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Multidrug-resistant bacteria are a growing issue worldwide. This study developed a convenient and
effective method to downregulate the expression of a specific gene to produce a novel antimicrobial tool
using a small (140 nucleotide) RNA with a 24-nucleotide antisense (as) region from an arabinose-
inducible expression phagemid vector in Escherichia coli. Knockdown effects of rpoS encoding RNA po-
lymerase sigma factor were observed using this inducible artificial asRNA approach. asRNAs targeting
several essential E. coli genes produced significant growth defects, especially when targeted to acpP and
ribosomal protein coding genes rplN, rplL, and rpsM. Growth inhibited phenotypes were facilitated in
hfq� conditions. Phage lysates were prepared from cells harboring phagemids as a lethal-agent delivery
tool. Targeting the rpsM gene by phagemid-derived M13 phage infection of E. coli containing a
carbapenem-producing F-plasmid and multidrug-resistant Klebsiella pneumoniae containing an F-
plasmid resulted in the death of over 99.99% of infected bacteria. This study provides a possible strategy
for treating bacterial infection and can be applied to any F-pilus producing bacterial species.
© 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The prevalence of pathogenic antimicrobial-resistant bacteria is
increasing worldwide [1]. For example, ESBL (extended spectrum
beta lactamase)-producing gram-negative bacteria such as Escher-
ichia coli and Klebsiella pneumoniae are difficult to treat and spread
within communities [2]. Carbapenems are a class of beta-lactam
antibiotics with very broad activity that have become the empir-
ical treatment option for ESBL-producing bacterial infections and
are considered last-resort antibiotics for such infections. However,
the emergence of carbapenem-resistant bacteria (carbapenem-
resistant Enterobacteriaceae (CRE) or carbapenemase-producing
Enterobacteriaceae (CPE)) are becoming a serious worldwide
threat [3,4] as they can survive targeted antibiotic treatment [5].
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Consequently, the development of new antibacterial agents with
non-classical cellular targets and innovative approaches to treat
antimicrobial resistant bacterial infections are crucial.

Phage therapy (the use of lytic bacteriophages as biological
therapeutic agents) has been proposed as an alternative approach
to conventional antibiotics [6,7]. The advantages of phage therapy
over traditional antibiotic treatment include the inexpensive
development cost, fast application, highly specific infection of a
bacterial target, and effectiveness against multidrug-resistant
bacteria [8]. In the first case utilizing genetically engineered
phages in human phage therapy, naturally isolated phages were
genetically modified (their repressor genes were removed to
render them obligately lytic) and applied to treat a multidrug-
resistant Mycobacterium abscessus infection in a 15-year-old pa-
tient with cystic fibrosis and disseminated disease [9].

Another antimicrobial approach silences essential genes using
antisense mechanisms. Oligonucleotide-based antibiotics possess
cell penetrating peptide conjugated peptide nucleic acid (PNA)
antisense oligomers (typically 10-nt in length) that bind to the
ribosome binding site of essential mRNAs [10,11]. They have been
exogenously introduced to target bacteria and applied in a number
cle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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of different bacterial species [12]. In particular, acpP gene expres-
sion is essential for fatty acid biosynthesis and has been targeted
using PNA-peptide conjugates [13,14]. Expression-based asRNA
transcribed from an expression plasmid has also been used as a
bacterial gene silencing agent [13,15e19]. Small regulatory asRNAs
often contain an Hfq-binding sequence that stimulates RNA-RNA
binding by the RNA chaperone protein Hfq, mediating post-
transcriptional regulation of mRNA stability and translation
[20e22]. More recently, a new expression systemwas developed to
generate growth inhibiting artificial sRNAs [23]. These sRNAs are
approximately 140-nt long and contain a 24-nt growth inhibiting
sequence screened from random synthetic nucleotides. Some
guanine-rich sRNAs exert a strong inhibitory effect on E. coli and
Salmonella species in an Hfq independent manner.

Phagemids are any plasmid with a phage-derived M13/f1
replication sequence assembled into a non-lytic filamentous M13
phage particle and released by E. coli with the help of a helper
phage [24]. The phage lysate infecting E. coli harbors an F-plasmid,
becoming a useful vehicle for the delivery of lethal agents (toxic/
regulatory proteins) [25e29] or asRNA repressing antibiotic-coding
genes [30] expressed from the genetically engineered phagemid.

To inhibit bacterial growth (E. coli and K. pneumoniae CPE
strains), this work developed an M13 phagemid vector system for
essential gene knockdown. This is the first study to report a cell
killing effect using antisense RNAs to target essential bacterial
genes by phage infection.

2. Materials and methods

2.1. Bacterial strains, plasmids, and growth conditions

The bacterial strains and plasmids used in this study are listed in
Table 1. E. coli TOP10 (Thermo Fisher Scientific, Waltham, MA, US)
was used as the cloning host and grown in Luria-Bertani broth (LB)
medium containing chloramphenicol (Cm; 25 mg/mL) at 37 �C with
continuous shaking at 200 rpm, with or without 0.2% arabinose, or
on LB agar plates containing 1.5% (wt/vol) agar supplemented with
Table 1
Bacterial strains and plasmids used in this study.

Bacteria/Plasmids Description

Escherichia coli strains
MG1655 F� l� ilvG� rfb-50 rph-1
W3110 F� l� IN(rrnD-rrnE)1 rph-1
W3110 DrpoS F� l� IN(rrnD-rrnE)1 rph-1 DrpoS
IT1568 W3110 mlc (F� l� IN(rrnD-rrnE)1 rph-1 mlc)
TM590 IT568 Dhfq
TOP10 F� mcrA D(mrr-hsdRMS-mcrBC) F80lacZDM15 DlacX74 recA1 araD

TOP10F0 F’[lacIqTn10(TetR)] mcrA D(mrr-hsdRMS-mcrBC) (F80lacZDM15) D
endA1 nupG

MV1184 F’[traD36 proAB þ lacIq lacZDM15] ara D(lac-proAB) rpsL thi (F80l
M105 Carbapenem-resistant E. coli harboring pM105_FII, pM105_mF (bl

Klebsiella pneumoniae strains
Klebsiella

pneumoniae
IID5209 (ATCC 15380)

a26 Carbapenem-resistant K. pneumoniae harboring pKPI-6 (blaIMP-6, b

Plasmids
pMKN104 pMKN101 with PBAD -10 mutation
pMKN104-ASrpoS pMKN104 with rpoS 24-nt antisense insert
pMKN104-ASacpP pMKN104 with acpP 24-nt antisense insert
pMKN104-

ASrplN18
pMKN104 with rplN 18-nt antisense insert

pMKN104-ASrplN pMKN104 with rplN 24-nt antisense insert
pMKN104-ASrplL pMKN104 with rplL 24-nt antisense insert
pMKN104-ASrpsM pMKN104 with rpsM 24-nt antisense insert
Cm (25 mg/mL) (LB-Cm plate) at 37 �C with or without 0.2%
arabinose.

2.2. Artificial sRNA library construction

PCR was performed using Eco-F1 and Pst-R1 primers that con-
tained partially complimentary sequences to prepare insert DNA
fragments with a 24-nt antisense sequence. PrimeSTAR®Max DNA
Polymerase (Takara Bio, Kusatsu, Shiga, Japan) was used according
to the manufacturer’s protocol. The PCR product was treated with
EcoRI and SpeI, then column purified using NucleoSpin® Gel and a
PCR Clean-up procedure (Takara Bio). The insert DNA was ligated
into the EcoRI and SpeI sites of pMKN104 (5192 bp) [23] using a
Mighty Mix DNA Ligation Kit (Takara Bio). Ligation mixtures were
transformed into TOP10 competent cells by electroporation and
plated on LB agar plates containing 25 mg/mL Cm. Plasmids were
sequenced by Fasmac (Atsugi, Kanagawa, Japan). Oligonucleotides
and primers are listed in Table 2.

2.3. Congo-red affinity assay

Congo red (CR) binding was detected by growing 3 mL spotted
cultures overnight at 30 �C on CR indicator (CRI) plates, then
incubating at 28 �C for 24 h with or without 0.05% arabinose. CRI
plates were composed of 10 g/L Bacto Casamino acids, 1 g/L yeast
extract, 20 g/L Bacto agar, 20 mg/L Congo red, and 10 mg/L Coo-
massie brilliant blue G-250. CR and Coomassie brilliant blue G-250
were added after autoclaving the medium.

2.4. Growth curve assay assessment of growth inhibition by
artificial asRNAs

Clones were evaluated for growth inhibition in liquid media.
Overnight cultures were diluted 1:200 in LB containing Cm (25 mg/
mL) with or without 0.2% arabinose and grown in a 96-well plate at
37 �C with agitation. Optical density at 610 nm (OD610) was
measured every 30 min for 10 h using a Tecan Infinite F200 PRO
Source or reference

Lab stock
Lab stock
Lab stock
T. Morita et al., 2003
Gift from T. Morita

139 D(ara-leu)7697 galU galK rpsL (StrR) endA1 nupG Thermo Fisher
Scientific

lacX74 recA1 araD139 D(ara-leu)7697 galU galK rpsL (StrR) Thermo Fisher
Scientific

acZDM15) D(srl-recA)306::Tn10 (TetR) TaKaRa Bio
aNDM-5) Y. Sugawara et al.,

2017

Lab stock

laCTX-M-2), pKPN3_FIB, pKP91_FII N. Shigemoto et al.,
2012

M. Kawano et al., 2020
This study
This study
This study

This study
This study
This study



Table 2
Oligonucleotides and primers used in this study.

Name Sequences (50e30 , with relevant restriction sites underlined)

ArpoSU-Eco-F1 CTTCGAATTCGCGGCCGCTTCTAGAGCATAAGGTGGCTCCTACCCGTGAT
ArpoSU-Pst-R1 CTTCCTGCAGCGGCCGCTACTAGTAATCACGGGTAGGAGCCACCTTATG
AacpPU-Eco-F1 CTTCGAATTCGCGGCCGCTTCTAGAGCATACTCTTAAATTTCCTATCAAA
AacpPU-Pst-R1 CTTCCTGCAGCGGCCGCTACTAGTATTTGATAGGAAATTTAAGAGTATG
ArpmJU-Eco-F1 CTTCGAATTCGCGGCCGCTTCTAGAGCATTTTTACTCTCCGTAACTTCTC
ArpmJU-Pst-R1 CTTCCTGCAGCGGCCGCTACTAGTAGAGAAGTTACGGAGAGTAAAAATG
ArplNU18-Eco-F1 CTTCGAATTCGCGGCCGCTTCTAGAGCATTTTAGTGCTCCGCTA
ArplNU18-Pst-R1 CTTCCTGCAGCGGCCGCTACTAGTATAGCGGAGCACTAAAATG
ArplNU-Eco-F1 CTTCGAATTCGCGGCCGCTTCTAGAGCATTTTAGTGCTCCGCTAATGTCA
ArplNU-Pst-R1 CTTCCTGCAGCGGCCGCTACTAGTATGACATTAGCGGAGCACTAAAATG
ArplLU-Eco-F1 CTTCGAATTCGCGGCCGCTTCTAGAGCATTTAAATTGTTCCTGAATATCA
ArplLU-Pst-R1 CTTCCTGCAGCGGCCGCTACTAGTATGATATTCAGGAACAATTTAAATG
ArpsMU-Eco-F1 CTTCGAATTCGCGGCCGCTTCTAGAGCACTATGCACTCCTACTATTTAAT
ArpsMU-Pst-R1 CTTCCTGCAGCGGCCGCTACTAGTAATTAAATAGTAGGAGTGCATAGTG
AacpP-DIG-1 TTTCTTAACGCGTTCTTCGATAGTGCT-DIG
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spectrophotometer (Tecan, M€annedorf, Switzerland). Each point of
the curve represented the average of five experimental
measurements.

2.5. Transconjugation assay

Bacterial conjugation was performed using the E. coli M105
strain harboring pM105_FII as a donor and TOP10 or K. pneumoniae
as a recipient in a 1:10 ratio of mid log phase LB broth cultures
grown at 37 �C overnight without shaking. pM105_FII/TOP10 and
pM105_FII/K. pneumoniae (K. p.) transconjugants were selected
from LB agar plates supplemented with Xgal (40 mg/mL), IPTG
(0.2 mM), and carbenicillin (100 mg/mL) at 37 �C overnight. Strep-
tomycin (25 mg/mL) was additionally used for screening of
pM105_FII/TOP10.

2.6. Phage lysate preparation

To prepare each phage lysate, TOP10F’ cells harboring the asRNA
expression phagemid vector were grown at 37 �C overnight in
2�YT broth containing Cm (25 mg/mL). Cultures were diluted 1:100
in 2�YT containing Cm (25 mg/mL) and grown until reaching an
OD600 of 0.1. At the early exponential phase, cells were infected
with theM13KO7 helper phage (New England Biolabs, Ipswich, MA,
USA) at a ratio of ten phages/cell (MOI ¼ 10). The phage-infected
cells were incubated at 37 �C for 120 min with 250 rpm shaking.
To facilitate packaging by the helper phage, kanamycin (70 mg/mL)
was added and grown at 37 �C overnight with 250 rpm shaking.
Cells were removed by centrifugation (5000�g at 4 �C for 10 min),
then the phage-containing supernatant was transferred to a new
tube and centrifuged again. The supernatant was then filtered
through a 0.2-mm pore filter and the phages were precipitated at
4 �C overnight with 4% PEG 8000 and 0.5 M NaCl. Phage pellets
were resuspended in SM buffer (50 mM Tris-HCl, pH 7.5, 100 mM
NaCl, 10 mM MgSO4). Serially diluted phages were mixed with the
late exponential phase E. coli MV1184 culture and overlaid with
0.6% soft agar on LB agar plates at 37 �C overnight for phage titer
determination.

2.7. Phage infection assay

Bacteria were grown in 2�YT with or without carbenicillin
(100 mg/mL) at 37 �C until reaching an OD600 of 0.3. Diluted bac-
terial cells were added with an equal volume of phage lysate
(5 � 109 PFU/mL; MOI ¼ 10 or 100). Mixed cultures were incubated
for 30 min without shaking, then grown for 90e120 min with
shaking at 37 �C. Cells were collected by centrifugation at 5000�g
at room temperature for 5 min, then the pellets were resuspended
with the same volume of 2�YT medium. Phage-infected cells and
surviving cells were determined in triplicate by serially diluting
cultures on LB agar plates containing Cm (25 mg/mL) with or
without 0.2% arabinose at 37 �C. Phage-free cultures (bacteria with
SM buffer) and cell-free cultures (phage lysate only) were plated on
LB agar plates containing Cm (25 mg/mL) with or without 0.2%
arabinose to demonstrate the absence of viable cells other than the
phage infection.
3. Results and discussion

3.1. Design and construction of inducible asRNA expression
phagemids

This study first generated an artificial asRNA expressing phag-
emid to knockdown any target gene of interest in E. coli. The sRNA
expression phagemid pMKN104 expressed an approximately 120-
nt sRNA under the control of the PBAD promoter [23] and acted as
a control phagemid throughout the experiments (Fig. 1A). We
designed a 24-nt antisense sequence that was absolutely comple-
mentary to the translation initiation codon and translation signal
region including the Shine-Dalgarno sequence of the mRNA target
[19], thereby impairing ribosome binding to mRNA and interfering
with translation (Fig. 1B). A 24-nt sequence is much longer than the
minimal nucleotide length that is expected to prevent non-specific
targeting of E. coli transcripts and short enough to avoid cross-
reaction because the longer target-binding sequence of synthetic
asRNA (e.g., 30-nt long) might cause cross-reactivity [19,23].
3.2. rpoS knockdown by asRNA

To examine whether the artificial asRNAs were capable of
regulating endogenous gene expression, we selected rpoS (encod-
ing stationary phase sigma factor sS) as an asRNA target to analyze
knockdown effects. Wild-type E. coli transformed with the
pMKN104-ASrpoS phagemid and spotted on a CRI agar plate with
arabinose to assess CR binding [31] showed weak or no CR affinity
(Fig. 2A). This suggested that RpoS-dependent curli expression and
biofilm-forming properties were avoided by rpoS-targeting asRNA.
Therefore, our conditional gene silencing technology for specific
gene knockdown produced knockout effects using an inducible
asRNA expression phagemid without time-consuming chromo-
some engineering.



Fig. 1. Artificial small antisense RNA design. (A) Transcription region of the pMKN104 plasmid. The promoter and restriction enzyme recognition sites are boxed. Transcription
initiation and termination sites are indicated by a black folding arrow from G at the EcoRI site. Red N’s show a 24-nt antisense RNA sequence complementary to the translation
initiation region of target mRNAs. Inverted dotted arrows and the red bar indicate the potential stem-loop structure region in the transcript. (B) Translation initiation region
sequences of rpoS, acpP, rplN, rplL, and rpsM mRNAs. Shine-Dalgarno sequences and translation initiation codons are boxed. Red bars above the mRNA sequences represent se-
quences corresponding to the antisense sequences derived from pMKN104 containing the antisense sequence. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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3.3. Silencing essential bacterial genes using asRNAs

The growth-inhibiting effect of asRNA expression on bacterial
cells was evaluated by assessing colony forming ability. Arabinose
clearly inhibited acpP antisense expressing wild-type E. coli growth
by silencing genes essential for growth (Fig. 2B); acpP is a well-
known target for antisense PNA peptide conjugates [13,14] but
wild-type E. coli harboring pMKN104-ASrpoS showed similar
growth on both uninduced and induced plates. The reduced colony
formation of E. coli cells upon acpP asRNA expression could be
caused by acpP transcript decay through the antisense mechanism
and subsequently reduced expression of essential AcpP protein.
Therefore, northern blotting was used to compare mRNA expres-
sion in uninduced and induced E. coli cells harboring pMKN104-
ASacpP. The full-length acpP transcript (~310 nt) was markedly
decreased after acpP asRNA induction (Supplementary Fig. S1).
Therefore, the RNA chaperon Hfq may not be involved in RNA
degradation because the sRNA including asRNA region transcribed
from pMKN104 did not include the scaffold sequence containing an
Hfq-binding motif (Fig. 1A).

To search for an asRNA that exhibited more potent growth in-
hibition than acpP asRNA, we designed and synthesized a series of
asRNAs targeting against ribosomal protein coding genes (rplD, rplL,
rplN, rpmD, rpsJ, and rpsM) for the following reasons: i) each gene is
essential for normal E. coli growth [32]; ii) each gene is evolu-
tionarily conserved in prokaryotes; iii) nucleotide sequences of the
genes and translation initiation region are so remarkably conserved
among bacteria closely related to E. coli that they are considered
resistant to mutation-induced nucleotide sequence changes, this is
effective for maintaining asRNA and target mRNA binding beyond
species; iv) they form operons with essential genes, therefore,
degradation of targeted multiple genes encoding mRNA by the
induced asRNA is expected to have multiple gene silencing effects;
and v) these gene products are involved in protein synthesis and
have no substitute function in cellular activity in any growing
environment. In other words, translation represents the Achilles
heel of the bacterium. Three asRNAs, targeting 50S ribosomal
protein L14 (rplN), 50S ribosomal subunit protein L7/L12 (rplL), and
30S ribosomal subunit protein S13 (rpsM), markedly inhibited
colony formation on arabinose-containing LB-Cm plates after single
colony isolation (data not shown): (Fig. 1B). Wild-type E. coli cells
transformed with each of the asRNA-expressing phagemids
(pMKN104-ASrplN, pMKN104-ASrplL, and pMKN104-ASrpsM) did
not grow in spots below 10�2 dilution (spotted ~104 cells) andmore
than 99.999% of growth inhibitionwas observed in wild-type E. coli
expressing rplN or rpsM asRNAs (Fig. 2B).

3.4. Hfq-independent growth inhibition by asRNA

As three ribosomal protein encoding genes appeared to be
crucial for bacterial growth, we examined the effect of asRNA on
cell growth rate by detecting host cell growth curves. All asRNAs
targeting ribosomal protein coding genes (rplN, rplL, and rpsM)
caused severe growth defects in arabinose-induced wild-type
E. coli, indicating that asRNA efficiently repressed target gene
expression (Fig. 3A).

To compare growth rates between strains, wild-type E. coli
harboring the acpP asRNA expression phagemid (pMKN104-
ASacpP) and rplN asRNA with a shortened (18-nt) antisense
sequence (pMKN104-ASrplN18) were examined. Although their
growth rates were slower than that of the control strain, these ef-
fects were not sustained as they were in samples using the three
24-nt asRNAs targeting rplN, rplL, and rpsM. It is likely that these
asRNAs were less effective in repressing target gene expression.



Fig. 2. Effects of antisense RNA expression. (A) Congo-red affinity assay examining the rpoS knock down effect by rpoS-asRNA expression. White indicates no/low Congo red affinity
(B) Colony-forming ability assay examining the growth inhibition of essential genes by asRNA expression. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 3. Wild-type E. coli W3110 mlc strain (A) and the Dhfq strain (B) growth in LB media containing Cm (25 mg/mL) exposed to artificial sRNAs containing antisense sequences and
the control (pMKN104) induced by 0.2% arabinose. Values are representative of three independent experiments. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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Next, we examined whether asRNA growth inhibition was Hfq
dependent, although our asRNA transcript had no Hfq binding
sequence. Surprisingly, all E. coli Dhfq mutant cells expressing
asRNA targeting essential genes including ASacpP and ASrplN-18
showed significant growth inhibition (Fig. 3B). Therefore, gene
silencing by asRNAwas not Hfq-dependent. Hfq acted as a negative
factor that decreased the gene silencing effects in our asRNA sys-
tem. Repression may be accomplished by melting the base-paired
region between the asRNA and target mRNA as Hfq has both RNA
annealing acceleration and duplex stabilizing activities [33]. Gene
Fig. 4. Growth inhibition by artificial asRNAs targeting essential genes in carbapenemase-pr
0.2% arabinose-induced (right panel) strains expressing artificial asRNAs. (B) In vitro phage d
the ribosomal protein coding mRNAs (rplN, rplL, and rpsM), the phage-free control (Buffer), an
pM105_FII, K. pneumoniae (K. p.), and K. p. harboring pM105_FII of the artificial asRNA ta
dilution and plating on LB plates containing 25 mg/mL Cm with (-) or without (,) 2% arab
silencing suppression by Hfq may contribute to minimizing the off-
target effects of asRNAs by rewinding relatively short base-paired
regions. It is becoming clear that a major class of the character-
ized E. coli natural sRNAs that base-pair with trans-encoded mRNA
targets thorough partially mismatched complementary short nu-
cleotides require Hfq RNA chaperone protein function [34],
whereas cis-encoded small asRNAs are transcribed from the same
DNA region and fully complement their target mRNA; neither Hfq
binding sequence nor Hfq protein appear to be required for their
function [35]. Therefore, an arabinose-inducible transcript from
oducing Enterobacteriaceae. (A) Colony forming ability of non-induced (left panel) and
elivery to the E. coli M105 strain harboring pM105_FII of the artificial asRNAs targeting
d the parent phage (FpMKN104). (C) In vitro phage delivery to TOP10, TOP10 harboring
rgeting rpsM mRNA (FpMKN104-ASrpsM). Viable counts were determined following
inose. All values are the mean ± standard deviation. ND ¼ colonies were not detected.
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phagemid pMKN104 containing a 24-nt antisense region behaves
as a cis-encoded small antisense RNA in the cell. Without arabinose
induction, all cells displayed normal growth curves but Dhfq
mutant cells grew at a slower rate than wild-type cells
(Supplementary Fig. S2 A, B).

To determine whether cell growth inhibition by asRNA was a
bacteriostatic or bactericidal effect, samples were collected and
washed with LB medium after arabinose-induced asRNA expres-
sion, then cultured on uninduced LB-Cm agar plates. A slower
growth rate was observed at 30 min after asRNA induction and cell
growth was inhibited 1 h after induction (Supplementary Fig. S3 A).
A reduction in CFUswas not observed in control cultures containing
the pMKN104 parent phagemid (Supplementary Fig. S3 B). After 3 h
of induction, the viable cell counts of asRNA expression cultures
were four to five orders of magnitude lower than those of unin-
duced cultures (Supplementary Fig. S3 C-E). These results sug-
gested that rplN, rplL, and rpsM asRNAs exerted a bactericidal effect
on E. coli and that asRNA inhibited growth led to cell death. Delayed
cell death can be explained by the long half-life of functional ri-
bosomal proteins including RpsM (30S ribosomal subunit S13)
because it requires over 5 h and four to five cell divisions to degrade
50% of the ribosomes [36].

3.5. Cell killing activity in carbapenemase-producing E. coli and
K. pneumoniae

Phagemids containing growth inhibiting 24-nt antisense inserts
(pMKN104-ASacpP, ASrplL, AsrplL, and ASrpsM) and the control
phagemid (pMKN104) were used to transform carbapenemase-
producing E. coli M105 [37] and K. pneumoniae a26 [38] by elec-
troporation to assess whether the artificial asRNAs targeting
essential bacterial genes also affected the cell growth of clinically
isolated bacteria. In E. coli M105, no spotted cultures of the three
ribosome asRNAs produced normally growing colonies on plates
with arabinose (Fig. 4A). In K. pneumoniae a26, only asRNA for rpsM
exerted severe growth inhibition. However, acpP asRNA did not
obviously retard growth in asRNA expression in either strain. While
it was possible that the asRNA could not bind to the target acpP
mRNA of the strains because of mismatched nucleotides in the
target region, this was not the case; each asRNA annealing
sequence in the target mRNAs was perfectly conserved among
those asRNAs. The reason for this is currently unknown.

3.6. Phage delivery of lethal asRNA agents

Next, we attempted to introduce an asRNA-induced cell killing
system via phagemid-derived M13 phage infection (which can
infect F-pilus-producing bacteria) to verify the concept of using
phages as a lethal agent delivery system. Viable cells were counted
to evaluate the effects of phage-delivered lethal agents on E. coli
M105 CPE strain viability (which contained an F-pilus producing
gene in the pM105_FII plasmid). All phage lysates (FpMKN104,
FpMKN104-ASrplN, FpMKN104-ASrplL, and FpMKN104-ASrpsM)
were prepared with M13KO7 helper phage and could deliver
phagemids containing the Cm-resistant gene through infection and
were assessed by Cm-resistant colony detection on LB-Cm plates
(Fig. 4B). In the presence of arabinose in the plates, the number of
viable cells expressing asRNAs were decreased. Compared to
infection by the parent phage, FpMKN104-ASrpsM infection
resulted in increased bacterial cell death, leading to four orders of
magnitude reduction in cell viability; more than 99.99% of the
phagemid-delivered bacteria were killed. (Fig. 4B). Viability loss
was thought to be caused by asRNA mediated cell killing because
the M13 filamentous phages were nonlytic and similar cell killing
effects were observed by the transformed asRNA-expressing
phagemids shown in Fig. 3A.
To test whether F-pilus expression was required for phagemid

delivery by M13 phage infection, F-plasmid pM105_FII was intro-
duced to both E. coli TOP10 and K. pneumoniae laboratory strains by
conjugation. The F-plasmids (IncFII) spread among clinically iso-
lated E. coli are also recently found in K. pneumoniae species in
hospitals in Yangon, Myanmar; thus, the implications of our results
are not limited to E. coli CPE containing F-plasmids [39]. We found
that infection with the most efficient killing phage (FpMKN104-
ASrpsM) resulted in selective cell killing activity in cells contain-
ing F-plasmid and expressing rpsM targeting asRNA, independent
of bacterial species (Fig. 4C). This supported the hypothesis that
phages could efficiently transfer phagemids expressing bactericidal
asRNAs and that the intracellular induction of these agents resulted
in cell death.

3.7. Concluding remarks

Our asRNA-mediated gene silencing system successfully pro-
duced an antibacterial effect by targeting essential bacterial genes
and reduced the cell viability of multidrug-resistant bacteria by
infecting cells with the phagemid-derived M13 phage. The lethal
phage host range was limited to bacterial strains that produced F-
type sex pili (represented by the F-plasmid). Theoretically, our
genetically engineered phage can only infect F-plasmid-containing
bacteria, regardless of species. Furthermore, as the asRNA target is a
commonly conserved ribosome protein coding gene in all bacteria,
phage-mediated delivery of lethal asRNA agents could potentially
be applied for well-characterized laboratory bacteria as well as
novel clinically isolated F-pilus producing pathogens. Since drug
resistance genes are usually encoded on the transmissible plasmid
that includes the F-plasmid, this system can potentially treat
multidrug-resistant bacterial infections. In contrast to lytic phage
therapy, our approach using genetically modified nonlytic fila-
mentous phages seems relatively safe because it does not encode
lysis genes. This minimizes the risk of endotoxin shock and elimi-
nates the possibility of genetically modified progeny phage pro-
duction. Additionally, the lethal reagent (RNA) has no inherent
toxicity and only has a cell-killing effect when the target mRNA is
present. To further develop this study beyond proof-of-concept
experiments, we are currently evaluating the phagemid strategy
with infected animal models using an improved phagemid system
that does not require an inducer and antibiotics.

Our M13 phagemid inducible knockdown system can also be
used for detailed dynamic studies on the function of essential and
nonessential bacterial genes that are not possible with knockout
analysis.
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