Research in Microbiology 176 (2025) 104261

o

Research in

Microbiology

‘m

Contents lists available at ScienceDirect

Research in Microbiology

journal homepage: www.elsevier.com/locate/resmic =

ELSEVIER

Check for

Characterization of tailocins of Pragia fontium 24613 and the tailocin loci
within the family Budviciaceae

a,”

Katefina Snopkova *", Eva Chaloupkova“, Matéj Hrala“, David Smajs

2 Department of Biology, Faculty of Medicine, Masaryk University, Kamenice 753/5, 625 00, Brno, Czech Republic
Y Institute for Microbiology, Faculty of Medicine, Masaryk University and St. Anne’s University Hospital Brno, Pekaiska 664/53, 656 91, Brno, Czech Republic

ARTICLE INFO ABSTRACT

Keywords: Tailocins are nano-scale phage tail-like protein complexes that can mediate antagonistic interactions between
Antimicrobial agent closely related bacterial species. While the capacity to produce R-type tailocin was found widely across Gam-
Antibi‘)ﬁ_cs . . maproteobacteria, the production of F-type tailocins seems comparatively rare. In this study, we examined the
;’:ztgii;a]l»hke particle freshwater isolate, Pragia fontium 24613, which can produce both R- and F-type tailocins. We investigated their
Enterobacteria inhibition spectrum, focusing on clinically relevant enterobacteria, and identified the associated tailocin gene

cluster. Transmission electron microscopy confirmed that inactivation of the tape measure protein within the
tailocin cluster disrupted R-tailocin production. Comparative analysis of Budviciaceae gene clusters showed high
conservation of R-type tailocin genes, whereas F-type tailocin genes were found in only a few species, with little
conservation. Our findings indicate a high prevalence of bacteriocin production among underexplored Enter-
obacteriales species. Detected tailocins showed potential as antimicrobials targeting clinically significant

Yersinia enterocolitica

pathogens.

1. Introduction

The competition among microorganisms occupying similar ecolog-
ical niches leads to the production of a wide array of antimicrobial
substances. These include type VI secretion system effectors, Rhs pro-
teins, and contact-dependent inhibition proteins which are widely
considered to target and kill competitors [1-3]. A class of antibacterial
proteins, known as bacteriocins, specifically targets and kills closely
related bacterial species [4]. Bacteriocins exhibit considerable diversity
in terms of size, genomic localization of their encoding genes, cytotoxic
effects, and the spectrum of species they can eliminate [4,5]. Research
has shown that bacteriocin production can significantly influence the
composition of microbial communities in natural environments [6-8].

Tailocins represent a distinct class of bacteriocins, characterized by
large protein complexes that are derived from bacteriophage and which
structurally resemble phage tails [9,10]. These nanoscale particles come
in two morphologically distinct types: rigid contractile structures
(R-type) and flexible, non-contractile particles (F-type). R-type tailocins
are thought to be closely related to other contractile injection systems,
such as myophage tails [11], Photorhabdus virulence cassettes (PVCs)

[12], Serratia entomophila’s antifeeding prophage (Afp) [13], and the
Type VI Secretion System [14]. These structures are produced by a wide
variety of Gram-negative bacteria [15-19] as well as some
Gram-positive species [20,21]. R-type tailocins consist of a rigid tube
encased in a contractile sheath, exhibiting six-fold rotational symmetry
along their axis [22]. The distal end of the particle contains a baseplate
equipped with tail fibers responsible for receptor recognition and initi-
ating sheath contraction [23-25]. The tail tube itself is equipped with a
spike protein complex that enables membrane penetration [26]. In
contrast, F-type tailocins are less common and have been reported in a
limited number of microorganisms, including certain Pseudomonas spe-
cies, Listeria monocytogenes, and Pragia fontium 24613 [9,27-29]. These
particles are flexible, rod-shaped, and feature fiber-like structures on
their surface. The F-type pyocin F1, for instance, consists of 23 annular
units, measuring a total of 106 nm in length [9]. Only a few bacteria
species are known to produce both R- and F-type tailocins [29,30]. As-
sembly of both types of particles takes place within the bacterial cell,
with their release typically following cell autolysis [9,31]. Upon
encountering a susceptible bacterium, R-type tailocins induce cell death
by depolarizing the cytoplasmic membrane resulting in the collapse of

Abbreviations: Afp, antifeeding prophage; ANI, average nucleotide identity; PVC, Photorhabdus virulence cassette; TEM, transmission electron microscopy; TMP,

tape measure protein.
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proton-motive force [32]. However, the mechanism by which F-type
tailocins kill target cells remains unclear.

The family Budviciaceae comprises Gram-negative, rod-shaped bac-
teria. Species within this family are found in diverse environments,
including freshwater ecosystems (Pragia fontium, Budvicia aquatica, and
Limnobaculum parvum) [33-35], or as part of the gut microbiota of in-
sects and other invertebrates (Budvicia diplopodorum, Limnobaculum
allomyrinae, Limnobaculum eriocheiris, and Limnobaculum xujianqingii)
[36-38]. Additionally, certain species inhabit warm-blooded animals,
such as Limnobaculum zhutongyuii [38,39], and humans, represented by
Leminorella grimontii and Leminorella richardii [40]. Despite their various
habitats, their pathogenicity remains largely unknown. Production of
phage tail-like inhibition agents has been documented in several strains
of Pragia and Budvicia [41]. The majority of tailocin-producing strains
are known to synthesize R-type particles. Notably, only one strain,
P. fontium 24613, is capable of producing both R- and F-type tailocins
[29]. The pore-forming activity of these tailocins was characterized
using both living cells and in vitro model membranes [42].

This study focuses on identifying the genetic clusters encoding tai-
locins in P. fontium 24613, assessing the inhibitory spectrum of this
strain, and comparing tailocin gene clusters among closely related
strains within the Budviciaceae family.

2. Material and methods
2.1. Bacterial strains and growth conditions

P. fontium 24613 (tailocin producer) was used throughout this study.
The antagonistic activity of P. fontium 24613 was assessed against
P. fontium 24647 (indicator strain) and related strains from the family
Budviciaceae, Yersiniaceae, Pectobacteriaceae, Morganellaceae, Enterobac-
teriaceae, and the genus Plesiomonas (a list of strains is shown in
Table S1). All strains are deposited in the collection of the Department of
Biology, Masaryk University, Brno, or the Czech Collection of Microor-
ganisms, Brno, Czech Republic. Bacteria were grown on TY agar (8 g 17!
casein, 5 g 17! yeast extract, 5 g 17! sodium chloride, 8 g 171, pH 7.5; all
Hi-Media, Mumbai, India).

2.2. Bacteriocin assay

The inhibition spectrum of P. fontium 24613 was determined using
an overlay plate assay technique [43]. Briefly, strain 24613 was inoc-
ulated on TY agar supplemented with mitomycin C (final concentration
0.5 pg ml™Y) and cultivated at 25 °C for 48 h. Colony of the producer
strain was killed by chloroform vapors and overlayed with soft TY me-
dium (0.6% of agar) containing 108 CFU/ml of the indicator strain.
Plates were incubated at 30 °C for 48 h. A clear zone of growth inhibition
around the producer was assessed. No plaques were detected at the
edges of this inhibition zone or elsewhere on the cultivation plates,
suggesting that the inhibitory effect was without signs of phage lysis.

The crude bacteriocin was prepared for subsequent dilution assays as
follows. An overnight culture (5 ml) of P. fontium 24613 was grown in
TY broth at 25 °C and 200 rpm. The culture was then diluted 1:10 with
fresh TY broth and incubated at 25 °C and 200 rpm until the culture
reached an ODeco of 0.9. Mitomycin C was added to a final concentration
of 0.5 pg ml~%, and the culture was incubated for an additional 4 h. The
culture was then centrifuged at 5000 rpm, and the cell-free supernatant
was collected. To ensure sterility, the supernatant was exposed to
chloroform vapors for 1 h. The resulting cell-free supernatant was seri-
ally diluted and used for inhibition assays against indicator strain
P. fontium 24647 on agar plates as described above.

2.3. Genomic inspection of the tailocins gene cluster in P. fontium 24613

The genome of P. fontium 24613 (GenBank acc. no. CP010423.1) was
inserted into the PHASTER, https://phaster.ca [44]. (Pro)phage clusters
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were manually re-annotated, and the putative tailocin cluster was
identified. BPROM software, http://linux1.softberry.com/berry.phtml,
was used to identify the putative promoters and Lex A binding motifs in
the tailocin gene cluster. Average nucleotide identity (ANI) between
tailocins of P. fontium 24613 and relevant phages was calculated using
the EzBioCloud server http://www.ezbiocloud.net/tools/ani [45].

2.4. Chromosomal mutagenesis of P. fontium 24613

Random insertion mutagenesis using mini-Tnl0 transposons was
performed to identify the genome location of the tailocin gene cluster.
Suicide-plasmid NKBOR, carrying a mini-Tnl0 transposon (2.4 kb;
kanamycin resistance), was electroporated into P. fontium 24613 cells
[46]. Transformants were selected on TY agar supplemented with
kanamycin (final concentration 0.05 g 11, Sigma-Aldrich, St. Louis,
USA). Overlay plate assays, using indicator strain P. fontium 24647
harboring pCR2.1-TOPO (ThermoFisher Scientific; Waltham, USA;
kanamycin resistance), were used to detect independent
inhibition-deficient mutants. Genomic DNA of mutants 29 1G and 72 9G
was extracted using the phenol-chloroform protocol and digested with
Bglll and Nhel, respectively. Fragments were self-ligated with T4 DNA
ligase (ThermoFisher Scientific; Waltham, USA) and used as a template
for inverse PCR reactions. Regions flanking the mini-Tn10 transposon
were amplified using GeneAmp® XL PCR Kit (ThermoFisher Scientific;
Waltham, USA) and NKBORout_3: 5-AACAGCCAGGGATGTAACG-3'
and NKBORout 4: 5-GCAGGGCTTTATTGATCCA-3'primers [47]. PCR
products were sequenced using GATC Biotech (Constance, Germany)
and aligned to the P. fontium 24613 genome using SeqMan software
(DNASTAR, Madison, USA).

2.5. Large-scale production and purification of P. fontium 24613
tailocins

Fifty microliters of overnight P. fontium 24613 culture and mutants
29 1G and 72 9G were used as an inoculum for a culture cultivated at
30 °C in 100 ml of TY medium until it reached an ODggp equal to 0.5.
Subsequently, mitomycin C was added at a final concentration of 0.5 pg
ml~}, and cultivation continued for 3 h. Samples were then treated ac-
cording to phage protocols [48]. Briefly, NaCl (at a final concentration
of 0.5 M) was added for 1 h to dissolve particles on the bacterial cells,
and the debris was collected using centrifugation at 14,000 g for 15 min.
Subsequently, polyethylene glycol 8000 (at a final concentration of 10%
w/v; Sigma-Aldrich, St. Louis, USA) was added to the supernatant.
Phage tail-like particles were precipitated overnight at 4 °C and
collected using centrifugation at 8000 g for 1 h at 4 °C. The pellet was
resuspended in 2 ml of SM buffer (100 mM NaCl, 8 mM MgS04-7H>0,
50 mM Tris-Cl), and the solution was applied to a CsCl gradient
(1.45-1.7 g ml™ 1Y) and centrifuged (87,000 g at 10 °C for 2 h). The
collected tailocin fraction was dialyzed against SM buffer overnight.

2.6. Dark-field transmission electron microscopy

Purified tailocins (5 pl) from (i) wild type P. fontium 24613 and (ii)
transposon mutants 29 1G and 72 9G were applied to glow discharge-
activated carbon-coated copper grids (Pyser-SGI, Edenbridge, United
Kingdom). Negative staining was performed using 2% (w/v) ammonium
molybdate for 10-30 s, and tailocins were visualized using a MOR-
GAGNI 268D microscope (FEI, Hillsboro, USA). The dimensions of the
particles were analyzed using ImageJ [49].

2.7. Comparison of the tailocin loci within the family Budviciaceae

Publicly available genomes across the family Budviciaceae were
compared in the Gene Ortholog Neighborhood Viewer at the Integrated
Microbial Genomes website, https://img.jgi.doe.gov/. Predicted amino
acid sequences of the P. fontium 24613 R-tailocin sheath (GenBank acc.
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no. QQ39_04820) and tube protein sequences (acc. no. QQ39_04825)
were used as queries. The default parameters of bidirectional blast an-
alyses were used. The identified phage-tail-related gene clusters were
manually curated and re-annotated using results from PHASTER, http
s://phaster.ca [44], SMART, http://smart.embl-heidelberg.de/, and
InterPro, https://www.ebi.ac.uk/interpro, analyses. Genomes of Budvi-
ciaceae members containing homologs of the sheath and tube proteins
were further analyzed, ie., P. fontium DSM 55637 (GenBank ac. no.
GCA_ 900112475.1), P. fontium NCTC 12284 (GCA_900454805.1),
P. fontium NCTC 12285 (GCA_900638655.1), B. aquatica DSM 50757
(GCA_000427805.1), L. grimontii ATCC 339997 (GCA_000439085.1),
L. richardii NCTC 121517 (GCA_900478135.1), L. parvum HYN00517T
(GCA_003096015.2), L. zhutongyuii CF-458T (GCA_004295645.1), and
L. zhutongyuii CF-917 (GCA_006964055.1). The genomes of
B. diplopodorum D9 (GCA_009800925.1), L. xujianqingii CF-1111
(GCA_013394855.1), and L. allomyrinae BWR-B9 (GCA_016649425.1)
lacked the phage sheath and tube protein homologs (QQ39_04820 and
QQ39_04825) and were discarded from further analysis.

3. Results
3.1. Strain-specific inhibitory activity of Pragia fontium 24613

Antagonistic interactions of P. fontium 24613 were assessed against
related enterobacteria (order Enterobacterales) using the overlay plate
assays. Results revealed only narrow inhibition zones (<2 mm), which
suggested the production of large, slowly diffusing inhibitory protein
complexes such as tailocins [49,50]. No phage plaques were detected
during the overlay plate assay. The undiluted and 10-fold diluted crude
extract of the producer strain inhibited the indicator strain P. fontium
24647 with no plaques observed.

The inhibition spectrum included one P. fontium strain (1/5; 20.0%),
five B. aquatica (5/9; 55.6%), five Yersinia enterocolitica (5/5; 100.0%),
two Yersinia kristensenii (2/5; 40.0%), two Yersinia aldovae (2/5; 40.0%),
one Yersinia frederiksenii (1/5; 20.0%), and one Escherichia coli strain (1/
18; 5.6%), see Fig. 1. The remaining strains from the order

Yersinia enterocolitica

Budvicia aquatica

Yersinia aldovae

Yersinia kristensenii

Yersinia frederiksenii

Pragia fontium

Escherichia coli
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Enterobacterales (namely L. grimontii, Xenorhabdus spp., Photorhabdus
spp., Moellerella spp., Morganella spp., Providencia spp., Proteus spp.,
Plesiomonas shigelloides) were non-susceptible.

3.2. Genomic insights into bacteriocin production of Pragia fontium
24613

The genomic location of the P. fontium 24613 tailocins gene cluster
was identified based on in silico genome analysis using a (pro)phage
finder tool. The gene cluster of interest contained both siphophage and
myophage tail homologs (QQ39_04725-04905, total of 37 genes, 32.0
kb). The cluster was found localized between genes encoding multidrug
resistance proteins A and B and has a lower GC content (42.0% vs. 45.4%
of the whole genome). A deeper, manual analysis revealed the typical
signs of a tailocin cluster: (i) phage tail homologs only (no genes for head
formation, nucleic acid replication, and packaging), (ii) a regulatory
region containing Cro/cl phage repressor and promoter sequences with
a LexA binding motif, and (iii) the presence of lytic cassettes consisting
of holin and endolysin genes.

3.3. F- and R-type tailocin gene cluster in Pragia fontium 24613

The regulatory region (QQ39_04725-04730) and the lytic cassette
(QQ39.04735-04745) were located at the proximal end, whereas the
structural genes were found downstream, see Fig. 2. The F-type tailocin
locus contained 13 genes (QQ39_04750-04810; 42.0% of the total
cluster length) that encoded all structural components of siphophage
tails, i.e., major tail proteins, minor tail proteins, tape measure proteins
(TMP), host specificity proteins, tail assembly chaperones, and tail fiber
proteins. The majority of the genes (except for genes encoding tail fiber
proteins) exhibited homology with the T1 siphophage (GenBank acc. no.
NC_005833.1, genes T1p32-41), with the nucleotide sequence identity
exceeding 52%. R-type tailocin genes were located more downstream, at
the distal end of the gene cluster, and contained 19 genes
(QQ39.04815-04905; 47.2% of the total cluster length). The R-specific
locus encoded homologs of the tube and sheath proteins, TMP, baseplate
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Fig. 1. Growth inhibition caused by P. fontium 24613 on bacterial strains of Enterobacterales

P. fontium 24613 antagonized species from the family Budviciaceae including one P. fontium strain (1/5; 20.0%), five Budvicia aquatica strains (5/9; 55.6%), strains
from the family Yersiniaceae including five Yersinia enterocolitica (5/5; 100.0%), two Yersinia kristensenii (2/5; 40.0%), two Yersinia aldovae (2/5; 40.0%), and one
Yersinia frederiksenii strain (1/5; 20.0%), and strains of Enterobacteriaceae including one Escherichia coli strain (1/21; 4.8%). Representative inhibition zones for each

species are displayed. Only species with inhibited strains are shown.
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Fig. 2. F- and R-type tailocin gene cluster in P. fontium 24613
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The tailocins cluster (QQ39_04725-04905) contained regulatory region (QQ39_04725-04730) with two LexA binding motifs (sequences shown in bold), lytic cassette
genes (QQ39_04735-04745), F-specific genes (QQ39_04750-04810), and R-specific genes (QQ39_04815-04905). A schematic visualization of F- and R-type tailocin
is below. Genes homologous to siphophage T1 (T1p32-41) and myophage phiEt88 (P88_00130-00230) are dark grey. Diamonds indicate positions of mini-Tn10

transposon insertions. The size marker represents 5 kb.

proteins, tail fiber proteins, and tail fiber assembly chaperones. The
structural genes (except for tail fiber proteins and fiber assembly chap-
erones) were very similar to the phiEt88 myophage (acc. no.
NC_015295.1, genes P88_00130-00230), with the nucleotide identity of
54-72%. The annotation of all genes in the cluster is listed in Table S2.

3.4. Confirmation of the Pragia fontium 24613 tailocin gene function

Transposon-inactivation assays were used to confirm the tailocin
locus. During overlay plate assays, two independent mutants (29 1G and
72 9G) out of the 7,872 analyzed led to a complete loss of inhibition
zones. Both transposon insertions were located in the TMP homolog
(QQ39.04840) inside the presumed tailocin cluster. Mutant 72 9G
contained the transposon at coordinate 1,345, whereas mutant 29 1G
contained the transposon at coordinate 1,769 out of 2,109 b. Both mu-
tants exhibited no inhibitory activity against any of the originally sus-
ceptible strains, including P. fontium, B. aquatica, E. coli and Yersinia spp.

Transmission electron microscopy (TEM) of the P. fontium 24613
wildtype confirmed the presence of R- and F-type particles; however, no
full phages were detected. R tailocins had a typical morphology, i.e., an
inner tube encompassed by a contractile outer sheath. All conformations
of R tailocins were detected; relaxed full-length particles (length 112.4

P. fontium wild type

phenOtype
transposon insertion

TMP homolog (QQ39_04840)

TEM

mutant 29 1G

+ 4.3 nm, based on measurements of 10 particles), contracted particles
(length 41.8 + 1.5, based on 8 particles), and empty contracted sheaths
(length 41.2 + 2.0 nm, based on 20 particles). The F-type tailocins were
detected less frequently, and their dimensions were not measured due to
their irregular shape. Transposon-inactivated mutants affected the pro-
duction of R-type tailocins (Fig. 3); in mutant 72 9G (transposon inserted
at position 1,345 of 2,109 b), there was a complete loss of R tailocin
production while mutant 29 1G, with the insertion closer to the distal
end (1,769 of 2,109 b) produced truncated particles (contracted sheath
length was 37.0 & 1.3 nm vs. 41.2 + 2.0 nm in the wild type; no relaxed
particles of mutants were detected in TEM).

3.5. Tailocin gene clusters among Budviciaceae

We analyzed genomes from 13 members of the Budviciaceae family.
The genomes of P. fontium 24613, DSM 55637, NCTC 12284, NCTC
12285, B. aquatica DSM 5075, L. grimnotii ATCC 339997, L. richardii
NCTC 12151, L. parvum HYN00517, L. ghutongyuii CF-917, and CF-458T
contained at least one tailocin cluster. In silico gene mining revealed that
the locus encoding both R- and F-type particles were localized in the
genome of P. fontium 24613 and B. aquatica DSM 5075", whereas only
the R tailocin cluster (i.e., not accompanied by a F-specific gene cluster)

mutant 72 9G

absented R-type partlcles

Fig. 3. Transposon-inactivation assay confirming the P. fontium 24613 tailocin locus
Abbreviation: TEM, transmission electron microscopy; TMP, tape measure protein. Transposon insertion into TMP (QQ39_04840) led to (i) truncation of R particles
(mutant 29 1G; insertion at 1,769 of 2,109 b) or (ii) undetectable R particle production (mutant 72 9G; insertion at 1,345 of 2,109 b). The size marker indicates

100 nm.
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was detected in other P. fontium strains, Leminorella spp., L. parvum and
L. zhutongyuii (Fig. 4). All gene clusters were located within the multi-
drug efflux system homologs. The strong overall synteny could be seen
in the first four genes encoding Cro/CI repressor (Pfam PF01381 and
PF00717), phage antitermination protein Q (PF06530), holin
(PF16083), and phage lysozyme (PF 00959), which were conserved
across all genomes. The lytic cassette module of P. fontium NCTC 12284
and Leminorella spp. contained both Rz and Rz1 “Siam twin” genes (i.e.,
genes sharing the same locus but using different reading frames); in the
rest of the genomes, only Rz1 gene homologs were found. The locus
between the lytic cassette and R-specific genes was the most variable
region; in P. fontium 24613 and B. aquatica DSM 5075, the F-specific
genes were present, in the genomes of Limnobaculum spp., tailocin non-
related genes were detected in this region (the only exception was the
presence of tail fiber protein homologs); in Leminorella spp. and other
P. fontium strains, this part of the gene cluster was completely missing.

4. Discussion

Tailocins represent a group of highly specialized tail-like antibacte-
rial protein complexes derived from lysogenic phages [10,28]. Tailocins
have been recently considered as an alternative to commercial antibi-
otics because of their high specificity and minimal side effects [17,27,
51,52]. Production of narrow-spectrum particles by several Pragia and
Budvicia strains was first observed by Smarda and Benada [29], but at
that time, no antagonistic assay against clinically relevant enter-
obacteria was performed. In this study, we assessed the inhibitory ac-
tivity of the P. fontium 24613 strain against several species of
Enterobacterales. P. fontium 24613 antagonized 17 strains (17.7%),
including several Yersinia species. Based on the inhibitory spectrum of
P. fontium 24613, tailocin particles could be considered as antimicrobial
agents against Y. enterocolitica infections since all tested strains were
susceptible. However, a limited number Y. enterocolitica strains were
tested and therefore verification of the inhibition effect should be per-
formed with the wider Y. enterocolitica collection.

Our study detected genes responsible for both R- and F-type tailocins
produced by P. fontium 24613. In contrast to the pyocin R/F clusters
found in Pseudomonas spp., the F-specific region was located upstream of
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the R-specific genes. The size of tailocin clusters varied significantly
between species due to, e.g., the presence of cargo genes or variable
numbers of tail fiber gene homologs. Furthermore, the size of the
P. fontium 24613 locus (32 kb in length) is closer to double tailocin
producers including Pseudomonas aeruginosa PAO1 (26 kb [9]), Pseu-
domonas chlororaphis 30-84 (34 kb [8]) or Pseudomonas fluorescens SF4c
(39 kb [53]), and larger than single tailocin clusters identified in other
Budviciaceae genomes (18-25 kb), Pseudomonas putida RW10S2 (19 kb
[54]), Stenotrophomonas maltophilia (19 kb [15]), Kosakonia radicincitans
DMS 16656 (21 kb [10]) or Burkholderia cenocepacia BC0425 (23 kb
[55D).

Simultaneous production of two or more tailocin types is quite rare;
although single R-type tailocin production was observed for various
species, including Serratia proteamaculans [17], Pectobacterium car-
otovorum [56], Y. enterocolitica [57], and Clostridioides difficile [20]. The
clinically relevant Pseudomonas genus can synthetize various combina-
tions of tailocin types; P. aeruginosa HB15 or BLO3 harbor genes for
R-type tailocins only [5], P. aeruginosa PML14 secrete only F-type pyo-
cins [30], whereas P. aeruginosa PAO1 or P. fluorescens SF4c synthesize
both particle types [30,53], and finally, P. chlororaphis 30-84 and
P. protegens CHAO produce two R tailocins [8,58]. If a strain harbors
genes for more than one tailocins, their target spectra were different [30,
59,60].

Part of the tailocin gene cluster was conserved among the majority of
analyzed Budviciaceae genomes and included R-specific genes encoding
tail sheaths (DUF3383), tubes (DUF3277), base plates, TMP, and tail
fiber proteins. While the upstream genes (i.e., genes encoding tail tubes,
sheaths, and base plate proteins) belong to the most conserved genes,
striking differences were found in the distal part of the cluster, mainly in
the number of genes encoding tail fiber and tail fiber assembly chaper-
ones (which varies in number from two in B. aquatica DSM 50757 to six
in P. fontium NCTC 12285 and L. richardii NCTC 12151), or the presence
of genes for transferase or site-specific DNA recombinase homolog
(Fig. 5).

On the other hand, F-specific genes were detected in only two ge-
nomes, in P. fontium 24613 and in B. aquatica DSM 5075". Both F-re-
gions contained all major components for particle assembly (ie.,
homologs of minor and major tail proteins, host specificity proteins,
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TMP, and tail fiber proteins) with a relatively conserved order. However,
protein identity between corresponding genes was very low (20-35% for
the majority of proteins), and several genes were missing in strain DSM
5075".

Production of R-type tailocins by P. fontium 24613 was disrupted by
transposon insertions into the gene that encodes TMP. Mutants with
defective F-tailocin production were not detected in our study; however,
they are easily overlooked during library screening because of the lower
inhibition capacity of F-type fonticins (300 F-pyocins but only 1-2 R-
pyocins can kill sensitive Pseudomonas spp. cells; [9]) and the simulta-
neous production of R-type tailocins. It has been previously shown that
the TMP is essential for the assembly of phage tails and phage tail-like
structures (e.g., tailocins, Type III and VI Secretion Systems) because it
determines structure length [60,61]. Deletions or duplications of TMP
genes lead to proportionally shorter or longer structures [62-64].
Moreover, TMP gene deletion resulted in the abortion of tailocin
secretion in P. fluorescens SF4c [65]. Rybakova and colleagues [64]
proposed a correlation between the TMP gene and particle length,
including a prediction of the minimal gene length needed to maintain
function. We speculate that in mutant 29 1G (transposon insertion in 1,
769 of 2,109 b), TMP gene function was partially maintained because we
observed truncated R particles, whereas in mutant 72 9G (transposon
insertion in 1,345 of 2,109 b), the TMP gene was disrupted and no
R-particles were found.

A common ancestor for prophages and tailocins was proposed for
several particles, such as various R-pyocins [54], F-pyocin of

P. aeruginosa PAO1 [30], or R-tailocin produced by Pectobacterium car-
otovorum subsp. carotovorum Er [57]. Horizontal gene transfer of the
tailocin cluster likely occurred independently in different species [66].
Due to the high gene synteny across R-tailocin genes in Budviciaceae
genomes, we can speculate that the locus was obtained from phage
phiEt88 (infecting Erwinia tasmaniensis) followed by subsequent modi-
fications of the gene cluster. We found high similarity between the
F-type tailocin of P. fontium 24613 and the lysogenic phage T1 and be-
tween the F-type aquaticin of B. aquatica DSM 5075 and the lambdoid
phage Gifsy-2. The different origins of both F-specific genes, together
with the absence of F-type genes in other P. fontium and B. aquatica
strains [29], support the hypothesis that genes encoding F-particles were
obtained independently, strain specifically, and from different source
organisms.

Conclusion

Tailocins represent a promising class of antimicrobial agents with a
high specificity. This study identified and characterized a tailocin gene
cluster in P. fontium 24613, along with similar clusters in other species
within the Budviciaceae family. Our findings underscore the potential of
Budviciaceae to produce these particles, particularly R-type tailocins.
Moreover, we discovered genes encoding the less common F-type tai-
locins in the genomes of P. fontium 24613 and B. aquatica DSM 5056
Importantly, the tailocins produced by P. fontium 24613 were shown to
effectively inhibit the growth of clinically significant enterobacteria,
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including Yersinia enterocolitica.
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