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ABSTRACT

Listeria monocytogenes is a significant foodborne human pathogen that can cause severe disease in certain high-risk individuals.
L. monocytogenes is known to produce high-molecular-weight, phage tail-like bacteriocins, or “monocins,” upon induction of
the SOS system. In this work, we purified and characterized monocins and found them to be a new class of F-type bacteriocins.
The L. monocytogenes monocin genetic locus was cloned and expressed in Bacillus subtilis, producing specifically targeted bacte-
ricidal particles. The receptor binding protein, which determines target cell specificity, was identified and engineered to change
the bactericidal spectrum. Unlike the F-type pyocins of Pseudomonas aeruginosa, which are related to lambda-like phage tails,
monocins are more closely related to TP901-1-like phage tails, structures not previously known to function as bacteriocins.
Monocins therefore represent a new class of phage tail-like bacteriocins. It appears that multiple classes of phage tails and their
related bacteriocins have coevolved separately in parallel.

IMPORTANCE

Phage tail-like bacteriocins (PTLBs) are structures widespread among the members of the bacterial kingdom that are evolution-
arily related to the DNA delivery organelles of phages (tails). We identified and characterized “monocins” of Listeria monocyto-
genes and showed that they are related to the tail structures of TP901-1-like phages, structures not previously known to function
as bacteriocins. Our results show that multiple types of envelope-penetrating machines have coevolved in parallel to function
either for DNA delivery (phages) or as membrane-disrupting bacteriocins. While it has commonly been assumed that these
structures were coopted from phages, we cannot rule out the opposite possibility, that ancient phages coopted complex bacterio-
cins from the cell, which then underwent adaptations to become efficient at translocating DNA.

Two types of high-molecular-mass (�106-Da), phage tail-like
bacteriocins (PTLBs), the R type and the F type, are known to

exist in the bacterial kingdom (1, 2). R-type bacteriocins (RTBs)
are contractile nanotube machines evolutionarily related to Myo-
viridae tails (e.g., that of bacteriophage T4) (3), type 6 secretion
systems (4, 5), insecticidal protein injector complexes (6, 7), and
structures involved in bacterium-marine animal interactions (8).
RTBs are composed of a tube surrounded by a contractile sheath
(9). At one end of the sheath is a complex baseplate structure to
which six receptor binding proteins (RBPs) are attached. RTBs kill
target bacteria by first binding to a receptor on the cell surface via
RBPs. This event triggers sheath contraction, which then drives
the tube structure through the cell envelope. The result is a dissi-
pation of the membrane potential and cell death. Contact with a
single RTB particle is sufficient to kill a cell (10). Far less studied
are the F-type bacteriocins (FTBs). These high-molecular-weight
bactericidal protein structures are evolutionarily related to the
noncontractile structures of Siphoviridae (e.g., bacteriophage
lambda) tails and are exemplified by the F-type pyocins of Pseu-
domonas aeruginosa (11–14). FTBs are structurally less complex
than RTBs and consist of a flexible noncontractile tube attached to
a baseplate structure to which RBPs are attached. As with RTBs,
contact with a single FTB particle can result in cell death; however,
the mechanism of cell killing is not well understood. There is no
core or tube to be driven into the cell to form a channel as is the
case with RTBs. However, given the similar potency, it might be

expected that FTBs also disrupt the cell membrane potential via
creation of a pore.

RTBs and FTBs share many common features. Both are pro-
duced intracellularly upon induction, usually of the SOS response.
After intracellular assembly, the particles are released into the me-
dium by cell lysis, and they can go on to kill competing target cells
in the medium. Sister cells of the producer strain are typically not
sensitive to the bactericidal activity of their own bacteriocin. Pro-
duction of these structures can be viewed as a form of altruism;
cells must sacrifice themselves by lysis to release the bacteriocins
and thereby provide sister cells a competitive advantage by killing
other (sensitive) bacteria competing for the same niche. The target
bacteria are usually other strains within the same species, but
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sometimes they are members of other species or genera. An exam-
ple of an R-type bacteriocin providing its producer a competitive
advantage in vivo is described by Morales-Soto and Forst (15).

Several strains of Listeria monocytogenes and Listeria innocua
were shown to produce PTLBs termed “monocins” upon induc-
tion of the SOS response, and these have been used for bacterial
typing (16–18). We found that these structures are not related to
known PTLBs but rather to the tail structures of TP901-1-like
phages. We identified the monocin genetic locus, cloned and
functionally expressed the monocin genes in Bacillus subtilis, and
analyzed the bactericidal spectra of the resulting monocins. By
engineering the monocin RBP, it was possible to retarget strain
specificity. This is the first example of an FTB that has been cloned,
expressed, and engineered to retarget its killing spectrum. These
studies indicate that multiple classes of phage organelles which
function as DNA delivery machines and PTLBs have indepen-
dently diverged and evolved in parallel.

MATERIALS AND METHODS
Primers, plasmid constructs, and strain constructs are shown in Tables S1
to S3 in the supplemental material.

Bacterial growth. Listeria strains were propagated in nutrient broth
(Difco) or on 1.5% nutrient agar plates at 30°C. Bacillus strains were
maintained on Trypticase soy broth (TSB) plates supplemented with
chloramphenicol (5 �g/ml [final concentration]).

Molecular biology. All enzymes were obtained from New England
BioLabs (Ipswich, MA) unless stated otherwise. PCRs were carried
out using Phusion polymerase. Ligation of the hyper-spank promoter
(Phyper-spank) into the vector backbone pDG630 was carried out using T4
DNA ligase. The monocin gene cluster and its variants were cloned into
the hyper-spank promoter plasmid by using Gibson assembly. B. subtilis
genomic DNA was isolated using a MasterPure Gram-positive DNA pu-
rification kit (Illumina, San Diego, CA).

Bacteriocin killing assays. Spot killing assays were performed as pre-
viously described (19, 20). Briefly, Listeria strains were grown to an optical
density (OD) of �1.0. One hundred microliters of culture was added to a
0.5% nutrient agar overlay and poured onto a 1.5% nutrient agar plate.
After the overlay was set, 3- to 4-�l drops of diluted monocin preparations
were spotted onto the plate and allowed to dry/adsorb. The plates were
incubated at 30°C overnight, and zones of clearing indicated bactericidal
activity. For assay of activity against the target panel, a positive hit was
scored if clearing was noted for a dilution of at least 1/125. The survival
assay protocol was also performed as previously described (19), with the
exceptions that the plates and cultures contained brain heart infusion
(BHI) medium and all incubations were carried out at 30°C.

Monocin purification. Listeria cultures were grown in nutrient broth
at 30°C with shaking at 250 rpm; when the OD at 600 nm (OD600) reached
�0.2, mitomycin C (Sigma) was added to a final concentration of 3 �g/
ml. The cultures were then allowed to incubate overnight, after which lysis
was typically noted by a clearing of the culture opacity and the presence of
cellular debris. The cell debris was removed by centrifugation at 23,000 � g
for 60 min. The supernatant was collected, and 10% (wt/vol) polyethylene
glycol 8000 (PEG; OmniPure) was added along with 10% (vol/vol) 5 M
NaCl. The PEG was allowed to dissolve, and the mixture was incubated
overnight at 4°C. The PEG-precipitated material was then collected by
centrifugation at 16,000 � g for 45 min. The pellet was resuspended in a
1/10 culture volume in TN50 (10 mM Tris, 50 mM NaCl, pH 7.5). Mono-
cins were collected by high-speed ultracentrifugation at 90,000 � g for
3 to 4 h, and the pellets were resuspended in 1/50 of the original culture
volume.

Bacillus subtilis monocin expression strains were grown in TSB at 37°C
to an OD600 of approximately 0.2 to 0.4. They were then induced with
either 5 mM H2O2 or 100 �M IPTG (isopropyl-�-D-thiogalactopyrano-
side), depending on the construct, shifted to 28°C, and allowed to express

the monocins overnight. Purification of monocins was similar to that
from Listeria for the strains that contained the monocin lysis cassette. For
constructs in which the lysis cassette was deleted, the cells were collected
by centrifugation and resuspended in a 1/10 culture volume of TN50,
lysozyme was added (1 mg/ml), and the paste was sonicated using a Bio-
logics Inc. V/T sonicator at half power with three 30-s pulses. The sonicate
was centrifuged at 23,000 � g to remove debris, and the supernatant was
PEG precipitated and ultracentrifuged as described above.

To identify monocin proteins, purified samples were electrophoresed
for a distance of 0.5 cm by 10% SDS-PAGE (Invitrogen), followed by
Coomassie blue staining. The single band containing all monocin proteins
was excised, digested in-gel with trypsin, and subjected to tandem mass
spectrometry (MS-MS) analysis conducted at the University of California,
Davis, Proteomics Core.

Cloning and expressing the L. monocytogenes strain 35152 monocin
(M35152) in Bacillus subtilis. Primers, plasmids, and strains are listed in
Tables S1 to S3 in the supplemental material. The monocin gene cluster
(ftbA to ftbR) was PCR amplified from genomic DNA isolated from Lis-
teria monocytogenes strain 35152 by using primers oGL-054 and oGL-057.
The PCR product was cloned into the Bacillus subtilis integration vector
pDG630 between the AscI and NotI sites and ligated with T4 DNA ligase
to create plasmid pGL-031. The monocin gene cluster was flanked by
amyE sequences to promote homologous recombination into the amyE
locus. Also carried within the plasmid pGL-031 is the cat gene for selection
of recombinants.

pGL-031 was linearized and transformed into the Bacillus subtilis host
strain BDG9 (21). Chloramphenicol-resistant colonies were selected, and
DNAs were isolated and screened by PCR to verify proper integration. The
strain was termed sGL-064.

Deletion of lysis genes. To remove the predicted holin and lysin genes
(ftbQ and ftbR) from the monocin gene cluster, the region containing ftbA
to ftbP was PCR amplified from L. monocytogenes 35152 genomic DNA by
using primers oGL-054 and oUC-001. The PCR product and the vector
DG630 were both digested with the restriction enzymes AscI and NotI and
ligated together using T4 DNA ligase. The resultant construct was named
pUC-001. After integration into BDG9 as described above, the resulting
integrant strain was termed sUC-001.

Introducing Phyper-spank. To generate a version of pDG630 with an
inducible promoter driving the expression of the monocin genes, the B.
subtilis hyper-spank promoter along with the lacI gene was PCR amplified
from plasmid pDR111 (a gift from David Rudner, Harvard Medical
School) by using primers oGL-084 and oGL-085. The PCR product was
digested with AscI and NotI and ligated into vector pDG630 (21) which
had also been digested with the same restriction enzymes. The resultant
construct was named pGL-034. The monocin gene cluster from ftbD to
ftbP was PCR amplified using primers oGL-086 and oGL-087. The PCR
product was then cloned into HindIII-digested pGL-034 by using Gibson
assembly. The manufacturer’s standard protocol was used. The resultant
construct was named pGL-036. After integration into BDG9, the resulting
strain was termed sGL-071. Similarly, to place Phyper-spank upstream of
ftbF, we used primers oGL-086 and oGL-090 to create pGL-039, which
was transformed into B. subtilis to create sGL-077.

Construction of Bacillus subtilis strain �8. Bacillus subtilis knock-
outs were made following the methods described by Tanaka et al. (22).
Strain �6 was described by Westers et al. (23) and is a prophage deletion
strain. In order to manipulate strain �6 further, we removed the cat gene,
a remnant of the pks operon knockout (23). First, the upp::kan marker was
amplified from Bacillus subtilis strain TF8A �Pr-neo::�upp by use of prim-
ers oDG1013 and oDG1014. The PCR product was cloned into pETcoco1
linearized with NotI. The plasmid was then linearized with SpeI, trans-
formed into �6, and selected for Kanr. The strain was termed BDG243. To
delete the cat gene, the phleomycin cassette with two flanking regions
from �6 was amplified from pUC18 (22) in a sewing PCR by using the
primers oDG1001 and oDG1002 (left flank), oDG999 and oDG1000
(phleomycin cassette), and oDG1003 and oDG1004 (right flank), and the

F-Type Bacteriocins of Listeria monocytogenes

October 2016 Volume 198 Number 20 jb.asm.org 2785Journal of Bacteriology

http://jb.asm.org


three pieces were combined by amplification with the two outside primers
oDG1001 and oDG1004. The PCR product was transformed into
BDG243 and selected on phleomycin plates, followed by screening for
kanamycin sensitivity. The resultant strain was designated BDG247. The
phleomycin marker was deleted by growing BDG247 in LB without selec-
tion for 4 h and plating the strain on kanamycin, and colonies were picked
and screened for phleomycin sensitivity. The resultant strain, BDG252,
is a markerless knockout strain that is useful for making further mod-
ifications. To delete hag, the 5=-flanking region of hag was amplified
with primers oDG1019 and oDG1020, the 3= flank was amplified with
oDG1021 and oDG1022, and the phleomycin cassette was amplified
with oDG999 and oDG1000. The three PCR products were combined
and a sewing reaction performed with oDG1019 and oDG1022. The prod-
uct was transformed into BDG252, selected on phleomycin, and then
screened for kanamycin sensitivity to create BDG253. The phleomycin
marker was again deleted by growing BDG253 in LB without selection for
4 h, plating the strain on kanamycin, and screening colonies for phleomy-
cin sensitivity to create strain BDG255. To delete spoIIga, the 5= flank was
amplified with primers oDG1023 and oDG1024, the 3= flank was ampli-
fied with oDG1025 and oDG1026, and the phleomycin cassette was am-
plified with oDG999 and oDG1000. The three products were combined in
a sewing reaction using primers oDG1023 and oDG1026. After transfor-
mation, selection on phleomycin, and screening for phleomycin resis-
tance, the resulting strain was named BDG256. The phleomycin marker
was deleted, again by growing BDG256 in LB without selection for 4 h,
plating it on kanamycin, and screening colonies for phleomycin sensitiv-
ity, to create strain BDG257, also known as the �8 strain.

Construction of M35152-A118. A118 was obtained from Richard
Calendar (University of California, Berkeley, CA) and was from a stock of
the originally sequenced phage. The 35152 monocin gene cluster of ftbD
to the 5= portion of ftbP was PCR amplified using primers oGL-086 and
oGL-112. The A118 phage tail fiber gene was PCR amplified from phage
genomic DNA by using the forward primer oGL-120 and the reverse
primer oGL-162, oGL-163, oGL-164, or oGL-165 to include three, two,
one, or no downstream chaperone. The monocin PCR product and each
of the A118 PCR products were cloned in a three-piece Gibson assembly
into HindIII-digested pGL-034. The constructs were named pGL-075,
pGL-076, pGL-077, and pGL-078, and the resulting integrants were
named sGL-364, sGL-158, sGL-365, and sGL-366, respectively.

EM. Monocins were purified by sucrose density gradient centrifuga-
tion. Two microliters of purified monocin was placed onto a carbon-

coated copper electron microscopy (EM) grid. After 1 min, the sample
was blotted from the edge of the grid with filter paper to leave a thin layer
of sample, which was subsequently stained with 2% uranyl acetate for 30 s.
The stain solution was blotted with filter paper. This staining and blotting
step was repeated five times. The sample grid was air dried and inserted
into an FEI Tecnai F20 transmission electron microscope. Images were
recorded on a TVIPS 16-megapixel charge-coupled device (CCD) camera.

RESULTS
Identification of the monocin genetic locus. Listeria monocyto-
genes strain ATCC 35152 and Listeria innocua strain ATCC 33090
were both reported to produce monocins (16). To confirm these
observations, we induced expression of the monocins by using
mitomycin C, harvested the particles by ultracentrifugation, and
then tested the resulting preparations for bactericidal activity
against Listeria strains by the spot method (see Materials and
Methods) (Table 1). The preparations were designated M35152
and M33090, respectively, and were found to have differing bac-
tericidal spectra. M35152 has a broad spectrum that consists
mainly of serotype 4b strains (Table 1). M33090 has a much nar-
rower spectrum, forming spots only on L. monocytogenes 19111
and Listeria ivanovii 19119 (data not shown). Consistent with
other PTLBs, neither preparation showed bactericidal activity
against its own natural producer strain.

Monocin preparations were analyzed by mass spectrometry
(MS) to identify proteins present in the samples that had similarity
to components of phage tail-like structures. Although genome
sequences for strains 35152 and 33090 are not available, numerous
other Listeria genomes have been sequenced. Querying these ge-
nomes revealed open reading frames (ORFs) whose gene products
matched the monocin peptides. The most abundant protein in the
M35152 preparation corresponded to the lmaA gene, or antigen A
gene, carried by numerous L. monocytogenes strains. Antigen A is a
protein originally found to elicit an immune response in Listeria
infections (see Discussion). BLAST searches showed that it has
high sequence similarity to the major tail protein of TP901-1-like
Siphoviridae bacteriophages of Gram-positive bacteria, including
the Listeria phage A118 (24). The M35152 antigen A sequence has

TABLE 1 Bactericidal activities of monocins on a panel of Listeria strains

Strain Other designation Source Serotype

Sensitivity to monocin:

Phage A118
plaque formation

M35152 (from
Listeria)

M35152 (from
Bacillus)

M35152-A118
(from Bacillus)

15313 ATCC 1/2a No No Yes Yes
35152 ATCC 1/2a No No Yes Yes
19111 ATCC 1/2a Yes/noa No Yes Yes
DP-L4056 10403s cured of phage Daniel Portnoy 1/2a No No Yes Yes
DP-L3817 1993 Halifax Daniel Portnoy 1/2a No No Yes No
DP-L3633 EGDe Daniel Portnoy 1/2a No No Yes No
DP-L1171 Daniel Portnoy 1/2b No No Yes No
DP-L3293 LO28 Daniel Portnoy 1/2c No No Yes No
DP-L188 ATCC 19113 Daniel Portnoy 3 No No No No
23074 ATCC 4b Yes Yes No No
DP-L185 F2397 Daniel Portnoy 4b Yes Yes No No
DP-L186 ScottA Daniel Portnoy 4b Yes Yes No No
DP-L1173 Daniel Portnoy 4b Yes Yes No No
DP-L1174 Daniel Portnoy 4b Yes Yes No No
DP-L1168 Daniel Portnoy 4b Yes Yes No No
DP-L1169 Daniel Portnoy 4b Yes Yes No No
33030 ATCC (L. innocua) Yes Yes No No
a Strain 19111 was originally scored as sensitive, but a reexamination of this result indicated that it may be incorrect (see Discussion).
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identical or nearly identical homologues in several known Listeria
monocytogenes genomes. We chose strain 1/2a F6854 as a reference
and used the gene numbering system of that strain for this work.
Antigen A corresponds to gene 0131. The MS data for monocin
preparations identified several other peptide matches that corre-
spond to ORFs carried nearby in the genome, including ORFs
0130, 0132, 0135, 0136, 0138, and 0140. Several of these also have
sequence similarities to phage tail proteins (Table 2).

A close inspection of this genomic region revealed that ORFs
0130 to 0140 encode components analogous to a Siphoviridae tail
structure module (Fig. 1). In addition to the above-described
genes, ORF 0134 encodes a putative tape measure protein, and
ORFs 0137 and 0139 encode putative proteins that share sequence

similarity to known phage tail proteins. These ORFs are all tran-
scribed on one strand, with few or no intergenic spaces. Just
downstream of the structural genes, ORFs 0141 and 0142 encode
putative holin and lysin proteins, which, in general, are responsi-
ble for timed cell lysis for particle release (25). Upstream of ORF
0130, we annotated five putative regulatory genes. ORF 0125 has
sequence similarity to transcriptional regulator genes, ORFs 0126
and 0127 have sequence similarity to phage regulatory protein
genes, and ORFs 0128 and 0129 have sequence similarities to an-
tigen D and antigen C, respectively (see Discussion), and some
similarity to transcriptional regulators (Table 2). ORFs 0125 to
0127 are transcribed in the opposite direction from the structural
genes, while ORFs 0128 and 0129 are transcribed in the same

TABLE 2 Genes, predicted amino acid lengths, and putative functions of the monocin gene cluster

ORFa

Gene
designation

Product
length (aa) Putative product function

Phage A118 homologue
(% aa identity) Comment

0125 ftbA 231 Transcriptional regulator
0126 ftbB 150 Toxin/antitoxin gp35 (46)
0127 ftbC 117 Toxin/antitoxin, lambda C1, HTH
0128 ftbD 142 Antigen D (unknown function) gp61 (46)
0129 ftbE 138 Antigen C/transcriptional regulator gp66 (39)
0130 ftbF 129 Antigen B (unknown function)
0131 ftbG 170 Antigen A major phage tail gp12 (15) Strong similarity to several putative TP901-1-like

prophage major tail proteins among diverse bacteria
0132 ftbH 100 Hypothetical phage-related protein
0133 ftbI 130 Hypothetical phage-related protein
0134 ftbJ 622 Tape measure gp16 (19) Less than half the length of the A118 tape measure
0135 ftbK 272 Phage tail component gp17 (36)
0136 ftbL 378 Phage tail component gp18 (33)
0137 ftbM 99 Hypothetical phage-related protein
0138 ftbN 191 Hypothetical phage-related protein Potential peptidase
0139 ftbO 159 Hypothetical phage-related protein
0140 ftbP 178 Receptor binding gp20 50% identity between aa 36 to 68 and A118 gp20
0141 ftbQ 140 Holin
0142 ftbR 242 Lysin
a The ORF numbering system is based on strain F6854.

FIG 1 Gene clusters encoding monocins. The blue genes represent putative regulatory protein genes, the pink genes encode structural proteins, and the green
genes form the lysis cassette encoding holin and lysin. (A) Entire wild-type gene cluster. (B) Holin/lysin deletion construct (sUC-001). (C) Construct under the
control of the inducible Phyper-spank promoter (sGL-071). (D) Monocin gene cluster with the tail fiber fusion plus the downstream chaperone (sGL-365).
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direction as the structural genes, suggesting that an operator re-
gion lies between the diverging transcripts. No genes encoding
phage capsid, capsid assembly, or portal proteins were found in
this region or nearby in the genome. Also not present were any
genes encoding DNA replication or packaging machinery or inte-
gration/excision proteins or any other ORFs often associated with
temperate prophages. Thus, this region is consistent with a locus
encoding an F-type bacteriocin. The locus on the genome is found
between nucleotides 107301 and 118941 with the strain F6854
annotation. This corresponds to nucleotides 119740 to 131380 for
EGD-e and 116542 to 128182 for 10403s. Because some of the
genes of this locus share sequence similarity to phage genes, it has
been annotated a prophage insertion and designated Lamb-
daLm01 or the lma locus by some genome sequencing groups
characterizing other Listeria strains. We chose to rename these
genes ftbA to ftbR (for F-type bacteriocin) since we now know the
functions of the products of these genes.

Viewing the monocin gene cluster as a whole, its closest Listeria
phage tail relatives are those of A118-like phages (Fig. 2; Table 2).
However, the similarity is relatively weak. The ftbK and ftbL genes
encode predicted baseplate components that are the two most
similar structural proteins, with 33 to 36% amino acid identities.
The tape measure protein is only weakly similar to (19% identity)
and half the size of the A118 counterpart. The receptor binding
protein encoded by ftbP shares only a small region of similarity
with the A118 tail fiber. The major tail protein actually shares
more sequence similarity with other putative TP901-1 phage
counterparts than with the A118 counterpart. BLAST searches
revealed several major tail protein homologues encoded within
the genomes of several Gram-positive bacterial species, most of
which appear to be part of uncharacterized prophages. For exam-
ple, the major tail protein shares 73% amino acid sequence simi-
larity to a tail protein of Paenibacillus larvae (GenBank accession
no. WP_023484977) and 72% similarity to that of Enterococcus
avium 14025 (GenBank accession no. WP_016180823). Five pu-
tative structural genes, ftbH, ftbI, ftbM, ftbN, and ftbO, share no
recognizable sequence similarity to their A118 counterparts and
very little similarity to any other phage genes in any bacteria, al-
though we predict that ftbM, ftbN, and ftbO encode baseplate
components, based on their position within the cluster. Three
putative regulatory proteins, encoded by ftbB, ftbD, and ftbE, are
more similar to their A118 counterparts than any of the structural

proteins, with sequence identities ranging from 39 to 49%; how-
ever, the genes are not clustered together in the A118 genome as
they are in the monocin cluster. The lysis cassette is not related by
sequence similarity to the A118 lysis genes.

Expressing the 35152 monocin (M35152) in Bacillus subtilis.
The monocin gene cluster from ftbA to ftbR was cloned and inte-
grated into the genome of Bacillus subtilis strain BDG9 (see Mate-
rials and Methods) to generate strain sGL-064. Monocin was pro-
duced from sGL-064 by induction of the SOS response with
addition of hydrogen peroxide, which we found to be more reli-
able than mitomycin C for induction in B. subtilis. Monocin par-
ticles recovered from cell lysates were tested by spot assay on a
panel of target strains (Table 1). The bactericidal spectrum of the
recombinant monocin corresponded to that of the wild type, with
the exception of one strain (see below and Discussion). For sub-
sequent work, we chose ATCC 23074 (serotype 4b) as the standard
assay strain for studying M35152.

The entire M35152 gene cluster was sequenced by primer walk-
ing. The locus was found to be highly similar to that of F6854, with
six of the predicted proteins being identical, seven having only 1 or
2 amino acid substitutions, three having 6 or 7 amino acid substi-
tutions, and the most divergent (FtbP) having 25 amino acid sub-
stitutions. The monocin locus has a GC content of 37%, the same
as that of the L. monocytogenes genome.

In order to produce monocins intracellularly for ease of pro-
duction and potentially higher yields, we deleted ftpQ and ftbR
(encoding holin and lysin, respectively) (Fig. 1B). The resultant
strain, sUC-001, produced monocins primarily intracellularly
upon SOS induction, with only minor (	5%) leakage into the
culture medium in older cultures (data not shown).

Expression of M35152 from an inducible promoter. Yields of
monocins from B. subtilis were still quite low, showing bacteri-
cidal activity only when spotted undiluted on a lawn. We sus-
pected that the natural monocin SOS regulatory circuit was not
functioning well in Bacillus. To bypass the need for SOS induction
and to increase yields, we eliminated the three upstream putative
regulatory genes (ftbA, ftbB, and ftbC) and placed the IPTG-in-
ducible B. subtilis Phyper-spank promoter upstream of ftbD to drive
transcription of all of the remaining monocin genes (Fig. 1C). We
also generated a construct in which Phyper-spank was placed up-
stream of ftbF, since we believed that ftbD and ftbE encode regu-
latory proteins and that we could completely bypass natural

FIG 2 Comparison of the monocin gene cluster and bacteriophage A118. The monocin structural genes are analogous to the Siphoviridae phage tail module. The
monocin regulatory genes also have A118 homologues, although they are not in the same context (also see Table 2).
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monocin gene regulation by driving transcription of only the
structural components. Both constructs also included lacI down-
stream of cat to provide reversible repression. The resulting Bacil-
lus integrants were designated sGL-071 and sGL-077. Monocins
could now be induced from these strains by addition of IPTG (see
Materials and Methods). By spot assay, functional M35152 was
produced by both strains; however, the yields were considerably
different. When Phyper-spank was positioned upstream of ftbF (sGL-
077), very little monocin was produced upon IPTG induction, and
it was barely detectable by spot assay. However, Phyper-spank posi-
tioned in front of ftbD (sGL-071) gave robust, inducible yields:
spot assays with 5-fold dilutions of purified monocin showed bac-
tericidal activity at dilutions of 1/625 to 1/3,125 (Fig. 3A).

Improved B. subtilis expression strain. To further improve
monocin yields, we constructed a modified B. subtilis production
strain deleted of prophage genes, sporulation functions, and fla-
gellum synthesis genes. The hypothesis was that potential pro-
phage production and flagellum synthesis could interfere with
monocin production and that prevention of sporulation would
allow cells to remain in a productive, vegetative state longer. We
started with B. subtilis strain �6, which has a series of prophage
element deletions, including deletions of prophage 1, prophage 3,
SP�, PBSX, and Skin (23). We further modified �6 by knocking
out flagellum production (�hag) and sporulation (�spoIIga)
genes to generate strain �8 (see Materials and Methods). The
M35152 gene cluster, minus the holin/lysin genes, was trans-
formed/integrated into �8 and regulated with Phyper-spank up-
stream of ftbD as in sGL-071. The resulting strain, sGL-157
(M35152), had improved monocin production (typically 5- to
10-fold) over that of its BDG9-based counterpart (Fig. 3A).

Monocins have potent bactericidal activity. M35152 was pro-
duced from sGL-157 in sufficient amounts to perform quantita-
tive survival assays to calculate the number of killing units (KU;
the theoretical activity required to kill a single cell) in a given
preparation (Fig. 3B). A 1-liter shake flask preparation can pro-
duce �1015 KU of active material. The specific activity is �1014

KU/mg of protein. Assuming that the molecular mass of mono-

cins is similar to that of F-type pyocins, i.e., 2 � 106 to 3 � 106 Da
(11), a monocin KU corresponds roughly to 2 or 3 purified recom-
binant monocin particles. This is close to the theoretical maxi-
mum potency of a single PTLB particle resulting in cell death, an
observation also noted with both R- and F-type pyocins of Pseu-
domonas aeruginosa.

Generating a recombinant RBP by using the tail fiber of list-
eriophage A118. Previous studies with other PTLBs demon-
strated that it is possible to retarget the bactericidal spectrum of an
RTB by making fusions between the native RBP and heterologous
RBPs from phages, either tail fibers or tail spikes (19–21, 26, 27). It
appears almost universal that the N-terminal domain of such pro-
teins forms the attachment to the baseplate of the RTB (or phage)
and that the C-terminal domain interacts with a receptor on the
target cell surface. The RBP (tail fiber; gp20) of phage A118 has a
small region of amino acid similarity with the monocin product of
ftbP, located at approximately amino acids 30 to 45. Based on this
observation and its position within the gene cluster, we predicted
ftbP to encode the monocin RBP. We designed constructs to fuse
the putative baseplate binding function of the monocin RBP
(amino acids 1 to 40) to the receptor binding function of the A118
tail fiber (gp20; amino acids 210 to 357).

In addition to the tail fiber fusion, we included 3 small ORFs
located downstream of the A118 gp20 ORF. Many bacteriophage
tail fibers are known to require additional proteins, often referred
to as chaperones, for proper folding, and these are usually encoded
just downstream of the tail fiber (19, 28). Bacteriophage A118
possesses three small ORFs, ORF 21 (105 amino acids), ORF 22
(52 amino acids), and ORF 23 (121 amino acids), in this position,
any one of which might encode a protein that has this role. These
3 ORFs have little sequence similarity to any other known protein.
To determine which, if any, might be required, we designed 4
constructs to include the ORF(s) downstream of the monocin/
A118 tail fiber fusion. One construct included all three ORFs, one
included ORFs 21 and 22, one included just ORF 21, and one
construct had none of the putative chaperone ORFs. These were
kept in the same context with respect to the end of the A118 tail
fiber (i.e., same spacing and ribosome binding sites) (Fig. 4).

These constructs were integrated into B. subtilis �8 as de-
scribed above, generating strains sGL-366 (no downstream
ORFs), sGL-365 (ORF 21), sGL-158 (ORFs 21 and 22), and sGL-
364 (ORFs 21 to 23) (Fig. 4). Monocins were induced from each
strain as described above and tested for activity by spot assay on
Listeria monocytogenes 19111, a strain known to serve as a host for
phage A118 and therefore predicted to be sensitive to a monocin
equipped with the A118 RBP (Table 1; Fig. 5). When no putative
downstream ORFs were present, no monocin activity was de-
tected. When ORF 21 or both ORF 21 and ORF 22 were included
in the expression construct, robust activity was seen. When all
three downstream ORFs were present, there was a decreased
monocin yield compared to that with ORF 21 or ORF 21 plus ORF
22 (Fig. 5B). The monocins produced from strains sGL-365 and
sGL-158 were termed M35152-A118.

While this work was being completed, it was shown directly
that gp20 is the A118 RBP (29). It was also shown that gp21 is part
of the A118 phage baseplate structure. To see if gp21 is also part of
the structure of M35152-A118, ultracentrifugation-purified prep-
arations of M35152-A118 were analyzed by mass spectrometry.
gp21 was found to be associated with the monocin structure along
with the RBP fusion protein (see Discussion).

FIG 3 Bactericidal activity of M35152 on strain 23074. (A) Lawn spot assay of
monocin activity to compare materials produced in the B. subtilis BDG9 and
�8 backgrounds. 23074 was the target strain used to make the lawn. Clearing in
the lawn indicates bactericidal activity. (B) Liquid survival assay showing kill-
ing activity. The target strain was 23074, and it was spotted directly onto an
agar plate.
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Both M35152 and M35152-A118 produced in Bacillus subtilis
were tested for bactericidal activity against a larger panel of Listeria
strains (Table 1). M35152 killed all strains of the 4b serotype.
M35152 targeted 1/2a strains as well as 1/2b and 1/2c strains, con-
sistent with the fact that A118 infects these strains. One serotype 3
strain was tested and was insensitive to both monocins. One
strain, serotype 1/2a strain ATCC 19111, seemed to be variably
sensitive to material produced from Listeria, but the recombinant
M35152 monocin did not show any signs of activity against this
strain (see Discussion).

Representative electron micrographs of the monocins pro-
duced from sGL-157 and sGL-158 are shown in Fig. 6. The mono-
cins are fully formed and consist of a rod structure of about 100
nm in length and a large baseplate complex. They are consistent
with the monocin particles previously described for Listeria (17).
The rod is made up of stacked disks, and the baseplate appears to
be hexagonal, both of which are features resembling those of the
TP901-1-like phage tail.

DISCUSSION

Monocins now represent the best-characterized F-type bacterio-
cins (FTBs). We cloned and expressed the Listeria FTB gene clus-
ter in Bacillus subtilis and identified the receptor binding protein
(RBP), which can be engineered to alter the bactericidal spectrum.
Like those of other PTLBs, the monocin genetic locus resembles a
phage tail module, with a regulatory region, structural component
genes, and a lysis cassette. Based on sequence similarity and gene
order, the closest common ancestor of monocins is the tail struc-
ture of A118-like phages, which are TP901-1-like Siphoviridae
phages. However, sequence similarity between A118 and mono-
cins is low, suggesting that the divergence is ancient.

Both monocins and phage A118 are most closely related to
lactococcal Siphoviridae phages (tails) TP901-1, p2, and Tuc2009
(30–33). Negatively stained EM images confirm that monocins
likely have a similar structure (Fig. 6). The tail structures of these
phages possess a complex baseplate in which the RBPs are ar-
ranged in an outer ring with six units, each composed of three
“tripods,” each of which in turn is a trimer of the RBP, for a total
of 54 RBP subunits (34, 35). This high density of RBPs would
allow very high avidity of the monocin for the receptor, such that

contact between a monocin and its cell target is likely to result in
irreversible binding, and therefore in a bactericidal event. Indeed,
we did observe potency consistent with approximately one parti-
cle killing one target cell in the survival assay. The cellular receptor
for wild-type monocins has yet to be determined; however, the
receptor for phage A118 (and likely M35152-A118) is known to be
teichoic acid (29). Work is under way to determine if natural
monocins also utilize teichoic acids or perhaps some other cell
surface structure as a receptor.

The successful fusion of the A118 RBP (gp20) to FtbP confirms
that ftbP encodes the monocin RBP and that a change in this
protein alone changes the target cell specificity. Consistent with
this is the observation that FtbP is the most divergent protein
encoded among monocin gene clusters. This was noted with other
PTLBs and is likely the result of selective pressure to acquire dif-
ferent target specificities. During the course of this work, it was
verified experimentally by others that A118 gp20 is the phage’s
RBP and that gp21 is part of the A118 baseplate (29). We show
here that fully functional production of M35152-A118 also re-
quires the presence of gp21. Given its position in relation to gp20,
we originally hypothesized that it might be a “chaperone” or tail
fiber assembly protein required for the formation of trimers of
gp20. If so, we might predict that it would not be part of the
structure. However, given that it is part of both the phage A118
and M35152-A118 structures, this assessment is probably incor-
rect. gp21 likely is associated with the C terminus of gp20, since
this is the portion transferred to the monocin, but its role remains
unknown.

One strain of L. monocytogenes (ATCC 19111) was originally
scored as sensitive to monocins produced by hydrogen peroxide-
induced Listeria strain 35152. A reexamination of this result by
looking at serial dilutions of monocin preparations from Listeria
showed that it is likely to be incorrect. We believe that this vari-
ability is probably due to some other antibacterial entity induced
in strain 35152 and is not a property of M35152 itself. Indeed, we
conducted a study to identify new monocins from other Listeria

FIG 4 M35152-A118 constructs made in this study, showing the distal por-
tion of the monocin cluster. The fusion site between FtbP and gp20 is shown
with an arrow and includes amino acids 1 to 40 of FtbP and 210 to 357 of gp20.
gp21, gp22, and gp23 were left in their natural context in relation to gp20.

FIG 5 Bactericidal activity of the recombinant monocin M35152-A118. (A)
Comparison of wild-type M35152 and M35152-A118 on two different L.
monocytogenes strains, showing the switch in bactericidal spectrum upon en-
gineering of the RBP. M35152 killed strain 23074 but not strain 19111, whereas
M35152-A118 killed 19111 but not 23074. (B) Comparison of activities of the
4 putative downstream ORF constructs, showing that ORF 21 is required to
generate functional M35152-A118.
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strains and found that many strains variably produced particles
likely to be phages that are coinduced with monocins (data not
shown). It was often difficult to distinguish if a bactericidal activity
was due to a monocin or due to “killing from without” by a tem-
perate phage. By cloning the monocin into B. subtilis, we could
examine the bactericidal properties of this structure without interfer-
ence from contaminating antibacterial entities, such as phages.
M35152 produced from Bacillus consistently and potently killed 4b
strains, and M35152-A118 consistently killed 1/2a strains as well as
1/2b and 1/2c strains. Note that the killing spectrum of M35152-A118
is broader than the host range of phage A118, likely due to phage
defense mechanisms that do not affect bacteriocin function.

This work sheds light on some confusing issues with this gene
cluster. Gohmann et al. described antigens that elicit an immune
response during Listeria infection (36). One of the proteins was
named antigen A (lmaA), and it is encoded by ftbG. Here we show
that the gene product of ftbG is actually the monocin major tail
protein. There must be some amount of monocin induction dur-
ing Listeria infection that elicits an immune response and anti-
body production. This group went on to clone surrounding genes,
whose products they labeled antigens B, C, and D, without any
evidence to indicate that they encoded actual antigens other than
their proximity to lmaA (37); these correspond to ftbF, ftbE, and
ftbD, respectively. These B, C, and D “antigen” designations have
been inherited and annotated in several new genomes. Whether
there is a biological significance to this remains to be seen, but
researchers should be aware of the origin of these gene designa-
tions. Many other genome sequencing groups have annotated the
monocin gene cluster a prophage insertion, LambdaLm01. We
now know that this locus encodes a functional bacteriocin. An-
other level of confusion involves the lysis cassette. Previous work
identified and cloned a putative monocin lysin gene (17). How-
ever, that particular gene shares little sequence similarity to the
lysin gene identified in the FTB gene cluster in the present study;
instead, it is nearly identical to a lysin associated with phage
phiLM4 (GenBank accession no. ABG75905), prophage FSL F8-
0076 (GenBank accession no. KES26481), and several L. monocy-
togenes prophages. It is likely that this early work misidentified a
prophage lysin as the monocin lysin.

Another interesting note is that Hain et al. examined the lma
locus, which is widespread among pathogenic Listeria species, and

speculated that it may play a role in pathogenesis (38). Deletion of
lmaB and lmaD (ftbF and ftbE) resulted in somewhat attenuated
virulence in a mouse model; however, a mechanism for this ob-
servation remained unclear. To complicate matters, it was also
recently shown that excision of A118-like prophage sequences
(without infectious particle production) promotes virulence by
restoring comK (39). Perhaps there is cross talk between phage/
monocin regulatory proteins involved in this process. Consider-
ing the observation that monocin antibodies are produced during
Listeria infection, one might assume that monocins are produced
and released, possibly inside macrophages. Further studies are
needed to determine whether there is any pathogenic function of
monocin production during an L. monocytogenes infection.

Both R-type and F-type pyocins kill cells by a dissipation of the
membrane potential. Given the high potency of monocins, we
expect that they function similarly. The mechanics of achieving
this membrane disruption for the two types of PTLB bactericidal
activity appear to be quite different. R-type pyocin employs a con-
tractile mechanism by which a core is inserted through the cell
envelope, presumably to create a channel (9). F-type bacteriocins,
on the other hand, have no sheath proteins to drive contractility.
Recent data suggest that the tape measure protein of Siphoviridae
phages becomes inserted into the inner membrane and is involved
in DNA translocation (40). It is possible that PTLB tape measure
proteins also insert into the inner membrane but that, instead of
facilitating DNA translocation, they are involved in pore forma-
tion. Since both R- and F-type pyocins possess tape measure pro-
teins, their mechanisms of killing may be very similar, with the
difference being the mechanism by which the tape measure pro-
tein is delivered.

PTLBs appear to be widespread among the members of the
bacterial kingdom, with examples from Rhizobium lupini (41),
Xenorhabdus nematophilus (42), Xenorhabdus bovienii (43),
Erwinia carotovora (44), Yersinia enterocolitica (45), Erwinia amy-
lovora (46), Budvicia aquatic (47), Pragia fontium (47), Pseudomo-
nas fluorescens (48), Stenotrophomonas maltophilia (49), Clostrid-
ium difficile (21), Pseudomonas aeruginosa (1), and Pseudomonas
syringae (50). Those that have been studied in detail do not appear
to share a single common PTLB ancestor, suggesting that each
arose independently. Even on a functional level, contractile PTLBs
are more similar to specific contractile phages than to each other.

FIG 6 Transmission electron micrographs of monocins produced in B. subtilis. (A) M35152 from strain sGL-157. (B) M35152-A118 from strain sGL-158.
Arrows indicate detached tube disks.
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For example, R-type pyocins are related to PS17-like tails (51),
RTBs of C. difficile are related to phiC2-like phages (21), and the
Pseudomonas syringae RTB is related to a Mu-like tail structure
(50). The same can be said for noncontractile PTLBs. The FTBs of
P. aeruginosa are related to lambda-like phage tails (1), and we
now show that F-type monocins are related to A118 and TP901-1
phage tails.

A common hypothesis is that PTLBs arose from “defective”
prophages which lost genes encoding head proteins and replica-
tion machinery, while the remaining tail genes underwent adap-
tations, such as internal tube charge, that allowed them to func-
tion more efficiently as bacteriocins (9). One observation used to
support the phage origin of PTLBs is that PS17 tails have bacteri-
cidal activity, albeit 100-fold lower than that of R-type pyocin
(52). However, detailed structural comparisons of Myoviridae
phage tails, type VI secretion systems, and insecticidal contractile
complexes revealed a common ancestry for envelope-penetrating
complexes, without clear evidence that they originated in either
phages or bacteria (3, 30, 53). These recent observations might
support the alternate hypothesis that Myoviridae phages evolved
by acquisition of a contractile nanotube module, perhaps even
one that functioned as a bacteriocin. Monocins are clearly related
to TP901-1-like phage tails. However, they share little sequence
similarity to their closest known Listeria phage relatives, suggest-
ing that the divergence was quite ancient, and one might not a
priori assume that they are descendants of degenerate prophages.
It is possible that TP901-1-like phage tails and monocins share an
ancestor that predates Siphoviridae phages. However, the picture
is further blurred by the observation that horizontal gene transfer
plays a major role in phage evolution (54), and probably also in
PTLB evolution. The monocin major tail protein shares as much
as 73% sequence similarity with a putative phage protein in Paeni-
bacillus larvae and with other TP901-1-like prophages in other
bacterial species, suggesting that there is still potential for genetic
exchange between the two entities.

Monocins have very potent bactericidal activity and can be
produced at high concentrations in a food-grade production or-
ganism. Two monocins, the natural monocin M35152 and the
engineered monocin M35152-A118 created in this work, together
kill serotype 4b and 1/2a strains, which are among the most sig-
nificant foodborne isolates (55). These structures may potentially
be deployed in food safety applications to precisely kill pathogenic
Listeria strains and to reduce the incidence of illness.
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