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ABSTRACT The current health crisis caused by multidrug-resistant (MDR) pathogens 
is one of the health problems of most concern globally. Infections caused by these 
pathogens, such as Pseudomonas aeruginosa, lead to high rates of complications, 
particularly in compromised patients such as cystic fibrosis (CF) patients. The need to 
counteract and minimize the forecast future impact has led to the rescue of phage 
therapy. The use of bacteriophages has important advantages, including highly specific 
targeting, self-amplification at the infection site, minimal disruption of the microbiome, 
safety, and biocompatibility. However, the capacity of bacteria to escape these entities 
results in a form of resistance that compromises the effectiveness of the therapy. This 
involves the search for potential alternatives, such as the phage tail-like bacteriocins 
(PTLBs), also named as tailocins. These high-molecular-weight particles resemble the tail 
structure of bacteriophages and are characterized by the absence of genetic material, 
avoiding the development of resistance, one of the major handicaps associated with 
phage therapy. In this study, we detected 34 different PTLBs in 75 P. aeruginosa genomes, 
with different serotypes and sequence types, 11 of which were characterized as novel 
F-type PTLB subtypes (F13–F24). Furthermore, we report that four selected PTLBs (R1, 
F15, F19, and R3–F24) can deal with bacterial infection, with the R1 and the F15 PTLBs 
being the most efficient in clearing infection in vitro, yielding a survival rate of more than 
75% in the Galleria mellonella larvae in vivo model. This reaffirms the potential of PTLBs 
to control P. aeruginosa infections, which can cause chronic infections in some patients, 
such as people with CF, due to its strong impact as a MDR bacterium.

IMPORTANCE The 75 Pseudomonas aeruginosa genomes from people with cystic fibrosis 
in the study collection included at least one phage tail-like bacteriocins (PTLB) cluster. 
From the 34 different PTLBs detected in the study collection, 7 were R-type, 10 were 
complex (R- and F-type encoded), and 14 were F-type PTLBs. Eleven new F-type PTLBs 
were described in the P. aeruginosa collection under study. An association between the 
O-antigen present on the surface of the P. aeruginosa isolate and the encoded PTLB 
subtype was detected. The R1 and F15 PTLB subtypes display high antimicrobial activity 
both in vitro and in vivo (Galleria mellonella).

KEYWORDS Pseudomonas aeruginosa, cystic fibrosis (CF), multidrug-resistance (MDR) 
bacteria, phage tail-like bacteriocins (PTLBs), R- and F-subtype PTLBs, antimicrobial 
agents

C ystic fibrosis (CF) is an autosomal recessive genetic disease characterized by 
mutations in the gene coding for a bicarbonate and chloride ion transporter 
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channel known as the CF transmembrane conductance regulator (CFTR) (1, 2). Altera­
tions in the CFTR prevent the immune system from acting efficiently, allowing 
opportunistic and/or nosocomial pathogens to invade the respiratory tract and cause 
chronic and recurrent infections (pulmonary involvement is the primary cause of 
morbidity and mortality in people with CF (pwCF). Pseudomonas aeruginosa is one of 
the pathogens that most frequently appear as an infectious agent of these patients 
(3, 4). In the 2023 European Cystic Fibrosis Society Patients Registry, it was reported 
that 19% of pediatric patients and 38% of adult patients had been infected, at least 
once, by P. aeruginosa (5). Currently, the clinically relevant problem associated with these 
gram-negative bacterial infections lies in the high incidence of multidrug-resistant (MDR) 
strains (6, 7).

The lack of efficient antibiotics to combat the MDR infections compromises the 
health of pwCF, and new treatments are therefore needed (8). Phage therapy, a recently 
recovered antimicrobial strategy, is based on the antibacterial activity of bacteriophages 
(viruses that infect bacteria) (9–11). Although several studies have demonstrated the 
effectiveness of this type of treatment, the development of phage resistance mecha­
nisms is a major drawback (12, 13). Thus, alternative therapeutic approaches such as the 
use of phage tail-like bacteriocins (PTLBs) are being considered. PTLBs, also known as 
tailocins (or pyocins when derived from P. aeruginosa (14), are high-molecular-weight 
protein structures similar to phage tails. They are classified within the large family of 
bacteriocins, that is, molecules synthesized and used by bacteria in an environmental 
bacterial competition, as a survival strategy (15, 16). As a bacterial competitive mecha­
nism, the strategy is activated by the SOS response (17). Once assembled, the PTLBs 
are released through the activity of endolysins encoded in the lytic cassette, killing the 
producer cell in an altruistic manner (16, 18). Once released, the PTLBs act by binding 
to the bacterial O-antigen in the lipopolysaccharide (LPS); the particle then recognizes 
specific residues within the core region of LPS from the target bacteria, binding and 
killing the cells by depolarization of the membrane potential and causing their lysis due 
to the alteration in cell energetics (19–24).

As indicated by their name, PTLBs resemble the tails of bacteriophages. The absence 
of capsid and nucleic acid is characteristic and differentiates PTLBs from phages (25), 
conferring the advantage of reduced development of resistance and lack of horizontal 
gene transfer. Two types of PTLBs are described depending on whether their structure 
is rigid/(R-type) or flexible (F-type). Both types of PTLBs are also further subdivided on 
the basis of genetic characteristics and their spectrum of action. Five subtypes of R-type 
PTLBs have been described (R1–R5), and 12 subtypes are distinguished by the F-type 
PTLBs (F1–F12) (26, 27). Thus, bacterial genomic analysis is useful for determining the 
kind of PTLB that the bacteria can secrete: R-type, F-type, or both. In particular, PAO1 is 
used as a reference as it contains both types in its cluster, specifically R2-F2, and, when 
this occurs, regulatory and lysis genes are shared (28).

Therefore, the main objective of our study was to investigate the presence of these 
PTLBs in clinical isolates of P. aeruginosa from pwCF and to evaluate their potential use to 
treat bacterial infections, especially those caused by CF P. aeruginosa.

RESULTS

Genomic identification of PTLBs

Overall, 75 P. aeruginosa clinical isolates from 25 CF patients were analyzed to search 
for clusters corresponding to PTLBs. Bioinformatic analysis confirmed the presence of at 
least 1 nucleotide sequence corresponding to a PTLB cluster in each of the 75 isolates. 
A homology study of the sequence identified 34 different PTLBs, each named after its 
isolate producer. Thereafter, the phylogenetic analysis revealed sequences with high 
identity, which were clustered in two large groups according to phylogenetic distance 
(Fig. 1).
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Classification of PTLBs

In order to classify the 34 different PTLBs obtained (Fig. 2), a proteomic homology study 
was conducted. The protein organization in the cluster showed whether the cluster 
encodes typical R-type or F-type protein or both, here referred to as a PTLB complex. 
Thus, the collection was found to be composed of 50% of the F type, 29.41% of PTLB 
complexes, and 20.59% of the R type. The groups of PTLB types corresponded to the 
phylogenetic clusters obtained in the phylogenetic tree (Fig. 1).

A homology study was carried out to confirm these results, taking as a reference 
the tail fiber protein associated with the five subtypes of R-type PTLBs (Fig. 2A). This 
enabled identification of two of the R1 subtype, one of the R4 subtype, and four of the R5 
subtype (Fig. 2B). In order to classify the F-type PTLBs into subtypes, homology analysis 
was performed within the last six proteins of the cluster, encoded at the 3′ end (PyoF10, 
PyoF11, PyoF12, PyoF13, PyoF14, and PyoF15), which are grouped in two modules, as 
described by Saha et al. (27) (Fig. 2C). The 17 F-type PTLBs identified were grouped into 
eight different subtypes (Fig. 2D). The 06-6855 and 06-9800 PTLBs were found to belong 
to the subtype F2.2 previously identified by Saha et al. (27). The group composed of PTLB 

FIG 1 Phylogenetic analysis of 34 distinct PTLBs. The tree shows two different groups: the first is composed of bacterial strains with R-type PTLB clusters (blue) 

and R-F PTLB complex clusters (green), and the second is composed of bacterial strains with F-type PTLB clusters (red).
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02-5153, PTLB 07-1155, PTLB 07-8998, PTLB 16-0109, and PTLB 18-6285 was classified in 
the new subtype, F13, which is homologous to the F2.2 subtype but lacks the PyoF11 
protein. The other five F-type PTLBs (01-0440, 04-5265, 17-3115, 17-8321, and 24-0501) 
in the study collection were found to present a characteristic pattern as module 1 only 
contained the PyoF10 protein, which did not show any similarity with any of the PyoF10 

FIG 2 PTLB subtype classification study. The 34 different PTLB clusters included in this study were subjected to a homology study and grouped according 

as to whether they were R-type PTLBs (A–B), F-type PTLBs (C–D) or complex PTLBs (E) . The gray arrows correspond to those proteins not used for subtype 

classification of each of the PTLBs. In addition, the proteins used to determine the type of PTLB are color-coded according to the subtype: R1 (pink), R3 (light 

green), R4 (navy blue), R5 (maroon), F1 (brown), F2.2 (mauve), F11 (dark green), F12 (turquoise), F7 (purple), F9 (yellow), and unknown homology (orange). The 

solid black box represents the set of three proteins that comprises module 1. The proteins in module 2 are outlined by a dashed black box.
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proteins previously described. In addition, duplication of the module 2 proteins (Pyo13.2, 
Pyo14.2, and Pyo15.2), as previously described in the F2.2 subtype, was observed (27). 
PTLB 01-0440 and PTLB 04-5265 were classified as subtype F14, and two new proteins 
were found in module 2, in the positions of the Pyo13.2 and Pyo14.2, and a final F7 
subtype PyoF15 protein. Regarding PTLB 17-3115, PTLB 17-8321, and PTLB 24-0501, the 
final two proteins in module 2 were shown to be homologous to the F7 subtype PyoF13 
and PyoF15 proteins and were classified as a new PTLB subtype, F15. Another three F 
subtypes showed some identity with the F7 subtype but with some differences that 
classified them as new subtypes: F16, F17, and F18. Thus, in comparison with the F17 
subtype, the protein corresponding to PyoF11 was absent in the F16 subtype (PTLB 
22-5835), while in F17 (PTLB 11-4349 and PTLB 21-2955), there was an extra protein at 
the 3′ end of the module 2. Finally, the F18 subtype (PTLB 25-7986) had an extra protein 
between the PyoF12 and PyoF13 proteins, and in this PTLB, module 2 also showed some 
identity with the corresponding one present in the F9 subtype. The F-type PTLB 23-2344 
presented homology to the F1 subtype and lacked PyoF11 protein.

Moreover, in the present study, 10 PTLB complexes were described (Fig. 2E). An extra 
protein at the 3′ end of module 2 was also found in the PTLB complex 22-5546 and the 
PTLB complex 22-5179. The first was identified as the R1-F20 subtype, with F20 being 
a new F subtype with strong similarity to the F1 subtype and absence of the PyoF14. 
The PTLB complex 22-5179 was characterized as the R1-F21 subtype and showed the 
absence of the proteins PyoF11, PyoF12, and PyoF14, with PyoF10, PyoF13, and PyoF15 
homologous to the F11 subtype. The next three PTLB complexes (PTLB complex 20-0447, 
PTLB complex 20-6028, and PTLB complex 25-6546) comprised proteins homologous 
to the F12 subtype and a new protein in the PyoF11 position. Additionally, an extra 
protein was found downstream of PyoF15 in these PTLB complexes. These characteristic 
traits resulted in a new subtype of F-subtype PTLB, with these complexes being R3-F22 
subtypes. The PTLB 19-0943 complex was classified as R3-F23 by its homology with the 
R3 subtype and F14 subtype, which was a newly identified subtype characterized by a 
new protein in the PyoF11 position and a shorter form of the protein PyoF12 and the lack 
of PyoF14.2. Furthermore, PTLB 03-0062 was characterized as a PTLB R3-F24 subtype. 
The final three PTLB complexes were identified as the R4-F24 subtype. The F24 subtype, 
characterized as a new subtype, showed some identity with the F2.2 subtype but with 
substitution of the protein PyoF11 for an unknown protein.

Determination of the PTLB host range

A PTLB host range assay was conducted in order to establish the activity of these 
particles (Fig. 3). Thus, one PTLB was selected for each of the subtypes described above 
for its extraction and subsequent spot test analysis (Fig. 3A). The host range of the 17 
PTLBs over 17 host strains ranged from 0% to 77%. The widest host range corresponded 
to the R1 PTLBs extracted from O6 serotype isolates (PTLB 05-2269, PTLB 22-5179, and 
PTLB 22-5546). The PTLB 17-8321 also has a very wide host range (50%), and PTLB 
11-8664, PTLB 14-5818, and PTLB 21-2955 did not show any activity on the isolates, while 
the remaining six had an intermediate host range. Interestingly, the only isolate with 
serotype O11 was the only one resistant to all of the PTLBs tested.

A strong correlation between the isolate serotype and its PTLB R subtype was also 
observed (Fig. 3B), so that the O6 and O11 serotype isolates carried R1 and R5 PTLBs, 
respectively. Regarding the PTLB complexes, the O6 serotype isolates also encoded R1-F, 
the O9 serotype encoded R3-F, and the O5 serotype isolates encoded the R4-F subtypes.

Although this correlation was not observed for the F-type PTLBs, this type was shown 
to be encoded primarily by isolates belonging to the O1 and O3 serotypes.

Characterization of PTLBs by TEM

Based on the results obtained regarding the host range and the PTLBs type, four 
PTLBs were selected to confirm the R- and F-type classification by examination of the 
morphology by transmission electron microscopy (TEM): PTLB 03-0062 (R1-F24), PTLB 
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23-2344 (F19), PTLB 05-2269 (R1), and PTLB 17-8321 (F15) (Fig. 4). For PTLB 03-0062 and 
PTLB 05-2269, uncontracted rigid structures were observed, corresponding to R-type 
PTLBs, of length 130 and 125 nm and width 20 and 50 nm, respectively. Moreover, some 
structures appeared in a contracted form in which the core maintained the same length, 
while the sheath reduced its length to 50 nm in both samples (Fig. 4A and C). On the 

FIG 3 PTLBs host range analysis. (A) Susceptible isolates (red) and resistant isolates (gray) for each 

PTLB are shown in a 2D histogram constructed using Morpheus (https://software.broadinstitute.org/mor­

pheus). (B) Association between the serotype and encoded PTLB in each of the 34 isolates of study.
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other hand, F-type PTLBs were found to be thinner, more flexible structures in PTLB 
03-0062, PTLB 23-2344, and PTLB 17-8321, with the first of length 160 nm and width 20 
nm and the other two samples of length 120 nm and width 10 nm (Fig. 4A, B and D).

Testing the antimicrobial activity of PTLBs

For the purpose of studying the antimicrobial activity of the four previously selected 
PTLBs, a killing curve assay was performed on a culture of isolates 06-9800 and 22-5546 
(Fig. 5). The results of the killing curves for PTLBs 03-0062 and 23-2344 showed delays 
in bacterial growth of 6 and 8 h, respectively. After 24-h incubation, bacterial growth 
reached the control stationary phase within the PTLB 03-0062 treatment, but not in the 
case of the PTLB 23-2344, in which there was a significant reduction of 1 log in the CFU 
counts (Fig. 5A through D). In PTLB 05-2269 and PTLB 17-8321, the cultures were dead at 
6 h with no OD measures and 0 CFU counts, but at 24 h, regrowth yielded values 103 and 
105 CFU/mL, respectively (Fig. 5E through H).

Antimicrobial activity of PTLBs in the G. mellonella in vivo model

The antimicrobial activity shown by PTLBs 23-2344, 05-2269, and 17-832 in the killing 
curves was tested in vivo in a Galleria mellonella larvae model (Fig. 6). Each of the PTLBs 
was tested in an infection with the host isolate, the first PTLB against the isolate 22-5546 
and the other two PTLBs, both, against the isolate 06-9800, after previous testing 

FIG 4 Images representing the PTLB morphological structure determined by TEM. (A) PTLB complex 03-0062 containing R-type PTLB morphological character­

istics in a contracted state (dark blue arrow) and an uncontracted state (light blue arrow) and F-type PTLB morphological characteristics (red arrow). (B) PTLB 

23-2344 F-type morphological characteristics (yellow arrow). (C) PTLB 05-2262 R-type morphological characteristics in a contracted state (red arrow) and an 

uncontracted state (green arrow). (D) PTLB 17-8321 F-type morphological characteristics (yellow arrow).
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FIG 5 Growth and killing curves and CFU/mL counts. (A) Growth curve of the isolate 06-9800 untreated (gray) and treated 

with PTLB 03-0062 (orange) during 24 h. (B) CFU/mL count of the isolate 06-9800 untreated (gray) and treated with PTLB 

03-0062 (orange) at 0, 6, and 24 h. (C) Growth curve of the untreated isolate 22-5546 (gray) and the isolate treated with PTLB

(Continued on next page)
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to determine the 50% lethal dose (LD50). No significant improvement was observed 
regarding the infection with isolate 22-5546 treated with PTLB 23-2344, although no 
signs of toxicity were observed in the larvae group inoculated with this PTLB (Fig. 6A). In 
survival assays with the other two PTLBs, high survival rates were obtained in the treated 
larvae, that is, of 85% for PTLB 05-2269 and of 90% PTLB 17-8321 (Fig. 6B and C). Both 
treatments were also demonstrated to be non-toxic, as observed in the PTLBs’ survival of 
the control groups.

DISCUSSION

PTLBs are competitive weapons that bacteria, such as P. aeruginosa, use to compete 
with other bacteria, commonly different strains from the same species (16, 29). The 
antimicrobial activity of these protein structures, which are similar to tail phages, can 
be used in the fight against MDR bacteria. The objectives of the present study were to 
identify and characterize the activity of different PTLBs against P. aeruginosa (Fig. 7).

Study of P. aeruginosa isolates from pwCF patients detected the presence of at 
least one PTLB cluster in each of the isolates, suggesting the importance of these 
protein structures in the CF competitive environment. This confirms the findings of a 
previous study conducted by our research group in which a similar prevalence of PTLB 
sequences was observed in other P. aeruginosa collections (21). Annotation of the PTLBs 
genome and the homology study revealed 34 PTLBs with the characteristic structure, 
with regulatory, structural, and lysis cassettes (30, 31), and in this case, 3 were encoded in 
clusters for the R type, 8 for the F type, and 6 combined an R type and an F type in the 
cluster with a shared regulatory cassette, comprised between the genes trpD and trpE 
(28). This classification was confirmed by a rigid or flexible morphology observed by TEM.

The phylogenetic tree revealed two main groups, one consisting of PTLB complexes 
and R-type PTLBs and the other consisting of the F-type PTLBs. The clustering of the R 
type and the complexes is due to the high identity of the R subtypes; thus, the PTLB 
11-8664 (R4) branch was found after the three PTLB complexes R4-F and before the 
two PTLB complexes R1-F (22-5546 and 22-5179), which, in turn, are located in a branch 
together with PTLB 05-2269 and PTLB 08-1318, both of the R1 subtype.

The R- and F-type PTLBs are subdivided into several subtypes differentiated by some 
specific genes (25). The following subtypes of the R-type PTLBs were identified: R1, 
R3, R4, and R5, previously characterized by the tail fiber protein (32). The F subtypes 
were characterized on the basis of the C-terminal region, which is variable and enables 
distinction of each subtype (27). Analysis of the F subtypes identified 12 new subtypes. 
Five PTLBs had similarities in module 1, with the main differences being in the PyoF11 
protein, which was substituted by a hypothetical protein with a reverse gene reading 
pattern in the F23 and F24 subtypes. This protein was absent in F13, F14, F15, F16, 
F19, and F21. Classification of the F subtype showed that module 1 was more variable 
regarding the number of proteins than module 2, in which the PyoF14 protein was 
absent in F16, F17, F20, and F21 subtypes. The PyoF14.2 protein was also absent in the 
F21 and F23 subtypes. Although the PyoF11 and PyoF12 proteins, present in module 1, 
have been considered essential for the functionality and specificity of F-type PTLBs (27), 
we noted that their absence did not affect their activity or specificity. Thus, the PTLBs 
lacking this protein, such as PTLB 17-8321, showed a wide host range and a significant 
bactericidal activity.

Fig 5 (Continued)

23-2344 (purple) for 24 h. (D) CFU/mL count of the untreated 22-5546 isolate (gray) and the isolate treated with PTLB 23-2344 

(purple) at 0, 6, and 24 h. (E) Growth curve of the untreated isolate 06-9800 (gray) and the isolate treated with PTLB 05-2269 

(red) for 24 h. (F) CFU/mL count of the untreated isolate 06-9800 (gray) and the isolate treated with PTLB 05-2269 (red) at 0, 6, 

and 24 h. (G) Growth curve of the untreated isolate 06-9800 (gray) and the isolate treated with PTLB 17-8321 (green) for 24 h. 

(H) CFU/mL count of the untreated isolate 06-9800 (gray) and the isolate treated with PTLB 17-8321 (green) at 0, 6, and 24 h. 

Unpaired t-test. (*) P < 0.05. (***) P < 0.001. Absence of asterisk indicates no statistically significant difference (P > 0.05).

Research Article Microbiology Spectrum

May 2026  Volume 14  Issue 5 10.1128/spectrum.02894-25 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

18
 J

un
e 

20
26

 b
y 

19
5.

23
4.

59
.7

1.

https://doi.org/10.1128/spectrum.02894-25


Additionally, differences in host range between PTLB 03-0062 (R3 and PTLB 10-6443, 
both of which share the F4 type PTLB but differ in the R type [R3 or R4]) indicate the 
importance of the R-type PTLB in recognition of the target strain. Furthermore, the R1 
subtype, either alone or accompanied by an F-type, yielded a similar pattern. Although 
the R5 subtype has been reported to display the widest host range, PTLB 17-8321 (F15), 

FIG 6 G. mellonella survival curves when the infected larvae are untreated or treated with different PTLBs. (A) Percentage 

survival of G. mellonella larvae infected with the isolate 22-5546 alone or treated with the PTLB 23-2344 1 h post-infection. 

(B) Percentage survival of G. mellonella larvae infected with isolate 06-9800 alone or treated with the PTLB 05-2269 1 h 

post-infection. (C) Percentage survival of G. mellonella larvae infected with isolate 06-9800 alone or treated with the PTLB 

17-8321 1 h post-infection. Mantel-Cox test. (****) for P < 0.0001. Absence of asterisk indicates no statistically significant 

difference (P > 0.05).
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PTLB 05-2265 (R1 subtype), and the PTLB 22-5179 complex (R1-F20) showed the widest 
host range (19).

In addition, in a study based on a collection of P. aeruginosa isolates from pwCF, the 
populations were quite susceptible to R2-subtype PTLBs (33). Thus, the work conducted 
by Mei et al. (33) also demonstrated the high potential of R2-subtype PTLBs as antimicro­
bial treatments, because irrespective of the level of diversity in the LPS, these isolates 
were still susceptible to R2. These findings led to the idea that as well as the presence 
of specific antigens, the physical composition and arrangement of LPS are key factors in 
PTLB activity (34). The PTLB target is recognized by its receptor binding proteins which 
can consist of tail tips, tail fibers, or tail spikes, which specifically target the O antigen in 
the LPS moiety (34). The O antigen type (serotype) and the PTLB subtype produced also 
imply the acquisition of resistance to this PTLB from the strains with the same serotype 
(19). The correlation between PTLB and the serotype producer strain was observed for 
the R-type PTLBs identified, including the complex PTLBs. A weaker correlation was 

FIG 7 PTLBs from P. aeruginosa Isolates in CF patients from the present study.
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observed for the F type. The correlation between the PTLB type and the serotype and 
therefore the host range is due to the genetic variability in the R and F subtypes and the 
host range (16). Blasco et al. (21) also reported the relationship between the serotype 
and the PTLB complexes. The serotype of an isolate is thus a determining factor in the 
putative bactericidal action of a PTLB. Our findings are also consistent with those of 
a previous study in which isolates with O6 serotype encode for R1 subtypes and are, 
in turn, resistant to the action of R1-subtype PTLBs (19). In all cases, the isolates were 
resistant to the encoded PTLBs, except for PTLB 05-2269, a previously reported exception 
which may be related to the killing mechanism of PTLBs. The PTLBs depolarize the outer 
membrane and then puncture and inject the tail structure, in a mechanism related to 
temporal variations in the LPS density and the spontaneous ability of the PTLs to pass 
through the O antigen and contract close to the cell envelope (34, 35). Regarding the 
isolates with O1 and O3 serotypes, a tendency for the PTLB clusters to be absent was 
reported (19). However, in our collection, eight isolates with F-type PTLB clusters were 
encoded by O1 isolates, and the other nine F-type PTLB clusters were detected in the 
bacterial chromosome of O3 isolates. Thus, the data provided show a direct link between 
serotype and F-type PTLB, which has not previously been observed because of the 
relatively few studies on this flexible structure.

PTLBs show great potential as antimicrobial agents that could be used as alternatives 
to antibiotics in the fight against AMR. This potential was tested in four of the PTLBs 
identified in this work, which together covered all the serotypes present in this P. 
aeruginosa collection.

Strong antimicrobial activity was observed in vitro for three of the PTLBs tested with 0 
counts at 6 h and a significantly low regrowth at 24 h. The reduced resistance obtained 
for PTLBs in comparison with phages, which are also potential antimicrobial agents, is 
probably due to the absence of genetic material, the main driver of the anti-phage 
defense mechanisms, thereby reducing the resistance to PTLBs in mutations in the genes 
encoding the O antigen (34). The results obtained in the killing curves were confirmed in 
the in vivo model of G. mellonella larvae. Strong antimicrobial activity was observed for 
two PTLBs, 17-8321 and 05-2269, as the survival of the treated larvae was significantly 
higher than the group of infected larvae, reaching as high as 80%. These results, together 
with the absence of toxicity in this model, indicate PTLBs to be strong candidates for 
the treatment of infections caused by P. aeruginosa. PTLBs have not yet been tested 
in patients, as opposed to phage therapy (36, 37). Nevertheless, in vivo mouse models 
have shown that natural R2-type PTLBs have a strong capacity to control bacterial 
infections, supporting the findings of pre-clinical studies (26, 38). Our study findings 
further reinforce these findings by providing data on how an R5-subtype PTLB and an 
F24-subtype PTLB improve the survival of G. mellonella larvae infected by P. aeruginosa, 
thus demonstrating the therapeutic potential of PTLBs of clinical origin.

MATERIALS AND METHODS

Bacterial isolates and culture conditions

A total of 75 clinical isolates of P. aeruginosa obtained from 25 CF patients and belong­
ing to 26 Sequence Types (STs) were included in the study (Table 1). The isolates 
were provided by the research group led by Dr. Antonio Oliver at the Son Espases 
University Hospital, Palma de Mallorca (Spain). In an earlier study, the genomes of this 
collection were analyzed by next-generation sequencing, with the MiSeq sequencing 
system (Illumina platform), and assembled using the Newbler Roche assembler and 
Velvet (Velvet v1.2.101) (39, 40). The serogroups of the isolates were determined on the 
basis of the O-specific antigen gene cluster sequences, by using PAst 1.0 (41) (Table 1).

The P. aeruginosa isolates were grown in Luria-Bertani (LB) broth medium (0.5% yeast 
extract; 0.5% NaCl; 1% tryptone) at 37°C and 180 rpm. When necessary, the LB medium 
was supplemented with 1.5% agar to produce solid medium. The PTLBs were further 
characterized by the double agar method, which consists of a base with tryptone agar 
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TABLE 1 Characterization of isolates and GenBank annotationa

Patient P. aeruginosa CF isolate O-antigen ST

01-0440 O3 1089
01 01-5978 O3 1089

01-7071 O3 1089
02-5135 O1 312

02 02-5867 O1 312
02-6433 O1 312
03-0062 O9 285

03 03-5302 O9 285
03-5453 O9 285
04-5265 O3 274

04 04-7991 O3 274
04-8869 O3 274
05-2269 O6 NEW1

05 05-2840 O6 NEW1
05-4672 O5 360
06-6855 O1 242

06 06-7209 O1 242
06-9800 O1 242
07-1155 O1 279

07 07-5966 O1 279
07-8998 O1 279
08-1318 O6 NEW2

08 08-4371 O6 NEW2
08-5924 O6 NEW2
09-3048 O6 1109

09 09-0786 O6 1109
09-9593 O6 1109
10-6443 O5 360

10 10-6518 O5 360
10-7858 O2 360
11-4349 O3 198

11 11-7257 O5 2475
11-8664 O5 2475
12-0969 O5 277

12 12-2742 O5 277
12-2760 O5 277
13-0154 O4 1123

13 13-1387 O4 1123
13-2748 O4 1123
14-4114 O11 319

14 14-4688 O11 319
14-5818 O11 319
15-4963 O6 412

15 15-7676 O6 412
15-8860 O6 412
16-0109 O1 252

16 16-2856 O1 252
16-4264 O11 408
17-0755 O3 274

17 17-3115 O3 274
17-8321 O3 274
18-6285 O1 312

(Continued on next page)
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(TA) medium (1% tryptone, 0.5% NaCl, 1.5% agar) below a suspension of soft TA agar (1% 
tryptone, 0.5% NaCl, 0.4% agar).

Identification and annotation of PTLB clusters in silico

The genomic sequences of the 75 CF isolates of P. aeruginosa were annotated by RAST 
(42). A search for the term “pyocin” was used to locate the contig with the PTLB. The 
trpD and trpE flanking genes were then located and used to identify the cluster ends (16). 
Once identified, the PTLB sequences were also annotated using HMMER (version v3.4) 
(43).

PTLBs homology and phylogenetic analysis

The homology of the different PTLBs found in each of the 75 isolates was determined 
using the Nucleotide Blast tool (44). The genomic sequences from the PTLBs identified 
were also phylogenetically compared by alignment, with the default options in Clustal 
Omega in the EMBL-EBI server (45). The sequences were then used to construct a 
maximum-likelihood phylogenetic tree using the Viral Genome Tree Service tool with 
the default parameters in BV-BRC (version 3.49.1) (46). The tree output was edited using 
the Interactive Tree Of Life bioinformatic tool (47).

PTLBs classification into type and subtype

The amino acid sequence corresponding to tail fiber protein (i.e., the component of 
the PTLB determining its host specificity) of the different R subtypes was used for 
classification: R1 (ARI05994.1), R2 (AAG04009.1), R3 (ABP93392.1), R4 (ABP93394.1), and 
R5 (ABP93396.1) (48). The R2 subtype corresponds to the PA0620 protein in the reference 
strain PAO1. In addition, the reference sequences of the six proteins, located in the 
C-terminal of the cluster, were used to classify the F-type PTLBs subtypes. The six proteins 
that characterize the F subtypes were then grouped in two modules: PyoF10, PyoF11, 

TABLE 1 Characterization of isolates and GenBank annotationa (Continued)

Patient P. aeruginosa CF isolate O-antigen ST

18 18-7126 O1 312
18-9439 O1 312
19-0943 O9 1092

19 19-6618 O9 1092
19-9746 O9 1092
20-0447 O9 1072

20 20-3695 O9 1072
20-6028 O9 1072
21-2955 O3 198

21 21-4234 O3 198
21-9889 O3 198
22-5179 O6 NEW3

22 22-5546 O6 2101
22-5835 O3 1134
23-2344 O3 701

23 23-6966 O3 CC701
23-9557 O3 701
24-0501 O3 274

24 24-1092 O3 274
24-7416 O3 274
25-6546 O9 1072

25 25-7986 O1 235
25-9260 O11 1613

aThe O-antigen and the ST of the 3 isolates of each of the 25 CF patients were determined.
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and PyoF12, the proteins belonging to module 1, and PyoF13, PyoF14, and PyoF15, the 
proteins belonging to module 2, as previously described by Saha et al. (27).

Extraction, concentration, and purification of PTLBs

The extraction, concentration, and purification of each of the PTLBs detected were 
performed using an adaptation of a previous method (21). Briefly, an overnight culture 
of the selected isolates was diluted (1:100) and incubated at 37°C and 180 rpm. Once 
the cultures reached an optical density (OD600nm) of 0.3–0.4, 10 µg/mL of mitomycin 
C (Sigma-Aldrich) was added, and the cultures were incubated until they cleared. To 
ensure maximum bacterial lysis, the lysed cultures were treated with 1% chloroform for 
20 min at room temperature and centrifuged at 3,700 rpm for 10 min. The supernatants 
containing the PTLBs were filtered (0.45 µm, FILTER-LABPES Syringe filter). The superna­
tants containing the PTLBs were concentrated by precipitation overnight at 4°C with 
10% PEG 6000 (Sigma-Aldrich) and 0.5 M NaCl. On the following day, the PTLBs were 
collected by centrifugation for 15 min at 11,000 rpm and 4°C. The supernatants were 
discarded, and the pellets were resuspended in sodium magnesium (SM) buffer (0.1 M 
NaCl, 10 mM MgSO4, 20 mM Tris–HCl, pH 7.5). An equal volume of chloroform was then 
added to the final volume (1:1) of each sample, and the mixture was then incubated 
with gentle shaking for 20 min, before being centrifuged for 10 min at 4,000 rpm. The 
aqueous phases were recovered and incubated with 10 μg/mL proteinase K at 56°C for 
1 h, in order to degrade putative prophages induced by mitomycin C. Finally, the PTLBs 
were purified and dialyzed with a 100 KDa Amiconâ Ultra-15 (Merck Milipore) system. 
The PTLB solutions were stored at 4°C until use.

TEM imaging of PTLBs

PTLBs containing solution were examined by TEM (JEOL JEM-1011) after fixing the 
solution in a grid and negatively stained in 1% aqueous uranyl acetate for 5 min.

PTLB killing spectrum: host range assay

The host range of 13 PTLBs was determined in a spot test method (49), by exposing 
them to the same 13 isolates from the P. aeruginosa collection from which the PTLBs 
were extracted. The double agar method was used, in which the upper layer contains 
the P. aeruginosa test isolate, previously grown (at 37°C and shaking conditions) until 
reaching an OD600nm of 0.6 Abs, mixed with TA soft medium and poured over solid TA 
medium. Once the top layer had solidified, 3 µL drops containing the purified, diluted 
PTLB suspension (1:10, 1:1,000, 1:100,000) were deposited on the surface. Each PTLB 
killing spectrum was performed in triplicate. A result was considered positive when a 
clear spot was obtained after incubating the plates overnight at 37°C.

Quantification of PTLB killing

The killing activity of PTLBs was indirectly quantified by determining the lethal killing 
units per milliliter (LKU/mL) using Poisson’s distribution, as previously described (49–52). 
First, an overnight culture of the target bacteria was diluted 1:100 and grown at 37°C 
and 180 rpm until reaching an OD600nm of 0.2, corresponding to a concentration of 108 

CFU/mL. Once this condition was reached, 100 μL aliquots of serial dilutions (1, 1:10, 
1:1,000; 1:10,000) of the PTLB suspension were mixed with 900 μL of the target bacteria 
and incubated for 40 min at 37°C. As a control group, the target bacteria were mixed with 
SM buffer. Each condition was then serially diluted and plated on LB agar and incubated 
at 37°C until the next day when the number of CFUs was counted. The following formula 
was used to establish the LKU/mL:

LKU
mL = − ln NkNo ∗ No,
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where Nk represents the lowest dilution of the PTLB suspension that shows killing 
activity (with a low number of CFUs) and No represents the lowest dilution of the PTLB 
suspension that shows no killing activity (the value is similar to that obtained in the 
negative control).

Time-killing curve assay exposing bacteria to PTLBs

For the selected PTLB-host combinations that yielded positive spot test results, killing 
curve analysis was carried out in LB broth medium. For this purpose, an overnight 
culture of the selected P. aeruginosa clinical host isolates was diluted 1:100 in liquid LB 
medium and incubated at 37°C at 180 rpm, until reaching an OD600nm of 0.2 Abs, which 
corresponds to 108 CFU/mL of the host isolate. At this point, a 96-well flat-bottom plate 
was prepared with 200 μL per well containing 105 CFU/mL, mixed with 106 LKU/mL of 
the PTLB suspension. In addition, a growth control was tested with the isolate alone. 
The plates were incubated with continuous orbital shaking at 37°C for 24 h and read 
at 600 nm wavelength every 15 min, in a microplate reader (EPOCH, BioTek, Winooski, 
VT, USA). The bacterial concentration was also determined, at 0, 6, and 24 h, by analysis 
of the CFU/mL at each time. Triplicate samples of both conditions were collected and 
serially diluted in phosphate-buffered saline (PBS) and subsequently plated, in duplicate, 
on LB agar plates for subsequent CFU quantification. The data obtained were analyzed 
using the unpaired t-test, with the default parameters, and the graphs were plotted using 
GraphPad Prism Version 8.4.3 (471).

PTLB toxicity and efficacy of treatment determined by an in vivo G. mellonella 
assay

The PTLB toxicity and treatment efficacy were assessed using larvae of the greater wax 
moth G. mellonella, as an in vivo model, based on previously described protocols (53–
55). The larvae were obtained from a local pet shop (Harkito, Madrid). The LD50, which 
represents the concentration of inoculum that causes death of 50% of the larvae 24 h 
post-infection, was first determined by infecting several groups of larvae with 10 µL of 
different dilutions of inoculum. For preparation of the bacterial inoculum, 4 mL of LB 
broth medium was incubated overnight at 37°C with shaking at 180 rpm. The culture was 
then centrifuged (4,000 × g for 15 min) and washed three times with 4 mL of PBS. Groups 
of 18 unspotted and healthy G. mellonella larvae (n = 18) were then infected with 10 µL of 
the LD50 by injecting in the last left proleg, with a Hamilton syringe (Hamilton, Shanghai, 
China).

After 1 h of infection, the groups of infected larvae were treated with 103 LKUs/mL 
of PTLBs. In addition, one group of infected larvae was injected with PBS to establish 
a control infection group. The PBS was injected into the last right proleg of each larva. 
The toxicity associated with the PTLB treatment was evaluated by injecting 10 µL of 
the mixture into several groups of larvae inoculated 1 h earlier with PBS, instead of a 
bacterial infection. Finally, a control group injected with PBS only, simulating infection 
and treatment, was included to verify that the injection alone did not affect the larval 
state. All groups of larvae were placed in Petri dishes and incubated in darkness at 37°C. 
The number of larvae without motor response to touch (i.e., dead larvae) was recorded 
regularly over a period of 48 h. Survival curves were plotted using GraphPad Prism 
Version 8.4.3 (471) and compared using the log-rank (Mantel-Cox) test.
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