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Abstract

Cold-adapted soil ecosystems represent dynamic communities varying in a structure, mi-
crobial abundance and metabolic activity. To antagonize competitors, soil bacteria pro-
duce a variety of inhibitory agents. We tested production of antimicrobials in Pseudo-
monas spp. isolated in James Ross Island, Antarctica, and performed transmission elec-
tron microscopic analyses of selected high-molecular-weight bacteriocin particles. The
dimensions of R-tailocins produced by Pseudomonas sp. P2422 were 168 + 2.0 nm
(length) and 16 + 0.8 nm (width) thus representing one of the largest tailocins secreted
by Pseudomonas spp. To our knowledge, this is the first evidence of tailocin production
by bacteria originated from polar regions.
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Introduction

Bacteria in microbial communities shar-
ing similar niches frequently encode anti-
microbial agents that are able to antago-
nize competitors (Riley et Gordon 1999,
Sanchez et al. 2009). Bacteriocins are an-
tibacterial proteins produced by bacteria
selectivelykill closely related bacterial spe-
cies (Cascales et al. 2007). These agents
were identified in all major lineages of
bacteria (Riley et Wertz 2002, Tagg et al.

1976) and some archaea (e.g. particular
Halobacterium and Sulfolobus strains;
O’Connor et Shand 2002). Although eco-
logical aspects of bacteriocin production in
the nature are not fully elucidated, bacte-
riocins play an important role in intra- and
inter-species bacterial interactions. Study
performed by Kerr et al. (2002) demon-
strated that balance among producers, sus-
ceptible and resistant strains was maintain-
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ed in static laboratory communities. Due
to narrow target spectra, the bacteriocins
could represent the next generation of anti-
microbial agents selectively inhibiting par-
ticular bacterial species. Bacteriocins pro-
duced by Antarctic bacteria remain almost
unstudied although we could profit from
their extraordinary properties including
their activity at low temperature.

The high-molecular-weight (HMW) bac-
teriocins are referred as tailocins (Ghe-
quire et De Mot 2014, Rybakova et al.
2013). Microscopically, tailocins resemble
phage tails and also a common ancestor of
tailocins and phages has been proposed
(Nakayama et al. 2000). Two morpholo-
gically distinct types of tailocins could be
distinguished (Ghequire et De Mot 2015,
Michel-Briand et Baysse 2002): the R-type
tailocins are rigid and contractile particles
whereas the F-type tailocins represent flex-
ible, noncontractile structures. A typical
morphology of R-type particle is depicted
in Fig. 1. Tailocin production is upregulat-

Material and Methods

Bacterial strains

All 36 strains used within the study were
obtained from the Czech Collection of
Microorganisms, Brno, Czech Republic.
Strains were collected at the James Ross
Island, Antarctica, in the neighborhood of
the Johann Gregor Mendel Station (¢ =
63°48'02" S, A = 57°52'57" W) during the

Screening for tailocin activity

A double layer plate assay was used for
bacteriocin screening (Micenkova et al.
2014). The set of Antarctic Pseudomonas
spp. was tested in all-by-all assay, i.e. each
strain was used as a potential producer and
an indicator. Briefly, a producer strain was
inoculated on TY agar (8 g1 casein, 5 g1
yeast extract, 5 gl sodium chloride, pH
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ed in the stress conditions, e.g., under high
UV radiation or starvation (Michel-Briand
et Baysse 2002). Binding of the particles
to the susceptible cells leads to depolari-
zation of the cytoplasmic membrane and
cell death (Dyke et Berk 1974, Smit et al.
1969). Tailocins seem to be promising
agents in elimination of human pathogens,
e.g., Shiga toxin-producing Escherichia
coli (Scholl et al. 2009) or Clostridium
difficile (Gebhart et al. 2015), as well as
plant pathogens (Principe et al. 2018).

The aim of the present study was the
identification of antibacterial agents pro-
duced by Pseudomonas spp. isolated in the
North-cast Antarctic Peninsula region (ac-
cording to classification by Terauds et Lee
2016) and microscopic characterization of
selected tailocin types. The particles were
visualized using dark-field transmission
electron microscopy and their dimensions
were compared to previously described tail-
ocins produced by mesophilic pseudomo-
nads.

Czech scientific expeditions in 2007—
2009. Pseudomonas sp. P2422 was isolat-
ed from stony soils and identified to the
genera level using standard biochemical
tests and rrn and rpoD sequence analyses
(data not shown).

7.5) supplemented with mitomycin C (fi-
nal concentration 0.5 pgml™) and cultivat-
ed at 4°C for 7 days. Subsequently, a pro-
ducer was killed by chloroform vapors and
overlayed with soft TY medium contain-
ing 10® cells of indicator culture. Then, the
cultivation continued at 25 °C for 24 h.
Around producer macrocolonies, typical
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narrow inhibition zones (around 1-2 mm
wide) were formed. Particle character of
produced inhibitor agents was confirmed
by the insensitivity to protease digestion
(trypsin at the concentration of 0.5 pgml”

A

extended contracted
sheath sheath — ¢
¢
tail fibre A ~

baseplate

and proteinase K at the concentration of
0.1 mgml™) according to the modified
double layer plate assay (Bakkal et al.
2010). All tests were repeated twice in
independent replicates.
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Fig. 1. A schematic visualization of R-type tailocin; relaxed particle (A), contracted particle (B).
The particle consists of a rigid tube, contractible sheath, tail fibres (responsible for attachment to
the target cell), baseplate and spike. According to Ghequire et De Mot (2015), modified.

Dark-field transmission electron microscopy

Pseudomomas sp. P2422 was used for
further characterization using the trans-
mission electron microscopy. The strain
was cultivated in TY broth (8 g1 casein,
5 g1" yeast extract, 5 g1 sodium chloride,
pH 7.5; HiMedia, Mumbai, India) at 25°C
with shaking (200 rpm) until the cell den-
sity reached 0.5. Subsequently, mitomycin
C was added (0.5 pgml™) and cultivation
continued for following 3 h. The tailocins

secreted into the medium were purified ac-
cording to Sambrook et Russell (2001)
using 10% PEG 8000 (Fisher Scientific,
Waltham, United States) for the particle
pelleting and resuspended in SM buffer
(100mM NaCl, 8mM MgSO,7H,0,
50 mM Tris-Cl; HiMedia, Mumbai, In-
dia and Sigma-Aldrich, St. Louis, United
States). The solution was applied to a CsCl
gradient, centrifuged (87,000 g, 10°C, 2 h),
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and the tailocin fraction was dialyzed
against SM buffer overnight. For the trans-
mission electron microscopy, 5 pl was ap-
plied onto glow discharge-activated carbon-
coated grids (Pyser—SGI, Edenbridge,

Micrograph analysis
Software ImageJ (Schneider et al. 2012)

was used for the transmission electron
microscopy image processing. The longitu-

Results and Discussion

United Kingdom). Samples were stained
with 2% (wt/vol) ammonium molybdate
for 10-30s, and the tailocins were visu-
alized with a MORGAGNI 268D micro-
scope (FEI, Hillsboro, OR, USA).

dinal and transverse dimensions of the de-
tected tailocins were measured in five in-
dependent images.

Bacteriocin activity of Antarctic Pseudomonas strains

During bacteriocin screening of 36
strains, sixteen of them (44.4%) produced
narrow inhibition zones resistant to prote-
ase digestion suggesting the secretion of
high-molecular-mass tailocins. All the pro-
ducers were non-susceptible to their own
inhibition agent. The particles produced by
the P2422 strain of Pseudomomas sp.
affecting 5 of tested Antarctic Pseudomo-
nas strains (13.9%) were used for further
characterization using the transmission elec-

Morphology of tailocin particles

The dark-field transmission electron mi-
croscopy was used for visualization of the
particles produced by strain P2422. Micro-
scopy revealed particles resembling tails
of T-even bacteriophages (Fig. 2). The
sample contained double hollow cylindri-
cal particles with an inner core encom-
passed by a contractile outer sheath which
is a typical structure for the R-type pyo-
cins. Several conformation states could be
distinguish in the micrographs; (i) relaxed
full-length particles with a visible sheath
only, (ii) full-length tubes protruding from
the contracted sheath, and (iii) empty con-
tracted sheath. Further morphological char-
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tron microscopy. Production of tailocin
particles exhibiting some activity against
other Antarctic strains probably contrib-
utes to the competitive fitness of the pro-
ducer in the native bacterial community.
The role of tailocin production as impor-
tant competitive determinant in bacterial
interactions has been proposed in several
previous studies (Fischer et al. 2012,
Ghequire et De Mot 2014, Mavrodi et al.
2009).

acteristics could be recognized such as
e.g., perpendicular basal plates or spiral
coiling of the contractile protein forming
the sheath. The dimensions of the particles
were measured in a detail. The length of
extended R-tailocin produced by Pseudo-
monas sp. P2422 was 168 + 2.0 nm, the
width reached 16 + 0.8 nm. Such dimen-
sions represent one of the largest tailocins
secreted by Pseudomonas spp. (see Ta-
ble 1). Particles with very similar length
has been previously isolated from plant-
associated strain Pseudomonas putida
BWI11M1 (Ghequire et al. 2015).
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Fig. 2. Transmission electron micrographs of purified R-type tailocins produced by Pseudomonas
sp. P2422 (A), cell under lysis surrounded by tailocins (B). Samples were negatively stained with
2% (wt/vol) ammonium molybdate. R, relaxed particle; C, contracted particle; S, empty contracted

sheath; B, baseplate. Scale bar represents 100 nm.

On the other hand, R-pyocins produced
by growth-promoting bacterium Pseudo-
monas fluorescens SF4c (Fernandez et al.
2017), rhizosphere-colonizing strain Pseu-
domonas chlororaphis 30-84 (which pro-
duce two R-tailocins differing in the length
and in killing spectra; Dorosky et al. 2017,
Dorosky et al. 2018) or nosocomial human
pathogen Pseudomonas aeruginosa PAO1
(Ito et Kageyama 1970) were found to
be shorter. All the above-mentioned tail-

ocins, however, are produced by mesophilic
strains. Thus, no comparison with tailocin
produced by cold-adapted species is avail-
able. The length of particles was shown to
depend on a gene encoding a tape measure
protein (Rybakova et al. 2015). The length
of the gene is proportional to the length of
the particle. On the other hand, no relation-
ship between the particle length and other
characteristics (e.g. effectivity or host kill-
ing spectra) has been identified so far.
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Producer strain Length [nm] Width [nm] Reference
Pseudomonas sp. P2422 168 +£2.0 16 +0.8 this study

P. aeruginosa PAO1 130 15 Ito et Kageyama 1970
P. putida BW11M1 167 13 Ghequire et al. 2015
P. chlororaphis 30-84 R-tailocin 1 118 +0.62 - Dorosky et al. 2017
P. chlororaphis 30-84 R-tailocin 2 149 +0.19 - Dorosky et al. 2017
P. fluorescens SF4c 127+ 8 162 Fernandez et al. 2017

Table 1. Dimensions of tailocins produced by selected Pseudomonas spp.

Conclusion

Pseudomonas spp. are one of the few
bacteria capable to survive and profit in
harsh Antarctic condition. Although pro-
duction of HMW bacteriocins by Pseudo-
monas spp. is well known, no reports exist
on cold-adapted pseudomonads. Our study
demonstrates for the first time the ability

of Antarctic Pseudomonas spp. to produce
tailocins that likely provide an important
ecological advantage in inter-strain com-
petition. Due to a relatively high stability,
these tailocins are good candidates for the
further research focused on commercial
applications.
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