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ABSTRACT Phage-derived bacteriocins are highly specific and effective antimicrobial
molecules, which have successfully been used as prophylactic treatments to prevent
phytopathogen infections. Given the specificity of tailocins, a necessary step for
broadening the tailocin catalog and for extending applicability across systems and
diseases is the screening of new clades of phytopathogens for the production of
molecules with tailocin-like killing activity. Here, we describe the production by and
sensitivity of strains to tailocins produced by Pantoea ananatis and Pantoea stewartii
subsp. indologenes. Phylogenetic evidence suggests that these tailocins are derived
from Myoviridae family phage like many previously described R-type tailocins but also
suggests that cooption from phage occurred independently of previously described
tailocins. Since these tailocin encoding loci are present in the same genomic locations
across multiple strains of both species and display a level of divergence that is consistent
with other shared regions between the genomes and with vertical inheritance of the
locus, we refer to them broadly as “Pantailocins.”

IMPORTANCE Phage-derived bacteriocins (tailocins) are ribosomally synthesized
structures produced by bacteria in order to provide advantages against competing
strains under natural conditions. Tailocins are highly specific in their target range and
have proven to be effective for the prevention and/or treatment of bacterial diseases
under clinical and agricultural settings. We describe the discovery and characterization of
a new tailocin locus encoded within genomes of Pantoea ananatis and Pantoea stewartii
subsp. indologenes, which may enable the development of tailocins as preventative
treatments against phytopathogenic infection by these species.
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he rise of antibiotic resistance across clinical and agricultural settings as well as

increasing appreciation for the importance of limiting off-target effects of broad- Editor Gladys Alexandre, University of Tennessee at
spectrum antibiotics on beneficial microbiomes necessitates a search for new, durable, ~ Knoxvile, Knoxville, Tennessee, USA
and highly specific antimicrobial compounds (1-4). Phage-derived bacteriocins, referred Address correspondence to David A. Baltrus,
to as tailocins hereafter, are a class of antibacterial molecules produced by bacterial cells baltrus@email.arizona.edu.
but originally coopted from phage tails (5-7). These molecules are released from cells The authors declare no conflict of interest.
by lysis to carry out killing in the extracellular environment, maintain high efficiency and
specificity in killing of target cells, and have been shown to be effective in preventing
infection of plants by phytopathogens (8, 9). Here, we sought to expand the arsenal
of known tailocins and identify new types of tailocin molecules that could be used as
prophylactic agricultural antibacterials by screening for production and sensitivity across
strains of genus Pantoea which include several phytopathogens.

Tailocins are antibacterial compounds that closely resemble active phage, except that
they largely consist of phage tail proteins (sheath, spike, tail fibers) and, therefore, lack
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most if not all proteins involved in capsid production and phage replication (7). Pathways
for tailocin production are encoded within the bacterial genome, with an individual cell
producing hundreds of these structures before they are released to the environment
through cell lysis (6, 7, 10). Tailocins are highly efficient in their killing activity, with this
lethal activity thought to be due to mechanical disruption of membrane integrity when
the spike protein penetrates membranes of sensitive cells (5, 11). Binding of tailocins to
target cells has been shown thus far to be primarily controlled by sequence variation in
tail fiber proteins and associated chaperones, which are thought to interact with sugar
moieties in the lipopolysaccharide (LPS) of target cells in all systems where binding has
been characterized (12-16). Unlike other bacteriocins, tailocin loci do not encode their
own resistance loci, and cells are protected from self-killing through modification of their
LPS through addition or recombination of LPS-modifying genes at other locations in
the genome (13, 16, 17). As with all bacteriocins, tailocins are thought to largely target
closely related strains to the producer cells, although tailocins from a handful of strains
have been shown to possess a broader target range (18, 19). Given these properties,
tailocins display incredible potential for development as next-generation antimicrobials,
with our group and others already demonstrating that tailocins can be applied to plants
as a prophylactic treatment to prevent infection by phytopathogens (8, 9).

Much of our knowledge concerning tailocins comes from a number of Pseudomonas
species that produce a variety of tailocin molecules that appear to have independently
evolved from different progenitor phage (20). Specifically, Pseudomonas aeruginosa can
produce two distinct tailocins, which are referred to as R-type pyocins (which possess
a rigid contractile tail) and F-type pyocins (which possess flexible tails) (6, 7). R-type
pyocins are considered by many to be the canonical tailocin, is closely related to the
Myoviridae phage P2, and has been the focus of research for numerous decades (7, 11,
21). Our group has also demonstrated that Pseudomonas syringae produces an R-type
syringacin which we showed to have evolved independently from R-type pyocins and
which is more closely related to the Myoviridae phage Mu than P2 (22). Close evolution-
ary relationships between extant phage and tailocins render it difficult to definitively
identify tailocins by genome sequence alone when evaluating loci in the context of
“incomplete” phage regions. Despite such challenges, there have been an increasing
number of tailocin-producing strains identified, with producers spanning a range of
bacterial genera including both Gram-negative and Gram-positive cells and including
multiple lineages classified as Enterobacterales (10, 23-26). In one case, Erwinia strain Er
(now identified as Pectobacterium carotovorum) was shown to have the capacity to attach
different tail fibers to the tailocin structure, with an invertible region determining which
specific tail fiber was encoded by this genome (27).

Given the demonstrated production of tailocins by other Enterobacterales, we sought
to screen for tailocin-like killing activity from a variety of Pantoea strains isolated from
plants. Here, we report that multiple strains within this genus have the genetic capacity
to produce tailocins and that loci encoding these tailocins maintain at least two distinct
killing spectra. Tailocin loci from both species are relatively closely related to each other
and are likely derived from a common ancestral locus but are also closely related to
extant phage found across Enterobacterales strains and species.

MATERIALS AND METHODS
Screening Pantoea strains for tailocin production

All strains and other genetic materials used in the manuscript are listed in Table 1
(28-34). We first screened for tailocin-like killing activity against P. ananatis strain PNA
97-1R using soft agar overlays, which are described below and as well as in a previous
publication (35).

Supernatants used in this screen were induced for tailocin production and isola-
ted from strains P. allii PNA 200-10, P. agglomerans PNG 92-11, P. agglomerans PNG
97-1, P. ananatis ATCC 35400, P. stewartia subsp. indologenes 0696-21, and P. stewartii
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TABLE 1 Genetic/genomic resources

Applied and Environmental Microbiology

Cultured bacteria

Species and strain Baltrus lab GenBank assembly
(alternate designation) number Origin and/or features accession Source/citation
P. ananatis PNA 97-1R Onion, GA USA ASM295203v2 (28)
P. ananatis ATCC 35400 (X9) DBL1721 Honeydew melon, CA USA ASM2943391v1 (29)
Pallii PNA 200-10 Onion, GA USA ASM314893v1 (30)
P.agglomerans PNG 97-1 Onion, GA USA ASM436890v1 (30)
P.agglomerans PNG 92-11 Onion, GA USA ASM314900v1 (30)
P. stewartii subsp. indologenes 0696-21 Sudan grass, CA USA N/A 31
P. stewartii subsp. indologenes ICMP DBL1720 Sugarcane, Brazil ASM2943396v1 (32)
10132 (IBSBF 731)
P. ananatis ATCC 35400 Atail::cat DBL1826 Tailocin deletion, CmR This study
P. stewartii subsp. indologenes ICMP 10, DBL1818 Spontaneous RfR isolate, tailocin deletion, CmR This study
132R1 Atail:cat
E. coliRHO5 SM10 derivative RP4/RK2 conjugation strain, DAP (33)
auxotroph, pir116+ for replication of pir-depend-
ent R6K plasmids
Additional bacterial genomes
Species and strain GenBank assembly
(alternate designation) accession
P. ananatis PNA 99-7 NMZW01000000.1
P. ananatis MMB-1 JAABOW000000000.1
P.ananatis NFR11 FPJM01000000.1
P.ananatis Lstri CP060818.1
P. stewartii subsp. indologenes ZJ-GFZX1 CP049115.1
P. stewartii subsp. stewartii DC283 CP017581.1
P. stewartii subsp. indologenes HR3-48 CP099540.1
P. stewartii MO73a JSXF01000000.1
P. stewartii subsp. indologenes LMG 2632 JPKO00000000.1
Plasmids
Plasmid name Plasmid features
PREKT2G Gateway BP clonase Il compatible R6K-based allelic exchange vector (34)
derived from pR6KT2, GmR, gus+, sacB, CmR (Gateway cassette)
PREKT2G::Atail1_ATCC35400 Cat marked allelic exchange deletion of P4908_16535 to This study
P4908_16555; GmR, CmR
PREKT2G::Atail1_ICMP10132 Cat marked allelic exchange deletion of P4910_13665 to This study

P4910_13685; GmR CmR

subsp. indologenes ICMP 10132 (which was originally identified as P. ananatis, but the
isolate within our strain collection has been subsequently identified as a member of
Pantoea stewartii subsp. indologenes based on whole genome sequencing, ANI (average
nucleotide identity) analysis, and subspecies-specific PCR as described in the compan-
ion manuscript https://doi.org/10.1128/MRA.00471-23). We then screened for tailocin
production of the same strains against P. ananatis strain ATCC 35400. For preparation of
tailocins, methods were slightly adapted from previously described reports (35). Briefly,
single colonies of each strain were grown overnight in lysogeny broth (LB) media at
27°C. Each culture was then back diluted 1:100 in LB media and grown for 4 hours
while shaking at 27°C, at which point mitomycin C was added to each culture to a final
concentration of 0.5 ug/mL. The next day, tailocins were isolated using PEG precipitation
and stored for overlay experiments.

For overlay experiments, single colonies of each strain were grown overnight in LB
media at 27°C. Each culture was then back diluted 1:100 in LB media and grown for 4
hours. After 4 hours, 100 pL of each culture was added to 3-mL molten 1.5% water agar

December 2023 Volume 89 Issue 12

10.1128/aem.00929-23 3


https://doi.org/10.1128/MRA.00471-23
https://www.ncbi.nlm.nih.gov/search/all/?term=ASM295203v2
https://www.ncbi.nlm.nih.gov/search/all/?term=ASM2943391v1
https://www.ncbi.nlm.nih.gov/search/all/?term=ASM314893v1
https://www.ncbi.nlm.nih.gov/search/all/?term=ASM436890v1
https://www.ncbi.nlm.nih.gov/search/all/?term=ASM314900v1
https://www.ncbi.nlm.nih.gov/search/all/?term=ASM2943396v1
https://www.ncbi.nlm.nih.gov/search/all/?term=NMZW01000000.1
https://www.ncbi.nlm.nih.gov/search/all/?term=JAABOW000000000.1
https://www.ncbi.nlm.nih.gov/search/all/?term=FPJM01000000.1
https://www.ncbi.nlm.nih.gov/search/all/?term=CP060818.1
https://www.ncbi.nlm.nih.gov/search/all/?term=CP049115.1
https://www.ncbi.nlm.nih.gov/search/all/?term=CP017581.1
https://www.ncbi.nlm.nih.gov/search/all/?term=CP099540.1
https://www.ncbi.nlm.nih.gov/search/all/?term=JSXF01000000.1
https://www.ncbi.nlm.nih.gov/nuccore/JPKO00000000.1
https://doi.org/10.1128/aem.00929-23

Full-Length Text

and poured onto LB agar plates, and the top agar was allowed to solidify for ~15 minutes.
At this point, a fivefold dilution series was prepared for each tailocin in PEG buffer, after
which 10 pL of the tailocin preparations was added to the overlay plate. Plates were
incubated at 27°C for 1 day at which point plates were observed for tailocin-like killing
activity.

Transmission electron microscopy of potential tailocins

In all cases, cultures were prepared and PEG precipitated as above to induce and
purify tailocins, and then these treatments were visualized using transmission elec-
tron microscopy as per reference (22). Briefly, supernatants from cultures of wild-type
(DBL1720, DBL1721) and structural mutants (DBL1818, DBL1826) were prepared from
strains P. stewartii subsp. indologenes ICMP 10132 and P. ananatis ATCC 35400, respec-
tively. Cultures were induced for tailocin production and then concentrated and purified
by PEG precipitation. Four microliters of concentrated tailocin samples were placed on
glow-discharged, carbon-coated grids (Formvar-carbon, 200 mesh copper) for 5 minutes
and then partially blotted to ~1 pL. Grids were rinsed twice on ddH20 droplet for
5 minutes. Two percent aqueous uranyl acetate was applied on grids for negative
staining. Grids were visualized on a JEOL JEM1011 (JEOL USA, Inc., Peabody, MA)
transmission electron microscope (TEM) operated at 100 kV at the Georgia Electron
Microscopy, University of Georgia. Images were taken with a high-contrast 2k x 2k AMT
mid-mount digital camera at 50,000x magnification.

Genome sequencing of P. ananatis ATCC 35400 and P. stewartii subsp.
indologenes ICMP 10132

Draft genome sequences were generated for one strain from each Pantoea tailocin
class, with details of genome sequencing and assembly described in the compan-
ion manuscript. For P. stewartii subsp. indologenes ICMP 10132, the Whole Genome
Shotgun project has been deposited at DDBJ/ENA/GenBank under the accession
JARNMTO000000000. The version described in this paper is version JARNMT010000000.
For P. ananatis ATCC 35400, the Whole Genome Shotgun project has been deposited at
DDBJ/ENA/GenBank under the accession JARNMUO00000000. The version described in
this paper is version JARNMUO10000000.

Identification of tailocin locus from two different strains

Each genome sequence was queried for potential phage regions using PHASTER (36),
and regions that did not appear to code for complete prophage upon manual inspection
were further analyzed. Manual inspection of genomes for both ICMP 10132 and ATCC
35400 highlighted that there exists one potential region in each genome identified
as a prophage but which apparently lacks capsid production and phage replication
genes and which was therefore consistent with production of a tailocin. Neither of these
regions displayed close sequence similarity to previously described tailocins (Fig. 5). We
provide locus numbers and annotations for genes found within the tailocin locus from
the publicly annotated version each genome in Table 2.

Deletion of tailocin structural loci from each strain

For each strain, allelic exchange constructs were designed to disrupt a large portion
of the predicted tailocin region by targeting five genes predicted to encode tail fibers
and baseplate proteins (Fig. 2). Allelic exchange in Pantoea strains was conducted as
described by Stice et al. (34). Briefly, 400-bp regions flanking the desired deletion were
directly synthesized as dsDNA upstream and downstream of the cat chloramphenicol
resistance gene and promoter by GenScript. Synthesized DNA was recombined using
BP clonase Il into the conditional allelic exchange vector pR6KT2G. Conjugation with
the DAP auxotrophic biparental mating strain E. coli RHO5 was used to deliver the
allelic exchange vectors. Single cross-over merodiploids were recovered by selection
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TABLE 2 Tailocin protein loci and current annotations

ICMP 10132 locus ATCC 35400 locus Annotation

P4908_16470 Tyrosine recombinase

P4908_16475 Hypothetical
P4910_13590 P4908_16480 Toxin-antitoxin hicB
P4910_13595 P4908_16485 Hypothetical
P4910_13600 P4908_16490 ogr/delta-like zinc finger family protein
P4910_13605 P4908_16495 VgrG/Pvc8 family
P4910_13610 P4908_16500 Phage tail protein gpU family
P4910_13615 P4908_16505 Phage tape measure protein
P4910_13620 P4908_16510 Phage tail assembly protein GpE
P4910_13625 P4908_16515 Hypothetical
P4910_13630 P4908_16520 Tail tube protein
P4910_13635 P4908_16525 Tail sheath protein gpFl
P4910_13640 NA Ycil family
P4910_13645 NA Inverase Hin family
NA P4908_16530 Tail fiber assembly protein
P4910_13650 NA Tail fiber assembly protein
P4910_13655 NA Hypothetical
P4910_13660 NA Hypothetical
P4910_13665 P4908_16535 Tail fiber protein
P4910_13670 P4908_16540 Phage tail protein |
P4910_13675 P4908_16545 Baseplate assembly protein J
P4910_13680 P4908_16550 GPW/gp25 family protein
P4910_13685 P4908_16555 Baseplate assembly protein V
P4910_13690 P4908_16560 Tail completion protein R (GpR)
P4910_13695 P4908_16565 LysC
P4910_13700 P4908_16570 LysB
P4910_13705 P4908_16575 Lysozyme
P4910_13710 P4908_16580 HP1 family holin
P4910_13715 P4908_16585 Tail protein X
P4910_13720 P4908_16590 Tum (Dinl family protein)
P4910_13725 P4908_16595 Replication endonuclease
P4910_13730 P4908_16600 TraR/DksA C4 type zinc finger protein
P4910_13735 P4908_16605 DUF2732
P4910_13740 P4908_16610 hypothetical
P4910_13745 P4908_16615 Ci phage repressor

on gentamicin and chloramphenicol, and double cross-over deletion strains were
subsequently recovered by sucrose counter-selection and chloramphenicol selection
with screening for loss of the uidA color marker on X-gluc and gentamicin sensitivity.
Deletions were confirmed by PCR genotyping with independent primers designed
to anneal outside the deletion flanks. Tailocin mutant strains were tested for loss of
tailocin killing in an overlay assay as well as loss of visible tailocin-like structures
by TEM as described above (see supplemental data and figures at doi.org/10.6084/
m9.figshare.22596982.v1).

Phylogenetic methods

Protein sequences for the baseplate J protein (gp47) and sheath protein from P. ananatis
ATCC 35400 and P. stewartii subsp. indologenes ICMP 10132 were used to query the
GenBank nr database with BlastP to find sequences with high similarity from other
Enterobacterales species. Protein sequences from these loci were also sampled from
multiple P. ananatis and P. stewartii species that possessed either complete genome
sequences or where the rpoD to fadH locus was contiguous in draft genome sequences.
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Presumably homologous sequences were sampled from genomes of strains with
previously characterized tailocins and similar phage including P. aeruginosa PAO1 and P2,
P. syringae pv. syringae B728a and Mu, Pectobacterium carotovorum strains Er (baseplate)
and WPP14 (sheath), P. putida BWMM1, P. fluorescens A506, Kosakonia DSM16656,
Xenorhabdus boveinii SS-2004, and Photorhabdus luminescens subsp. laumondii TTO1.
Lastly, where identification was possible, J protein and sheath sequences were sampled
from additional prophage in P. ananatis and P. stewartii strains found contiguous with
Pantailocin loci in the region between rpoD and fadH.

Protein sequences were aligned using Clustal Omega with default parameters (37).
Alignments were queried in Modeltest to find the most appropriate evolutionary
model for inferring maximum likelihood phylogenies (38). RAXML-ng was used to infer
phylogenies for each protein alignment, with the LG + G4 + F model used for inference
for both alignments (39). Bootstrapping was performed for each alignment and carried
out until models converged according to tests within RAXML-ng. Bootstrapping scores
were placed on the best tree for each alignment using the Transfer Bootstrap Expectation
calculation in RAXML-ng.

RESULTS AND DISCUSSION
Identification of tailocins from Pantoea strains

Multiple strains classified as Enterobacterales have been shown to possess the ability to
produce phage-derived bacteriocins (also known as tailocins), but such molecules have
not previously been characterized from Pantoea species (10). We find tailocin-like killing
activity when supernatant preparations from P. ananatis strain ATCC 35400 are tested
against P. ananatis PNA 97-1R but not from supernatants from a selection of other strains
and species (Fig. 1A). This activity forms a crisp border in the overlay assay and does not
form single plaques upon dilution, characteristics which are consistent with tailocin-
based killing in other systems. We next tested supernatant preparations from each of
these strains in overlay assays using ATCC 35400 as the indicator strain. These assays
demonstrated that preparations from P. stewartii subsp. indologenes strains 0696-21 and
ICMP 10132 also possess tailocin-like killing activity (Fig. 1B) suggesting the presence of a
tailocin locus in these strains. Given these results, we independently isolated new tailocin
preparations from strains ATCC 35400 and ICMP 10132 and visualized these preparations
by transmission electron microscopy. In both cases, visualization of these preparations
displayed tailocin-like structures which resemble Myoviridae phage but which lack a
capsid (Fig. 2A and B). Within our preparations, there are also numerous examples of
tailocin molecules that have already fired as well as those which appear as empty sheath
molecules. Since we have shown that these tailocins are found in both Pantoea ananatis
and Pantoea stewartii and that at least a portion of the killing is cross-species, we refer to
these tailocins as “Pantailocins.”

Upon generating draft genome sequences for both ATCC 35400 and ICMP 10132,
we searched for potential tailocin encoding loci by first identifying phage regions
using PHASTER (36) and manually screening these regions for genomic characteristics
consistent with encoding tailocins instead of phage. Predicted tailocins for each strain
were found in a region bordered by dnaG and rpoD as well as a tRNA locus for methio-
nine on one side and by lipoprotein E and fadH on the other side. This region in ATCC
35400 appears to contain one predicted tailocin as well as an operon that is predicted
to encode proteins involved in nutrient transport. In ICMP 10132, this region appears to
encode an additional phage or phage-like structure but lacks genes related to nutrient
transport. The conserved border regions (dnaG/rpoD and lipoprotein/fadH) for the two
strains share 80%-90% nucleotide similarity, which is roughly the same divergence as
most loci predicted to encode tailocins found in both strains (Fig. 3). The main difference
in alignment of the tailocin regions involves predicted tail fibers, which have been shown
to be critical for host targeting specificity of tailocins in other systems. In ATCC 35400,
the tail fiber is predicted to be encoded by genes for a receptor binding protein and
an associated chaperone. In other systems and in phage, this chaperone protein aids in
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P. ananatis PNA 97-1R
QT uonn|ip p|oj-9

P. ananatis ATCC 35400
QT uonn|ip p|oj-g

FIG 1 Pantoea strains display tailocin-like killing activity. A selection of Pantoea strains were tested for the ability to produce
tailocin-like killing activity against P. ananatis PNA 97-1R (top) and P. ananatis ATCC 35400 (bottom). Columns represent
antimicrobial activity of preparations from each strain against either of the two target strains, while rows indicate a fivefold
dilution series of the tailocin preparations.

December 2023 Volume 89 Issue 12 10.1128/aem.00929-23 7


https://doi.org/10.1128/aem.00929-23

Full-Length Text Applied and Environmental Microbiology

FIG 2 Tailocin-like molecules produced by Pantoea strains. We evaluated the production of tailocin molecules by strain (A) ATCC 35400 and (B) ICMP 10132

using transmission electron microscopy (TEM). Shown are two representative pictures from these TEM preparations. Black arrows indicate tailocins that appear
to be ready to fire (or which have already fired and have broken the tail tube during preparation), while white arrows potentially represent tailocin sheaths
that have already fired. We include a white arrow with an asterisk to indicate an empty sheath. Original images and additional images can be found at
doi.org/10.6084/m9.figshare.22596982.v1.

attachment of the tail fiber to the rest of the phage tail complex but may also be involved
in attachment to target cells (40, 41). The tail fiber region in ICMP 10132 is highly
diverged from that in ATCC 35400 and stands out from the rest of the predicted tailocin
locus because there is little to no nucleotide similarity in these genes between the two
strains (Fig. 3). Such a level of divergence is suggestive of localized recombination and
horizontal transfer of tail fiber genes for these tailocins as has been demonstrated in P.
syringae tailocins (14). Strikingly, the recombination point in Pantoea appears to be
anchored in the N terminus of the tail fiber gene, which was also shown for P. syringae
tailocins. We also note that, in ICMP 10132, there is a gene predicted to encode an
invertase immediately adjacent to the receptor binding protein (Rbp) and chaperone.
Translation of nucleotide sequences between the invertase and Rbp/chaperone suggests
that this locus could encode the C-terminus of an additional Rbp as well as an additional
chaperone, which highlights potential for strain ICMP 10132 to alternate tailocin
targeting through an invertase-based switch. We present a potential model for how this
invertase switch functions as Fig. S1.

Deletions within predicted tailocin regions abolishes killing activity

To test for associations between these predicted regions and tailocin-like killing activity,
we generated multi-gene deletions within predicted tailocin regions for strains ATCC
35400 and ICMP 10132. Specifically, we intended to delete matching stretches of tailocin

—A—

Alignment s TS o TN i sttt SRSl sl ERR R s

3
Pst ICMP 10132 (OO (C XX xWo@ammmd@ P ( @ OO0 I XKAO &

Spike Tape Measure Sheath Invertase Tail Fiber Base Plate Lysis Repressor

Pan ATCC 35400 (C XX oo ——O-@Oéjc}« XA &

FIG 3 A schematic of Pantailocin encoding loci. Nucleotide sequences from tailocin regions for PstiICMP 10132 and PanATCC 35400 were aligned against each
other, and the alignment and predicted ORFs within each tailocin locus are shown. Nucleotide similarity is displayed by both the height of the alignment
similarity bar as well as the colors within the bar itself (green, >80% similarity; yellow, 40%-80% similarity; red, <40% similarity). Loci encoding major tailocin
genes for both strains are labeled, and the region that was deleted in each strain to create tailocin mutants is also shown. Image originally created in Geneious
Prime 2020.2.4 (https://www.geneious.com) and modified thereafter. Potential tail fiber proteins and their chaperones are colored blue, the potential invertase is
colored purple, loci used to infer phylogenetic relationships are colored green, and all other predicted genes are shown in white.
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structural genes in each strain background, and we were able to isolate independent
strains with syntenic regions deleted in both ATCC 35400 and ICMP 10132. In each case,
deletions eliminated tailocin-like killing activity present in the wild-type strains when
evaluated using overlay assays (Fig. 4). We have also visualized preparations from these
deletion strains using TEM and as part of the same preparations used to visualize the
wild-type strains as above and note that there are few (if any) tailocin-like structures
created in these deletion mutants (see supplemental data and figures at doi.org/10.6084/
m9.figshare.22596982.v1).

Tailocin loci are predicted to be found in additional P. ananatis and P. stewartii
strains

To gauge the distribution of potential tailocin loci across both P. ananatis and P. stewartii,
we investigated the region in between rpoD and fadH in closed genomes for multiple
strains of each species (Table 1) with a focus on strains with complete genome sequences
where the entirety of this region was contiguous. In many strains, we found evidence for
independent prophage integration at this site, similar to what is found in ICMP 10132,
as well as a relatively high level of presence/absence diversity in genes between rpoD
and the predicted start of the tailocin loci. However, we did find evidence for Pantailocin
encoding loci similar to those described for ATCC 35400 and ICMP 10132 in this region
of every genome of P. ananatis investigated and in a majority of genomes classified as
P. stewartii subsp. indologenes. The only analyzed P. stewartii genome that appeared to
lack a tailocin locus between rpoD and fadH was DC283, which is a reference strain used
to study virulence in P. stewartii subsp. stewartii. As a further comparison of tailocin loci,
we aligned regions spanning from the tailocin tape measure protein through baseplate
protein V (Fig. 5). As shown in Fig. 3 for ATCC 35400 and ICMP 10132, tailocin regions
align quite well across P. ananatis and P. stewartii strains except for extensive diversity
in the loci coding for predicted receptor binding proteins (Fig. 5). Moreover, many of

Pan Pan Pst
ATCC ATCC ICMP
35400 35400 10132

ATail

Pan
PNA
97-1R

Pan
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35400
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FIG 4 Deletion of tailocin structural genes abolishes killing activity for both strains. We created mutants for each strain whereby multiple tailocin structural

genes were deleted (see Fig. 3). Tailocin preparations for both wild-type and mutant strains were then overlaid onto the two original target strains (PNA 97-1R

and ATCC 35400). Tailocin-like activity is demonstrated by clear and crisp killing zones by each strain against its original target and is abolished in each mutant.

Original images can be found at doi.org/10.6084/m9.figshare.22596982.v1.
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FIG 5 Alignment of Pantailocin loci across P. ananatis and P. stewartii strains. Nucleotide sequences for regions spanning the tape measure protein to baseplate
protein V from predicted tailocin regions for numerous P. ananatis and P. stewartii strains were aligned, and the alignment and predicted ORFs within each
tailocin locus are shown. Nucleotide similarity is displayed by both the height of the alignment similarity bar as well as the colors within the bar itself (green,
>80% similarity; yellow, 40%-80% similarity; red, <40% similarity). Potential tail fiber proteins and their chaperones are colored blue, the potential invertase
is colored purple, and all other predicted tailocin genes are shown in white. Loci used to infer phylogenetic relationships are colored green. Image originally
created in Geneious Prime 2020.2.4 (https://www.geneious.com) and modified thereafter. Original alignments and phylogenetic data can be found at https://
doi.org/10.6084/m9.figshare.22596982.v1.

the examined tailocin loci across P. ananatis strains and all P. stewartii strains including
the confirmed ICMP 10132 Pantailocin appear to encode an invertase that presumably
enables inversion within the tailocin region. Such a molecular switch could impart in the
genetic capability for strains containing this invertase to encode multiple tail fibers with
different specificities.

Pantoea tailocin loci are divergent from previously described tailocins

R-type tailocins have been described from a diverse range of bacteria, from Gram-posi-
tive genera like Listeria and Clostridium to numerous Gram-negative species (17, 19, 20,
23-26, 42-46). While the best characterized tailocin loci to date are the R pyocins of P.
aeruginosa and the R syringacins of P. syringae, numerous examples of tailocin encoding
loci have been described throughout Enterobacteraceae (10, 24-27). In each case, it
appears as though tailocin loci have been coopted from Myoviridae phage progenitors,
with cooption involving loss of capsid, replication, and cargo genes from these phage
but with retention of main structural components of the tail as well as lysis enzymes
enabling release of tailocins from the cell (6, 7).

Comparisons across tailocin loci also demonstrate that, although tailocin production
is often induced by DNA damage, the complexity of regulatory pathways controlling
tailocin operons often diverges between tailocin operons and can involve different suites
of genes as well as divergent regulatory links to additional cellular processes (22, 47,
48). For instance, Pseudomonas tailocins are controlled by the actions of both a LexA-like
repressor (called PrtR in P. aeruginosa) which is encoded next to a positive regulator
(PrtN in P. aeruginosa) (22, 47). The Pantoea tailocin loci each contain a LexA-like negative
regulator, found two loci away from a potential positive regulator (TraR/DksA-like zinc
finger protein), but also potentially encode a Tum-like (Dinl family) protein that could
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interact with LexA-like repressor (Table 2). Tailocins and bacteriocins are often induced
using DNA damaging agents like mitomycin C under laboratory conditions, and it is likely
that DNA damage from competition and/or environmental stress can trigger expression
of tailocin loci in nature (35, 49). However, an additional recent report demonstrated that
tailocins in P. syringae were induced during “normal” conditions of infection in planta and
in the absence of induction of additional pathways (and phage) that are responsive to
DNA damage (50). Therefore, it is possible that expression from the tailocin locus is fine
tuned under natural conditions and moderated by interactions between levels of DNA
damage as well as secondary environmental signals.

To better understand the evolutionary relationships between tailocin loci encoded by
Pantoea and those described from other systems, we inferred phylogenies for predicted
baseplate protein (J-like, gp47) alleles as well as the predicted sheath proteins encoded
by these systems, by related phage, and by other described tailocin systems. Phyloge-
nies for both proteins show consistent relationships between alleles of the proteins
investigated with strong bootstrap support for many of the major clades and divisions.
The tailocin baseplate and sheath proteins from Pantoea strains ATCC 35400 and ICMP
10132 form clades with predicted Pantailocin loci from closely related strains within the
same species. Together, loci from Pantoea tailocins form a single clade to the exclusion of
proteins from other tailocins: including the R pyocin from P. aeruginosa, R syringocin from
P. syringae, and the previously described Pectobacterium R carotovoricin as well as all
other known tailocin loci. Moreover, loci from Pantoea tailocins are more closely related
to those from Erwinia phage ENT90 than to either phage P2 or to other sampled tailocin
loci.

Previously described tailocin loci from Pseudomonas aeruginosa, Pseudomonas
fluorescens, Pseudomonas putida, and Pseudomonas syringae appear to have independ-
ently arisen through cooption of different progenitor phage from the Myoviridae family.
In the case of P. aeruginosa, the most well-described closely related phage to R-type
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FIG 6 Phylogenetic relationships of Pantailocin loci compared to other phage and tailocins. Maximum likelihood phylogenies for the (A) J plate and (B) sheath

protein were inferred using alignments from predicted and known tailocins as well as related phage and prophage. Bootstrap values are shown for major nodes,

but when not shown, bootstrap values are generally <75 (e.g., in the P. ananatis and P. stewartii tailocin clades where there is little resolution to determine

phylogenetic relationships).
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pyocins is P2 (21), while the most well-described closely related phage to R-type
syringacins is Mu (22). Phylogenetic relationships suggest that, like the R-type pyocins
of P. geruginosa, tailocins from Pantoea are derived from a phage that resembles P2
rather than Mu but also that this may also represent an independent cooption of phage
into tailocins given close relationships with extant phage to the exclusion of proteins
from phage P2 as well as the R-type pyocins. Indeed, inspection of these phyloge-
nies highlights that most tailocin loci from different species and genera are relatively
divergent from each other (with the exception of Xenorhabdus/Photorhabdus). Therefore,
there is a strong possibility that many of the tailocin loci found in different genera
and species are products of independent phage cooption events and that cooption of
prophage into tailocins occurs quite readily over evolutionary time. However, definitive
characterization of potential origins of Pantailocins and of tailocin loci in general will
require additional extensive sampling of bacterial and phage genomes and additional
evolutionary analyses as it is also possible that recombination between tailocins and
extant phage is obscuring definitive evolutionary signals.

We also note that even though a tailocin containing an invertase switch has
previously been shown for carotovoricin Er (27), a tailocin encoded by Pectobacterium
carotovorum, the predicted tailocin in ICMP 10132 is highly divergent to the previously
described locus from Erwinia strain Er (Fig. 6) and that the Pectobacterium tailocin is more
close in sequence to P. aeruginosa R-type pyocins than the Pantoea tailocins described
here. Therefore, tailocins from Pantoea and from Pectobacterium and their invertible tail
fibers also appear to have independently arisen from divergent ancestor phage.

Conclusions

We have described new tailocin loci found within the genomes for strains charac-
terized as both Pantoea ananatis and Pantoea stewartii subsp. indologenes. These
tailocins are encoded by a locus found within the same approximate genomic
context across strains (between rpoD and fadH and adjacent to a gene for tRNApet)
and share a level of divergence similar to other shared genes throughout the
genome (~85%-90%). Identification of these loci opens up the possibility that these
tailocin molecules could be developed as new prophylactic treatments to prevent
infection of crops by Pantoea or potentially as a means to limit spread of these
strains by various vectors.
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