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Abstract

Background Most habitats on Earth house unfathomable microbial diversity, yet much of it remains uncultured.

The same applies to temperate phages, most of which documented to date are predicted purely in silico from the
prophage-like genomic regions of the bacteria, lacking any experimental evidence of their functional integrity

(e.g., the ability to undergo lytic replication). Hard-to-access parts of our planet with unique environments serve as
especially promising places to collect samples for the isolation of novel microbes highly divergent from those isolated
thus far. Antarctica, a continent mostly covered by a thick ice sheet, is one such area of our planet rife with novel
microbiological entities. In this study, we aimed to isolate and characterize a novel culturable phage-host pair from
Antarctic solils.

Results Psychrobacillus phage Spoks was retrieved alongside its host bacterial strain designated as “L.3" from an
ice-free soil sample collected at Waddington Bay, Graham Coast, Antarctica. Whole-genome sequencing of both
the phage and the host revealed that they are divergent from, respectively, viruses and bacteria cultured and
characterized thus far, and the intergenomic differences suggest that both might represent novel taxa. The genome
of siphophage Spoks is a 36,472 bp long linear double-stranded DNA molecule with 11 base long 3'cohesive
overhangs. Spoks can integrate into the chromosome of its isolation host strain in a site-specific fashion. Integration
takes place in the genomic region of the host chromosome between the ORFs predicted to encode a DNA
topoisomerase Ill and a Blal/Mecl/CopY family transcriptional regulator via recombination between attP and attB,
which share a 19 bp “core” overlap sequence. L3 lysogens containing Spoks are not stable, with regular spontaneous
induction occurring. Although the attachment site overlap sequence was found in the publicly available genomic
sequences of several other Psychrobacillus spp. strains isolated from different habitats, none were found to contain a
Spoks-like prophage.
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encourage similar studies.

Sequencing

Conclusions The isolation and characterization of Psychrobacillus temperate phage Spoks and its host strain L3
from Antarctica highlight the potential for discovering novel biological entities divergent from their closest cultured
relatives with relative ease, given access to such difficult-to-access undersampled environments, and are expected to
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Background

Multiple environments are continuously shown to house
microbial life different from what has been cultured thus
far [1]. However, the diversity of culturable microbes that
flourish in “distant” and “unusual” places, such as polar
regions, general access to which remains limited by vari-
ous factors, is especially undersampled [2]. One such
place is Antarctica, which is a hard-to-access continent
covered by a thick ice sheet that boasts some of the most
extreme environments on Earth. Situated on the outskirts
of human civilization, Antarctica has been isolated from
other landmasses for millions of years [3].

Viruses infecting bacteria—(bacterio-)phages, which
are estimated to be the most abundant biological enti-
ties on our planet—are omnipresent in any environment
where bacteria reside. However, most of the recognized
bacterial genera, even those with cultured representa-
tives, have either no or very few phages that have been
shown to infect them [4]. While infection by a lytic phage
generally leads to the death of the host bacterium, tem-
perate phages might become a part of the bacterial host
genome and modulate host cell processes from their pro-
phage form without causing immediate harm. Prophages
were previously shown to impact such processes as meta-
bolic capabilities and virulence of the host, which has
consequences stretching far into the surrounding envi-
ronment far beyond the individual lysogen cell [5].

While most temperate bacteriophages, such as argu-
ably the most well-studied temperate bacteriophage—
Lambda [6], can integrate themselves into the host
chromosome, others may exist as circular (e.g., phage
P1 [7]) or even linear (e.g., N15 [8]) episomes. Temper-
ate phages that enter the chromosome of the host in a
site-specific fashion encode an enzyme, integrase, which
facilitates recombination between the relatively short
attachment sites found within the phage (a¢tP) and bacte-
rial (aztB) genomes (with the attachment site sequences
being specific to particular temperate phages/their inte-
grases [9]). Two evolutionarily distinct families of phage
integrases are currently recognized on the basis of both
evolutionary history and mechanism of action (catalytic
residue), namely, tyrosine integrases and serine inte-
grases. Serine integrases are usually thought of as more
straightforward owing to the independence of the cata-
lyzed reaction from the accessory factors encoded by the
host. The reliance on accessory host factors, on the other

hand, is a hallmark for efficient integration reaction of
most temperate phages encoding tyrosine integrases [10].

Psychrobacillus is a genus comprising Gram-positive
rods, represented by at least nine different taxonomically
recognized bacterial species (2. insolitus [11, 12], P. psych-
rodurans [11, 13], P. psychrotolerans [11, 13], P. soli [14],
P, lasiicapitis [15], P. vulpis [16], P. glaciei [17], P. faecigal-
linarum [18], and P. antarcticus [19]), in addition to mul-
tiple other isolates yet not described in detail. Members
of this genus were previously isolated from a plethora of
different sources, such as soil [14, 20], red fox feces [16],
ant heads [15], marine sediments [21], and Antarctic ice-
bergs [17], to name a few. However, comparatively little
is known about the representatives of this genus, and
the reports on Psychrobacillus spp. are infrequent. As a
consequence, even less is known about cultured bacterio-
phages infecting Psychrobacillus spp., characterizations
of which are scarce in peer-reviewed scientific literature
[21, 22].

In this study, we employ traditional micro- and molec-
ular biology methods, as well as bioinformatics, to per-
form a baseline characterization and complete genome
sequencing of a Psychrobacillus sp. L3 isolate and a bac-
teriophage infecting it, which we named “Spoks” (Latvian
for “Ghost’, owing to its elusive microbiological behav-
ior explainable by its temperate nature). The 19 bp long
“core” overlap sequence used for the site-specific integra-
tion of phage Spoks into the chromosome of its host was
determined in silico and validated. Both bacterial strain
L3 and the associated phage Spoks were retrieved in the
aftermath of the first Latvian Antarctic expedition from
an ice-free soil sample collected at Waddington Bay, Gra-
ham Coast, Antarctica in 2018.

Methods

Soil sampling

Soil samples from the Antarctic Peninsula were collected
on March 17, 2018, during the first Latvian expedition to
Antarctica (February 10 - April 18, 2018). The soil was
collected from a terraced area with peaty soil over rocky
outcrops at coordinates x = -64° 5’ 24” and y = -65° 15’ 0.
For soil sampling, three pits were dug, and soil samples
from the depths of 0—4 cm, 4-10 cm, and 10-11.5 cm
were collected using sterilized spoons and stored in air-
tight plastic bags.
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Isolation of bacteria

Three grams of ice-free soil sample were mixed with 50
mL of liquid LB medium (Lysogeny Broth: 10 g/L tryp-
tone (Sigma-Aldrich, St. Louis, MO, USA), 5 g/L yeast
extract (Fluka, Buchs, Switzerland), 10 g/L NaCl (Sigma-
Aldrich)) and shaken at 160 rpm at room temperature
(RT) for 8 h. Subsequently, 50 puL of the sample, diluted
up to 107%, was spread on several Petri dishes containing
solidified CR medium (Casamino-Yeast agar: 6 g/L casa-
mino acids (Difco, Thermo Fisher Scientific, Waltham,
MA, USA), 3 g/L yeast extract (Fluka), 3 g/L NaCl
(Sigma-Aldrich), and 15 g/L agar (Sigma-Aldrich)). The
plates were incubated in triplicate at three different tem-
peratures (+37 °C, room temperature (RT), +4 °C) for
a period of up to one month. Morphologically distinct
colonies that could be observed with the eye were picked
and subcultured three times.

Bacterial DNA extraction

Isolate L3 which was able to grow at +4 °C was one of the
isolates selected for DNA extraction. Several such colo-
nies were suspended in 400 pL of 0.8% NaCl, and 1 uL of
proteinase K (18.7 mg/mL; Thermo Fisher Scientific) and
20 pL of SDS (0.5% final concentration; Sigma-Aldrich)
were mixed into the suspension. The mixture was incu-
bated at +56 °C for 1 h with regular vortexing, cooled
down to RT, and processed using the Genomic DNA
Clean & Concentrator-10 Kit (Zymo Research, Irvine,
CA, USA) according to the manufacturer’s protocol.

Amplification and Sanger-based sequencing of 16S rRNA
A PCR was carried out to amplify the 16S rRNA gene
region of interest using approximately 100 ng of DNA
from isolate L3 as a template using Taq DNA polymerase
(Thermo Fisher Scientific). The thermocycler program
was as follows: 3 min at +95 °C, 35 cycles of (30 s at
+95 °C, 30 s at +55 °C, and 1.5 min at + 72 °C), followed
by 5 min at +72 °C and a hold at +4 °C. Universal 27F
and 1492R primers ordered at Metabion (Steinkirchen,
Germany) were used for amplification of the 16S rRNA
gene. The PCR product was then subjected to native aga-
rose gel electrophoresis. The gel was visualized under
UV illumination, and the band corresponding to the
amplified nearly complete 16S rRNA gene sequence
of L3 (~1450 bp) was excised with a sterile scalpel. The
product was extracted from the gel using the GeneJET
Gel Extraction Kit (Thermo Fisher Scientific) according
to the manufacturer’s protocol, including the additional
optional step designated for further sequencing.

Sanger sequencing of the purified PCR product was
performed in two separate reactions to generate for-
ward and reverse reads using the 27F and 1492R prim-
ers respectively, on an ABI PRISM 3130xl sequencer
(Thermo Fisher Scientific). The sequencing reactions
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were prepared following the BigDye® Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems, Waltham,
MA, USA) protocol. The resulting chromatograms were
reviewed in GeneStudio (v. 2.2.0.0), and low-quality ter-
minal sequences were trimmed before assembling the
reads into a contig based on overlapping regions, using
the highest-quality traces from either read to form the
consensus sequence. The resulting near-complete 16S
rRNA gene sequence of isolate L3 was queried against
the EzBioCloud database [23] to identify the most closely
related bacterial species.

Isolation and propagation of phage Spoks

Approximately five grams of soil were mixed with 100 mL
of LB broth supplemented with 10 mM CaCl, and 10 mM
MgCl, and then incubated at RT with shaking at 150 rpm
for 16 h. The soil particles were sedimented via centrif-
ugation at 2000 x g for 30 min in an Eppendorf 5810R
centrifuge (Eppendorf, Hamburg, Germany). The super-
natant was filtered through a 0.45 pm pore size syringe
filter (Sarstedt, Numbrecht, Germany) and concen-
trated using an Amicon Ultra-15 100 kDa MWCO filter
(Merck, Kenilworth, NJ, USA) at 3000 x g in an Eppen-
dorf 5810R centrifuge to a final volume of 5 mL. The con-
centrated sample was then used for double agar overlay
assays and spot tests. Luria 0.7% agar (10 g/L tryptone
(Sigma-Aldrich), 5 g/L yeast extract (Fluka), 0.5 g/L NaCl
(Sigma-Aldrich), and 7 g/L Bacto Agar (Sigma-Aldrich))
was used for the top layer, and 1.5% agar CR medium was
used as the base. The top layer of agar was seeded with
100 pL of an overnight culture of the bacterial isolate
“L3” to screen for phages. Plaques with different mor-
phologies were picked, suspended in 0.8% NaCl solution,
and subcultured three times before propagation.

Phage Spoks was propagated by adding 1 mL of
syringe-filtered (0.45 pm pore size) phage plaque suspen-
sion to 200 mL of an exponentially growing L3 culture in
LB medium at an ODg,, of ~0.1 and shaken at 140 rpm
for 24 h. The phage-containing culture was sedimented
by centrifugation at 2000 x g for 30 min, and the superna-
tant was filtered through a 0.45 um pore size syringe fil-
ter. The lysate was then ultracentrifuged using an Optima
TL-100 ultracentrifuge (Beckman Coulter, Brea, CA,
USA) at 48,384 x g for 1.5 h at 4 °C, after which the phage
pellet was dissolved in 1.5 mL of LB liquid medium.

The dissolved pellet suspension (1 mL) was added on
top of an 11.5 mL 0.7 g/mL CsCl solution in 20 mM Tris
buffer in Ultra-Clear centrifuge tubes (Beckman Coul-
ter), followed by centrifugation at 102,445 x g for 20 h at
4 °C using an SW 40 Ti rotor (Beckman Coulter) in the
Beckman Optima L-100XP ultracentrifuge. The resulting
blue-colored band was collected and desalted twice with
5 mL of phosphate-buffered saline (PBS, pH 7.4) using
an Amicon Ultra-15 100 kDa MWCO filter (Merck) by
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centrifugation at 3000 x g for 7 min in an Eppendorf
5810R centrifuge. The desalted phage sample was col-
lected for DNA extraction, electron microscopy, and
storage at —70 °C with the addition of 40% glycerol.

Transmission electron microscopy

For both the phage (the desalted phage-containing band
from CsCl gradient purification) and the host (exponen-
tially-growing culture of isolate L3) sample TEM, 5 pL
was adsorbed onto carbonized formvar-coated 300-mesh
copper grids (Agar Scientific, Stansted, UK) for 5 min.
The sample was then rinsed with 1 mL of 1 mM EDTA
solution and negatively stained with 0.5% uranyl acetate
solution for 1 min. After drying for several hours, the
sample was examined using a JEM-1230 transmission
electron microscope (JEOL, Akishima, Japan). Micro-
graphs of the phage Spoks virions were captured with
a Morada 11 MegaPixel TEM CCD camera (Olympus,
Tokyo, Japan), and at least 10 different seemingly intact
virions were measured using Image] 1.52v software,
employing a scale bar for pixel-to-nanometer ratio cali-
bration. The virion feature dimensions were summarized
across seemingly intact virions in different fields of view
and are presented as the average + standard deviation.

Short-read whole genome sequencing

Phage DNA was extracted from desalted CsCl bands
using the same protocol as that used for host DNA
extraction (see the “Bacterial DNA extraction” section).
The quality and quantity of the extracted DNA were
evaluated with a NanoDrop ND-1000 spectrophotometer
(Thermo Scientific, Pittsburgh, PA, USA) and a Qubit
fluorometer (Invitrogen, Waltham, MA, USA) employing
a high-sensitivity dsDNA quantification assay. Approxi-
mately 200 ng of DNA per sample was subjected to ran-
dom shearing according to the 550 bp desired fragment
size protocol using a Covaris 5220 focused ultrasonica-
tor (Covaris, Woburn, MA, USA). The fragmented DNA
was utilized to create libraries compatible with the Illu-
mina MiSeq platform for 250 bp paired-end sequencing.
Libraries were prepared using the TruSeq DNA Nano
Low-Throughput Library Prep Kit (Illumina, San Diego,
CA, USA), following the recommended protocol and
incorporating adapters from the TruSeq DNA Single
Indexes Sets A and B (Illumina) to individually barcode
the libraries for multiplexing. The quality and quantity
of the prepared libraries were evaluated using an Agilent
2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) with
a High Sensitivity DNA Kit (Agilent) and a Qubit fluo-
rometer (Invitrogen) employing a dsDNA high-sensitiv-
ity assay (Invitrogen). Libraries were pooled with other
unrelated and uniquely barcoded libraries and sequenced
on the Illumina MiSeq system (Illumina) with the 500-
cycle MiSeq Reagent Kit v2 nano (Illumina).
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Genomic DNA libraries for short-read sequenc-
ing of both the host and the phage were prepared and
sequenced using the same protocol, with the only differ-
ence being in the index adapter used (although both the
library preparations and sequencing of both were several
years apart).

Long-read whole genome sequencing

Oxford nanopore was the selected technology for
long-read sequencing of the isolate L3 genomic DNA.
Library preparation was carried out following the liga-
tion sequencing kit protocol (SQK-LSK109, ONT), with-
out any deliberate fragmentation or size selection of the
genomic L3 DNA used as an input (~1 pg). The result-
ing library was loaded onto an R.9.4.1 flow cell (FLO-
MIN106D, ONT) and sequenced using a MiniON Mk1C
sequencer (ONT) with a fast basecalling model.

Bacteriophage Spoks genome assembly and functional
annotation

Trimmomatic (v. 0.38 [24]) was used to trim the raw
reads for an average quality of 30 in a sliding window of
5 bp, and the reads shorter than 100 bp were removed.
SPAdes was used for de novo assembly of the phage Spoks
(v. 3.11.1 [25]) trimmed reads. A pseudocircular contig of
length 36,588 bp corresponding to the genome of phage
Spoks was made nonredundant by manually removing
the last 127 bp (an artifact corresponding to the length of
the k-mers used for the resulting assembly). The result-
ing genome and the raw reads were used as inputs for
PhageTerm (v. 1.0.12 [26]) to predict the physical ter-
mini type of the phage genome and reorient the genome
accordingly. Custom primers were designed to hybrid-
ize upstream of the expected termini, ordered at Meta-
bion, and used for Sanger-based sequencing to verify the
predicted termini by sequencing phage genomic DNA
directly, as well as from a PCR product amplified using
the same primers from the ligated genomic phage DNA
(Additional file 1).

Open reading frames (ORFs) were predicted using
Glimmer [27] and GeneMark [28], considering ATG,
GTG, CTG, and TTG as possible start codons and ORFs
encoding a product longer than 40 aa. ARAGORN [29]
and tRNAscan [30] were used to predict tRNA gene pres-
ence. These ORF and tRNA gene calling steps were per-
formed using the aforementioned tool implementations
within the DNA master sequence explorer (v. 5.23.6 [31]).
The initial functional annotation of the predicted ORF
products was carried out using a conserved domain data-
base search [32], BLASTp [33], as well as HHpred [34]
in early 2020. The annotated complete genome of phage
Spoks was deposited to GenBank and became available
starting from 27th May of the year 2020 under the fol-
lowing accession: MT410774-.1.
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In the early summer of 2024, the original 2020 annota-
tion that was submitted to GenBank was compared with
the results of Pharokka (v. 1.7.1 [35]) auto-annotation
pipeline results, and no changes were deemed necessary.
The presence of putative Shine—Dalgarno (SD) sequences
complementary to the antiSD sequence of Psychrobacil-
lus sp. L3 located at the 16S rRNA tail - 3’-UUUCCUCC
ACUAG-5" was inspected in the regions 20 bp upstream
of the selected start codons for each Spoks ORF using
free_align.pl script [36].

Selected phage Spoks protein phylogeny reconstructions
First, web-based BLASTp search against the non-redun-
dant protein sequences was carried out under default set-
tings for the terminase large subunit (TerL; QJT71634.1),
major capsid protein (MCP; QJT71637.1), integrase
(QJT71660.1) and helicase (QJT71675.1) of phage Spoks.
All the hits to proteins of comparable length encoded by
other phage or bacterial genomes from among the 100
top hits were selected and downloaded irrespective of
their annotations. This dataset was deduplicated at 95%
global identity using cd-hit (v. 4.8.1 [37]) to retain only
representative sequences. Following this, another search
querying the same proteins, but now restricted to cul-
tured Caudoviricetes (taxid:2731619), was performed
for the same proteins, and only the hits to proteins of
comparable length encoded by cultured bacteriophages
were downloaded. No deduplication of this dataset was
performed.

Next, for each protein, both analogous protein
amino-acid-sequence-containing datasets were aligned
using MAFFT (v.7.525 [38]) and the resulting multiple
sequence alignments were subjected to ML phylogeny
reconstructions in IQ-TREE (v. 2.0.6 [39]), inferring
the best-fitting substitution model using the built-in
ModelFinder [40], allowing for polytomies and evaluat-
ing branch supports using 1000 ultrafast bootstrap [41]
replicates.

The resulting trees were midpoint rooted and visual-
ized in FigTree (v.1.4.4 [42]). Inkscape (v.1.0.1 [43]) was
then used to combine, as well as annotate the trees.

Bacterial strain L3 genome assembly and functional
annotation

The genome of Psychrobacillus sp. L3 was de novo
assembled using a hybrid approach combining short
[lumina + long Nanopore reads via Unicycler (v. 0.4.8
[44]) in a bold mode. Before the assembly, the short-
read dataset was trimmed to remove any remaining
adapters, and PhiX sequencing control spike-in reads,
as well as to remove leading and trailing bases below a
Phred quality score of 20 and drop any reads below 50 bp
post-trimming using bbduk from the BBmap package (v.
38.69 [45]). The NCBI Prokaryotic Genome Annotation
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Pipeline (pgap_2024-04-27.build7426 [46]) was used to
annotate the resulting de novo assembly, providing the
closest relative on the basis of previous 16S rRNA gene
sequencing data (“Psychrobacillus glaciei”) as a species
identifier.

The PHASTEST [47] webserver was used at the begin-
ning of July 2024 to predict prophage regions in the
genome of L3.

Determination of isolate L3 relatedness to other
Psychrobacillus strains

All the RefSeq copies of the Psychrobacillus spp. assem-
blies available publicly on 14th of June 2024 were down-
loaded from the NCBI genome database (n=37) to be
used as the context for the analysis alongside Psychro-
bacillus sp. L3 described in this study and Psychrobacil-
lus sp. L4 (also isolated and sequenced in our laboratory
from the same soil sample). The Anvio (v. 8 [48]) pange-
nomics workflow was run to obtain single-copy core
genes shared among the Psychrobacillus spp. Single-
copy core gene product aa sequences were then concat-
enated in the same order for each isolate and aligned
using MUSCLE (v. 3.8.1551 [49]), and the resulting mul-
tiple sequence alignment was trimmed using trimAl (v.
1.4.rev15 [50]). The resulting clean MSA was used as an
input for IQ-TREE (v. 2.3.4 [39]) using the WAG substi-
tution model [51] and 1000 ultrafast bootstrap [41] repli-
cates as a measure of branch support. The resulting tree
was visualized in FigTree (v. 1.4.4 [42]).

The average nucleotide identities among the Psychroba-
cillus spp. isolates were calculated using pyani (v. 0.2.12
[52]) “ANIm” average nucleotide identity calculation
method. The genomic data of the extended isolate data-
set corresponding to the genus Psychrobacillus (taxid:
1221880) that was used for the ANI analysis was down-
loaded using “genbank_get_genomes_by_taxon.py” from
the above-mentioned pyani package.

Bacterial growth and prophage induction

To evaluate bacterial growth and prophage induction
in response to Mitomycin C (MMC; Sigma-Aldrich),
the following procedure was employed: Three indepen-
dent colonies of Psychrobacillus sp. isolate L3 were each
grown separately in LB medium to the early exponential
growth phase (ODgg5~0.11-0.12). From each culture,
190 pL were mixed with 10 pL of LB medium in four rep-
licates for the “positive” control, and 10 uL of LB medium
containing MMC for the different induction experiment
conditions (final concentrations of 10, 1, 0.1, and 0.01 pg/
mL for the resulting 200 pL volume, respectively). Sterile
LB medium and LB medium with MMC concentrations
corresponding to those used for different experimental
conditions (200 pL volumes) served as “negative” con-
trols. Each experimental condition was performed in
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four replicate wells of a 96-well plate, using a multichan-
nel pipette. The optical density at 595 nm was measured
using a VICTOR3V microplate reader (PerkinElmer,
Waltham, MA, USA) at room temperature (~23 °C).
Measurements were taken every 30 min for a total dura-
tion of 16.5 h post-induction.

Different attachment site conformation presence in
individual L3 colonies

To demonstrate the spontaneous induction of Spoks
virions from lysogenized cells and verify the presence
of both prophage-free and lysogenized bacterial cells
within a single colony - PCR amplification using prim-
ers specific to all four conformations of attachment sites
(B-O-B; P-O-P; B-O-P; P-O-B’) was performed for sev-
eral randomly chosen colonies of L3 (individually). The
resulting PCR products were subject to a native agarose
gel electrophoresis, followed by excision of the expected
zones from the gel using the GeneJET Gel Extraction
Kit (Thermo Fisher Scientific). Sanger-based sequencing
of the cleaned expected PCR products was performed
using the same primers that were employed to amplify
the respective region to investigate the homogeneity of
the flanking regions around the attachment site over-
lap sequence (one primer per sequencing reaction). See
Additional file 1 for used primer details.

Spoks induction quantification by droplet digital
polymerase chain reaction

Droplet digital PCR (ddPCR) using custom prim-
ers ordered at Metabion (Additional file 1) was used to
measure absolute concentrations and calculate the ratio
of (pro)phage to bacterial genome copies as a proxy for
Spoks induction on a QX200 system (Bio-Rad, Hercu-
les, CA, USA). Both primer pairs were designed to bind
to unique regions within either Spoks (MCP ORF) or
L3 (gyrB gene) genomes and result in the same length
product. Custom probes that bind to the sequence found
between the primer pairs had a 5’ 6-Fam (6-carboxyfluo-
rescein, 495 and 520 nm excitation and emission maxima,
respectively) and Hex (Hexachlorofluorescein, 533 and
559 nm excitation and emission maxima, respectively)
fluorophore modifications for Spoks and L3, respectively.
Both probes had a 3’ BHQ’-1 (Black Hole Quencher 1,
480-580 nm absorption range) modification.

Three colonies of the L3 strain were suspended in
LB medium and grown to the early exponential phase
(ODgg5~0.12). The culture was then divided into seven
500 pL aliquots in Eppendorf tubes. MMC was added to
two aliquots at a final concentration of 1 pg/mL and to
another two at 0.1 pg/mL, as these concentrations were
previously shown to induce a delayed but efficient bac-
terial lysis indicative of the likely increase in Spoks pro-
phage induction. Three aliquots were used as controls.
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After 15 h of growth, 300 pL from each sample was used
for DNA extraction, following the protocol for bacterial
genomic DNA isolation.

DNA concentrations were measured using a NanoDrop
ND-1000 spectrophotometer (Thermo Scientific), diluted
to ~ 10 ng/pL and measured precisely using the high-sen-
sitivity dsDNA assay and Qubit fluorometer (Invitrogen).
Samples were then diluted to a final concentration of 1
pg/uL as an input for ddPCR. For each reaction, a mas-
termix was prepared containing 1 pL of primers specific
to the gyrB and MCP regions (final concentration: 900
nM), 1 uL of HEX and FAM probes (final concentration:
250 nM), 10 pL ddPCR Supermix for Probes (no dUTP)
(Bio-Rad), and 5 pL nuclease-free water. To each reac-
tion tube, 1 pL of diluted DNA or water (negative con-
trol) was added to a final volume of 22 pL. After gentle
vortexing and brief centrifugation, 21 pL of the mixture
was loaded into DG8 Cartridges (Bio-Rad), with 70 pL of
droplet generation oil added to the designated wells. The
cartridge was sealed with a DG8 Gasket (Bio-Rad) and
processed in the QX200 Droplet Generator (Bio-Rad) to
create droplets. Droplets (40 puL) were transferred to a
ddPCR 96-well plate (Bio-Rad), heat-sealed with pierce-
able foil at 180 °C for 5 s using a PX1 PCR Plate Sealer
(Bio-Rad).

PCR was performed using a T100 Thermal Cycler (Bio-
Rad) with the following program: enzyme activation at
95 °C for 10 min, 40 cycles of denaturation at 94 °C for
30 s and annealing/extension at 56 °C for 1 min, followed
by enzyme deactivation at 98 °C for 10 min and a final
hold at 12 °C. A ramp rate of 2 °C/second was used. Post-
amplification, the sealed plate was transferred to the
QX200 Droplet Reader (Bio-Rad), supplemented with
ddPCR Droplet Reader Oil (Bio-Rad).

Fluorescence signals (FAM/HEX) were quantified
using QXManager Software v2.1 (Bio-Rad) with the abso-
lute quantification mode. Concentrations were expressed
as copies/pL. Spoks MCP ORF fragment concentration
(FAM signal) divided by the L3 gyrB gene fragment con-
centration (HEX signal) represented a Spoks to L3 ratio.
Positive droplet thresholds were set at 6,000 for MCP
(FAM) and 4,000 for gyrB (HEX).

Phenotypic testing of isolate L3

Phenotypic testing of the isolate L3 was done using the
Biolog GENy;; MicroPlate (Biolog, Hayward, CA, USA),
which provides 94 phenotypic tests (71 carbon source
utilization assays and 23 chemical sensitivity assays), fol-
lowing the manufacturer’s instructions with some modi-
fications. Several freshly grown L3 colonies (appearing
after 48 h of incubation on agarized NBH medium: 10 g/L
peptone (Fluka), 5 g/L yeast extract (Sigma-Aldrich),
5 g/L casein hydrolysate (Sigma-Aldrich), 5 g/L nutrient
broth (Sigma-Aldrich), 5 g/L NaCl (Sigma-Aldrich), and
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15 g/L Difco agar (Thermo Fisher Scientific)) were picked
and suspended in Biolog’s inoculation fluid B, which was
then inoculated into a GENy; 96-well plate and incubated
for 48 + hours at RT (~23 °C) in complete darkness. The
plate was visually inspected once every~12-16 h for the
appearance of purple coloration, and the VICTOR3V
microplate reader (PerkinElmer, Waltham, MA, USA)
was used to measure the optical density at 490 nm wave-
length after 48 h post-inoculation.

The experiment was repeated three times at an inter-
val of several days, with different freshly grown inocu-
lums used. Relative optical density values at 490 nm
wavelength (OD,q,) were calculated using the following
formula:

Relative ODyg9 =
ODgq for a given well — ODygq of the negative control
OD g of the positive control — OD4gg of the negative control

The Al well served as a negative control, and the A10
well represented a positive control. The calculations were
performed for each experiment independently and then
expressed as percentages and averaged across three inde-
pendent replicates. Average relative OD,q, percentages
up to 33% were considered “negative” (no coloration of
the well when inspected visually), values ranging from 33
to 66% were considered “intermediate (lilac/lavender-col-
ored well contents)’, and values above 66% were consid-
ered “positive” (well contents turned purple).

Results

Isolation and physiology of the strain L3

The strain designated as “L3’, which was later identified
as a genus Psychrobacillus representative, was isolated
alongside other bacteria in the Summer of 2018 when
looking for unusual hosts that would serve as indica-
tor cultures for the potential isolation of novel bacte-
riophages in a hypothesis-free fashion from an ice-free
Antarctic soil sample collected during the first Latvian
Antarctic Expedition and brought to Latvia by the team
[53].

The particular soil sample from which the bacteria
described in this study originated was collected from a
depth of 4-10 ¢cm on a terraced surface, where peaty soil
has formed over a cliff rock in Waddington Bay, Graham
Coast, Antarctica.

An aliquot of the soil sample was mixed with liquid LB
medium, and the supernatant was spread over a Casa-
mino-Yeast agar-containing Petri dish. One of the colo-
nies that formed after incubation of the aforementioned
plate at +4 °C (white-yellowish, round, glossy) was sub-
sequently designated as an isolate “L3” and immediately
raised interest because of its psychrotolerant nature.

Isolate L3 can grow at temperatures of +4 - +30 °C on
agar plates as well as in liquid media but has shown no
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signs of growth at +37 °C. For routine experimentation,
the isolate L3 cell lines were cultured at RT or +30 °C
without noticeable differences. Transmission electron
microscopy has revealed that L3 cells are rod-shaped and
possess several pili or flagella attached to them (Addi-
tional file 2). The isolate tested positive for catalase activ-
ity, as evidenced by the formation of bubbles when mixed
with 3% hydrogen peroxide.

When the isolate L3 was tested for metabolic activ-
ity using GENy;; MicroPlate (Biolog), it has convincingly
demonstrated ability to grow at wells corresponding to
the pH 6 (but not pH 5), 1% NaCl (but not 4% NaCl), as
well as in wells containing Nalidixic acid and Aztreonam,
respectively. Growth in the presence of 1% Sodium Lac-
tate and Potassium Tellurite was observable, but both the
fainter coloration of the well contents after incubating the
inoculated plate and weaker OD,q, readings suggested
scoring it as an “intermediate” result. The “intermedi-
ate” result was also observable in the well containing
L-Glutamic Acid, whereas neither of the other 70 carbon
sources seemed to show notable coloration compared
with the negative control well. The relative OD,g4, read-
ings of intermediate wells were not very consistent across
independent replicates, giving rise to standard deviations
higher than those for convincing positives (Additional
file 3). Faint light-lavender coloration was also observed
in carbon assay utilization wells with L-Aspartic Acid,
Glucuronamide, and Tween 40, as well as in chemical
sensitivity wells containing Tetrazolium Violet and Tetra-
zolium Blue in at least one of the independent replicates,
but the color was even weaker than that in the “interme-
diate” wells.

Complete Psychrobacillus sp. L3 genome assembly and its
features

By utilizing a hybrid de novo assembly approach com-
bining short-read Illumina (paired-end 250 bp read con-
figuration) and long-read ONT reads performed using
Unicycler, we were able to assemble what we believe to
be a complete genome sequence of Psychrobacillus sp. L3
comprising several replicons.

The circular chromosome was determined to be
3,937,500 bp long and was accompanied by two more
assembled circular replicons of 19,473 and 3,520 bp,
respectively. Additionally, hybrid de novo assembly
resulted in the bacteriophage Spoks genome being
assembled as an additional circular replicon of 36,461 bp.
The average GC% of the genome was determined to be
35.92%.

Standardized annotation via the latest NCBI PGAP
pipeline available has resulted in the identification of
3,991 genes in total within the assembly comprising a
chromosome and two plasmids (GCF_042945595.1),
of which 3,806 were predicted to be protein-coding
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genes, 121 RNA-coding genes (11 of each 5S, 168S,
and 23S rRNA, 83 tRNA, and 5 ncRNA genes), and 64
pseudogenes.

No other putatively intact prophages were identified in
the genome of the strain L3 by PHASTEST apart from
the replicon corresponding to the circularized genome
of bacteriophage Spoks we initially sequenced base-
to-base and functionally annotated several years ago
(MT410774.1).

Psychrobacillus sp. L3 within the context of other
Psychrobacillus spp.

Within the context of psychrobacilli whose genomes
were sequenced with sufficient quality, isolate L3 was
found to be most closely related to the Psychrobacillus
sp. L4, which was also isolated in our laboratory from
the same material brought by the First Latvian Antarctic
Expedition (an in-depth characterization of this strain

0.01
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will be published elsewhere in the future). Both of these
isolates formed a well-defined clade with the type strain
of Psychrobacillus glaciei, namely P. glaciei strain PB01,
which was previously isolated from an Antarctic iceberg
sample [17].

In the concatenated single copy gene product aa
sequence ML tree, strain L3 was ~0.041 and ~0.045
amino acid substitutions per site distant from strain L4
and P, glaciei strain PBO1, respectively, (which shared the
most recent common ancestor and were ~0.032 aa sub-
stitutions per site apart, Fig. 1). Similarly, ANIm identity-
wise, isolate L3 was also shown to be most closely related
to isolates L4 (~0.933 ANIm) and P, glaciei PBO1 (~0.94
ANIm, Additional file 4).

Virion morphology of phage Spoks
Psychrobacillus phage Spoks virions exhibit characteris-
tic siphophage features (Fig. 2), namely, an icosahedral

GCF_022603175.1|Psychrobacillus psychrodurans strain Aquil_B6
GCF_038003165.1|Psychrobacillus sp. FSL K6-2365
GCF_038003185.1|Psychrobacillus sp. FSL K6-1415
GCF_027563345.1|Psychrobacillus psychrodurans strain DSM 11713
GCF_027563335.1|Psychrobacillus psychrodurans strain DSM 30747
GCF_038003085.1|Psychrobacillus sp. FSL K6-2836
GCF_018140925.1|Psychrobacillus sp. INOP01

GCF_038008385.1|Psychrobacillus sp. FSL H8-0487

GCF_038003145.1|Psychrobacillus sp. FSL K6-1464
GCF_038008345.1|Psychrobacillus sp. FSL H8-510
GCF_900115805.1|Psychrobacillus psychrotolerans strain DSM 11706
GCF_038008225.1|Psychrobacillus sp. FSL K6-4615
GCF_029533155.1|Psychrobacillus antarcticus strain Val9
GCF_900103605.1|Psychrobacillus sp. OK028

~~~~~ GCF_008807035.1|Psychrobacillus sp. AK 1817

----- GCF_038003125.1|Psychrobacillus sp. FSL K6-2684

----- GCF_038626375.1|Psychrobacillus sp. FSL K6-2843

------ GCF_014836595.1|Psychrobacillus faecigallinarum strain Sa2BUA9
------ GCF_038003265.1|Psychrobacillus sp. FSL K6-1267
GCF_012843435.1|Psychrobacillus sp. BL-248-WT-3
GCF_023713305.1|Psychrobacillus sp. MER TA 171
GCF_038624605.1|Psychrobacillus sp. FSL K6-4046
GCF_038593405.1|Psychrobacillus sp. FSL W7-1457
GCF_038004905.1|Psychrobacillus sp. FSL W7-1493
GCF_038637725.1|Psychrobacillus sp. FSL H8-0483
GCF_038005325.1|Psychrobacillus sp. FSL H8-0484
GCF_008973485.1|Psychrobacillus glaciei strain PB01
GCF_042944905.1|Psychrobacillus sp. L4
GCF_042945595.1|Psychrobacillus sp. L3
GCF_001420585.1|Psychrobacillus sp. FJAT-21963
GCF_037104765.1|Psychrobacillus sp. FJAT-51614
GCF_006861825.1|Psychrobacillus vulpis strain Z8
GCF_003254155.1|Psychrobacillus insolitus strain DSM 5
GCF_032154225.1|MAG: Psychrobacillus sp. isolate MCT-NIT-31
GCF_006861795.1|Psychrobacillus lasiicapitis strain NEAU-3TGS17
GCF_014641675.1|Psychrobacillus lasiicapitis strain CGMCC 1.15308
GCF_029955155.1|Psychrobacillus sp. NEAU-3TGS
GCF_900111345.1|Psychrobacillus sp. OK032
GCF_006861775.1|Psychrobacillus soli strain NHI-2

Fig. 1 Evolutionary relationships of Psychrobacillus sp. isolate L3 with other Psychrobacillus spp. bacterial isolates sequenced. A midpoint-rooted maxi-
mum-likelihood tree generated from concatenated core single copy gene product amino acid sequences (n=1267) identified from the pangenome of
Psychrobacillus spp. is shown. The scale bar corresponds to the number of amino acid substitutions per site. Clades comprising multiple closely related
isolates showing a high degree of similarity to the recognized Psychrobacillus taxa are highlighted with arbitrarily colored boxes. Tip labels are in the form
of "assembly accession|bacterial strain”. All branches longer than 0.001 substitutions per site had a UFBoot support of 100%
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Fig. 2 Psychrobacillius bacteriophage Spoks virions. A representative transmission electron micrograph of two seemingly intact Psychrobacillius phage
Spoks virions negatively stained with 0.5% uranyl acetate is shown; the scale bar represents 100 nm

capsid (diameter=55+2.5 nm) to which a long non-
contractile tail is attached (length=135+6.5 nm,
width=11+0.7 nm).

Psychrobacillus phage Spoks genomic features

Inside the virions, the complete genome of phage Spoks
is a linear 36,472 bp long dsDNA molecule with a GC%
content of 35.83% and having an 11 base 3’ cos overhangs
(5-CGGTAGGGGGA-3) at the termini.

The genome of Spoks was predicted to have a cod-
ing capacity of 92.77% and encode 52 proteins for 21 of
which no putative function could be assigned reliably.
The classical ATG is likely to serve as a start codon for
31 ORFs, TTG was predicted in 14 cases, and GTG- in
seven cases. All but three of the Spoks ORFs were pre-
dicted to have at least a four-base upstream sequence
match to the 16S rRNA tail of the host strain (5'-GAUCA
CCUCCUUU-3).

At least twelve of the putative products for which we
could make a functional prediction are thought to be
involved in the virion morphogenesis, seven are par-
ticipating in nucleic acid metabolism (in a broad sense),
five are thought to serve as transcriptional regula-
tors, and another four encode products with various
other alleged functions not convincingly falling into
other functional categories (namely, ORF4: Clp prote-
ase, ORF26: HTH-domain containing protein, ORF29:
ImmA/IrrE family metallo-endopeptidase, ORF40: MBL
fold metallo-hydrolase). Lysis proteins are represented by
endolysin and holin, which are encoded by ORFs 23 and

22, respectively. ORF28 product was predicted to encode
an integrase (Additional file 5).

Psychrobacillus phage Spoks within the context of the
phage diversity uncovered thus far
Querying the complete nucleotide sequence of the phage
Spoks genome against the non-redundant nucleotide
database limited to records of either bacteria (taxid:2) or
Caudoviricetes (taxid:2731619) via BLASTn has revealed
that bacteriophage Spoks has a highly divergent nucleo-
tide sequence as its genome. The top-scoring hit was to
the chromosome of Psychrobacillus sp. FSL K6-2843 iso-
lated from raw milk (Accession: CP152021.1), however,
this hit covered only 23% of the query with the average
identity of 81.54% and resulted in the total score of less
than 12% when scaled to the total score of Spoks self-to-
self within the same comparison. This hit was followed
by hits to other Bacillaceae family representatives from
genera such as Bacillus, Lysinibacillus, and Virgibacillus.
A phage hit that had the highest score among the other
phages was that of Lysinibacillus fusiformis-infecting
phage SDFMU_Pfc (Accession: 0Q884029.1, 21% query
coverage of 73.60% identity) isolated from housefly lar-
val intestines in November 2019 in China, but it scored
merely a~6.33% of the maximum observed self-vs-self
score for Spoks. Among the top 25 hits, the only other
cultured phage was Virgibacillus phage Mimir87 [54],
which was also previously isolated and characterized in
our laboratory at the Latvian Biomedical Research and
Study Centre (Additional file 6).
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Both the corresponding PHASTEST-predicted pro-
phage region of Psychrobacillus sp. FSL K6-2843 (rean-
notated using Pharokka), demonstrating some similarity
to Spoks, and the phage SDFMU_Pfc were reorganized
to ensure genome representation collinearity with the
genome of Spoks in its virions, for which the physi-
cal genome termini were determined experimentally,
and used for the comparison of their genome organiza-
tions and proteome contents. Functionally-categorized
protein-encoding gene synteny was revealed, with the
recognizable functional module organization following
the order of virion morphogenesis -> lysis -> lysogeny ->
nucleic acid metabolism genes, when the strand encod-
ing most of the Spoks ORF products is used as the direct
strand and the 3’ cohesive termini of Spoks is taken into
the account for a linear representation of the genome.
ORFs encoding products predicted to be involved in
transcriptional regulation were not co-localized in a sin-
gle module, although most of the ones recognized were
located in the vicinity of proteins involved in lysogeny.
Across these proteomes, the amino acid level similar-
ity above 30% was confined largely to the ORFs encod-
ing products involved in genome packaging and capsid
morphogenesis, as well as nucleic acid metabolism and a
likely regulatory protein encoded in a region between the
lysis gene cassette and integrase (Fig. 3).

Phylogeny reconstructions for several selected proteins
deemed to be functionally independent revealed the clos-
est homologs of either Spoks TerL, MCP, Integrase, and
Helicase are found in bacteria rather than phages. Not
unexpectedly, the most recent common ancestor nodes
were shared with the isolates of Psychrobacillus spp. in
the case of each protein (Additional file 8). When only
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Coordinates:1,621,293-1,667,285

45,993 bp

Rearranged to start at TerS

MT410774.1|Psychrobacillus phage Spoks
As seen in GenBank
36472 bp

0Q884029.1|Lysinibacillus phage SDFMU_Pfc
Rearranged to start at putative TerS
41,198 bp
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the completely sequenced phages previously obtained
in culture were considered, sufficiently close homologs
(e.g., BLASTp identity of >70% over complete protein
length) could only be found for TerL (UYL94139.1 and
ANT39940.1 from Geobacillus phage vB_GthS_PK5.2
and Bacillus phage vB_BtS_BMBtp13, respectively) and
Helicase (WNO29693.1 from Bacillus phage SDFEMU_
Pfc). Interestingly, no close homologs could be found
among the cultured bacteriophages for Spoks MCP and
Integrase (Fig. 4).

After failing to find any close phage Spoks relatives
in the general nucleotide sequence database we have
expanded our search to a more specific database focused
on aggregating the uncultured virus diversity and pro-
viding rich metadata. An attempt to search for related
phages in the IMG/VR v4 database of uncultivated virus
genomes using the viral BLAST search associated with
the resource has identified 97 hits, but neither of the
alignments resulted in a query coverage of more than 8%
(Additional file 7). Most of the top hits were restricted
to the genomic region in Spoks encompassing ORFs
encoding the predicted replication protein O (ORF42,
QJT71674.1) and replicative DNA helicase (ORF43,
QJT71675.1).

Phage Spoks as a prophage of Psychrobacillus sp. L3
The temperate bacteriophage Spoks was found to be
capable of integrating into the chromosome of its host
strain Psychrobacillus sp. L3 as well as spontaneously
excising itself from it to undergo a lytic cycle.

Spoks integrates itself between the host ORFs encoding
for DNA topoisomerase III (XHY47077.1; CP168493.1
complementary coordinates: 612,290-610,101) and
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Virion morphogenesis
@ Nucleic acid metabolism
@ Transcriptional regulation
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Lysogeny
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@® Unknown function
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Identity (%) 100

Fig. 3 Genome organization and annotated proteins of Psychrobacillus phage Spoks within the context of related (pro)phages. Genome organization
and proteome content comparison of Psychrobacillus phage Spoks to the most similar prophage region (top) found in bacteria and the most similar
cultured phage genome (bottom) is shown. The genomes are drawn to scale and the scale bar indicates 2500 base pairs. The predicted ORFs are shown
as arrows pointing in the direction of the transcription. ORFs are colored on the basis of the functional group of their putative product according to the
legend. Slanted labels above the arrows indicate the predicted function for the associated ORF product in the case where it had a function assigned
(the prophage region was auto-annotated using Pharokka). Ribbons connect ORFs encoding proteins that share more than 30% amino acid sequence
identity. Ribbons are shaded based on the identity of connected products in a gradient from lighter shades of gray to black according to the legend. The
figure was generated using Clinker [55]
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A) TerL
- YP_009196793.1|Staphylococcus phage 23MRA
0.2 NP_835553.1|Staphylococcus phage phiN315
NP_958603.1|Staphylococcus phage 77
YP_009113123.1|Staphylococcus phage phiBU01
UXL91123.1|Staphylococcus phage phiSa2wa-st5.6
YP_007237154.1|Staphylococcus phage phi5967PVL

YP_009823298.1|Staphylococcus phage vB_SpsS_QT1
% AZB66725.1|Staphylococcus phage phiSP119-1
YP_239799.1|Staphylococcus phage 2638A
AZB66788.1|Staphylococcus phage phiSP119-2
YP_009044803.1|Listeria phage LP-101
UZV40887.1|Listeria phage LP-P111
WBQ21675.1|Listeria phage FHC15313-PLM26
YP_001468641.1|Listeria phage B025
YP_009907736.1|Listeria phage LP-HM00113468
YP_009273330.1|Bacillus phage vB_BhaS-171
YP_010648366.1|Staphylococcus virus IME1354_01
QPB07640.1|Staphylococcus phage Pl-Sepi-HH2
WNO29707.1|Bacilius phage SDFMU_Pfc
ADAB4944.1|Bacillus phage 11143

QBX14717.1|Streptococcus phage Javan151
QBX14467.1|Streptococcus phage Javan139
QBX25821.1|Streptococcus phage Javan274
QBX15452.1|Streptococcus phage Javan187
QBX21828.1|Streptococcus phage Javan597
YP_004306103.1|Clostridium phage phiCD6356

1

WMU95078.1|Clostridioides phage AR107.
YP_008126698.1|Listeria phage LP-030-2
NP_510983.1|Listeria phage PSA

L g

.1|Bacillus phage vB_BtS_| tp13
UYL94139.1|Geobacillus phage vB_GthS_PKS5.2
BCT02903.1|Enterococcus phage Entfac.YE1
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B) MCP

WMUS5075.1|Clostridioides phage AR1074-1

YP_004306106.1|Clostridium phage phiCD6356

AQY52650.1|Listeria phage LWP01

UYL94144.1|Geobacillus phage vB_GthS_PK5.2

ANT39943.1|Bacillus phage vB_BtS_BMBtp13

NP_821152.1|Listeria phage PSA

NP_510986.1|Listeria phage PSA

YP_008126701.1|Listeria phage LP-030-2

C) Integrase QBX26591.1|Streptococcus phage Javan336

T QBX26537.1|Streptococcus phage Javan326
0.2 QBX17324.1|Streptococcus phage Javan349
QBX18604.1|Streptococcus phage Javan433
QBX18464.1|Streptococcus phage Javand27
QBX26169.1|Streptococcus phage Javan306
AYJ74952.1|Streptococcus phage LF2
WFZ87339.1|Streptococcus phage vB_Sags-UPM1
QBX16877.1|Streptococcus phage Javan291

[ QBX27137.1|Streptococcus phage Javan372

QBX27249.1|Streptococcus phage Javan374
QBX27082.1|Streptococcus phage Javan370
YP_001425624.1|Bacillus phage 1
YP_010742605.1|Baciflus phage vB_BanS_Athena
ALF01608.1|Bacillus phage vB_BtS_BMBtp16
NP_852561.1|Bacillus phage phBC6A52
XBS47504.1|Baciflus phage PHBA67-J
AUG88600.1|Bacillus phage BVE2
UUG68563.1|Halomonas phage YPHTV-1
QY186635.1|Enterococcus phage SEsuP-1
WCZ54877.1|Latifactobacillus phage TMW 1.706 P2

AQN32174.1|Staphylococcus phage phi575

AYJ75013.1|Streptococcus phage LF3
APZ82133.1|Streptococcus phage Str03
QBX25504.1|Streptococcus phage Javan26
QBX18951.1|Streptococcus phage Javan457
QBX14486.1|Streptococcus phage Javan139
QBX16828.1|Streptococcus phage Javan275
QBX26246.1|Streptococcus phage Javan310
QBX26869.1|Streptococcus phage Javan350
QBX26578.1|Streptococcus phage Javan330
YP_009624925.1|Escherichia phage RCS47

YP_009293572.1|Salmonelia phage SJ46
YP_009914548.1|Enterobacteria phage P7
YP_006543.1|Escherichia phage P1

.
D) Helicase
02
AXF39194.1|Punavirus P1

YP_009838751.1|Paenibacillus phage Kawika
YP_008320389.1|Paenibacillus phage philBB_P123
QVV19390.1|Paenibacillus phage AlexiD
YP_009203253.1|Paenibacilius phage Fern
YP_009202263.1|Bacteriophage Lily

QBP06992.1|Virgibacillus phage Mimir87

UUG6 Halomonas phage YPHTV-1

WNO29693.1|Bacillus phage SDFMU_Pfc
QIW89353.1|Bacillus phage vB_Bacillus_1020A

YP_009197992.1|Paenibacilius phage Diva
YP_009836668.1|Paenibacillus phage Likha
QVV19925.1|Paenibacillus phage Neutron
QVV19732.1|Paenibacillus phage Hobie
QHZ54090.1|Paenibaciflus phage phiERICV

Fig.4 Phylogenetic relationships of selected Spoks proteins within the context of counterparts from other cultured phages. Maximum-likelihood trees of
the selected Psychrobacillus phage Spoks protein amino acid sequences and the most related non-redundant sequences originating from the proteomes
of other completely sequenced phages are shown: (A) Terminase large subunit (TerL); (B) Major capsid protein (MCP); (C) Integrase; (D) Helicase. All the
trees are drawn to their respective scales, and branch lengths correspond to the number of amino acid substitutions per site. Tips are labeled as “protein
accession|originating phage”and are colored arbitrarily based on the given phage host genus. In all the trees, the tip containing the respective protein
sequence of Spoks is highlighted in blue. The trees are midpoint-rooted. The distal nodes of branches with >95% ultrafast bootstrap (UFBoot) support
(out of 1000 replicates) are indicated by green squares. Descriptions of the selected phage marker protein amino acid sequence datasets and the gener-
ated MSAs, as well as features of the trees built, can be found in Additional file 9

a Blal/Mecl/CopY family transcriptional regulator
(XHY47078.1; CP168493.1 direct strand coordinates:
612,480-612,893) in a site-specific and directional
manner. The integrative recombination event takes
place at the 19 bp 5-ACACTACAATGAGTAATGT-3’
(CP168493.1 coordinates: 612,447-612,465) sequence
that serves as the Spoks attachment site overlap
sequence, which gets doubled and flanks Spoks genome
in its prophage form. The overlap of the attachment site is
found between the phage ORFs encoding a hypothetical
protein (ORF27 (QJT71659.1); MT410774.1 complemen-
tary strand coordinates: 20,920 - 20,786) and an integrase

(ORF28 (QJT71660.1); MT410774.1 complementary
strand coordinates: 22,271 -21,117) at the coordinates
21,021-21,039 of the phage Spoks genome as seen in
its linear form found within the virions (MT410774.1,
Fig. 5).

Inspection of a long-read dataset by seqkit grep
revealed that more than half of the reads spanning the
presumed Spoks attachment site overlap sequence had
P-O-P’ flanking sequence organization, followed by P-O-
B’ and B-O-P’ in approximately equal amounts, sum-
ming up to an approximately 41% of the total reads in this
region. Only a few reads had the corresponding genomic
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att site core
100 bp 77 bp .
attP (P-O-P’) < Phage hypothetical protein |_| 5'-ACACTACAATGAGTAATGT-3’ |_< Phage integrase I
P: 21,021 P': 21,039
156 bp 14 bp
B: 612,447 B': 612,465
156 b 77 b
attL (B-O-P’) 5'-ACACTACAATGAGTAATGT-3’ |_p< Phage integrase I
B: 612,447 P': 21,039
100 b 14 b
attR (P-O-B’) < Phage hypothetical protein I—p| 5'-ACACTACAATGAGTAATGT-3' |—p_
P: 21,021 B': 612,465

Fig. 5 Schematic representation of the genomic context of the Spoks and Psychrobacillus sp. L3 attachment sites. The arrows represent ORFs and point
in the direction of transcription. Note that the figure is not drawn to scale

Table 1 Frequencies of different attachment site organizations Several individual colonies were picked and tested for
within the sequencing reads the presence of all attachment site conformations (B-O-B’
Attach- Part Sequence Occurrencesin Occurrencesin corresponding to the Spoks prophage-free host chromo-
ment site of  origin the short-read the long-read , . .
- some, P-O-P’ corresponding to the unintegrated phage
organization dataset dataset ) Rk .
(SRR29989048) (SRR29989049) Spoks genome, and B-O-P” and P-O-B’ corresponding to
P-Op’ attP Spoks 31 634 the Spoks integrated into the chromosome of isolate L3)
B-O-B' attB 13 1 3 via PCR reactions using specific primer pairs. The pres-
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P-O-B' attR  Spoks+L3 18 999 validated in all the colonies tested, although the relative

During the search, the 19 bp core attachment site sequence was flanked by amounts of the PCR pI"OdUCtS Visually seemed to dif-
the corresponding upstream and downstream sequences of 21 and 20 bp, fer. The sequences of the products were verified using
respectively, allowing up to six mismatches . .
Sanger-based sequencing (Fig. 6).
When we tested whether Spoks can be further induced
region unscathed by Spoks integration as a B-O-B’ con- by outside stressors, 3.5 h after the addition of MMC
formation (Table 1). at a concentration of 1 pg/mL, the growth of the L3
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Fig. 6 Bacteriophage Spoks attachment site sequence variations in DNA isolated from Psychrobacillus sp. L3 colony. A representative example of the si-
multaneous presence of multiple phage Spoks attachment site conformations in DNA extracted from a single colony of L3 is shown. Left tile— Visualization
of the PCR products corresponding to specific attachment site conformations. M- 1 kb DNA ladder, (1)- attB-containing PCR product (attB_Fw +attB_Rv
amplification), (2)- attP-containing PCR product (attP_Fw +attP_Rv amplification), (3)- attL-containing PCR product (attB_Fw +attP_Rv amplification), (4)
attR-containing PCR product (attP_Fw + attB_Rv ampilification). Right tile— Sanger-based sequencing verification of the presence of multiple attachment
site conformations. Chromatograms corresponding to the 19 bp long attachment site overlap sequence (red), as well as 10 flanking bases to each side
are shown. The sequences of bacterial origin are colored in orange, and the sequences of phage origin- in green. For primer descriptions, see Additional
file 1. The full-length original gel including the region shown in the figure is presented as an Additional file 11. For Fig. 6 the original was cropped to the
regions of interest and annotated for clarity



Zrelovs et al. BMC Genomics (2025) 26:386

lysogen containing prophage Spoks markedly decreased
in comparison to that of the positive control. Similarly,
a decrease in ODg,; was observed after 4.5 h after the
addition of MMC at the concentration of 0.1 pg/mL to
the exponentially-growing L3 population. Both these
concentrations of MMC (1 and 0.1 pg/mL, respectively)
eventually caused a drop in ODgy; even below the lev-
els demonstrated by the 10 pg/mL MMC experimen-
tal group, which we assumed to be almost immediately
lethal to L3 cell population (Fig. 7).

To verify the induction of the prophage at MMC con-
centrations sub-lethal to L3 per se, the lysate aliquots at
the end of the experiment were sedimented on a table-
top centrifuge and the supernatant was subjected to a
TEM analysis. The presence of seemingly intact sipho-
virus virions matching the dimensions of phage Spoks
was observed across several randomly selected samples.
The frequency of such virion occurrence in fields of view
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was greater for induced samples than for positive control
samples.

Additionally, droplet digital PCR was performed on
either untreated Psychrobacillus sp. L3 control cultures
or samples treated with MMC at the final concentra-
tion of 0.1-1 pg/mL for 15 h. In each of the experimen-
tal groups, including the control, there was a significant
difference between the number of genome copy numbers
of phage Spoks and Psychrobacillus sp. L3 cells, with the
ratio also being significantly different across the groups
(Wilcoxon rank-sum test with Benjamini—Hochberg
p-value adjustment for multiple comparisons resulted
in the adjusted p-values of less than the alpha=0.05)
(Fig. 8).

Quantification has revealed that MMC-treated samples
contained significantly more molecules corresponding to
a region of phage Spoks major capsid protein ORF than
the control. While there were only around 29 copies of
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Psychrobacillus sp. L3 (0.01 ug/mL MMC)
Psychrobacillus sp. L3 (0.1 pg/mL MMC)
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Fig. 7 Growth of Psychrobacillus sp. L3 Spoks lysogen with and without the addition of Mitomycin C. Samples were incubated at room temperature in
a 96-well plate for 16.5 h. Points represent an average of 12 measurements per group and error bars indicate + one standard deviation. Three different
isolate L3 colony line cultures were each measured in four wells per experimental group (with the exception of the negative control). The experimental
groups are colored according to the legend. Note: The optical density of liquid LB medium at a wavelength of 595 nm did not significantly differ after the

addition of MMC up to a final concentration of 10 pg/mL
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Fig. 8 Results of the ddPCR quantification of (pro)phage Spoks MMC induction from Psychrobacillus sp. L3. The left tile demonstrates concentrations of
molecules harboring a sequence of phage Spoks major capsid protein or Psychrobacillus sp. L3 gyrB gene sequence fragment in copies per microliter of
the extracted DNA diluted to 1 pg/microliter. The right tile shows the derived ratio of phage Spoks to host L3 cell genome. In both tiles, the results shown

(both, bar heights and values above the bars) represent the mean of at least four replicates + one standard deviation (indicated by error bars)

MCP gene sequence harboring molecules in the micro-
liter of control samples, on average, treatment with
1 pg/mL MMC resulted in ~55 such copies per micro-
liter, while treatment with 0.1 pg/mL MMC has demon-
strated more variation across the replicates, but averaged
to 180 copies per microliter (range 138—223 copies/uL).
Interestingly, no significant differences were observed
in the number of host chromosome copies as deter-
mined by the gyrB-specific primers (Kruskal-Wallis test
p-value=0.1053 > 0.05).

While the non-induced L3 cell population has around
4.7 phage Spoks genome copies per genome of the host
cell after cultivation for 15 h, this ratio nearly doubles to
an average of 9.3 when MMC is added at the concentra-
tion of 1 pg/mL. In the case of 0.1 pg/mL MMC, how-
ever, the ratio reaches a whopping 23.2 phages to hosts
on average, as approximated by their single-copy gene
quantification.

Discussion

Following the notion of “whenever there is a bacterial
host, there should be a phage” when working with less
commonplace environmental bacteria opens up possi-
bilities to obtain novel bacteriophages in culture that are
highly divergent from their counterparts infecting the
more “popular” isolation hosts. In this study, we demon-
strate one such case by describing the isolation and pro-
viding a characterization of an interesting phage + host
pair from an ice-free soil sample collected in Antarctica.

The continuous growth of the affordability of sequenc-
ing technologies continues to uncover the vast diversity
of microbial life in a multitude of environments previ-
ously largely thought to be very limiting to the growth of
microorganisms owing to “the great plate count anomaly”
[56]. However, the rise of culture-free microbial diversity
research going hand-in-hand with the sequencing data
deluge, while undeniably allowing appreciation of the
real diversity of microorganisms in various environments
[57], provides very limited insights into interactions tak-
ing place in any given environment.

Bacteriophage Spoks is one of the first bacteriophages
shown to infect a representative of the bacterial genus
Psychrobacillus whose complete genome sequence has
become publicly available (nearly simultaneously with
that of phage Perkons [22], and, later on, phage PV]1
[21]). All three of the cultured and characterized phages
known to be associated with this host genus to date are
temperate.

The isolate L3 that serves as the host for phage Spoks
was initially identified based on the closest near full-
length 16S rRNA gene sequencing to be a strain of P. psy-
chrodurans, and later on internally reclassified as a strain
of P. glaciei with the release of the 16S rRNA sequence
of the latter [53]. Interestingly, the 16S rRNA sequences
obtained for Psychrobacillus sp. isolates L3 and L4 iso-
lated from the same material were the same; thus, the iso-
lates were thought to be very closely related and naively
assumed to differ only in their phage susceptibilities [22].
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However, further whole-genome sequencing and phylo-
genetic analysis involving 1267 core single-copy genes
of Psychrobacillus spp., surprisingly, revealed that both
strains are very different genomically and differ greatly
from their 16S rRNA sequence closest match represented
by P. glaciei PBOL. Yet, it is not currently clear whether L3
(and also L4) should be proposed as a representative for
novel bacterial species, which would require further phe-
notypical characterization of these strains using methods
employed by other researchers for other Psychrobacillus
spp. strains previously to allow for direct comparisons of
their phenotypical features, followed by their additional
deposition to several larger internationally-recognized
microbial collections.

This has once again highlighted the limited resolution
16S rRNA gene Sanger-based sequencing is able to pro-
vide among some bacterial taxa (such as several bacilli),
that are known to have high similarity in their 16S
rRNA gene sequences coupled with considerable overall
genomic variability [58]. This observation raises the ques-
tion of how many bacterial strains that might be differ-
ent to the point of possibly representing novel species
within particular genera might be preserved in compara-
tively modest institutional microbial collections across
the world, especially the ones that have not yet adopted
extensive WGS for their strain characterization.

While initially sequenced and genomically character-
ized in 2019, and then publicly released in the spring
of 2020 as a part of the MSc. thesis of N. Zrelovs, the
uniqueness of the genomic sequence phage Spoks dem-
onstrated has warranted a wait for more context of
microbial and phage diversity to appear in the public
biological sequence repositories before presenting this
phage to wider audiences. However, more than four years
of wait have not resulted in the addition of any other rela-
tives of Spoks to public biological sequence repositories,
neither in the form of free viruses nor in the form of pro-
phages residing within bacterial sequences released pub-
licly since then.

Within the currently adopted rank-specific demarca-
tion criteria framework used by the ICTV Bacterial Virus
Subcommittee (e.g., <70% similarity and <95% similar-
ity to any other bacteriophage over complete genome
lengths for the ranks of genus and species, respectively
[59]), the intergenomic distance of Spoks to any of the
phages sequenced thus far warrants a proposal for the
creation of a novel bacteriophage genus and species with
Spoks as a sole isolate representing both currently.

Despite the uniqueness of the genomic nucleotide
sequence, the comparative genomics and homology
searching approaches utilized for predicted products
encoded by the Spoks ORFs have allowed for a relatively
straightforward and fruitful functional annotation of the
proteome of Spoks. Multiple Spoks proteins involved in
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nucleic acid metabolism were found to be the most con-
served ones (e.g., with most homologs found in other
biological objects). Unexpectedly, structural and other
proteins involved in Spoks virion morphogenesis were
largely unrelated to those associated with other cultured
phages, and the top hits were mostly associated with
prophages or prophage remnant regions from bacterial
genomes, highlighting that many diverse phages have yet
to be obtained in culture. Visually, the transmission elec-
tron micrograph appearance of phage Spoks was rather
unremarkable and expectedly similar to a multitude of
siphophages having long non-contractile tails attached
to icosahedral capsids, which seems to be the most fre-
quently cultured tailed phage morphotype (formerly
comprising the paraphyletic family Siphoviridae, which
was relatively recently abolished [4, 60, 61]).

The presence of a putative integrase-encoding gene has
immediately been able to hint at the temperate nature
of Spoks and explain why such frequent inconsistencies
in the microbiological behavior during routine experi-
mentation with the Spoks+L3 system were observed.
The integrase of phage Spoks is encoded by the ORF28
(QJT71660.1) and is a 384 aa long protein with a molec-
ular weight of ~45 kDa in which a site-specific recom-
binase XerD domain (COG4974) can be identified. By
sequence similarity to tyrosine integrases from other
phages, Tyr*®? is suggested as a residue that forms an
intermediate with the DNA during a recombination
event, and Spoks integrase can be classified as a tyro-
sine-type recombinase/integrase [62]. Interestingly, no
recombination directionality factor/excisionase could be
reliably identified in the genome of Spoks. However, sev-
eral helix-turn-helix (HTH) domain-containing proteins
have been identified, and the HTH domain is characteris-
tic of at least several studied phage excisionases found in
phages encoding a tyrosine integrase [63].

Reconstruction of individual selected protein phylog-
enies indicates that most homologs of Spoks proteins
show greater similarity to their counterparts found in
bacterial genomes across several different genera. Not
unexpectedly, different bacilli seem to harbor proteins
homologous to those found in Spoks. Such proteins are
likely to originate from either active prophages or their
cryptic remnant regions, that have lost their ability to
be independently activated, residing in multiple bacte-
rial strains. The reconstructed phylogenies, however, had
non-coinciding branching patterns and contexts beyond
the immediate vicinity of different Psychrobacillus spp.
strains who shared the most recent common ancestor
of these selected proteins with Spoks in each case. Such
observations, we think, are indicative of a rather com-
plex and likely independent evolutionary history of these
selected proteins, globally suggesting a propensity of
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Spoks to horizontal gene exchange and highlighting the
expected mosaicism of its genome [64, 65].

The inability to perform a “classical” characterization of
free-standing phage Spoks (e.g., in terms of its environ-
mental stability, lifecycle length, and burst size) by the
merit of Spoks plaque enumeration when grown with its
host strain has prompted to shift efforts upon character-
izing the phage-host interactions at the level of genomes
themselves. Sequencing and the subsequent de novo
assembly of the L3 host strain genome were partaken
using both short-read Illumina and long-read Nanopore
technologies [44].

Sequencing read mapping onto the de novo assembled
chromosome of the strain L3 and manual inspection of
the sequence alignment map in UGENE (v37.0 [66]) has
revealed an unusual peak in base depth for a single 19 bp
long region (5'-ACACTACAATGAGTAATGT-3'), with
multiple mapped reads being soft-clipped at either side
of the region (Additional file 10). Further investigation
has revealed that the region is also present in the bac-
teriophage Spoks genome and that the region is flanked
either by phage genome sequences from both sides or a
combination of phage and bacteria sequences on either
side, with a couple of reads corresponding to the bacte-
rial flanking sequences only. Soft clipped sequences of
the reads around the region could be, thus, put in several
categories in which they did not differ, bar the long-read
sequencing errors. The region was, therefore, determined
to serve as the attachment site of phage Spoks, at which
its integration into the chromosome of the host takes
place. While the exact lengths of the attachment sites
around the overlap sequence which are necessary for
integrative recombination to occur were not investigated
in detail at this point, the attB was found to be located
in the intergenic region between the ORF596 (encoding
a DNA topoisomerase I1I, XHY47077.1, from a comple-
mentary strand) and ORF597 (encoding a transcriptional
regulator, XHY47078.1, from a direct strand) OREFs,
whereas the attP is located between the Spoks ORF27
(encoding a hypothetical protein, QJT71659.1, from a
complementary strand) and ORF28 (encoding an inte-
grase itself, QJT71660.1, from a complementary strand),
maybe even stemming beyond them.

Despite the bacterial DNA being isolated from indi-
vidual colonies of L3, strikingly many reads correspond-
ing to the Spoks genome in its non-integrated form were
found (e.g., ~60% of the reads spanning the Spoks attach-
ment site “core” overlap region of 19 bp corresponded to
attP). This observation suggests that spontaneous induc-
tion and propagation of Spoks take place at relatively
high frequencies. The presence of all four attachment site
conformations in multiple individual single colonies was
further investigated and validated via particular att site
type-specific primers and PCR followed by Sanger-based
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sequencing even without any particular stressors used to
induce Spoks excision.

With the results on the integration of Spoks into the
chromosome of Psychrobacillus sp. L3 presented within
this study, we consider the case about the alleged lack of
proof for the temperate nature of Psychrobacillus phage
Spoks previously raised by Liu and colleagues [67] to be
definitively resolved. Although the presence of a seem-
ingly intact integrase gene annotated in the genome of
a culturable phage (e.g., as well as Perkons, for that mat-
ter, characterization of which will be published else-
where) would, in our opinion, suffice to make any phage
researcher wary about the possibility of a temperate
nature, the functional integrity of this integrase within
the genomic context of phage Spoks has been dem-
onstrated and raised additional questions for further
studies.

The observations made so far suggest a highly site-
specific nature of the phage Spoks integration, which
takes place at a single site on the chromosome of isolate
L3, likely precluding the possibility of prolonged (pro)
phage Spoks existence as an extra-chromosomal epi-
some without the ensuing lytic replication. The precise
genome termini identification of bacteriophage Spoks
revealed 11 base 3’ cos overhangs (5-CGGTAGGGG
GA-3’) at either terminus, which implies very likely the
circularization of the genome as the first step upon its’
delivery into the host cytoplasm. While the exact course
of events and protein actors involved in the lysis-lysogeny
decision within the Spoks+L3 system are not known, it
might be speculated that several transcriptional regula-
tors encoded by Spoks might get simultaneously pro-
duced. The decision of whether “to lyse or not to lyse”
might boil down to how fast and what concentrations
of the competing regulatory proteins are reached, akin
to the well-studied Lambda phage switch [68]. Yet, the
Spoks prophage state seems to be very unstable in the L3
chromosome, and no Spoks proteins that might be ben-
eficial to the Spoks-harboring lysogenic cell are readily
identifiable.

Upon the addition of MMC to the final concentrations
of 0.1 pg/mL up to 1 pg/mL, strain L3 cell culture expe-
rienced a notable drop in OD after a few hours when
compared to the positive control, which we attribute to
the induction of phage Spoks; however, quantitative PCR
of the DNA extracted from the lysates at multiple times
post-induction would be necessary to quantify the num-
ber of Spoks genome copies having an intact attachment
site with a P-O-P’ conformation. MMC at a final concen-
tration of 0.01 pg/mL did not seem to impact the growth
of isolate L3 Spoks lysogens for at least nine hours.

To validate this MMC-stimulated Spoks induction
hypothesis, we have opted for a droplet digital PCR
quantification of DNA molecules containing sequences
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corresponding to the genomic regions within single-copy
genes of the phage and the host, respectively. To this end,
we have designed primers specific to the gyrB region of
the L3 and MCP ORF region of Spoks that would result
in a product of the same size and differently labeled
probes for the region in between to allow simultaneous
quantification of both the phage and the host in the same
reaction by the proxy of their genome copy numbers and
their relative ratio changes upon application of MMC.

In the case of no spontaneous induction taking place,
with Spoks being firmly integrated into (nearly) every
host cell, we would expect a ratio of MCP to gyrB to be
close to one— each host cell has Spoks integrated into its
chromosome in a single location. This, however, was not
the case, as the phage genome copy number exceeded
that of the host more than fourfold in the cultures that
were not subjected to any recognized inducing agents
from without the L3+ Spoks system. When MMC was
added as an outside inducing agent at various concen-
trations a shift in the ratio of phage to host cells was
expected, with the increase indicating that Spoks starts
to favour lytic replication more frequently. As it could be
seen from the L3 growth curves, the lethal MMC dose
of 10 pg/mL caused a near-immediate growth arrest and
very gradual OD reduction, which we considered to be in
line with the likely mostly the “individual” MMC action.
However, when MMC concentrations sublethal to L3
cells (1 ug/mL or 0.1 pg/mL) were used, the OD reduc-
tion was greatly postponed but then demonstrated a
quite steep rather than gradual drop, and, importantly, a
drop below the levels achieved by the immediately cyto-
toxic MMC action at concentration of 10 pg/mL. Such a
shift in the culture growth dynamics, we hypothesized,
ideally coincided with a prophage response to an induc-
ing agent demonstrating how induction in a population
of lysogens would look like if we assume OD as a good
proxy of cell viability.

Consistent with these expectations, we later observed
that the ratio of phage to cell ratio increased to 23 when
MMC was added at the minute concentration of 0.1 pg/
mL resulting in the beginning of L3 population collapse
after what seemed like an unhindered growth for at least
4.5 h (Figs. 7 and 8). The addition of MMC at the con-
centration of 1 pg/mL, however, was consistent with
unimpaired growth dynamics of L3 for at least 3.5 h but
resulted in the Spoks to L3 ratio of only 9.28 after 15 h of
its presence.

Although we, obviously, should not expect that each
genome copy has ended up as an infective intact Spoks
virion, these results undeniably suggest a more frequent
sway of Spoks lysis-lysogeny switch towards the former
given that we see an increased Spoks replication taking
place. In our scenario, we have shown that there consis-
tently is a significant and notable difference in the yield
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of the temperate phage Spoks from the aliquotes of the
same lysogen L3 cell population when different doses of
an inducing agent are applied. The difference in the ratio
of phage to cells is likely explainable by the fact that the
population size L3 manages to reach before the dawn of
its demise due to Spoks is larger, and it collapses slower
in the presence of 0.1 pg/mL MMC, when compared to
1 pg/mL. This, in turn, seems to support Spoks replica-
tion for a longer time, resulting in a significantly larger
total phage progeny after 15 h. These results seem to be
suggestive, that the yield of a temperate phage from its
lysogen cell population can be increased by tuning the
dosage of the inducing agent and optimal conditions can
be sought to result in lysogenic cell growth dynamics that
maximize the infective virion output if a need arises.

In the case of phage Spoks, consistent acquisition
of phage plaques using isolate L3 was impossible, as is
seemingly impossible to “cure” its host strain from the
prophage. We attribute this stable coexistence of phage
Spoks in both prophage and free form in association
with L3 populations as a result of the high frequency of
spontaneous induction taking place even in the absence
of obvious inducing agents [69]. Such a feature of the
L3+ Spoks system that makes it very annoying to work
with in the lab actually represents a very reasonable strat-
egy in terms of the native ecological niche in which mul-
tiple other closely related bacteria some of which might
be susceptible hosts are found. In such a scenario, Spoks
ensures both its “safe” replication together with the host
(strain L3 in this case) in its prophage form, as well as
incessantly tends to scout for other susceptible hosts to
infect and spread further by the means of other strains
found nearby. Whereas during the solitary confinement
to the L3 associated with the experimental setups in the
lab, such scouting is set to fail and the future of progeny
Spoks virions is bleak, as nearly exclusively any nearby
cell to be encountered would either harbor Spoks in its
prophage form - resulting in likely superinfection exclu-
sion, or already have Spoks undergo a lytic replication
within it already, which would lead to a failure of a par-
ticular virion to fulfill its sole purpose of multiplication.
Although the frequency of host cell lysis, obviously, is
expected to have some local fleeting perturbations due
to cell-to-cell signaling and other possible chemical cues
[70], they are unlikely to frequently sway the balance in
favor of a sufficient local chain of Spoks lytic replication
that would be required to consistently observe Spoks
plaques on a lawn of L3 cells in double agar overlay
assays.

Being so different from the other phages, disentangling
the events taking place regarding phage Spoks within
the L3 host seems interesting enough to warrant an
RNA sequencing investigation of what phage transcripts
are being produced within the L3 Spoks lysogens under
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regular bacterial growth conditions, as well as what hap-
pens after the prophage induction via MMC. Such an
experiment is also likely to narrow down the “suspect
list” for a potential Spoks excisionase candidate, if any.
For example, a tyrosine integrase IntB13 from an integra-
tive conjugative element ICEclc, was shown to be the sole
phage protein responsible for the directionality of ICEcic
recombination (e.g., integration by recombination of its
18 bp overlap sequence with attB or excision by recom-
bination of attL with attR), which is controlled by differ-
ential integrase expression [71]. An additional question
of interest is what is/are host-encoded accessory factor/s
(e.g., an analog of “integration host factor” from the E.
coli + phage Lambda system), if any, that are necessary for
the integration of Spoks into the chromosome of the host.
Thus far, we have had no luck in definitively curing the
strain L3 from the phage Spoks despite multiple (nearly a
hundred) trials using various inducing agents, washing the
cells, subculturing and screening random L3 colonies. The
acquisition of Spoks-free L3 derivatives, however, would
be of paramount importance for studying the impacts of
multiple external factors on Spoks + L3 phage-host system
interactions, as well as elucidating whether Spoks pro-
phage gives any fitness advantage to L3 lysogens.

Conclusions

This study demonstrates successful isolation in culture,
complete genome sequencing, and a follow-up character-
ization of a bacteria + temperate bacteriophage pair from
Antarctic soil. Both, Psychrobacillus sp. isolate L3 and the
associated phage Spoks, genomes demonstrate genomic
distinctiveness and evolutionary divergence from the
closest cultured relatives described to date, which neces-
sitates their consideration for expansion of the bacterial
and phage taxonomies, respectively. Phage Spoks inte-
grates into the chromosome of L3 in a site-specific fash-
ion via recombination at the 19-bp long attachment site
core found in genomes of both. The lysogenic conversion
of L3 by phage Spoks in unstable, spontaneous induction
events seem to be common in the population of L3 lyso-
gens. Application of Mitomycin C intensifies induction to
the point of Spoks-prophage-containing Psychrobacillus
sp. L3 cell population demise. Overall, this study expands
the knowledge on the culturable bacteria and phage
diversity associated with the Antarctic environments.
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minus the OD,q, of the negative control (A1 well)) divided by the (positive
control (A10 well) OD 44, minus the OD,q, of the negative control (A1
well))"for each experiment independently and then expressed as percent-
ages and averaged across three independent replicates. Average relative
OD,qo percentages up to 33% were considered "negative” (no coloration
of the well when inspected visually), values randing from 33 to 66% were
considered “intermediate (lilac/lavender-colored well contents)’, values
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start codon putatively containing the SD sequence and antiSD sequence
of Psychrobacillus sp. L3) together

Supplementary Material 6: Additional file 6. Results of a BLASTn search in
which the complete genome nucleotide sequence of phage Spoks was
queried against non-redundant sequences of bacterial and viral origin
found in GenBank. The green row indicates a hit against oneself

Supplementary Material 7: Additional file 7. Results of a BLAST search
against the IMG/VR v4 Viral Nucleotide Database with an E-value threshold
of 1E-5

Supplementary Material 8: Additional file 8. Phylogenetic relationships of
selected Spoks proteins within the context of counterparts from public
biological sequence repositories (Top 100 BLASTp hits deduplicated at
95% global sequence identity by cd-hit). Maximum-likelihood trees of
the selected Psychrobacillus phage Spoks protein amino acid sequences
and the most related non-redundant sequences originating from the pro-
teomes of other biological objects are shown: (A) Terminase large subunit
(Terl); (B) Major capsid protein (MCP); (C) Integrase; (D) Helicase. All the
trees are drawn to their respective scales, and branch lengths correspond
to the number of amino acid substitutions per site. Tips are labeled as
"protein accession|originating bacteria or phage”and are colored arbitrarily
based on the given bacterial or phage host genus. In all the trees, the tip
containing the respective protein sequence of Spoks is highlighted in
blue. The trees are midpoint-rooted. The distal nodes of branches with
>95% ultrafast bootstrap (UFBoot) support (out of 1000 replicates) are
indicated by green squares. Descriptions of the selected phage marker
protein amino acid sequence datasets and the generated MSAs, as well as
features of the trees built, can be found in Additional file 9

Supplementary Material 9: Additional file 9. Details of the input datasets,
multiple sequence alignments, and phylogenies associated with the
maximum-likelihood trees related to this study

Supplementary Material 10: Additional file 10. Representative view of the
Nanopore dataset read mapping unto the de novo assembled Spoks-free
chromosome of the isolate L3. A representative sequence alignment map
region demonstrating reads exclusively mapping to either the actual
B-O-P"or P-O-B'and clipped precisely before or after the integrated Spoks
sequence is shown. Note a marked increase in sequencing depth of ap-
proximately twice the average depth specifically for the Spoks attachment
site region spanning from 612,447 to 612,465bp

Supplementary Material 11: Additional file 11.The full-length original gel
for the cropped and annotated region of the gel shown in Fig. 6. Tracks
1-5 are as described in Fig. 6 legend, other tracks - products resulting from
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screening random L3 isolate colonies using only the primer pair amplify-
ing P-O-P"Spoks attachment site conformation in hopes of finding a cell
line which would not have a spontaneously inducible Spoks associated
with it
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