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ABSTRACT Most Pseudomonas aeruginosa strains produce bacteriocins derived from
contractile or noncontractile phage tails known as R- and F-type pyocins, respectively.
These bacteriocins possess strain-specific bactericidal activity against P. aeruginosa and
likely increase evolutionary fitness through intraspecies competition. R-type pyocins
have been studied extensively and show promise as alternatives to antibiotics.
Although they have similar therapeutic potential, experimental studies on F-type
pyocins are limited. Here, we provide a bioinformatic and experimental investiga-
tion of F-type pyocins. We introduce a systematic naming scheme for genes found
in R- and F-type pyocin operons and identify 15 genes invariably found in strains
producing F-type pyocins. Five proteins encoded at the 39 end of the F-type pyo-
cin cluster are divergent in sequence and likely determine bactericidal specificity.
We use sequence similarities among these proteins to define eleven distinct F-type
pyocin groups, five of which had not been previously described. The five genes en-
coding the variable proteins associate in two modules that have clearly reassorted
independently during the evolution of these operons. These proteins are consider-
ably more diverse than the specificity-determining tail fibers of R-type pyocins, sug-
gesting that F-type pyocins may have emerged earlier. Experimental studies on six
F-type pyocin groups show that each displays a distinct spectrum of bactericidal ac-
tivity. This activity is strongly influenced by the lipopolysaccharide O-antigen type,
but other factors also play a role. F-type pyocins appear to kill as efficiently as R-
type pyocins. These studies set the stage for the development of F-type pyocins as
antibacterial therapeutics.

IMPORTANCE Pseudomonas aeruginosa is an opportunistic pathogen that causes an-
tibiotic-resistant infections with high mortality rates, particularly in immunocompro-
mised individuals and cystic fibrosis patients. Due to the increasing frequency of
multidrug-resistant P. aeruginosa infections, there is great need for the development
of alternative therapeutics. In this study, we investigate one such potential therapeu-
tic: F-type pyocins, which are bacteriocins naturally produced by P. aeruginosa that
resemble noncontractile phage tails. We show that they are potent killers of P. aeru-
ginosa and identify their probable bactericidal specificity determinants, which opens
up the possibility of engineering them to precisely target strains of pathogenic bac-
teria. The resemblance of F-type pyocins to well-characterized phage tails will greatly
facilitate their development into effective antibacterials.
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With increasing antibiotic resistance, there is a strong incentive to identify alterna-
tive antibacterial therapeutics. To this end, interest in using phages or parts of

phages to treat bacterial infections has greatly increased in recent years (1), and phage
treatments have proven effective in clearing bacterial infections in humans (2–4). This
success notwithstanding, there are potential drawbacks to phage therapy, including
the possibility that introduced phages may acquire and transmit virulence or antibiotic
resistance genes (5, 6). To circumvent these problems, the therapeutic potential of phage
tail-like bacteriocins, also referred to as tailocins, is also being explored. Tailocin-encoding
operons, which are found in many diverse bacterial species, are likely derived from pro-
phages. The utility of tailocins as antibacterials has been amply demonstrated (7, 8). Like
phages, tailocins are highly specific for their target organism, but they possess additional
advantages. A single tailocin type can be engineered to kill a variety of bacterial species
(9, 10), and tailocins can be efficiently produced in easily cultured organisms, such as
Escherichia coli (11) or Bacillus subtilis (12). Here, we provide a detailed investigation of a
group of tailocins produced by Pseudomonas aeruginosa that are related to noncontrac-
tile phage tails.

The tailocins of P. aeruginosa, discovered many decades ago (13), fall into two types
known as F-type pyocins and R-type pyocins. All P. aeruginosa strains possess a gene
cluster located between the trpE and trpG genes encoding F-type pyocins, R-type pyo-
cins, or both types of pyocins. R-type pyocins, which are related to contractile-tailed
phages, such as E. coli phage P2 (14), have been extensively studied. These entities are
produced by different strains of P. aeruginosa and have the ability to kill other strains
of the same species. R-type pyocins bind specifically to target strains, and then punc-
ture their inner membrane, leading to rapid cell death (15). Derivatives of R-type pyo-
cins with engineered tail fibers are able to kill other species of bacteria, such as E. coli
and Yersinia pestis, and these engineered variants have shown efficacy in preventing
and/or ameliorating infection in animal models (8, 11, 16, 17). F-type pyocins, which
are related to noncontractile tailed phages, such as E. coli phage lambda (14), have
been studied much less than the R-type. Although encoded in more than half of P. aer-
uginosa strains (18), no experimental work has been published on F-type pyocins since
1981 (19). The activities of F-type pyocins produced by five different strains have been
described in the literature (19–22), each of which killed distinct sets of P. aeruginosa
strains. However, the sequences of the operons encoding only two of these are known.
Based on genome sequencing data, four further groups have been defined (18), but
neither the production nor the activity of these groups was assessed. The mechanism
of action and killing specificity determinants of F-type pyocins have not been defined.

Given the potential importance of tailocins in treating bacterial infections and the
relative dearth of information pertaining to F-type pyocins, we undertook a compre-
hensive investigation of F-type pyocins encoded in a large number of P. aeruginosa
strains. The goals of this study were to bioinformatically characterize F-type pyocin
operons and correlate sequence diversity with the killing spectra of defined F-type
pyocin groups. Through this process, we have identified 11 distinct groups of F-type
pyocins and their likely specificity determinants. We conclude that these F-type pyo-
cins have the potential to be engineered as highly effective antibacterial therapeutics.

RESULTS
Selection of P. aeruginosa strains for this study. To gain an understanding of the

diversity of R-type and F-type pyocins produced by P. aeruginosa, we produced lysates
of 88 diverse strains (diversity was evaluated by isolation location and multilocus
sequence typing) from our collection (23) by treating cultures with mitomycin C, which
induces pyocin production and cell lysis (24). Each of these lysates was examined by
transmission electron microscopy (TEM), and those displaying abundant levels of R-
and/or F-type pyocins were further analyzed (Fig. 1). Ultimately, a set of 30 strains was
chosen that produced only F-type pyocins (n = 8), only R-type pyocins (n = 9), or both
R- and F-type (n = 13) pyocins. This set contained clinical and environmental strains
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from seven different countries, collected over a few decades (see Table S1 in the sup-
plemental material). Of the 30 strains, 28 were sequenced, assembled, and annotated
in this study (annotated genomes of strains PAO1 and PA14 were obtained from the
Pseudomonas Genome Database [25]).

Conserved features of R/F-type pyocin clusters. The R- and F-type pyocin gene
clusters are invariably found between the trpE and trpG genes in P. aeruginosa (14). To
locate these gene clusters in each genome that was sequenced in this study, the
regions between gene trpE and trpG were extracted and analyzed (Fig. 2a). Each of the
30 sequenced genomes was found to encode an F-type or R-type pyocin or both corre-
sponding with the observed production of pyocin particles observed by electron mi-
croscopy. In total, 23 R-type and 21 F-type pyocin gene clusters were present in our
analyses. The gene content of the pyocin clusters was constant across all the strains.
We observed 8 genes, designated pyoRF1 to pyoRF8, which were found in all clusters,
as well as 15 genes specific to R-type pyocins (pyoR1 to pyoR15) and 15 genes specific
to F-type pyocins (pyoF1 to pyoF15) (Fig. 2a and Table 1). The pyoRF1 and pyoRF2 genes
encode the PrtN activator and PrtR repressor, respectively. These proteins regulate
expression of the cluster in response to DNA damage as previously described (24). The
pyoRF3 and pyoRF4 gene products are uncharacterized, but their predicted functions
suggest a role in regulating expression of the gene cluster. Analysis by HHpred indi-
cates that the pyoRF3 gene encodes a putative zinc-binding transcription factor and
pyoRF4 encodes a putative transcription antiterminator protein similar to gpQ of phage
lambda (26). Homologs of PyoRF3 are found in more than 100 phage and prophage
genomes, while homologs of PyoRF4 are found in a much smaller number of phages
and prophages. The pyoRF5 to pyoRF8 genes encode a complete set of phage-like lysis
genes, including a peptidoglycan hydrolase, holin, and Rz- and Rz1-like spannins (27).
In operons encoding only F-type pyocins all eight pyoRF genes precede the genes en-
coding the F-type pyocin-specific genes. In clusters encoding just R-type pyocins or
those encoding both R- and F-type pyocins, the R-type pyocin-specific genes are
inserted within the lysis gene cluster between pyoRF5 and pyoRF6 (Fig. 2a).

Within the 23 R-type pyocin clusters in the genomes studied here, 13 of the 15 en-
coded proteins are highly conserved among the clusters, with at least 97% sequence
identity between each gene product, as has been previously documented (17). The
two proteins that vary significantly are PyoR6 and PyoR7, which encode the tail fiber
and tail fiber chaperone, respectively. The tail fiber determines the specificity of R-type
pyocins, and the chaperone is specific to its cognate fiber. We compared the fiber and
chaperone proteins of each of our sequenced clusters to those of the characterized R-
type pyocin types (17). Fiber sequences of the R2, R3, and R4 types are very similar to
each other (.98% identical). Hence, we considered groups R2, R3, and R4 as one group

FIG 1 TEM images of lysates of cells producing R- and F-type pyocins. A lysate of strain S22 (left
panel), which produces both R- and F-type pyocins; a lysate of strain S13 (middle panel), which
produces just R-type pyocins; and a lysate of strain S18 (right panel), which produces just F-type
pyocins, are shown. R-type pyocin particles are indicated by yellow arrows, and F-type pyocin
particles are indicated by orange arrows. Grids were negatively stained with uranyl acetate. The scale
bar shown applies to all three micrographs.
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and called it group R2, as was done in a previous study (28). For the R-type pyocin clus-
ters sequenced here, 10 belonged to the R1 group, 10 belonged to the R2 group, and
2 belonged to the R5 group. Since R-type pyocins have been well characterized in pre-
vious studies (9, 10, 17), we focused the present investigation on the F-type pyocins.

Conserved proteins encoded in the F-type pyocin cluster. The pyoF2 to pyoF10
genes encode confidently annotated functions required for formation of the F-type pyo-
cin tube and tip (Table 1). The protein products of each of these genes are clearly homol-
ogous to phage tail proteins (29), and these proteins are very similar (;95% pairwise
sequence identity) among the 21 F-type pyocin gene clusters that we have analyzed.
Although the F-type pyocin genes are arranged in an order that is syntenic with the ge-
nome of the well-characterized E. coli phage lambda (14), only the tail tip and central fiber
proteins (PyoF6 to PyoF10) of this phage share significant sequence identity with F-type
pyocin proteins (31 to 38% sequence identity). The phage tail region with the greatest
similarity to the F-type pyocin cluster across the tube and tail tip region is that from E. coli
phage HK022. (Table 1). The HK022 proteins share 43% sequence identity, on average, to
those of the F-type pyocin (Table 1). No prophage tail region was more closely related to
the F-type pyocin cluster than phage HK022 across the whole cluster, though some P. aer-
uginosa prophages were more closely related to the 39 end of the cluster, where genes
encoding the tail tip proteins are located.

An unusual feature of F-type pyocin regions compared to phage tails is the lack of any

FIG 2 R- and F-type pyocin operons. (a) Three types of R- or F-type pyocin operons are found in P. aeruginosa: operons encode just R-type pyocins (top),
R- and F-type pyocins (middle), or just F-type pyocins (bottom). All three types share the same regulatory genes (pyoRF1 to pyoRF4) and lysis genes
(pyoRF5 to pyoRF8). Genes unique to R-type pyocins (pyoR1 to pyoR15) and those unique to F-type pyocins (pyoF1 to pyoF15) are indicated. Genes in the F-
type region that vary between groups and are involved in bactericidal specificity are shaded in darker blue. All three types of operons are located in the
same position in the P. aeruginosa genome between the trpE and trpG genes. (b) A close-up of the variable region genes encoded at the 39 end of the F-
type pyocin clusters show the six different groups identified in our sequenced strains. The numbers above the genes indicate the percent pairwise
sequence identity of the encoded protein with the homolog found in strain PA14 (group 5). Group F2 contains two copies of genes pyoF13 to pyoF15, but
the two sets of encoded proteins are diverged in sequence. Proteins PyoF13, PyoF14, and PyoF15 are very closely related (.95% sequence identity) in
groups F5, F4, and F2 (second group), as indicated by their shared coloring. The same proteins are highly similar in groups F1 and F6. For PyoF10 and
PyoF13, sequence comparisons were carried out including only their variable C-terminal domains. P. aeruginosa strains where certain groups were
previously identified are shown in parentheses.
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protein with detectable similarity to a tail terminator. This protein is essential for phage
tails because it is required to join the tail to the head (30). The tail terminator also pre-
vents uncontrolled polymerization of the tails of some (30), but not all phages (31). Since
F-type pyocins are not joined to a head, the tail terminator appears to be dispensable.
The pyoF1 gene lies in the genomic position expected for a tail terminator gene.
However, the 95-amino-acid protein encoded by this gene bears no detectable sequence
similarity to tail terminators, has no homologs outside P. aeruginosa F-type pyocin clus-
ters, and stop codons are observed in this open reading frame (ORF) in several strains.
Thus, we conclude that this protein is likely not required for F-pyocin function, as was
also concluded in a previous publication (12).

F-type pyocins can be grouped based on proteins encoded at the 39 end of the
cluster. The host range specificity of phages is determined by proteins located at the
tail tip, which are typically encoded by genes at the 39 end of tail-encoding regions

TABLE 1 Gene composition of the pyocin operon in P. aeruginosa strain PA14

Gene PA14 locus tag
Identity with HK022
homolog (%)a Protein function

pyoRF1 PA14_07950 Activator (PrtN)
pyoRF2 PA14_07960 Repressor (PrtR)
pyoRF3 PA14_07970 Zinc finger transcription factorb

pyoRF4 PA14_07980 Lambda gpQ-likeb

pyoRF5 PA14_07990 Holinb

pyoR1 PA14_08000 Tail terminatorb

pyoR2 PA14_08010 Tail spike
pyoR3 PA14_08020 Baseplate wedge 1c

pyoR4 PA14_08030 Baseplate wedge 2c

pyoR5 PA14_08040 Baseplate wedge 3c

pyoR6 PA14_08050 Tail fiber
pyoR7 PA14_08060 Tail fiber chaperone
pyoR8 PA14_08070 Tail sheath
pyoR9 PA14_08090 Tail tube
pyoR10 PA14_08100 Tape measure chaperone
pyoR11 PA14_08110 Tape measure chaperoned

pyoR12 PA14_08120 Tape measure
pyoR13 PA14_08130 Baseplate hub 1c

pyoR14 PA14_08140 Baseplate LysM domain
pyoR15 PA14_08150 Baseplate hub 2c

pyoRF6 PA14_08160 Peptidoglycan hydrolase
pyoRF7 PA14_08180 Spannin (Rz)b

pyoRF8 PA14_08190 Spannin (Rz1)b

pyoF1 PA14_08200 Unknown
pyoF2 PA14_08210 54 Tail tube
pyoF3 PA14_08220 ND Tape measure chaperone
pyoF4 PA14_08230 36 Tape measure chaperoned

pyoF5 PA14_08240 35 Tape measure
pyoF6 PA14_08250 37 Tail tip protein
pyoF7 PA14_08260 46 Tail tip protein
pyoF8 PA14_08270 44 Tail tip protein
pyoF9 PA14_08280 49 Tail tip protein
pyoF10 PA14_08300 44 Central fiber
pyoF11e NAf 24 Module 1 specificity determinant
pyoF12e NA ND Module 1 specificity determinant
pyoF13 PA14_08310 20 Module 2 specificity determinant
pyoF14 PA14_08320 Module 2 specificity determinant
pyoF15 PA14_08330 Module 2 specificity determinant
aValues indicate the pairwise percent amino acid identity and are shown for tail morphogenesis proteins that are
present in both E. coli phage HK022 and the F-type pyocin cluster. The genes encoding these proteins are
arranged syntenically in the two clusters.

bFunctions were predicted using HHpred.
cThese myophage baseplate functions are defined by Buttner et al. (51).
dThe second tape measure chaperone encoding segment is appended to the first through a programmed
translational frameshift (52). The annotation of this ORF is missed in many P. aeruginosa genomes.

eThese proteins, though clearly encoded in the PA14 genome, were not annotated.
fNA, not applicable; ND, likely homologous proteins were present, but the pairwise sequence identity was below 20%.
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(29). The homologous proteins in the F-type pyocin are encoded by genes pyoF10 to
pyoF15. Noncontractile phage tails resembling F-type pyocins possess a long (.700
residues) central fiber protein that projects directly below the tail tip. In phage lambda,
this central fiber is encoded by the J gene, and a region within the last 250 residues of
the gpJ protein mediates host cell specificity and surface binding (32, 33). The homolo-
gous protein in F-type pyocins is encoded by pyoF10. We observed that the first 1,160
residues of the PyoF10 proteins are highly conserved among F-type pyocins (.93%
sequence identity), but the last 60 residues vary greatly, with pairwise identities in this
region often ranging below 35% (see Fig. S1). This sequence variability is consistent
with a role for the C terminus of PyoF10 in mediating host specificity.

In addition to the last 60 residues of PyoF10, the other five proteins encoded at the
39 end of the F-type pyocin cluster, PyoF11 to PyoF15, were found to vary considerably
in sequence between different F-type pyocin clusters. Based on pairwise comparison
of homologous proteins encoded in this region of the clusters (see Fig. S1), the F-type
pyocin regions found in different genomes were divided into six groups—F1, F2, F4,
F5, F6, and F7 (Fig. 2b). Regions were placed into the same group if each of their corre-
sponding homologous proteins shared at least 90% sequence identity with all others
in the group. The nomenclature used here extends from previous work where groups
F1 to F3 were established based on differences in host killing specificity (19). We do
not know whether any of the groups identified here match group F3 because no exam-
ples from this group have been sequenced. The groups that we called F4 and F6 have
not been previously recognized, while group F5 and F7 were previously described in P.
aeruginosa strains PA14 and DK2, respectively (18). The two most frequently occurring
groups are F2 (11 members) and F7 (4 members). The F1, F5, and F6 groups were en-
coded only in pyocin clusters that also encoded R-type pyocins, while F4, F7, and F2
group clusters were found in the absence of R-type clusters except in two instances
(both F2 group). Further bioinformatic comparisons described below compare repre-
sentative protein sequences from each of the six F-type pyocin groups that we identi-
fied here.

PyoF11 and PyoF12 are newly recognized conserved proteins. PyoF11 and
PyoF12 are proteins of unknown function that are encoded in every F-type pyocin
region. These are the most diverse proteins in the F-type pyocin clusters, often display-
ing pairwise sequence identities of ,25% (see Fig. S1). Despite their diversity, the
homologs of these proteins from the six groups could be convincingly aligned (see Fig.
S2a and b). We used HMMer (34) to create Hidden Markov Model (HMM) profiles from
the PyoF11 and PyoF12 alignments. Searching with these HMMs, we identified more
than 50 occurrences each of pyoF11 and pyoF12 gene homologs in diverse phages and
prophages. These genes often occur together and invariably lie immediately 39 to the
central fiber gene (homolog of pyoF10). In some phage genomes, the pyoF11 and
pyoF12 genes are very likely the last genes in the tail operon as they are followed im-
mediately by lysis genes (e.g., Burkholderia phage Bcep176 and Xanthomonas phage
CP1). These observations suggest that PyoF11 and PyoF12 function in conjunction
with the central fiber protein, possibly binding to it or acting as chaperones to aid in
folding of the fiber. PyoF11 and PyoF12 had not been previously recognized as con-
served proteins in the F-type pyocin cluster because these ORFs are not annotated as
proteins in most P. aeruginosa genomes. This is likely a result of the lack of annotation
of these genes in the PA14 genome, which is commonly used as the reference genome
for genome assembly and annotation. The functions of PyoF11 and PyoF12 homologs
in phages have never been investigated.

PyoF13, PyoF14, and PyoF15 are likely involved in host specificity. In addition
to the central fiber, most noncontractile tailed phages possess genes downstream of
the central fiber gene that also encode cell surface receptor binding proteins These are
known as “side fibers” in E. coli phage lambda (35). The PyoF13 proteins, which share a
genomic position with the lambda side fibers, are likely involved in determining host
range specificity, functioning as receptor binding proteins. A striking feature of the
Pyo13 homologs is that their N termini (the first 140 residues) are very similar among
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the F-type pyocin groups with pairwise sequence identities ranging from 55 to 90%,
while the pairwise identities in their C-terminal regions generally range between 20
and 35% (see Fig. S1 and S3). We surmise that the more conserved N terminus of
PyoF13 mediates binding of this putative receptor binding protein to the F-pyocin tail
tip, while the variable C terminus mediates cell surface binding. The fibers from differ-
ent groups of R-type pyocins, which have been shown to determine bactericidal speci-
ficity (17), display the same type of conservation pattern with N-terminal regions (first
450 residues) displaying .95% pairwise sequence identity and C-terminal regions (last
250 residues) displaying pairwise sequence identities between 50 and 70% (see Fig.
S4). In contrast to the F-type pyocins, there are only three distinct groups of R-type
pyocins, as defined by fiber sequences, and there is much less variability.

Homologs of PyoF13, which share sequence similarity with its N-terminal region,
are found in diverse phages and prophages and are located in similar genomic posi-
tions as pyoF13, downstream from the central fiber gene. Genes encoding homologs of
PyoF14 (;100 residues) and PyoF15 (;75 residues) are also found in many phages
and prophages, and they are invariably located downstream of pyoF13 homologs or
genes encoding other putative phage receptor-binding proteins. The sequences of
PyoF14 and PyoF15 are variable, mirroring the sequence variation seen in the C-termi-
nal regions of PyoF13 (see Fig. S1). We expect that PyoF14 and PyoF15 are involved in
host range specificity through interactions with PyoF13 or possibly by acting as chap-
erones for the assembly of PyoF13, as is required for phage-encoded receptor-binding
proteins (36).

Two F-type pyocin groups deviate from the others in the pyoF13 to pyoF15 region.
The F2 group has a complete duplication of this region so that it possesses two copies
of each gene. The proteins encoded by the first copy, PyoF131 to PyoF151, are distinct
in sequence compared to the homologs in other groups (see Fig. S1; see also Fig. S3).
Conversely, PyoF132 to PyoF152 are very similar (.90% identical) to homologs found in
groups F4 and F5. In contrast to all other groups, group F7 lacks a pyoF14 gene.
Consistent with this absence, its PyoF13 homolog displays a C-terminal region that has
no detectable sequence similarity to the other groups.

Characterization of F-type pyocin bactericidal specificity. To determine whether
our bioinformatic groupings of the F-type pyocin clusters correlate with bactericidal
specificity, we examined the killing profiles of lysates produced from the 30 strains fol-
lowing induction by mitomycin C. Serial dilutions of lysates of each of the 30 strains
were spotted onto lawns of the same 30 strains to produce an all-against-all matrix.
Bactericidal activities were detected as zones of clearing on the bacterial lawn. Analysis
of these data were complicated because P. aeruginosa produces other bactericidal enti-
ties in addition to R-type and F-type pyocins, including S-type pyocins (13) and bacte-
riophages. Since the presence of any of these can produce zones of clearing, further
analyses were necessary to delineate the type of activity present. Testing serial dilu-
tions of lysates allowed us to distinguish clearings produced by phages from those
produced by pyocins (Fig. 3a). Due to their replicative nature, clearings resulting from
phage lysates resolved into individual plaques upon dilution, while the clearings result-
ing from pyocins gradually disappeared without the appearance of individual plaques
(Fig. 3a). Lysates were also spotted onto bacterial lawns containing proteinase K, which
had been previously shown to eliminate clearings caused by protease-sensitive S-type
pyocins without affecting the activity of R- or F-type pyocins (Fig. 3a) (13). The effect of
proteinase K in inactivating S-type pyocins is clearly shown in the assay performed
with a lysate made from a double mutant PA14 strain bearing mutations inactivating
both R-type and F-type pyocins (Fig. 3a, bottom row). It can also be seen that PA14 sin-
gle mutants expressing only either R- or F-type pyocins display bactericidal activity
that is insensitive to proteinase K treatment (Fig. 3a).

By analyzing the activities of the 30 lysates on 30 strains in this manner described
above, we detected more than 450 bactericidal combinations and found that greater
than 90% were due to R- or F-type pyocins (see Fig. S5). All groups of R-type and
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F-type pyocins identified displayed bactericidal activities against multiple strains.
Notably, the killing spectra of lysates were invariably the same if they contained pyo-
cins of the same R- or F-type group (see Fig. S5). For example, lysates of four different
strains encoding F7 pyocins all displayed bactericidal activity against the same 11
strains (note that in a single case the F-type pyocin activity was occluded by the pres-
ence of phage activity, as denoted by an orange color [see Fig. S5]). These results dem-
onstrate that our classification of pyocins based on sequence analysis is predictive of
biological activity. In Fig. 3b, a small subset of the bactericidal data is shown to empha-
size the differences in the killing spectra of the F-type pyocin groups. No two groups
kill exactly the same set of bacterial strains; however, considerable overlap exists
between some groups like F4 and F5. We also noted that no strain was susceptible to
an R- or F-type pyocin that was encoded in its own genome, which is consistent with
previous observations that strains are resistant to their own pyocins (37). Since the F1
and F6 groups were encoded only in strains that also encoded R1 pyocins, the killing

FIG 3 Bactericidal activity of F-type pyocins. (a) Lysates containing phages, only R-type pyocins, only F-type pyocins, or only S-type pyocins were spotted
onto a susceptible strain. Where indicated, proteinase K was also added to the plates. (b) The bactericidal activity of lysates containing F-type or R-type
pyocins on a selected group of bacterial lawns is shown. These lawns were selected to emphasize the differences in specificity among the different groups.
Black boxes denote strains killed by a given lysate while white boxes denote no killing. The gray box indicates a case where the killing by pyocins was
occluded by phage plaquing. NT, nontypeable LPS serotype. Bactericidal activity of the F5 group was determined using a mutant strain of PA14 bearing a
transposon insertion in the pyoR6 gene, so that the lysate contained only F-type pyocin particles (indicated by an asterisk). The F1- and F6-type pyocins
were produced in strains that also produced R1-type pyocins. By comparing with a strain producing only R1-type pyocins, two strains killed only by these
F-type pyocins could be identified (marked with “F”). (c) Lysates were produced from wild-type PA14 and strains bearing transposon insertions in either the
pyoR6 or pyoF10 genes were spotted onto a lawn of strain S19. A lysate of a PA14 double mutant bearing an amber mutation in the pyoR2 gene, and an
in-frame deletion mutation in the pyoF10 gene was also tested. (d) A lysate of F7-type pyocins produced from strain S1 was spotted on lawns of strains
S14 or PAO1. The experiments depicted in panels c and d were performed with plates containing proteinase K so that S-type pyocin activity was
eliminated.
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caused only by the F-type pyocins could not be discerned. However, comparison with
results obtained using a strain encoding only an R1 pyocin suggested that strain S25 is
susceptible to F1 pyocin since it was killed by a lysate containing F1 and R1 pyocins,
but not by a lysate containing only R1 pyocin (Fig. 3b). By the same logic, strain S30
was found to be killed by F6 pyocin. The F5 group was found only in strains that also
encode an R-type pyocin. To assess the activity of this group, we took advantage of a
transposon insertion mutant of an essential R-type pyocin gene in PA14 (38) to detect
the activity of the F5 pyocin alone (Fig. 3b).

F-type and R-type pyocin containing lysates display similar levels of bacteri-
cidal activity. It was previously reported that one R-type pyocin particle is sufficient to
kill a single cell, while up to 280 F-type pyocin particles are required to kill the same cell
(21). This implies that an F-type pyocin containing lysate would have considerably less kill-
ing activity than an R-pyocin containing lysate. However, we observed many cases where
lysates of F-type pyocins displayed levels of killing activity as high R-type pyocin lysates.
Although R- and F-type pyocin lysates may contain different numbers of particles, we do
not expect these numbers to deviate greatly since all pyocin operons utilize the same
transcriptional regulatory region. To address this issue in a direct manner, we tested the
bactericidal activity of lysates of two PA14 mutants, one of which carried a transposon
insertion in an essential R-type pyocin gene (pyoR6) and one of which carried a similar
insertion in an essential F-type pyocin gene (pyoF10). It can be seen that the bactericidal
activity of these two lysates was the same (Fig. 3c). If we assume that the expression levels
of R- and F-type pyocins in PA14 are similar, which is reasonable since their transcription
is driven from the same promoter, then these results suggest that these two types of pyo-
cins have similar levels of killing activity. We also observed that the same F-type pyocin
lysate may display different levels of activity on different strains. For example, lysates of
F7 group pyocins displayed .10-fold greater bactericidal activity on strain PAO1 as on
strain S14 (Fig. 3d). The previously observed low activity of F-type pyocins may have
resulted from the use of a non-optimal indicator strain. Overall, our data indicate that F-
type pyocins have the potential to kill bacterial cells as efficiently as R-type pyocins.
However, further quantitative testing of different R- and F-type pyocin groups on various
strains will be required to definitively determine whether one type has greater bacteri-
cidal activity than the other.

The genes downstream of pyoF10 are required for bactericidal activity. Although
homologs of the proteins encoded at the 39 end of the F-type pyocin cluster (PyoF11
to PyoF15) are encoded in phages and prophages, the roles of these proteins have
never been investigated. To determine whether these proteins are essential for bacteri-
cidal activity, we tested the activity of F-type pyocin mutants in strain PA14 (group F5).
We tested transposon insertion mutations in pyoF14, and pyoF15 from the PA14 non-
redundant transposon mutant library (38). We constructed in-frame deletion mutations
in pyoF11 and pyoF12 and a nonsense mutation in pyoF13. Mutations in each of these
genes completely abrogated bactericidal activity, indicating that their protein products
play essential roles in the production of functional F-type pyocin particles (Fig. 4). To
ensure that the loss of activity resulting from these mutations was the result of abroga-
tion of only the gene in which the mutation was located, each gene was cloned into a
plasmid expression vector, and we determined whether mutations could be comple-
mented by the plasmid-expressed genes. The pyoF12 mutant could be complemented
by a plasmid expressing only pyoF12 (Fig. 4). However, complementation of the pyoF11
mutant required plasmid-based expression of both pyoF11 and pyoF12. A plasmid
expressing only pyoF12 did not complement the pyoF11 mutant. We conclude that
both pyoF11 and pyoF12 are essential for bactericidal activity and that the pyoF11 in-
frame deletion mutation also causes loss of pyoF12 activity, possibly through a polarity
effect. Through a similar series of plasmid-based complementation experiments, we
determined that pyoF13, pyoF14, and pyoF15 are also essential for bactericidal activity
and that polarity effects are also manifested in this group of genes (Fig. 4). For exam-
ple, while the pyoF15mutation could be complemented by expression of pyoF15 alone,
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complementation of the pyoF14 mutation required the expression of both pyoF14 and
pyoF15.

Serotype correlates with F-type pyocin killing spectra. The outer membrane lipo-
polysaccharide (LPS) of P. aeruginosa is composed of three domains: lipid A, core oligo-
saccharide and a long-chain polysaccharide O-antigen (39). Most P. aeruginosa strains
produce two distinct forms of O-antigen; a homopolymer of D-rhamnose known as the
common polysaccharide antigen, and a heteropolymer repeat of three to five distinct
sugars known as the O-specific antigen (OSA), which forms the basis of P. aeruginosa
serotyping. Previous studies showed that the OSA acts a receptor for some R-type pyo-
cins, while it blocks killing by other R-type pyocins (28). To investigate the effect of the
OSA on the activity of F-type pyocins, we experimentally determined the serotypes of
the 30 strains used in this study by a slide agglutination assay. We observed a correlation
between the serotype of a strain and its F-type pyocin susceptibility profile (Fig. 5a). For
example, all three strains of O2 serotype were resistant to all F-type pyocins, while the
four O5 strains were killed only by F7 pyocins. Among the eight O6 serotype strains, the
F2 pyocin killed all, but the F4, F5, and F7 pyocins were unable to kill some of these
strains (Fig. 5a). The resistance of O6 strains S12 and S27 to the activity of the F4 pyocin
is expected as these strains encode an F4 pyocin. However, it is not clear why the F7 pyo-
cin fails to kill O6 strains S12, S27, and S5 or why strain S12, alone among O6 strains, is
resistant to F5 pyocin. Similarly, the F1 pyocin kills strain S25 but no other O6 strains,
and the F6 pyocin kills strain S6 but no other O13/O14 strains. These data show that fac-
tors independent of OSA and pyocin type encoded within a strain contribute to F-type
pyocin susceptibility.

To directly assess the role of OSA in F-type pyocin activity, we tested DwbpM mu-
tant strains, which lack OSA in strains PAO1 and PA14 (Fig. 5b). The F7-type pyocin is
active against PAO1 but was unable to kill the PAO1DwbpM mutant, suggesting that
this pyocin uses the OSA as a receptor. In contrast, the DwbpM mutants of PAO1 and
PA14 became susceptible to the F4 group, though the wild-type strains were not. In
this case, the OSA appears to block the pyocin from contacting its receptor. The F2 and
F5 groups, which are unable to kill PAO1 or PA14, were also not able to kill the mutants
lacking OSA. Strains producing the F1 and F6 group pyocins were unable to kill PAO1
with or without OSA, but PA14DwbpM did become susceptible to killing. However, this
effect may have been due to the R1 pyocins produced by these strains. From these
experiments with strains lacking OSA, it is clear that the presence of OSA affects the
bactericidal activity of the F4 and F7 groups, while the data are inconclusive for the
other groups.

Discovery of new groups of F-type pyocins. To determine whether this collection
of F-type pyocin described above encompassed the full diversity of F-type pyocins

FIG 4 Plasmid-based complementation of pyoF11 to pyoF15 mutants. In the top row of experiments,
lysates from PA14 strains with either deletions or insertions in the indicated genes were spotted onto
lawns of P. aeruginosa strain S19. In the lower row of experiments, mutant strains were transformed
with plasmids expressing the indicated proteins. Successful complementation by the plasmids is indicated
by the appearance of a zone of clearing. Asterisks denote that the gene encoding the indicated protein
contains a nonsense mutation.
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found across the P. aeruginosa species, we performed BLAST searches against all P. aer-
uginosa genomes in the NCBI database using a PyoF13 sequence as the query with the
goal of identifying homologs with distinct sequences (i.e., share less than 90%
sequence identity with those in our established F-type pyocin groups). PyoF13 was
chosen for these searches because it is highly conserved among the F-type pyocin
operons in its N-terminal region, yet its C-terminal region varies depending on the pyo-
cin group. We discovered three PyoF13 homolog families encoded in F-type pyocin
operons that shared less than 70% sequence identity to any other PyoF13 group. F-
type pyocins encoding these newly identified PyoF13 varieties were defined as groups
F8, F9, and F10. The F9 group is identical to a previously identified group designated
the PA7 group (18). Another identified group, called F11, possessed PyoF13, PyoF14,
and PyoF15 homologs that are greater than 95% identical to group F22, F4 and F5, but

FIG 5 (a) Effect of LPS serotype on bactericidal activity of F-type pyocins. The bactericidal activity of
F-type pyocins on a group of bacterial lawns arranged by their serotypes is shown. Black boxes
denote strains killed by a given F-type pyocin, while white boxes denote no killing. The gray box
indicates a case where the killing by pyocins was occluded by phage plaquing. Bactericidal activity of
the F5 group was determined using a mutant strain of PA14 bearing a transposon insertion in the
pyoR3 gene, so that the lysate contained only F-type pyocin particles (indicated by an asterisk). The
F1- and F6-type pyocins were produced in strains that also produced R1-pyocins. By comparing with
a strain producing only R1-type pyocins, two strains killed only by these F-type pyocins could be
identified (marked with “F”). NT, nontypeable serotype. (b) The indicated F-type pyocin containing
lysates were tested against mutants that lack OSA (DwbpM).
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the PyoF10, PyoF11, and PyoF12 were unique. Finally, group F12 combined PyoF10 to
PyoF12 homologs that were 99% identical to group F11 with PyoF13 to PyoF15 homo-
logs that were greater than 95% identical to group F10 (Fig. 6, S1). Group F12 was pre-
viously identified in P. aeruginosa strain M18 (18). The sequences of proteins PyoF10 to
PyoF15 for all 11 F-type pyocin groups can be found in the supplemental material.

Pairwise sequence comparisons among all the F-type pyocin groups that we have
identified strongly supports the existence of two distinct specificity modules in F-type
pyocins (see Fig. S1). Whenever the C-terminal regions of PyoF10 proteins in two
groups are highly similar (.90% identity), then the PyoF11 and PyoF12 proteins are
also highly similar. Similarly, when two groups have PyoF13 proteins with highly similar
C-terminal regions, then the PyoF14 and PyoF15 proteins are also highly similar.
Therefore, we have designated regions encoding the C terminus of PyoF10, PyoF11,
and PyoF12 as specificity module 1 and regions encoding PyoF13, PyoF14, and PyoF15
as specificity module 2. Among our full set of pyocin groups, we observed three instan-
ces where the same specificity module 1 region assorted with different specificity mod-
ule 2 regions (Fig. 6). We also observed three cases where identical specificity module
2 regions assorted with different specificity module 1 regions. These data indicate that
recombination events have occurred between different F-type pyocin operons.

DISCUSSION

This study provides a comprehensive analysis of F-type pyocin operons present in
P. aeruginosa strains. We have defined the conserved genes in these operons and intro-
duced a systematic naming system for them. The initial 21 F-type clusters examined in
strains from our collection were categorized into six different groups, two of which
were previously known (F1 and F2) and four of which were named in this study
(groups F4 to F7). The killing specificity of each of these groups was shown to be

FIG 6 All F-type pyocin groups. A close-up of genes encoded at the 39 end of F-type pyocin clusters
shows the 11 different groups identified in our sequenced strains and in the database. Groups of
genes are colored the same if the proteins they encode display .90% sequence identity. The extent
of specificity modules 1 and 2 is shown at the top, as are the names of the genes in these regions. P.
aeruginosa strains where certain groups were previously identified are shown in parentheses. The
black arrow indicates that F4 and F10 share identical module 1 proteins.
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distinct. An additional five F-type pyocin groups were discovered bioinformatically, but
the killing specificity of these groups remains to be tested. Importantly, we identified
two highly diverse F-type pyocin genes, pyoF11 and pyoF12, which are not annotated
as genes in many P. aeruginosa strains and yet are essential for bactericidal activity.
The sequence diversity in these two genes contributes to defining the F-type pyocin
groups. Another important finding is that there are no genes in the F-type pyocin oper-
ons that are not also found in the genomes of phages or prophages. Thus, the ability
of these pyocins to efficiently kill bacteria while isolated phage tails do not must be
due to sequence modifications within their phage-derived proteins and not to the
presence of unique toxin-encoding genes (unless such genes are encoded elsewhere
in the P. aeruginosa genome). Fully active R-type pyocins have been produced hetero-
logously in E. coli from a plasmid vector, including only genes from the R-type pyocin
operon, indicating that their toxicity does not rely on genes outside this region (11).

Analysis of the F-type pyocin operons clearly indicates the genes that are involved
in killing specificity. The proteins encoded by the pyoF2 to pyoF9 genes are highly simi-
lar in all the F-type pyocin groups. Divergence among the groups begins with the last
60 residues of PyoF10 and extends through PyoF15. We defined the F-type pyocin
groups according to sequence identity among these proteins (Fig. 6). Since F-type pyo-
cins within the same group invariably displayed the same killing spectra (see Fig. S5),
we conclude that some or all of the pyoF10 to pyoF15 region determines killing speci-
ficity. By examining the patterns of recombination among the specificity genes, we
defined two specificity modules: module 1 (pyoF10 to pyoF12) and module 2 (pyoF13
to pyoF15). The occurrence of highly similar module 1 regions with distinct module 2
regions and vice versa in different F-type pyocin groups indicates that the two mod-
ules act independently of one another (Fig. 6). This conclusion is supported by the
appearance of pyoF11 and pyoF12 homologs without adjacent pyoF13 to pyoF15 homo-
logs and vice versa in phages and prophages. Since these families of proteins have not
been characterized, defining their roles in host specificity will be an important goal for
further study.

The strong sequence similarity between most of the F-type pyocin genes implies
that all the groups are descended from a common ancestor that likely arose from a de-
fective prophage. However, it is also clear that some type of horizontal gene transfer
mechanism has been responsible for the evolution of the specificity regions, which are
comprised of different combinations of specificity modules 1 and 2. These reassort-
ments could be caused by phages carrying genes that are similar to these F-type pyo-
cin genes occasionally recombining with the homologous F-type pyocin genes. With
respect to the evolution of the F- and R-type pyocins as a whole, it is relevant that the
F-type display considerably more divergence among their specificity-determining genes
compared to the R-type (see Fig. S1 and S4). This suggests that the F-type pyocins may
have arisen first and thus have had more time to diverge. Also supporting the possibility
that the F-type pyocin operon appeared first is that the R-type pyocin genes are inserted
in the middle of the lysis genes, which comprise an intact lysis cassette in strains possess-
ing only an F-type operon.

Our examination of the activity of the different F-type pyocin groups on 12 different
serotypes of P. aeruginosa revealed a clear correlation between bactericidal activity
and O-antigen serotypes (Fig. 5a). Further supporting a role for the OSA in the activity
of at least some F-type pyocins is the fact that activity of the F7 group required the
presence of OSA, while group F4 activity was blocked by OSA (Fig. 5b). While the OSA
serotype clearly influences F-type pyocin host recognition, this is not the only deter-
mining factor. For example, the F7 pyocin is able to kill some but not all strains with
the O6 serotype. In addition, F-type pyocins of a given type were consistently unable
to kill strains encoding the same type of F-type pyocin, regardless of serotype. The
mechanism of this self-immunity is not known. Many bacteriocins, such as S-type pyo-
cins and colicins, are encoded with specific immunity proteins (13). However, there is
no obvious immunity protein candidate encoded within F-type pyocin clusters as each
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gene is homologous to phage tail proteins. It is possible that no specific immunity pro-
teins exist for R-type or F-type pyocins. Rather, strains may have evolved to resist their
resident R- and F-type pyocins by altering their cell surface in subtle ways undetectable
by the antibodies used in serotyping.

Overall, our study shows that F-type pyocins are produced by a large number of P.
aeruginosa strains, they all possess antimicrobial properties, and they are promising
candidates to study for the development of new therapeutics. Our identification of the
specificity determinants of F-type pyocins points the way toward precisely engineering
their killing as has been done with the contractile R-type pyocins and noncontractile
tailocins of Listeria (9, 10, 12).

MATERIALS ANDMETHODS
Whole-genome sequencing. Genomic DNA was isolated using a genomic DNA extraction kit (Bio

Basic Inc.). Next-generation whole-genome sequencing was performed by the Donnelly Sequencing
Center, University of Toronto, using Illumina HiSeq2500. De novo assembly of reads into contigs was per-
formed using Velvet version 2.2.5 using default settings with optimized k-mer lengths of 29 to 31 bp
(40). Genes trpE and trpG were located, and the region between these genes was analyzed by using
Geneious (41). BLAST searches with conserved F- and R-type pyocin proteins showed that these entities
were not encoded in other genomic regions. The sequences of the R- and F-type pyocin regions dis-
cussed here have been uploaded to GenBank under accession numbers OQ870446 to OQ870473.

Bioinformatic analysis. Most of the bioinformatic analyses, including BLAST (42) searches and ge-
nome synteny analyses, were carried out on a custom database comprised of 755 tailed phage genomes
and 2,119 bacterial genomes downloaded from the National Center for Biotechnology Information (NCBI)
RefSeq database in April 2013. This database contains diverse phage and bacterial species but was small
enough to allow manual analysis of the protein sequences and the genomic context of genes encoding
proteins related to pyocin proteins. This study was aided by a synteny viewing and phage gene annotation
toolkit developed in our laboratory, which will be described in detail elsewhere. Sequence alignment analy-
sis was performed in Jalview (43). To identify protein sequences similar to less frequently occurring proteins
found in the pyocin cluster (e.g., PyoR1, PyoF11, and PyoF12), alignments were constructed of the pyocin
proteins. HMMER3 (34) was then used to create Hidden Markov Models (HMMs). These HMMs were used to
detect proteins similar to a given pyocin protein. The genome context of genes encoding these similar pro-
teins within phage genomes was assessed to support a conclusion that the pyocin protein possesses the
same function as the phage protein. BLAST searches to identify new groups of F-type pyocins were carried
out against all P. aeruginosa genomes available at NCBI in April 2018.

HHpred searches were carried out using the online server (https://toolkit.tuebingen.mpg.de/hhpred)
(44). HMM-based searches were carried out using HMMer (34) and analyzed by searching the Pfam (45)
and TIGRfam (www.jcvi.org/cgi-bin/tigrfams/index.cgi) databases.

Transmission electron microscopy. A continuous carbon film-coated TEM grid was made hydro-
philic by glow discharge. Then, 5 mL of sample was applied to the surface of the grid and left for absorp-
tion for 2 min. Excess sample was blotted away using the corner of a filter paper. The grid was washed
three times with water and stained with 2% (wt/vol) uranyl acetate. Grids were examined with a Hitachi
H-7000 microscope.

Assays of pyocin and phage bactericidal activity. To generate lysates containing pyocins and/or
phages, 5-mL culture samples started from overnight cultures were grown in LB at 30°C until the cells
reached an optical density at 600 nm of 0.4. Mitomycin C was then added to a final concentration of
2 mg/mL, and shaking at 30°C was resumed for 3 h or until cell lysis occurred. Chloroform was added to
all induced cultures (1 to 2 drops/mL) to ensure maximum bacterial lysis. In experiments testing comple-
mentation from plasmids, 0.2% arabinose was added to cells after 1 h of growth at 30°C to induce the
expression of proteins from the plasmid prior to addition to mitomycin C to induce F-type pyocin induc-
tion from the genome. After lysis, cultures were incubated at room temperature with DNase (10 mg/mL)
for 30 min prior to centrifugation at 10,000 rpm for 10 min. For activity assays, 2-mL volumes of dilutions
of these lysates were spotted onto lawns of P. aeruginosa strains. Lawns of strains to be tested were
made by adding 150 mL of overnight culture to 3 mL of molten 0.7% top agar, which was immediately
poured onto an LB agar plate and allowed to harden. To distinguish S-type pyocin activity, duplicate
lawns were poured containing proteinase K (100 mg/mL). At least three biological replicates were per-
formed for each strain and lysate combination. A lysate was scored as positive if it displayed a strong
zone of cell growth inhibition in every assay. There was a range of activity in positive lysates with some
displaying moderate zones of growth inhibition even when diluted 102-fold and others displaying strong
activity only when undiluted. Lysates scored as negative displayed a barely discernible or no zone of
growth inhibition in all replicate assays.

Serotyping of P. aeruginosa strains. Strains were serotyped using the slide agglutination method
using commercial antisera (MAST Diagnostics) against all 20 P. aeruginosa serotypes recognized by the
International Antigenic Typing Scheme (39).

Construction of mutations in pyoF11 and pyoF12. The sequences of all primers used for mutagen-
esis and plasmid construction can be found in Table S2.

To construct a mutation in the PA14 pyoF11 gene, the gene with upstream (500 bp) and downstream
(396 bp) flanking sequences was PCR amplified from a single PA14 colony using primers PA14pyo11rec-F
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and PA14pyoF11rec-R. Flanking sequences were included to promote homologous recombination into the
pyoF11 locus. The PCR product generated was cloned into the NcoI and HindIII sites of pHERD30T (46) and
ligated with T4 DNA ligase to create plasmid 30T-PA14pyoF11-rec. To make a construct with an in-frame de-
letion in pyoF11, primers PA14pyoF11-delF and PA14pyoF11-delR were used to PCR amplify all of 30T-
PA14pyoF11-rec except for a 201-bp region in the middle of the pyoF11 gene. Primer PA14pyoF11-delR
amplified the first 72 pyoF11 nucleotides and its upstream flanking sequence in one direction, while primer
PA14pyoF11-delF amplified the last 84 nucleotides of pyoF11 and the downstream sequence in opposite
direction, to produce a linearized PCR product which was then religated to create 30T-PA14pyoF11-del.
PA14 transformed with plasmid 30T-PA14pyoF11-del was grown serially for 2 to 3 days to allow for recombi-
nation between the plasmid and genomic locus. Subsequently, to select for cells bearing the pyoF11 dele-
tion, cells were transformed with a derivative of pHERD20T (46) expressing a CRISPR RNA molecule (crRNA,
primers PA14CRpyoF11-del-F and PA14CRpyoF11-del-R) targeting the deleted region of pyoF11. In this way,
the native CRISPR-Cas system of PA14 mediates genome cleavage and cell death to strains bearing the
wild-type pyoF11 gene. A similar approach to constructing genomic mutations in P. aeruginosa has been
previously described (47). To cure mutants of plasmids, strains were streaked onto LB plates without any
antibiotics. This was repeated 2 times, then colonies displaying no antibiotic resistance were identified.
Deletion mutations were confirmed by PCR.

To construct the pyoF12 mutant, primer pairs SS633 and SS635, and SS636 and SS634 were used to
amplify 600 bp upstream and downstream of gene PA14pyoF12, respectively. Primer pair SS545 and
SS546 was used to amplify the gentamicin resistance cassette from plasmid pUCP20gm (48). Vector
p15TV-L (Addgene catalogue number 26093) was digested with BseRI. The three amplified fragments
and the linearized vector were assembled into a construct using Gibson assembly (49). The constructed
plasmid was used as a template to amplify a DNA fragment containing the gentamicin-resistant cassette
flanked by upstream and downstream regions of pyoF12 (600up-pyoF12::Gm-600down) using the pri-
mers SS639 and SS640. This fragment was used to replace gene pyoF12 with the gentamicin resistance
cassette using the lambda Red recombinase system (50).

To construct the pyoF13 mutant, the PA14 pyoF13 gene with upstream (400 bp) and downstream
(350 bp) flanking sequences was PCR amplified from a single colony of PA14 strain using the primers
PA14pyoF13-rec-F and PA14pyoF13-rec-R. Flanking sequences were included to promote homologous
recombination into the pyoF13 locus. The PCR product generated was cloned into the EcoRI and HindIII
sites of pHERD20T and to create plasmid 20T-PA14pyoF13-rec. Using site-directed mutagenesis, the va-
line encoding codon (ninth amino acid) of the pyoF13 gene was replaced with a TAG stop codon (using
primers PA14pyoF13sdm-F and PA14pyoF13sdm-R), which was recombined into PA14 chromosome. To
select for cells that recombined correctly, crRNA targeting wild-type pyoF13 expressed from pHERD30T
(constructed using the primers PA14CRpyoF13-sdm-F and PA14CRpyoF13-sdm-R) was used to select for
mutants, as described above.

Construction of plasmids expressing pyoF11 to pyoF15 genes. Plasmids to express F-type pyocin
proteins encoded at the 39 end of the operon were constructed as described below.

To construct a plasmid expressing PyoF11, primer pairs PA14pyoF11-For and PA14pyoF11-Rev were
used to amplify the PA14 pyoF11 gene. The resulting PCR product was digested at NcoI and HindIII
restriction sites and ligated into the pHERD20T plasmid. All constructs here and below were verified by
sequencing.

To construct a plasmid expressing PyoF11 and PyoF12, primers 20T-gib-For and 20T-gib-Rev were
used to produce a linearized pHERD-20T through PCR to achieve an in-frame deletion of the multiple
cloning sites in the plasmid. Primers PA14pyoF11gib-For and PA14pyoF12gib-Rev amplified pyoF11 to
the end of pyoF12 gene. These primers were designed to have at least 25-bp overlapping sequence with
the linearized pHERD20T plasmid DNA. Both plasmid and genomic PCR products were joined by Gibson
assembly.

To construct a plasmid expressing PyoF13, primer pairs PA14pyoF13-For and PA14pyoF13-Rev, were
used to amplify the PA14 pyoF13 gene. The resulting DNA fragment was digested with EcoRI and HindIII
and ligated into the same restriction sites of the pHERD20T plasmid.

Similarly, to construct a plasmid expressing PyoF13 to PyoF15, PA14 pyoF13 to pyoF15 genes were
amplified using primers PA14pyoF13-For and PA14pyoF15-Rev. The resulting fragment was digested
with EcoRI and HindIII and ligated into the same restriction sites of the pHERD20T plasmid. To construct
a plasmid expressing Pyo14, the primers PA14-pyoF14-For and PA14-pyoF14-Rev were used to amplify
the PA14 pyoF14 gene and digested with NcoI and HindIII restriction enzymes. Digested products were
then ligated into the same restriction sites (NcoI, HindIII) of the pHERD20T plasmid. To construct a plas-
mid expressing PyoF14 and PyoF15, the primers PA14pyoF14-For and PA14pyoF15-Rev were used to
amplify the PA14 pyoF14 and pyoF15 genes. The resulting PCR product was digested and ligated into
pHERD20T at the NcoI and HindIII restriction sites. Finally, to construct a plasmid expressing PyoF15,
the primer pair PA14pyoF15-For and PA14pyoF15-Rev was used to amplify the PA14 pyoF15 gene. The
resulting fragment was digested with NcoI and HindIII and ligated into the same restriction sites of the
pHERD20T plasmid.

Construction of a pyoF10 mutant in an R-type pyocin mutant background (PA14pyoR2-
amDpyoF10). The PA14 pyoR1 and pyoR2 genes were PCR amplified from the start of pyoR1 to the end
of pyoR2 using the primers PA14pyoR1rec-F and PA14pyoR2rec-R. The PCR product generated was
cloned into the NcoI and HindIII sites of pHERD20T to create plasmid 20T-PA14pyoR2-rec. Using site-
directed mutagenesis, the methionine encoding codon (11th amino acid) of the pyoR2 gene was
replaced with a TAG stop codon using the primers PA14pyoR2sdm-F and PA14pyoR2sdm-R, which was
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recombined into PA14 chromosome. To select for cells that recombined correctly, crRNA targeting wild-
type pyoR2 expressed from pHERD30T.

To create a pyoF10 mutant, a part of the PA14 pyoF10 gene from amino acids 111 to 710 (1,800 bp) was
PCR amplified from a single colony of PA14 strain using the primers PA14pyoF10-rec-F and PA14pyoF10-rec-R.
The PCR product generated was cloned into the NcoI and HindIII sites of pHERD20T to create plasmid 20T-
PA14pyoF10-rec. To make a construct with an in-frame deletion in pyoF10, the primers PA14pyoF10-delF and
PA14pyoF10-delR were used to PCR amplify all of 20T-PA14pyoF10-rec except for the 801-bp region in the
middle of the pyoF10 gene. Primer PA14pyoF10-delR amplified the first upstream 495 bp of pyoF10 in one
direction, while primer PA14pyoF10-delF amplified the last 468 bp of pyoF10 in the opposite direction to pro-
duce a linearized PCR product which was then religated to create 20T-PA14pyoF10-del. This was recombined
in the chromosome of PA14pyoR2-am. crRNA targeting wild-type pyoF10 expressed from pHERD30T was used
to select for mutant strains that recombined correctly (constructed from the primers PA14CRpyoF10-del-F and
PA14CRpyoF10-del-R).

Data availability. The sequences of the R- and F-type pyocin regions discussed here have been
uploaded to GenBank under accession numbers OQ870446 to OQ870473.
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