather due to the
growth inhibitors. This result shows that growth inhibition in the
presence of the respective growth inhibitors results from the inter-
actions with the PpiB and PcnB proteins and rules out the possi-
bility that growth inhibition is caused by DNA cleavage of unique
restriction sites located in the genes encoding them. Taken together,
these results validated our approach and expanded its original scope
to the identification of nonessential genes that mediate growth in-
hibition of some growth inhibitors. A putative mechanism by
which these nonessential genes mediate the growth inhibition is
proposed in Discussion.

MreB Validated as the Target of Phage Inhibitor Gp0.6. The third
identified putative target was mreB. Because MreB is essential to
the host (16), validation of the interactions could not be carried out
by its deletion. We first validated the high-throughput sequenc-
ing results by Sanger sequencing of the 10 independent resistant
clones. This procedure identified 10 independent mutations in the
mreB gene (Table S2). These mutations were in agreement with the
deep-sequencing analysis. Notably, the mutations were clustered

Table 1. Resistant mutants revealed by high-throughput
sequencing

Mutated
host gene

Expressed toxic gene

Mutation type Mutationa Gp0.4 Gp0.6 Gp3.8 Gp4.3

ftsZ Insertion 105351 61.54b <5 <5 <5
ftsZ Mismatch 105363 7.32 <5 <5 <5
ftsZ Mismatch 106107 5.80 <5 <5 <5
mreB Mismatch 3398235 <5 12.00 <5 <5
mreB Mismatch 3398242 <5 8.22 <5 <5
mreB Mismatch 3398244 <5 5.48 <5 <5
mreB Mismatch 3398246 <5 9.46 <5 <5
mreB Mismatch 3398247 <5 5.41 <5 <5
mreB Mismatch 3398635 <5 19.05 <5 <5
mreB Mismatch 3398649 <5 20.73 <5 <5
mreB Mismatch 3398649 <5 9.76 <5 <5
mreB Mismatch 3398649 <5 7.32 <5 <5
ppiB Deletion 553223 <5 <5 12.12 <5
ppiB Deletion 553226 <5 <5 8.91 <5
ppiB Deletion 553302 <5 <5 13.92 <5
ppiB Deletion 553342 <5 <5 7.25 <5
ppiB Deletion 553377 <5 <5 6.41 <5
ppiB Deletion 553378 <5 <5 9.88 <5
ppiB Mismatch 553427 <5 <5 7.69 <5
ppiB Deletion 553452 <5 <5 6.67 <5
ppiB Insertion 553461 <5 <5 6.33 <5
pcnB Deletion 158087 <5 <5 <5 7.69
pcnB Mismatch 158090 <5 <5 <5 8.16
pcnB Mismatch 158091 <5 <5 <5 9.28
pcnB Insertion 158432 <5 <5 <5 7.62
pcnB Mismatch 158504 <5 <5 <5 11.76
pcnB Mismatch 158631 <5 <5 <5 5.61
pcnB Mismatch 158645 <5 <5 <5 9.00
pcnB Mismatch 158769 <5 <5 <5 7.23
pcnB Mismatch 158888 <5 <5 <5 5.15

aNumbering refers to E. coli strain K-12, accession no. NC_000913.
bPercent mutations.
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Fig. 2. Identification of T7 bacteriophage Gps inhibiting bacterial growth.
E. coli NEB5α bacteria transformed with a plasmid encoding the indicated Gp
were serially diluted in 10-fold increments. These dilutions (highest dilution
on the Right) were then inoculated on LB agar supplemented with 0.2%
D-glucose (repressed) or 0.2% L-arabinose (induced). Images of LB agar plates
represent one out of two experiments showing similar results.
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into two main segments, 154–159 and 288–292, indicating that the
possible binding pocket(s) of Gp0.6 to MreB is near the residues
encoded by these mutations. These results confirmed that re-
sistance mutations to Gp0.6 expression accumulate in mreB.
To validate experimentally that the mutations in mreB alone

confer resistance to Gp0.6 expression, we constructed a strain car-
rying a mutation conferring resistance to Gp0.6 expression,
MreBE288G. The mutation was generated by isolation of the
Gp0.6-resistant mutant, followed by transduction of the mutated
mreB gene into fresh E. coli culture (see SI Materials and
Methods for details). Colonies transduced with this mutation or
control transductants were tested for resistance to Gp0.6 by
transforming them with the inducible plasmid encoding Gp0.6
and plating on Luria–Bertani (LB) medium supplemented with
L-arabinose. Three clones carrying the mreB mutation were re-
fractory to Gp0.6, whereas three clones lacking the mutation
remained sensitive to Gp0.6 (Fig. 4A). These results confirmed
that the mutation E288G in mreB is sufficient to render the cell
resistant to Gp0.6 growth inhibition.

Gp0.6 and MreB Interact in the Bacterial Cell. To genetically test
whether Gp0.6 and MreB interact, we used the bacterial two-
hybrid system, a bacterial version of the yeast two-hybrid assay
(17). This system enables the identification of protein–protein
interactions in vivo. mreB was fused, in frame, to one domain,
T18, of the cAMP cyclase gene. Gene 0.6 was fused, in frame, to
another domain, T25, of the cAMP cyclase gene. Under these
conditions, the cAMP cyclase enzyme is activated only if the two
domains are brought into close proximity by the interactions of
the two tested proteins. Its activity results in LacZ induction,
which is easily detected as blue-colored colonies on LB plates

supplemented with 5-bromo-4-chloro-3-indolyl-β-D-galactopy-
ranoside (X-gal). As a positive control, we used the two domains,
each fused to the leucine zipper domain (ZIP). As a negative
control, we used two proteins that do not interact—MreB fused
to the T18 domain and ZIP fused to the T25 domain. E. coli
cotransformed with the indicated plasmids were plated on LB
plates supplemented with the appropriate antibiotics and X-gal.
Cotransformation of plasmids encoding MreB fused to T18 and
Gp0.6 fused to T25 resulted in LacZ activity similar to the
positive control (Fig. 4B). As expected, the negative control
yielded no LacZ activity. These results indicated that MreB and
Gp0.6 interact in vivo.
To further validate these interactions, we attempted to carry

out a pull-down assay. Crude extracts were prepared from bac-
teria cotransformed with the Gp0.6-encoding plasmid along with
plasmids encoding either MreB or a control protein, CheZ.
Notably, Gp0.6 was detected by Western blot only in bacteria

degQ

ppiB

Gp3.8A

repressed induced
B

degQ

pcnB

Gp4.3

repressed induced
C

repressed induced

ppiB

ppiB + 
Gp3.8

ppiB + 
control

D

repressed induced

pcnB
pcnB + 
control
pcnB + 
Gp4.3

Fig. 3. Requirement of ppiB and pcnB for inhibition by Gp3.8 and Gp4.3,
respectively. E. coli bacteria lacking the indicated gene and transformed
with a plasmid encoding either Gp3.8 (A) or Gp4.3 (B) were serially diluted in
10-fold increments. These dilutions (highest dilution on the Right) were then
inoculated on LB agar supplemented with 0.2% D-glucose (repressed) or
0.2% L-arabinose (induced). Deletion mutants of ppiB (C) or pcnB (D) were
transformed with plasmids encoding the indicated genes. These trans-
formants were serially diluted in 10-fold increments, and dilutions (highest
dilution on the Right) were then inoculated on LB agar supplemented with
0.2% D-glucose (repressed) or 0.2% L-arabinose (induced). Images of LB agar
plates represent one out of two experiments showing similar results.
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Fig. 4. Validation of Gp0.6 interaction with MreB. (A) E. coli bacteria
encoding either wild-type MreB (MreBwt) or MreBE288G transformed with
a plasmid encoding Gp0.6 were serially diluted in 10-fold increments. These
dilutions (highest dilution on the Right) were then inoculated on LB agar
supplemented with 0.2% D-glucose (repressed) or 0.2% L-arabinose (in-
duced). (B) E. coli bacteria resistant to Gp0.6 inhibition (encoding MreBE288G)
were cotransformed with the indicated plasmids and serially diluted in 10-
fold increments. These dilutions (highest dilution on the Right) were then
inoculated on LB agar supplemented with X-gal and incubated for 24 h. (C)
E. coli bacteria resistant to Gp0.6 inhibition (encoding MreBE288G) harboring
a plasmid encoding a calmodulin-binding peptide (CBP)-tagged Gp0.6 were
cotransformed with plasmids encoding the indicated his6-tagged proteins.
Protein expression was induced by addition of 0.2% L-arabinose and 1 mM
IPTG. Whole-cell lysates were then prepared, and a sample was electro-
phoresed on a 12% (wt/vol) polyacrylamide gel. Coomassie staining to vali-
date equal loading of the purified proteins (Top) and Western blot using
anti-CBP to detect Gp0.6 (Bottom) were carried out. (D) E. coli bacteria re-
sistant to Gp0.6 inhibition (encoding MreBE288G) or encoding the MreBwt

were transformed with a plasmid encoding CBP-tagged Gp0.6. Gp0.6 ex-
pression was induced by addition of 0.2% L-arabinose. Coomassie staining
to validate equal loading (Top) and Western blot using anti-CBP to detect
Gp0.6 (Bottom) were carried out. Gel and plate images represent one out of
at least two experiments showing similar results.
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expressing the MreB but not CheZ (Fig. 4C). This surprising
result prevented a controlled pull-down assay as the level of
Gp0.6 was significantly different between the samples. However,
it showed that the increase in the steady-state level of Gp0.6
was specific to MreB expression. To strengthen this finding, we
showed that Gp0.6 did not accumulate in E. coli cotransformed
with plasmids encoding four other randomly chosen proteins
(Fig. 4C). Furthermore, the steady-state level of Gp0.6 was
detectible only in E. coli encoding the mreBwt gene in its chro-
mosome and not in an isogenic strain encoding a Gp0.6-resistant
mreBE288G allele (Fig. 4D). Thus, the specific accumulation of
Gp0.6 only in strains encoding a Gp0.6-sensitive MreB protein
further confirmed the specific MreB’s interaction with Gp0.6.

MreB Inhibition by Gp0.6 Changes Bacterial Morphology. Inhibition
of MreB is morphologically manifested as “lemon-shaped” bac-
teria (18). We therefore expected that if the binding of Gp0.6 to
MreB was inhibitory, this morphology would be seen. We also
expected that bacteria refractory to Gp0.6 growth inhibition
would show normal morphology following Gp0.6 expression.
Indeed, light microscopy showed a typical lemon shape for E. coli
bacteria harboring the plasmid encoding Gp0.6 after 2 h of 0.2%
L-arabinose induction (Fig. 5A). In contrast, the morphology of
E. coli encoding a resistant mreB mutant was not affected by
Gp0.6 expression, as expected. Moreover, as reported for MreB
inhibition (18, 19), many cells expressing the wild-type MreB
underwent lysis during that time (Fig. 5B). Altogether, these
results indicated that Gp0.6 inhibits MreB function in vivo.

Discussion
We demonstrated that high-throughput DNA sequencing of re-
sistant bacterial mutants can identify the targets of uncharac-
terized growth inhibitors or reveal proteins that mediate their
inhibition. Unique mutations corresponding to single genes were
found in mutants resistant to each of the four tested growth

inhibitors—one that had been previously reported and three
unreported phage-derived growth inhibitors.
Deletion of the nonessential gene ppiB eliminated Gp3.8

growth inhibition. PpiB is a cytoplasmic peptidyl-prolyl cis-trans
isomerase involved in protein folding (20). We speculate that this
protein is involved in folding of the Gp3.8 growth inhibitor, and
thus in its absence, Gp3.8 is not folded into its active state,
resulting in a noninhibitory protein.
Another nonessential gene, pcnB, eliminated the inhibitory

effect of Gp4.3. PcnB has been shown to maintain high copy
numbers of plasmids, and therefore, lack of this protein probably
results in decreased copy number of the plasmid encoding the
growth inhibitor. This is likely the reason for the reduced growth
inhibition by Gp4.3 (21). Indeed, disruption of pcnB reduced
growth inhibition also by Gp3.8 (Fig. S1), suggesting that Gp3.8
also requires high plasmid copy number to exert its inhibition.
Nevertheless, in the initial high-throughput sequencing analysis,
we did not find pcnB disrupted in response to the expression of
Gp3.8. A possible explanation for this result is that alternative
mutations in ppiB, which overcome growth inhibition by Gp3.8,
are more frequent than pcnB mutations. Growth inhibition by
Gp0.4, 0.6, 1.6, and 5.3 was not significantly reduced in the ab-
sence of pcnB (Fig. S1) probably because they inhibit growth
even at medium and low doses, and therefore, reduced plasmid
copy number does not alleviate their inhibition.
An essential Gp that may serve as a novel target for antibiotics

is MreB, which was inhibited by Gp0.6. We showed that at least
11 different mutations can render MreB resistant to Gp0.6 in-
hibition. The fact that we obtained only one mutation twice
whereas the other mutations were represented once suggests that
there are other mutations that alleviate MreB inhibition by
Gp0.6. The obtained mutations were clustered in two regions,
suggesting that Gp0.6 binds to MreB in the pockets formed by
these encoded regions. We further demonstrated that Gp0.6
binds to the wild-type MreB and that expression of Gp0.6 in
E. coli results in a phenotype that is characteristic of MreB in-
hibition. As an inhibitor, Gp0.6 can be used to study bacterial
cytoskeleton arrangement, and it can also potentially serve as
a new tool in the fight against antibiotic-resistant bacteria. From
a therapeutic viewpoint, MreB is a possible target for antibiotics,
as it is an essential bacterial protein that is conserved across most
rod-shaped bacteria and absent in eukaryotes (16, 22). Indeed,
some chemical compounds known to depolymerize MreB filaments
have been suggested as antibacterial agents (e.g., refs. 23–25). Fur-
ther studies on Gp0.6 to facilitate its use as an antimicrobial com-
pound should determine the minimum effective peptide length for
inhibition, its MreB-inhibition capability across pathogenic bacterial
species, its stability inside and outside mammalian tissues, and its
penetration efficiency into the bacteria.
What does the phage gain from inhibiting MreB by Gp0.6?

Under standard laboratory conditions (LB medium, 37 °C, and
aerated culture), we could not detect any significant advantage
for T7 phages that encode Gp0.6 versus those that lack it.
Nevertheless, under other as-yet unidentified conditions, this
gene’s inhibition might be useful for phage growth. It is in-
triguing that the newly identified inhibitor of MreB, Gp0.6, is
encoded near Gp0.4 (203 bp away), a recently identified in-
hibitor of FtsZ (9). MreB and FtsZ are key cytoskeletal proteins
in E. coli. They are responsible for proper chromosome segre-
gation and movement, as well as for cell-wall integrity during
elongation and division (22, 26–29). Interestingly, two proteins of
Bacillus Φ29 phage interact with FtsZ and MreB, but in contrast
to the T7 proteins, they do not inhibit them but rather exploit
them for phage replication (30). The fact that FtsZ has been
shown to confer a competitive advantage to the phage merely via
inhibition of FtsZ suggests that this is also the case for MreB.
We speculate that inhibiting MreB, a protein that is important
for cell-wall stability and maintenance (22, 26, 27), results in

MreBP154LMreBwt

4 

A

B

4 

uninduced

induced

Fig. 5. Morphology of E. coli expressing Gp0.6. (A) E. coli encoding the wild-
typeMreB protein (MreBwt) or the Gp0.6-resistant protein MreBP154L harboring
the pBAD33-Gp0.6 plasmid were induced with 0.2% L-arabinose (induced) to
drive expression from the plasmid promoter or left uninduced (uninduced), as
described in SI Materials and Methods. Images were taken after 2 h of growth.
(Scale bar, 4 μm.) Images represent one out of 10 experiments showing similar
results. (B) A single MreBwt bacterium expressing Gp0.6 for ∼2 h is shown in
images taken at five 1-s intervals. Arrow indicates order of events. This series of
images represents one out of dozens observed.
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loosening of the cell wall, which in turn allows smoother release
of new virions. This speculation is supported by our observation
that bacterial lysis is induced by MreB inhibition by Gp0.6, but
direct evidence is required to establish this. Also worth noting is
the fact that an E. coli growth inhibitor, YeeV, manifests in-
hibition of both FtsZ and MreB in the same polypeptide (18).
This single-polypeptide structure, which simultaneously inhibits
both MreB and FtsZ, suggests that Gp0.4 and Gp0.6 perform
similar functions and are thus encoded from a single operon in
the bacteriophage genome.
Taken together, the results presented in this article show that

using the described approach, it is possible to search for novel
bacterial growth inhibitors and their targets. The finding that
a significant proportion (five out of 14) of the uncharacterized
phage products inhibited growth of their host highlights this
approach’s potential for finding more such products in other
bacterium–phage systems. The robustness of the approach is
emphasized by the fact that it revealed an inhibitor that had
remained unknown during almost 70 y of extensive research into
the T7 phage. In addition to targeted essential genes, the ap-
proach also identified nonessential genes that mediate the
growth inhibition.
Despite the robustness of the approach, it has some limitations.

If the mutation rate in the chromosome is significantly less than
that of the growth inhibitor encoded on the plasmid, it becomes
difficult to obtain chromosomal resistance mutants that maintain
plasmid growth inhibition. This situation could occur in cases
where multiple mutations are required to overcome growth in-
hibition—for example, if the target is not a single gene, but rather
a complex, membrane, cell wall, DNA, or RNA. Depending on
the frequency of the mutation in the genome compared with that
on the plasmid, it may occasionally be possible to select resistant

mutants in such cases as well, after thorough screening. Alterna-
tively, two different plasmids encoding the same growth inhibitor
can be cotransformed into the bacteria, thus reducing the proba-
bility of growth inhibitor loss that would have to occur simulta-
neously on both plasmids. Another downside of our approach is
that the optimal therapeutic agents are those to which resistance
forms at low frequency—that is, those that are best masked from
this approach. Nevertheless, despite this issue, we believe that
identifying several such antibacterial substances and combining
them in a mixture should overcome the formation of simultaneous
resistance against all of them. Moreover, the main advantage of
this approach is that it can recognize targets of uncharacterized
antibacterial substances and may elucidate novel pathways and
mechanisms operating in the cell, as demonstrated in this study.
These results, in turn, may pave the way for the structural design
of more potent inhibitors of those targets, leading to effective
antibacterial substances.

Materials and Methods
The reagents, bacterial strains, phages, plasmids, and oligonucleotides used
in this study are listed in SI Materials and Methods and Table S3. Plasmid
construction, growth inhibition assays, other genetic and biochemical assays,
as well as the isolation of resistant mutants, analysis of the high-throughput
data, and microscopy are all described in SI Materials and Methods.

ACKNOWLEDGMENTS. We thank Ken Gerdes and Manuela Castro-Camargo
for plasmids and Eyal Molchansky for graphics. The research was funded by
European Research Council Starting Grant 336079 (to U.Q.), Israeli Ministry
of Health Grant 9988-3 (to U.Q.), Israel Science Foundation Grants 268/14
and 1092/13 (to U.Q. and T.P.), and International Reintegration Grant GA-
2010-266717 (to R.E.). A fellowship of the Edmond J. Safra Center for
Bioinformatics at Tel-Aviv University was granted to M.G.

1. Levy SB, Marshall B (2004) Antibacterial resistance worldwide: Causes, challenges and
responses. Nat Med 10(12, Suppl):S122–S129.

2. Spellberg B, Bartlett JG, Gilbert DN (2013) The future of antibiotics and resistance.
N Engl J Med 368(4):299–302.

3. Edgar R, Friedman N, Molshanski-Mor S, Qimron U (2012) Reversing bacterial
resistance to antibiotics by phage-mediated delivery of dominant sensitive genes.
Appl Environ Microbiol 78(3):744–751.

4. Yosef I, Kiro R, Molshanski-Mor S, Edgar R, Qimron U (2014) Different approaches for
using bacteriophages against antibiotic-resistant bacteria. Bacteriophage 4(1):e28491.

5. Liu J, et al. (2004) Antimicrobial drug discovery through bacteriophage genomics. Nat
Biotechnol 22(2):185–191.

6. Fischbach MA, Walsh CT (2009) Antibiotics for emerging pathogens. Science 325(5944):
1089–1093.

7. Yano ST, Rothman-Denes LB (2011) A phage-encoded inhibitor of Escherichia coli
DNA replication targets the DNA polymerase clamp loader. Mol Microbiol 79(5):
1325–1338.

8. Mattenberger Y, Mattson S, Métrailler J, Silva F, Belin D (2011) 55.1, a gene of un-
known function of phage T4, impacts on Escherichia coli folate metabolism and
blocks DNA repair by the NER. Mol Microbiol 82(6):1406–1421.

9. Kiro R, et al. (2013) Gene product 0.4 increases bacteriophage T7 competitiveness by
inhibiting host cell division. Proc Natl Acad Sci USA 110(48):19549–19554.

10. Molineux IJ (2005) The Bacteriophages, eds Abedon ST, Calendar RL (Oxford Univ
Press, Oxford), pp 275–299.

11. Tran NQ, Rezende LF, Qimron U, Richardson CC, Tabor S (2008) Gene 1.7 of bacte-
riophage T7 confers sensitivity of phage growth to dideoxythymidine. Proc Natl Acad
Sci USA 105(27):9373–9378.

12. Sberro H, et al. (2013) Discovery of functional toxin/antitoxin systems in bacteria by
shotgun cloning. Mol Cell 50(1):136–148.

13. Davis BM, Waldor MK (2009) High-throughput sequencing reveals suppressors of
Vibrio cholerae rpoE mutations: One fewer porin is enough. Nucleic Acids Res 37(17):
5757–5767.

14. Stanley SA, et al. (2012) Identification of novel inhibitors of M. tuberculosis growth
using whole cell based high-throughput screening. ACS Chem Biol 7(8):1377–1384.

15. Ioerger TR, et al. (2013) Identification of new drug targets and resistance mechanisms
in Mycobacterium tuberculosis. PLoS ONE 8(9):e75245.

16. Kruse T, Bork-Jensen J, Gerdes K (2005) The morphogenetic MreBCD proteins of
Escherichia coli form an essential membrane-bound complex. Mol Microbiol
55(1):78–89.

17. Karimova G, Pidoux J, Ullmann A, Ladant D (1998) A bacterial two-hybrid system
based on a reconstituted signal transduction pathway. Proc Natl Acad Sci USA 95(10):
5752–5756.

18. Tan Q, Awano N, Inouye M (2011) YeeV is an Escherichia coli toxin that inhibits cell
division by targeting the cytoskeleton proteins, FtsZ and MreB. Mol Microbiol 79(1):
109–118.

19. Bendezú FO, de Boer PA (2008) Conditional lethality, division defects, membrane
involution, and endocytosis in mre and mrd shape mutants of Escherichia coli.
J Bacteriol 190(5):1792–1811.

20. Compton LA, Davis JM, Macdonald JR, Bächinger HP (1992) Structural and functional
characterization of Escherichia coli peptidyl-prolyl cis-trans isomerases. Eur J Biochem
206(3):927–934.

21. Lopilato J, Bortner S, Beckwith J (1986) Mutations in a new chromosomal gene of
Escherichia coli K-12, pcnB, reduce plasmid copy number of pBR322 and its de-
rivatives. Mol Gen Genet 205(2):285–290.

22. White CL, Gober JW (2012) MreB: Pilot or passenger of cell wall synthesis? Trends
Microbiol 20(2):74–79.

23. Iwai N, Nagai K, Wachi M (2002) Novel S-benzylisothiourea compound that induces
spherical cells in Escherichia coli probably by acting on a rod-shape-determining
protein(s) other than penicillin-binding protein 2. Biosci Biotechnol Biochem 66(12):
2658–2662.

24. Gitai Z, Dye NA, Reisenauer A, Wachi M, Shapiro L (2005) MreB actin-mediated seg-
regation of a specific region of a bacterial chromosome. Cell 120(3):329–341.

25. Robertson GT, et al. (2007) A novel indole compound that inhibits Pseudomonas
aeruginosa growth by targeting MreB is a substrate for MexAB-OprM. J Bacteriol
189(19):6870–6881.

26. Carballido-López R (2006) Orchestrating bacterial cell morphogenesis. Mol Microbiol
60(4):815–819.

27. Shih YL, Rothfield L (2006) The bacterial cytoskeleton. Microbiol Mol Biol Rev 70(3):
729–754.

28. Kruse T, Møller-Jensen J, Løbner-Olesen A, Gerdes K (2003) Dysfunctional MreB in-
hibits chromosome segregation in Escherichia coli. EMBO J 22(19):5283–5292.

29. Varma A, Young KD (2009) In Escherichia coli, MreB and FtsZ direct the synthesis of
lateral cell wall via independent pathways that require PBP 2. J Bacteriol 191(11):
3526–3533.

30. Muñoz-Espín D, et al. (2009) The actin-like MreB cytoskeleton organizes viral DNA
replication in bacteria. Proc Natl Acad Sci USA 106(32):13347–13352.

18720 | www.pnas.org/cgi/doi/10.1073/pnas.1413271112 Molshanski-Mor et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1413271112/-/DCSupplemental/pnas.201413271SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1413271112/-/DCSupplemental/pnas.201413271SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1413271112/-/DCSupplemental/pnas.201413271SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1413271112

