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Abstract: Representatives of the bacterial genus Aeromonas are some of the most notorious aquaculture
pathogens associated with a range of diseases in different fish species. As the world forges toward
the post-antibiotic era, alternative options for combating bacterial pathogens are needed. One such
alternative option is phage biocontrol. In this study, a novel podophage—JELG-KS1—infecting
Aeromonas salmonicida was retrieved from wastewater along with its host strain. The genome of the
JELG-KS1 phage is a 40,505 bp dsDNA molecule with a GC% of 53.42% and 185 bp direct terminal
repeats and encodes 53 predicted proteins. Genomic analysis indicates that JELG-KS1 might represent
a novel genus within the subfamily Studiervirinae. Podophage JELG-KS1 is a strictly lytic phage
without any identifiable virulence or AMR genes that quickly adsorbs onto the surface of host cells to
initiate a 48 min long infectious cycle, resulting in the release of 71 ± 12 JELG-KS1 progeny virions per
infected cell. JELG-KS1 effectively lyses its host population in vitro, even at very low multiplicities
of infection. However, when challenged against a panel of Aeromonas spp. strains associated with
diseases in aquaculture, JELG-KS1 shows host-specificity that is confined only to its isolation strain,
immediately compromising its potential for Aeromonas spp. biocontrol in aquaculture.

Keywords: bacteriophage; whole-genome sequencing; genomics; aquaculture; Aeromonas salmonicida

1. Introduction

Aquaculture is currently one of the fastest-growing food industry sectors, and its
development is powered by both the expansion and intensification of production [1–3].
Intensification, however, is not only causing stress in fish, which depresses their immunity,
but is also often approached without adequate attention to the maintenance of water quality,
general hygiene, and biosecurity measures [4–7]. This makes aquaculture one of the sectors
especially prone to bacterial disease occurrence, which is being overcome by the rather
reckless use of antibiotics, making aquaculture, especially fish farming, not only one of the
sectors that especially suffers from but also further propagates, antibiotic resistance [8–10].

Among the numerous bacterial pathogens endangering aquaculture, Aeromonas spp.
are considered one of the most worrisome pathogens responsible for the significant mor-
tality of fish, leading to severe economic losses worldwide [11]. Representatives of the
Aeromonas genus are Gram-negative rods commonly found in, but not limited to, various
aquatic environments. Their environmental versatility, coupled with the ability of some
strains to produce a number of virulence factors (e.g., proteases, hemolysins, and cyto-
toxins), enables them to colonize and infect a variety of host species [12]. Based on their
growth and biochemical characteristics, Aeromonas spp. were historically divided into two
main groups—non-motile psychrophiles (with an optimal growth temperature of around
22 ◦C) and mesophiles having a single polar flagellum (that grow well at 35–37 ◦C) [13,14].
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Although Aeromonas spp. are mainly thought to be associated with a range of fish diseases
(e.g., furunculosis and hemorrhagic septicemia), reports of human infections by some
Aeromonas species are also not infrequent [15,16].

Of the various Aeromonas species, A. salmonicida is often pinpointed as one of the main
fish pathogens of concern due to its ability to cause furunculosis, which affects a wide
range of fish species, especially salmonids (e.g., Atlantic salmon, rainbow trout, etc.) [17].
A. salmonicida can further be classified into five recognized subspecies comprising traditionally
psychrophilic (subsp. salmonicida, achromogenes, and smithia), mesophilic (subsp. pectinolytica),
as well as intermediary lifestyle (subsp. masoucida) strains [18]. Interestingly, accumulated
evidence suggests that A. salmonicida subsp. salmonicida encompasses both mesophilic and
psychrophilic bacterial strains [19]. Infections caused by A. salmonicida in aquaculture were
previously treated using antibiotics such as oxytetracycline, florfenicol, flumequine, and
enrofloxacin administered through injections or feed, but the emergence of antibiotic-resistant
strains and the long-term environmental risks associated with excessive antibiotic usage
compromise their efficacy and prompt the use of other options for A. salmonicida control in
aquaculture [20–23]. Such proposed alternative options include, but are not limited to, the
selective breeding of heritable resistance, fish vaccination, and the usage of prebiotics and
probiotics as immunostimulants, among others, each with its own pros and cons [24–29]. Yet,
the associated protection has been inconsistent, both within and among different species of
fish, and the nature of this protection is still not completely clear in many cases.

Recently, another alternative option—phage therapy—for the (bio)control of pathogens
of bacterial origin has seen renewed interest [30]. Bacteriophages, which are viruses of
bacteria, are abundant in every ecological niche, where they serve as natural predators
of bacteria, and their target specificity, coupled with the ability of most virulent phages
to efficiently self-propagate upon contact with the susceptible host population, makes
them a promising option for eliminating unwanted bacteria without greatly disturbing the
other microbiota in a given environment [31]. The aquaculture setting seems especially
welcoming to the use of bacteriophages due to their ability to spread via passive diffusion
and to eventually encounter a susceptible host [32]. Thus, numerous recent studies have
described the isolation and characterization of phages targeting bacterial fish pathogens,
as well as shown phage efficacy in decreasing the symptoms of associated diseases and
reducing fish mortality in laboratory-scale trials [33]. Moreover, several phage-based
biocontrol solutions for bacterial pathogens in aquaculture are currently either available
or being developed [34]. However, the host specificity of phages is both a blessing and
a curse, and the development of phage-based solutions that would cover a sufficiently
broad potential target range, given that some phages might be specific only to several
particular strains of a pathogen species of interest, is not only time-consuming but also
requires a thorough characterization of the prospective phage candidates, which might
reveal their inapplicability for therapeutical/biocontrol purposes at any stage during the
study of their properties [35,36].

As of the 8th of February 2024, GenBank contained genomes of 178 phages designated
as Aeromonas phages (Supplementary Table S1) [37]. These genomes ranged from 30,791 bp
(phages ZPAH7 and ZPAH7B) to 262,372 bp in length (phage D3) and had a GC content
of 34.43% (phage vB_AdhM_DL) to 62.07% (phage AhMtk13b), while being scattered
among at least eight viral families based on the taxonomy associated with the submissions.
Aeromonas hydrophila was specifically indicated as a host for 86 of the phages, followed
by 44 Aeromonas salmonicida-specific phages, the remaining phages either infected other
Aeromonas species (17/178) or did not have a particular host species indicated at all (31/178).

In this study, a novel lytic bacteriophage, JELG-KS1, infecting a strain of Aeromonas salmoni-
cida retrieved from wastewater is reported and thoroughly characterized. Transmission electron
microscopy revealed that JELG-KS1 virions have a podophage morphotype (icosahedral capsid
with a short non-contractile tail). Based on its complete genome sequence, Aeromonas phage
JELG-KS1 might be considered a founding member for a tentative novel phage genus within the
family Autographiviridae, subfamily Studiervirinae. Although the properties of phage JELG-KS1
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demonstrated on its isolation host tentatively made it a promising “workhorse” for potential
practical applications, it failed to lyse any of the 19 other Aeromonas spp. strains previously
isolated from aquaculture environments in Latvia, making it somewhat of a “one-trick pony”.
This study further highlights the necessity to always challenge the newly isolated phages against
a panel of different relevant hosts before proposing any phage as a prospective constituent agent
for the development of phage-mediated biocontrol preparations.

2. Materials and Methods
2.1. Host Isolation and Identification

Wastewater samples (1 L) were collected from the incoming water flow of the Jelgava
city wastewater treatment plant SIA “JELGAVAS ŪDENS” on 13 April 2021 and stored at
4 ◦C for a few days until a 1 mL aliquot was taken and diluted 100× in 0.8% NaCl solution.
Aliquots (50 µL) of the diluted sample were spread onto four Petri dishes with solidified
“Peptone Mix” media (Peptone Mix (g/L): peptone—10 (Fluka, Buchs, Switzerland), yeast
extract—5 (Sigma-Aldrich, St. Louis, MO, USA), NaCl—5 (Sigma-Aldrich), Bacto agar—15
(Sigma-Aldrich)). Two of the dishes were incubated overnight at room temperature (RT)
and the other two at 37 ◦C.

Individual morphologically distinct bacterial colonies were purified by subculturing
twice. After subculturing, a few colonies of the isolate with the working name “JK” were
suspended in 300 µL 0.8% NaCl, and 1 µL of proteinase K (18.7 mg/mL; Thermo Fisher
Scientific, Waltham, MA, USA) and SDS (Sigma-Aldrich, 0.5% final concentration) were added
to the suspension. The suspension was then briefly vortexed and incubated at 56 ◦C for 1 h
before being subjected to DNA extraction using the Genomic DNA Clean & Concentrator-
10 Kit (Zymo Research, Irvine, CA, USA) according to the manufacturer’s guidelines. In
parallel, 5 mL of liquid LB medium (Lysogeny broth (g/L): tryptone—10 (Sigma-Aldrich),
yeast extract—5 (Fluka), NaCl—10) was seeded with an isolated JK colony and stationarily
incubated at RT overnight to obtain a liquid indicator culture for phage hunting.

To amplify the 16S rRNA gene region of interest, a PCR (program: 3 min at 95 ◦C,
35 cycles of (30 s at 95 ◦C, 30 s at 55 ◦C, 1.5 min at 72 ◦C), 5 min at 72 ◦C, followed by a hold
at 4 ◦C) using universal 27F and 1492R primers (ordered from Metabion, Steinkirchen, Ger-
many) was carried out using ~100 ng of DNA of “JK” as a template [38]. The PCR product
was then subjected to native agarose gel electrophoresis. The gel was then visualized under
UV illumination, and the band corresponding to the amplified partial 16S rRNA gene
sequence of JK (~1450 bp) was excised from the gel and further extracted using the GeneJET
Gel Extraction Kit (Thermo Fisher Scientific) according to the manufacturer’s protocol,
performing the additional optional step for further sequencing of the extracted DNA.

Sanger-based sequencing [39] of the extracted PCR product was performed as two
separate reactions to obtain forward and reverse reads (from the 27F and 1492R primers,
respectively) using ABI PRISM 3130xl (Thermo Fisher Scientific) as a sequencer. Reactions
were prepared according to the recommendations of the BigDye® Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems, Waltham, MA, USA). Obtained read chromatograms
were inspected in GeneStudio (v2.2.0.0.), and the reads had their low-confidence terminal
traces trimmed before being assembled into a contig based on their overlapping regions
(higher-quality traces from either read were used for the consensus sequence of the overlap).

The resulting near-complete 16S rRNA gene sequence of isolate JK was queried against
the EzBioCloud database [40] to determine the most closely related bacterial species.

2.2. Phage Isolation, Propagation, and Purification

To isolate phages able to infect isolate JK, 15 mL of the same wastewater sample was
centrifuged for 30 min at 4629× g in an Eppendorf 5810R centrifuge (Eppendorf, Hamburg,
Germany), and the supernatant was decanted and filtered through a 0.45 µm pore size
syringe filter (Sarstedt, Nümbrecht, Germany). The filtrate was next concentrated on an
Amicon Ultra-15 100 kDa MWCO filter (Merck, Kenilworth, NJ, USA) at 3214× g in an
Eppendorf 5810R centrifuge to a final volume of 0.5 mL. Afterward, 100 µL of the filtrate
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was mixed with 50 µL of the previously obtained indicator JK culture, and ~7 mL of the
melted Luria top-layer agar (Luria 0.7% (g/L): tryptone—10 (Sigma-Aldrich), yeast extract—
5 (Fluka), NaCl—0.5, Bacto Agar—7 (Sigma-Aldrich)) was spread onto a Petri dish with
solidified Peptone Mix as the bottom-layer (1.5%) agar; this was repeated for several Petri
dishes. The Petri dishes were then incubated both at 37 ◦C and at RT overnight. After
incubation, several seemingly morphologically different cell-lysis zones (assumed to be
phage plaques) were independently collected from the top agar layer and transferred to
1.5 mL Eppendorf tubes containing 1 mL of 0.8% NaCl solution. Plaques were then purified
by successively repeating the same double-agar overlay procedure three times using JK as
the indicator culture for the host lawn and phage plaques from the previous passage. After
this step, it was concluded that, based on the coinciding plaque morphologies, all plaque
lines likely represent a single individual phage, which we named “JELG-KS1”.

For JELG-KS1 propagation, one of the plaques from the final passage was suspended in
1 mL of 0.8% NaCl, and 100 µL was added to a test tube with 5 mL of exponentially growing
culture of the JK bacterial isolate in LB liquid medium. The infected culture was then left
to incubate in an Infors multitron incubator shaker (Infors AG, Bottmingen, Switzerland)
overnight (80 rpm, 37 ◦C). The next day, the lysate was subjected to centrifugation in an
Eppendorf 5810R centrifuge at 4629× g for 10 min, and the supernatant was used to infect
a flask containing 100 mL of LB medium with an exponentially growing JK culture. After
being incubated overnight as described in the previous step, the lysate was clarified at
4629× g for 30 min using an Eppendorf 5810R centrifuge and filtered through a 0.45 µm
pore-size syringe filter (Sarstedt, Nümbrecht, Germany). To concentrate the filtered phage
lysate, ultracentrifugation for 1 h at 48,384× g at 4 ◦C was performed using the Optima
TL-100 ultracentrifuge (Beckman Coulter, Brea, CA, USA). The supernatant was decanted,
and 2 mL of 20 mM Tris buffer (pH 8) was used to dissolve the phage pellet.

The obtained suspension was then layered on top of a CsCl solution (CsCl—0.6 g/mL
in TE buffer (w/v)); two tubes (Ultra-Clear centrifuge tubes, 14 × 95 mm, Beckman Coulter)
were filled with 11.5 mL of the CsCl solution, and 1 mL of a concentrated phage sample
was loaded on top of the CsCl solution. Tubes were centrifuged at 24,000 rpm (100,000× g
max) at 15 ◦C for 20 h using an SW 40 Ti rotor (Beckman Coulter) in the Beckman Optima L-
100XP ultracentrifuge. The distinct phage-containing band was collected by pipetting and
was further desalted by washing twice with 5 mL phosphate-buffered saline (PBS, pH 7.4)
using an Amicon Ultra-15 100 kDa MWCO filter (Merck) (centrifuged on Eppendorf 5810R
for 7 min at 3214× g). The resulting sample was aliquoted; half of the aliquots proceeded
to long-term storage at −80 ◦C, and the other half was stored at 4 ◦C and used for further
experiments as needed, including subsequent propagation and purification as described
above to obtain more JELG-KS1 phage.

2.3. Transmission Electron Microscopy and Virion Dimension Measurements

An aliquot of the CsCl-gradient-purified and desalted JELG-KS1 specimen (5 µL) was
allowed to adsorb onto carbonized formvar-coated 300-mesh copper grids (Agar Scientific,
Stansted, UK) for 5 min. Afterward, the sample was rinsed with 1 mL of 1 mM EDTA
solution and negatively stained with 0.5% uranyl acetate solution for 1 min, then allowed
to dry for a few hours before being examined under a JEM-1230 transmission electron
microscope (JEOL, Akishima, Japan). JELG-KS1 virion micrographs were taken with a
Morada 11 MegaPixel TEM CCD microscope-mounted camera (Olympus, Tokyo, Japan),
and virion dimensions were measured using ImageJ 1.52v software [41] using a scale
bar for a pixel-to-nm ratio. The virion capsid diameter and tail length of 10 randomly
selected virions from micrographs taken at different fields of view were measured using the
“straight line” utility; the provided dimensions represent the average ± standard deviation.

2.4. JELG-KS1 Adsorption Test

The phage adsorption test was performed according to the method described by [42],
with some modifications. A phage sample (100 µL, ~2 × 107 PFU/mL) was added to
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a flask containing 9.9 mL of LB medium with an exponentially growing host culture
(~2 × 108 CFU/mL) for a multiplicity of infection (MOI) of ~0.001. The flask was incubated
at RT and periodically swirled by hand. Throughout the incubation, 100 µL aliquots were
collected at 1, 2, 3, 4, 5, 10, and 20 min post-infection, immediately mixed with 900 µL of LB
liquid medium, and placed on ice before being centrifuged at 12,000× g for 2 min, followed
by the preparation of serial dilutions of the supernatant. The number of unadsorbed virions
in the supernatant at the given time point after the infection was determined in triplicate
using the double-agar overlay method. After incubation of the double-agar overlay plates
at 37 ◦C for ~20 h and determination of the corresponding PFU/mL values, obtained titers
were normalized against the PFU/mL at the point of infection. The results were averaged
across five independent experiments.

2.5. One-Step Growth of JELG-KS1

A one-step growth experiment for phage JELG-KS1 was performed according to
the protocol described by Kropinski [43], with several modifications. Briefly, 100 µL of
phage JELG-KS1 lysate (~1 × 107 PFU/mL) was added to 9.9 mL of the exponentially
growing isolate JK culture (~1 × 108 CFU/mL) at a multiplicity of infection (MOI) of ~0.001
(without the addition of CaCl2). The mixture was then incubated at RT with periodical
swirling by hand throughout the entire experiment. Aliquots were taken at various time
points after the infection. Rapid centrifugation (12,000× g, 2 min) was performed to
separate phage-infected cells from the free phage particles in the adsorption flask instead
of using chloroform for unadsorbed virion detection as described in the protocol [43]. The
experiment was repeated three times.

2.6. JELG-KS1 In Vitro Lysis Profiles

For the in vitro lysis assay, 190 µL of LB medium containing host culture at the early
exponential growth phase (~1 × 108 CFU/mL) was mixed with 10 µL of phage lysate
samples pre-diluted to result in MOIs of 2, 0.2, 0.02, 0.002, 0.0002. An uninfected bacterial
culture (190 µL) with the addition of 10 µL of sterile LB medium served as a negative control.
Sterile LB medium (200 µL) served as a relevant background sample. Each condition was
replicated in 8 different wells of a 96-well plate; a multichannel pipette was used to ensure
synchronous infections per each MOI tested. Optical density at a 595 nm wavelength was
measured using a VICTOR3V microplate reader (PerkinElmer, Waltham, MA, USA) at RT
(~23 ◦C in the room with the microplate reader during the experiments). Measurement of
each sample-containing well was repeated with an interval of 5 min for a total duration of
more than 5 h after the infection.

2.7. JELG-KS1 Thermal and pH Stability

Prior to JELG-KS1 virion temperature stability assays, the JELG-KS1 lysate
(~2 × 109 PFU/mL) was diluted 100-fold in 0.8% NaCl solution. Afterward, 1 mL aliquots
of phage-containing 0.8% NaCl solution (~ 2 × 107 PFU) were transferred to 1.5 mL tubes
(Eppendorf) and mixed, then incubated in a TDB-120 thermoblock (Biosan, Riga, Latvia) at
different temperatures (25, 35, 40, 45, 50, and 55 ◦C) for 1 h. After the hour-long incubation,
5 µL aliquots of serial dilutions of the samples subjected to different temperatures were
spotted onto freshly solidified double-agar overlay plates with the soft-layer agar seeded
with the JK culture for the lawn.

To test JELG-KS1 virion stability in different acidic and alkaline conditions, phage
lysate at ~2 × 109 PFU/mL was first diluted 10x in 0.8% NaCl, and then 100 µL aliquots
were transferred to 1.5 mL tubes (Eppendorf) containing 900 µL of PBS preadjusted with
6 M HCl and 6 M NaOH to yield pH values of 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12 and mixed.
Samples were then left on the bench for 1 h at RT. Afterward, 5 µL aliquots of serial dilutions
of the samples subjected to different pH conditions for an hour were spotted onto solidified
double-agar overlay plates with the host bacteria mixed in for a lawn in the soft-layer agar.
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Double-agar overlay plates with the phage added were next incubated at 37 ◦C for
~20 h, and the resulting phage plaques were counted, allowing the determination of the
PFU/mL remaining in the sample subjected to each tested condition (either temperature
or pH). Results of three independent experiments performed within a few days were
aggregated for both thermal and pH stability, respectively. To avoid the limit of detection
possibly concealing the real PFU/mL count under extreme temperature and pH conditions
imposed by spotting small volumes of the sample (5 µL per spot), whole undiluted volumes
of the tubes incubated either at 55 ◦C, pH 3, or pH 12 were plated using the standard double-
agar overlay procedure (up to 250 µL per plate) instead of spot testing.

To determine whether there are any statistically significant differences between the
remaining PFU/mL count after incubation of the phage solutions for an hour at 25 ◦C or
pH 7, which served as the respective temperature and pH stability controls, and other tem-
perature or pH conditions within a given experiment, the Wilcoxon rank–sum test [44,45]
was performed with Benjamini–Hochberg [46] correction to adjust the p-values for multiple
comparisons within both thermal and pH stability testing using the “compare_means”
function from the ggpubr R package (v0.6.0 [47]). Adjusted p-values of less than 0.05 were
considered statistically significant (α = 0.05). The obtained PFU/mL counts were next trans-
formed into log10(PFU/mL + 1) for visualization using the ggplot2 R package (v3.4.2 [48]).

2.8. JELG-KS1 Host-Range Determination

To test the ability of phage JELG-KS1 to lyse Aeromonas isolates relevant to aquacul-
ture, 19 isolates identified as Aeromonas spp. that were previously isolated from Latvian
aquaculture settings (diseased fish) were obtained from the bacterial strain collection of the
Institute of Food Safety, Animal Health, and Environment “BIOR” (Table 1).

Table 1. Details of the additional bacterial strains used for Aeromonas phage JELG-KS1 host
range screening.

Strain Accession No. (BIOR) Isolation Date Strain Isolation Source Species

1346-2016-VM 19 October 2016 Sturgeon (Acipenser sturio) Aeromonas allosaccharophila

2650-2017-VM 19 April 2017 Salmon (Salmo salar) Aeromonas bestiarum

4288-2017-VM 24 November 2017 Carp (Cyprinus carpio) Aeromonas hydrophila

6169-2018-VM 16 July 2018 Rainbow Trout (Oncorhynchus mykiss) Aeromonas hydrophila

2653-2017-VM 19 April 2017 Brown Trout (Salmo trutta) Aeromonas piscicola

3405-2017-VM 7 August 2017 Salmon (Salmo salar) Aeromonas rivipollensis

3626-2017-VM 21 August 2017 Brown Trout (Salmo trutta) Aeromonas rivipollensis

5717-2018-VM 16 May 2018 Whitefish (Coregonus lavaretus) Aeromonas rivipollensis

457-2016-VM 8 April 2016 Brown Trout (Salmo trutta) Aeromonas salmonicida

458-2016-VM 8 April 2016 Brown Trout (Salmo trutta) Aeromonas salmonicida

974-2016-VM 5 August 2016 Rainbow Trout (Oncorhynchus mykiss) Aeromonas salmonicida

3022-2017-VM 19 June 2017 Salmon (Salmo salar) Aeromonas salmonicida

19216-2022-VM 23 September 2022 Brown Trout (Salmo trutta) Aeromonas salmonicida

19404-2022-VM 14 October 2022 Salmon (Salmo salar) Aeromonas salmonicida

2736-2017-VM 8 May 2017 Tench (Tinca tinca) Aeromonas sobria

5718-2018-VM 21 May 2018 Salmon (Salmo salar) Aeromonas sobria

5707-2018-VM 25 May 2018 Salmon (Salmo salar) Aeromonas sobria

5878-2018-VM 1 June 2018 Whitefish (Coregonus lavaretus) Aeromonas sobria

2976-2017-VM 16 July 2017 Brown Trout (Salmo trutta) Aeromonas veronii

Individual colonies of the respective isolates were picked from the Petri dishes con-
taining blood agar (blood agar (g/L): tryptose—10, beef extract—10, sodium chloride
(NaCl)—5, agar—15 (BioLife, Milan, Italy)) with the addition of 5% defibrinated horse
blood (TCS Biosciences Ltd., Botolph Claydon, UK) received from BIOR was used to seed
5 mL of LB liquid medium. After overnight incubation at room temperature, the respective
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cultures were used as a lawn for double-agar overlays (bottom-layer agar—1.5% Peptone
Mix; top-layer agar—0.7% LB), and spot tests using 5–50 µL of the phage JELG-KS1 lysate
at ~2 × 109 PFU/mL. The plates with each of the bacterial strains used for the lawn were
incubated both at RT and 37 ◦C for up to several days.

The Aeromonas spp. identity of bacterial isolates was first verified with 16S rRNA gene
sequencing using 27F and 1492R primers as described for the identification of the isolation
host of phage JELG-KS1 in the corresponding Materials and Methods section.

To approximate the relationships between the isolation host of JELG-KS1, other
Aeromonas isolates used for host-range screening, as well as related bacteria for context, a
partial 16S rRNA gene sequence phylogeny was reconstructed. All validly named EzBio-
Cloud hits (n = 45) to the respective sequence of the JELG-KS1 isolation host, JK, were
selected and downloaded to serve as a context to visualize the place of the JK isolation
host and the other strains that JELG-KS1 was tested against (n = 19) within the current
taxonomical framework of related bacteria. Multiple-sequence alignment (MSA) was
performed using MAFFT (v7.453; [37]). The obtained MSA (n = 65) was then trimmed
using gblocks (v0.91b; [49]) under default settings, and the trimmed MSA was used for
the neighbor-joining-tree [50] reconstruction in MEGA7 (v7.0.26; [51]), including both
transitions and transversions, assuming uniform rates among sites, and computing the
evolutionary distances using the p-distance method. Branch supports were assessed using
1000 bootstrap test replicates [52]. The resulting tree was midpoint-rooted and visualized
in FigTree (v1.4.4.; [53]; accessed on 10 May 2021).

As 16S rRNA sequence phylogenies are known to be inadequate in discerning between
some of the currently recognized closely related Aeromonas species, the resolution of the available
Aeromonas strain identification was improved by gyrB gene sequence analysis of the isolates [54].
To this end, custom primers that would bind within the gyrB gene of the Aeromonas spp.
most closely related to our strains (as determined by the 16S rRNA gene phylogeny) were
designed and ordered from Metabion (Table 2). A near-complete sequence of the gyrB gene was
amplified from the genomic DNA of the respective strains using PCR; it was next sequenced
using the Sanger-based method with subsequent scaffolding of the reads. In general, the same
methodology as described in Section 2.1. for the 16S rRNA gene was followed. However,
this time, primers Fw1_Aeromonas_gyrB and Rv2_Aeromonas_gyrB were used to amplify a
~2.3 kb region of gyrB gene, and 57 ◦C was set for the annealing steps of the PCR program.
The Sanger-based sequencing of the amplified gyrB fragment was carried out in four separate
reactions to obtain reads from each of the primers listed in Table 2. Corresponding gyrB reads
were further assembled into contigs representing a near full-length gyrB gene sequence for each
of the isolates, including the isolation host of JELG-KS1 (isolate JK). Multiple gyrB sequence
alignments, as well as the subsequent NJ tree generation, were performed in the same way as
for the 16S rRNA sequences. It was noted that not all the strains representing species related
to strain JK that were used for phylogenetic context in the case of the 16S rRNA tree have
their whole genome sequences or at least a gyrB gene sequenced and publicly available. The
gyrB sequence of such strains was either substituted by the gyrB sequence originating from
another related strain representing the same species (if possible) or omitted altogether from the
performed gyrB sequence NJ tree reconstruction.

Table 2. Primers used for the gyrB gene sequencing of the Aeromonas spp. used in this study. The
third column indicates nucleotide coordinates within the A. salmonicida subsp. salmonicida-type strain
ATCC 33658 gyrB gene (LSGW01000099.1:c5853-3439).

Primer Name Primer Sequence (5′-3′) Nucleotide Coordinates within the gyrB Gene

Fw1_Aeromonas_gyrB AAGCGCCCGGGGATGTA 64–80

Rv1_Aeromonas_gyrB GTCCGGGTTGTACTCGTC c1461-1444

Fw2_Aeromonas_gyrB GCCCGTTTCGACAAGATGATC 1369–1389

Rv2_Aeromonas_gyrB CGCAGGGCGTTGGTCTC c2393-2377
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2.9. JELG-KS1 Genomic DNA Extraction and Whole-Genome Sequencing

Phage genomic DNA was extracted from 300 µL of a CsCl gradient-purified and de-
salted JELG-KS1 specimen employing the same protocol utilized for bacterial genomic DNA
extraction (Section 2.1). The obtained DNA was evaluated qualitatively and quantitatively
using the NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Pittsburgh, PA, USA)
and Qubit fluorometer (Invitrogen, Waltham, MA, USA) with a dsDNA high-sensitivity
quantification assay (Invitrogen). Approximately 200 ng of JELG-KS1 dsDNA was sub-
jected to random physical shearing via sonication in a Covaris S220 focused ultrasonicator
(Covaris, Woburn, MA, USA) based on a protocol for a fragment length of 550 bp. Frag-
mented DNA was then used as input to prepare Illumina MiSeq-compatible DNA libraries
for 250 bp paired-end read sequencing using the TruSeq DNA Nano Low-Throughput
Library Prep Kit (Illumina, San Diego, CA, USA) protocol with adapter #5 from TruSeq
DNA Single Indexes Set A (Illumina) to allow for further pooling with other unrelated
libraries. The quality and quantity of the resulting library were inspected using an Agilent
2100 bioanalyzer (Agilent, Santa Clara, CA, USA) with a High Sensitivity DNA Kit (Agi-
lent), as well as a Qubit fluorometer (Invitrogen) dsDNA high-sensitivity quantification
assay (Invitrogen). Afterward, the JELG-KS1 genomic-DNA-containing library was pooled
with 11 other unrelated and uniquely barcoded libraries and sequenced on the Illumina
MiSeq system (Illumina) with the 500-cycle MiSeq Reagent Kit v2 nano (Illumina).

2.10. JELG-KS1 Genome De Novo Assembly and Validation

FastQC (v0.11.9; [55]) revealed that the demultiplexed raw-read dataset of the phage
JELG-KS1 genome fragment library had 87,257 paired-end reads (up to 251 bp in length).

Putatively remaining adapter sequences were removed using the bbduk tool from the
bbmap package [56], the trailing base of each read was trimmed off, and any reads shorter
than 50 bp in length were discarded. De novo assembly was performed by Unicycler
(v0.4.8; [57]) in “normal” mode, using a trimmed-read dataset as an input, which resulted
in an assembly containing a contig representing the complete genome of JELG-KS1.

In an attempt to correctly organize the assembled genome, PhageTerm (v1.0.12; [58])
was run on a 40,320 bp long contig flagged as “circular”, thus representing the complete
genome of a novel phage, using untrimmed reads as input. Short direct terminal repeats of
185 bp were identified by PhageTerm, and the genome was reorganized accordingly. Raw
reads were next mapped unto the PhageTerm-reorganized genome of JELG-KS1 using BWA-
MEM (v0.7.17-r1188; [59]), with inspection of the sequence alignment map afterward for any
coverage dips and assembly ambiguities in UGENE (v37.0; [60]). Mapping revealed that
JELG-KS1 was sequenced to a mean genome depth of 468x and a whole genome coverage
of ≥116x.

The presence of short direct terminal repeats was additionally validated by Sanger-
based sequencing of the genomic JELG-KS1 DNA using custom primers designed to
hybridize upstream of the predicted terminal-repeat sequences.

2.11. JELG-KS1 Genome Functional Annotation

DNA master (v5.23.6; https://phagesdb.org/DNAMaster/; accessed on 12 April 2022)
was used as a sequence explorer to proceed with the genome functional-annotation process
as described previously [61].

Briefly, open reading frame (ORF) predictions were carried out using Glimmer [62]
and GeneMark [63] (ATG, GTG, CTG, and TTG were considered possible start codons; a
>30 aa putative product length was required, with initial preference being given to the start
codon resulting in the longest possible product; ORF overlaps of >100 bp were not allowed),
whereas tRNA gene predictions were performed using ARAGORN [64] and tRNAscan [65].
The putative product of each ORF was then (in late April 2022) subjected to an NCBI
conserved domain search (default settings, [66]), BLASTp analysis against a non-redundant
protein sequence database (1 × 10−3 e-value cutoff, [67]), and an HHpred search (databases:
PDB, Pfam, UniProt-SwissProt-viral70, CDD; default settings, [68]). Taking the results of

https://phagesdb.org/DNAMaster/
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the aforementioned searches into account, start codons of the predicted ORFs were evalu-
ated and corrected where relevant. Afterward, the presence of putative Shine–Dalgarno
(SD) sequences complementary to the antiSD sequence of A. salmonicida (13 bases of the
A. salmonicida 16S rRNA tail; 3′-AUUCCUCCACUAG-5′ [69]) was inspected in the regions
20 bp upstream of the selected start codons for each ORF using free_align.pl script [70].

The complete annotated genome of Aeromonas phage JELG-KS1 was deposited into
GenBank and is publicly available under accession number ON604651.

2.12. Relationships of JELG-KS1 to Other Phages

The complete genome sequence of Aeromonas phage JELG-KS1 was first subjected to a
BLASTN search against the non-redundant NCBI Nucleotide database subset comprising
sequences of viral origin (taxid:10239). Afterward, 35 top-scoring hits to genomes of other
phages with a query coverage of ≥25% were downloaded and subjected to their pairwise
intergenomic-similarity calculations using VIRIDIC (v1.0; [71]) under default settings. The
resulting VIRIDIC intergenomic similarity matrix was then further manually annotated
at the phage genus-level intergenomic similarity threshold (~70%) in Inkscape (v1.0.1;
available online: https://inkscape.org; accessed on 10 May 2021).

A single representative per recognized or putative genera identified by VIRIDIC was
selected for a more elaborate comparison of their genome architectures and contents in
relation to JELG-KS1. For this, genomes of Dickeya phage Ninurta (NC_047964; Ningir-
suvirus) and Vibrio phage ICP3 (MT740748; Chatterjeevirus), as well as Aeromonas phage
T7-Ah (MT740748; yet without an official genus-level taxonomy) and Escherichia phage
vB_Eco_Titus (OX090892; yet without an official genus-level taxonomy) were downloaded
to be used for subsequent analyses. Product annotations seen in the submissions were
retained; however, the vB_Eco_Titus genome was rearranged to begin with the original
base 34,500 to ensure collinearity with other selected phages and JELG-KS1. To generate
genome maps and comparisons of JELG-KS1 to the aforementioned evolutionarily related
phages, Easyfig (v2.2.2; [72]) was used for nucleotide sequence comparisons using both
BLASTn and tBLASTx modes, while Clinker (v0.0.23; [73]) was selected to compare the
respective phage protein sequences. Shared genome-encoded product identification was
also performed using Roary (v3.13.0; [74]) under different identity thresholds.

Several proteins (RNA polymerase, major capsid protein, DNA polymerase, and termi-
nase large subunit) of JELG-KS1, for which pairwise functional independence in the phage
lytic cycle was assumed, were selected to serve as marker proteins for phylogeny reconstruc-
tions. Corresponding protein amino acid sequences were queried against the non-redundant
protein sequences of viral origin (taxid:10239) using BLASTp under default searching pa-
rameters, although the maximum number of target sequences was expanded to 500. For
each selected protein, the top 25 highest-scoring hits were retrieved, and an outgroup was
chosen randomly from the lower-scoring hits. The only outgroup selection criterion was that
their bitscores were to be 70–80% of the bitscores from the least-scoring hits from the top
25 homologs. The dataset for each selected marker protein of JELG-KS1 was then aligned
using MAFFT (v7.453; [75]) and subjected to maximum-likelihood tree reconstruction using
IQ-TREE (v2.0.6; [76]). For each IQ-TREE run, the best-fit substitution model was selected
using ModelFinder [77], polytomies were allowed, and 1000 ultrafast bootstrap (UFBoot; [78])
replicates were used as a measure of branch support. The resulting trees were outgroup-rooted
and visualized in FigTree (v1.4.4; [53]; accessed on 10 May 2021).

Additionally, vConTACT2 (v0.11.3; [79]) was used under default settings using the
relevant INPHARED [80] 1 October 2022 release inputs (representing 18,553 completely
sequenced phages, including JELG-KS1). The vConTACT2-generated protein-sharing
network was visualized and annotated in Cytoscape (v3.8.2; [81]). JELG-KS1 and its first
neighbors were detached to a new network, which was further visualized using an edge-
weighted spring-embedded layout and annotated.

https://inkscape.org
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3. Results and Discussion
3.1. Plaque and Virion Morphology of JELG-KS1 Phage

On the lawn of its isolation host Aeromonas salmonicida JK, phage JELG-KS1 demon-
strated a range of possible plaque sizes and appearances in the double-agar overlay assays
with 0.7% LB as the top medium (Figure 1). Phage JELG-KS1 plaque appearance as well as
its possible plaque diameter range was found to be dependent on the double-agar overlay
assay plate incubation temperature, although the efficiency of plating (observed plaque
count) did not differ between double-agar overlay assays incubated overnight at RT, 30 ◦C,
and 37 ◦C (Kruskal–Wallis test; p = 0.34). After incubation at RT and 30 ◦C, the plaques
were clear and large, whereas on a plate incubated at 37 ◦C, the plaques were small, with
some of them demonstrating remarkable turbidity.
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Figure 1. Plaque and virion morphology of Aeromonas phage JELG-KS1. Top row: Photographs of
the representative phage JELG-KS1 plaques after incubating the double-agar overlay assay with
Aeromonas salmonicida JK culture as the lawn for 24 h at (A) RT, (B) 30 ◦C, and (C) 37 ◦C (bottom-layer
agar—1.5% Peptone Mix; top-layer agar—0.7% LB); scale bars represent 1 cm. (D) Transmission
electron micrograph showing a representative field of view for a CsCl-purified Aeromonas phage
JELG-KS1 sample negatively stained with 0.5% uranyl acetate; the scale bar represents 200 nm.

Interestingly, at 30 ◦C, plaques could even reach a diameter of ~4 mm, but pinpoint
phage-resistant host colonies formed within the plaques, unlike at the other incubation
temperatures. Most of the JELG-KS1 plaques demonstrated translucent haloes at the pe-
riphery of the plaque regardless of the incubation temperature, which might be suggestive
of polysaccharide depolymerase activity associated with the virion components. Phage
JELG-KS1 could not form plaques in the double-agar overlay assay incubated at 4 ◦C,
although the bacteria were able to grow very slowly and eventually formed a lawn at this
temperature. Incubation of double-agar overlay plates at 37 ◦C was chosen for routine
experimentation with phage JELG-KS1 on the lawn of its isolation host, as the consistently
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smaller plaque sizes allowed for easier plaque enumeration, despite the downside of plaque
turbidity, which was especially relevant for the spot-test experiments.

Aeromonas phage JELG-KS1 virions demonstrate a typical podophage morphology—
icosahedral capsid with a short tail. Morphological feature measurements across multiple
randomly chosen intact virions from different fields of view allowed us to determine the cap-
sid diameter of JELG-KS1 as 62.1 ± 3.5 nm and the tail length as 14.7 ± 2.1 nm (Figure 1D).

3.2. Infective Properties and Stability of the JELG-KS1 Phage

Adsorption assays revealed that, in our experimental setting, more than half of the
JELG-KS1 virions adsorbed onto the surface of the host cells within the first minute, with
less than 5% of unadsorbed virions remaining in the sample five minutes after the infection
of A. salmonicida JK culture by phage JELG-KS1 (Figure 2A).

Repeated one-step growth experiments with phage JELG-KS1 and A. salmonicida JK
revealed that the JELG-KS1 phage has a latent period of 24 min while the rise phase takes
24 more minutes, and, on average, each infected cell releases 71 ± 12 progeny virions upon
bursting (Figure 2B).

Growth curves of A. salmonicida JK with the addition of phage JELG-KS1 at different
multiplicities of infection showed that phage JELG-KS1 is capable of efficiently killing the
host population, even at lower MOIs. For example, clearance of the host cell culture was
observed at 3.5 h post-infection with a phage-to-host cell ratio as low as 1 to 5000 (Figure 2C).
The lack of increase in optical density after phage treatment might suggest that no phage-
resistant JK host strain mutants emerged and started to grow during the experiment, which
could mean that resistance to JELG-KS1 is costly for the host. However, to check the
frequency of JELG-KS1 resistance occurrence in strain JK cells, the experiment should have
been conducted over a much longer period.

Incubation of phage JELG-KS1 at different temperatures for an hour revealed that there
was no significant difference between the PFU/mL count for samples incubated either at
RT or 35 ◦C. However, incubation at 40 ◦C revealed a drop in the remaining PFU/mL count,
with further incubation temperature increases of +5 ◦C increments making differences with
the sample incubated at RT more and more pronounced, reaching a complete loss of PFUs
after incubation of the phage sample at 55 ◦C degrees for an hour (Figure 2D).

As to the stability of JELG-KS1 virions in solutions of different pHs, no significant
reduction in the PFU/mL count was revealed in the pH range of 5–10 (compared with
pH 7, which served as the control). Exposure of the JELG-KS1 sample to acidic pH 4 for an
hour resulted in a more than 10,000-fold decrease in infective virions, while exposure to
basic pH 11 had a less detrimental effect. A complete reduction in the infectious phage titer
was observed after an hour-long exposure to pH 3 and pH 12 (Figure 2E).

The ability of JELG-KS1 to quickly adsorb to the host cell surface in addition to a
relatively short latent period of 24 min (after which the host cells start to burst, releasing
around ~70 progeny phages per lysed cell), coupled with its stability, even in a range of
temperatures and environmental pH conditions exceeding those the phage might encounter
in an aquaculture setting, would have made JELG-KS1 a worthwhile candidate for testing
its capabilities for the biocontrol of Aeromonas spp. in local aquaculture. This, however,
seems to be precluded by a host-range screen that revealed the failure of JELG-KS1 to
lyse any other Aeromonas spp. strain it was tested against except for its isolation host, A.
salmonicida JK (Figure 3). The ability of the host strain of phage JELG-KS1 to grow at 37 ◦C,
coupled with the 16S rRNA and gyrB gene phylogenies (Figure 3), allows to assume that
the JK strain is a mesophilic strain of A. salmonicida. The main drawback of our host-range
screen is that, despite phage JELG-KS1 being tested against 20 Aeromonas spp. strains
representing seven different species, only 7 of the strains (6, if the isolation host is excluded)
represented A. salmonicida. While JELG-KS1 does not seem to be able to infect across species
of the genus Aeromonas, testing it against a larger number of A. salmonicida—specifically,
atypical mesophilic strains—in the future might show how narrow its host range actually
is within the more realistic boundary of a single species.
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Figure 2. Infective properties and stability of Aeromonas phage JELG-KS1. (A) Adsorption curve of phage
JELG-KS1 virions to the host cells of A. salmonicida strain JK at RT. (B) One-step growth curve of phage
JELG-KS1 using A. salmonicida strain JK as a host. The green horizontal line indicates the latent period;
the red horizontal line indicates the rise period. (C) Effects of phage JELG-KS1 lytic activity on the A.
salmonicida JK cell growth at RT. Curve color corresponds to the condition being tested according to the
legend (red—A. salmonicida JK cells without addition of phage; orange—plain LB medium; other curves—
A. salmonicida JK + phage JELG-KS1 at different multiplicities of infection). (D) Temperature and (E) pH
stability of the phage JELG-KS1 virions after the respective treatment for an hour. Statistical significance
of PFU/mL differences in comparison to the controls (25 ◦C and pH 7, respectively) is indicated above
the bars (Wilcoxon rank–sum test with Benjamini–Hochberg p-valueadjustment for multiple comparisons;
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ns—not significant, *—adj. p < 0.05, **—adj. p < 0.01, ****—adj. p < 0.0001). In all the tiles, except for the
one-step growth curve, the results shown represent the mean of at least three independent replicates ± one
standard deviation. For the one-step growth curve, a representative experiment is shown, and values
represent the mean of at least three technical replicates ± one standard deviation.
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Figure 3. 16S rRNA (A) and gyrB (B) gene sequence neighbor-joining tree validating the identity of the
strains that phage JELG-KS1 was tested against. The analyses involved 65 (A) and 61 (B) nucleotide
sequences (near-complete 16S rRNA and gyrB gene sequences from bacterial isolate JK (isolation
host of phage JELG-KS1), 19 Aeromonas spp. from the BIOR collection that phage JELG-KS1 was
tested against and failed to lyse, and either 45 (A) or 41 (B) other closely-related bacterial species
(for context). In both of the trees, labels of closely related bacterial species correspond to the taxa
and are in the format of “Species|Strain|Accession” (with the addition of nucleotide coordinates
of the respective accession for gyrB sequences after the colon; “c” before the coordinates indicates
the complementary strand); tip-label colors correspond to different bacterial genera or sequence
groups of interest according to the legend. Branches having bootstrap support higher than or equal
to 80% have their distal nodes indicated by green rectangles. The evolutionary distances are in the
number of base differences per site, and the tree is drawn to scale. Sequences were aligned using
MAFFT (L-INS-i mode) and the MSAs were trimmed using gblocks under the default parameters.
The trimmed input alignments used for the NJ tree generation had 1213 columns, 192 distinct patterns,
153 parsimony-informative, 55 singleton sites, and 1005 constant sites for the 16S rRNA MSA and
2166 columns, 887 distinct patterns, 918 parsimony-informative, 112 singleton sites, and 1136 constant
sites for the gyrB MSA, respectively. The trees were rooted at the midpoint and visualized in FigTree.

3.3. Complete Genome of Aeromonas Phage JELG-KS1

The complete genome of Aeromonas podophage JELG-KS1 was determined to be a
40,505 bp long dsDNA molecule with 185 bp short direct terminal repeats. The genome of
JELG-KS1 was predicted to have 53 open reading frames (ORFs), all located on a direct strand,
resulting in a coding capacity of 92.14%. ATG is thought to serve as a start codon for 47 of the
ORFs, TTG for 3 of them, GTG for 2, and CTG was predicted as the start codon for a single
ORF. No tRNAs were predicted in the genome of JELG-KS1. Products of only 23 out of the
53 ORFs remained without a function prediction after extensive annotation using comparative
genomics approaches (Supplementary Table S2). The podoviral morphology, coupled with
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a single gene coding for a DNA-dependent RNA polymerase, immediately gave a hint that
JELG-KS1 is very likely a representative of the Autographiviridae phage family.

3.4. Intergenomic Similarity to Other Phages

A BLASTn search revealed that the complete genome nucleotide sequence of JELG-KS1
is rather unique as of today; intergenomic similarity to the most closely related phages
found in GenBank did not exceed ~40%. Under the demarcation criteria currently adopted
by the ICTV’s Bacterial Virus Subcommittee, JELG-KS1 represents not only a novel phage
species but also might serve as an exemplar isolate of a novel phage genus, which is yet to
be proposed (Figure 4).
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Figure 4. Intergenomic similarities between Aeromonas phage JELG-KS1 and the most-similar phages
completely sequenced to date. An annotated VIRIDIC heatmap showing pairwise intergenomic similar-
ities (%) of Aeromonas phage JELG-KS1 and other sequenced phages related to it (n = 36) is depicted.
Labels of phages infecting different host genera are colored differently arbitrarily, but the label of JELG-
KS1 is in black. The heatmap is annotated at the pairwise intergenomic similarity level corresponding
to the demarcation of phage genera (≥70%) using dashed squares and bars next to the corresponding
labels; bars are labeled based on the presence of isolates representing ICTV-recognized phage species
within the genus-level clusters if applicable (denoted by an asterisk after the respective italicized label).
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The highest-scoring hits were all to either taxonomically recognized or tentative repre-
sentatives of the Autographiviridae family, Studiervirinae subfamily. The closest hits officially
classified at the genus level were to phages from the Chatterjeevirus and Ningirsuvirus phage
genera. Bacteriophage JELG-KS1 was, unsurprisingly, most similar (~40% intergenomic
similarity) to several of the Aeromonas phages, all of which are still taxonomically unrecog-
nized at the genus level but tentatively represent the same genus within the Studiervirinae
subfamily (Aeromonas phages T7-Ah [82], PZL-Ah152 [83], vB_AhaP_PT2 (not described in
a dedicated article to the best of our knowledge), and PZL-Ah8 [84]).

These hits to several of the Aeromonas phages were followed by hits to three Escherichia
phages (vB_Eco_Mak, vB_Eco_Bam, and vB_Eco_Titus; intergenomic similarity of ~32%)
that not only represent a tentative genus but also might be considered isolates of the same
phage species, and lots of Vibrio-infecting phages from the genus Chatterjeevirus (interge-
nomic similarity of ~30%). To a lesser extent, the JELG-KS1 complete genome nucleotide
sequence is also reminiscent of representatives from the genus Ningirsuvirus (Dickeya phages
Ninurta, DchS19, vB_DsoP_JA10, Klebsiella phages vB_KpnP_Sibilus, vB_KPnP_NahiliMali,
and Erwinia phage pEp_SNUABM_12), with whom it shows an intergenomic similarity
of ~21%.

3.5. Selected Marker Protein Phylogeny Reconstruction

DNA-dependent RNA polymerase, the major capsid protein, DNA polymerase, and
the terminase large-subunit amino acid sequences of the JELG-KS1 phage were chosen
as marker proteins to reconstruct individual protein phylogenies with the most similar
homologous proteins of other phages (Figure 5).

In all four of the ML trees, respective proteins of JELG-KS1 reliably and monophyleti-
cally clustered together with homologs from the previously identified most intergenom-
ically similar phages. The clade into which sequences of JELG-KS1 marker proteins fell
comprised Vibrio-infecting phages from the Chatterjeevirus genus, previously mentioned
Aeromonas phages representing a tentative novel phage genus, and the Escherichia phages
Mak, Bam, and Titus. Unsurprisingly, given their intergenomic distances, which indicated
that these Escherichia phages might be isolates of the same species, their amino acid se-
quences showed little to no pairwise differences between them. The sequences of JELG-KS1
proteins, nevertheless, were at the tips of rather long external branches in each case, indi-
cating substantial divergence, even from the closest homologs yet uncovered. It was also
noted that the context of other sequences most closely related to those of JELG-KS1 outside
this large clade differed across the trees.

3.6. Proteome-Based Clustering with Other Phages

Proteome-based clustering using vConTACT2 under default settings using
18,554 phage genomes found in the INPHARED October 2022 release revealed that there
are 39 first neighbors of Aeromonas phage JELG-KS1 (Supplementary Table S4). These
neighbors were exclusively Autographiviridae podophages and represented two viral clus-
ters (arbitrarily designated as VC_83_0 and VC_84_0); additionally, several phages (Delftia
phage IME-DE1 (KR153873), Ralstonia phage RPSC1 (MF893341) and Vibrio phage Rostov
13 (partial genome split into OK169294 and OK169295)) represented outliers among the
first neighbors of JELG-KS1. Consistent with the results of previous analyses, JELG-KS1
clustered into the VC_83_0 together with Vibrio-infecting Chatterjeevirus representatives
(except for the Vibrio phage Rostov 13, which might be due to its publicly available genome
being split into two accessions for some reason), and the same Aeromonas and Escherichia
phages tentatively representing novel phage genera (Figure 6). In contrast, cluster VC_84_0
comprised Ralstonia phages philTL-1, RpT1, RpY2, RSB2. This further removed any doubt
that Aeromonas phage JELG-KS1 might be considered a representative of the Studiervirinae
phage subfamily.
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Figure 5. Maximum-likelihood trees of the selected Aeromonas JELG-KS1 phage marker protein amino
acid sequences. Maximum-likelihood trees of the selected Aeromonas JELG-KS1 phage protein amino
acid sequences and the 25 most related non-redundant sequences originating from the proteomes
of other completely sequenced phages are shown: (A) DNA-dependent RNA polymerase (RNAP);
(B) major capsid protein (MCP); (C) DNA polymerase (DNAP); (D) terminase large subunit (TerL).
All the trees are drawn to their respective scales, and branch lengths correspond to the number of
amino acid differences per site. Tips are labeled as “protein accession|originating phage” and are
colored based on the given phage host genus. In all the trees, the tip containing the respective protein
sequence of JELG-KS1 is highlighted in blue. The trees are outgroup-rooted (additional outgroup
identifier in the corresponding tip labels; outgroup tip labels are colored in black). The distal nodes
of branches with ≥95% ultrafast bootstrap (UFBoot) support (out of 1000 replicates) are indicated by
green squares, and the percentage of UFBoot support is indicated for such branches. Well-supported
clades containing sequences of ≥3 proteins from different phages, including at least one phage
that is taxonomically recognized at the genus level, are annotated accordingly, extending the genus
annotation to all the sequences originating from the same shared MRCA node. 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 Supplementary Table S3.

3.7. Comparison with Representatives of the Most Closely-Related Phage Genera

Based on the pairwise complete genome nucleotide sequence intergenomic distances,
exemplar isolates of the selected phage species within either recognized genera
(Chatterjeevirus ICP3, represented by Vibrio phage ICP3 (HQ641340; [85]), Ningirsuvirus
Ninurta, represented by Dickeya phage Ninurta (NC_047964; [86])) or tentative phage genera
(Aeromonas phage T7-Ah (MT740748; [82]), Escherichia phage vB_Eco_Titus (OX090892; not
yet published to the best of our knowledge)) that were evolutionarily related to Aeromonas
phage JELG-KS1 were selected for a comparative genomics context.
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to 13, whereas at 70% identity, only the terminase large subunit encoded by ORF51 was 
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Figure 6. Proteome-based clustering of Aeromonas phage JELG-KS1 (ON604651) with other completely
sequenced phages. Sub-network containing vConTACT2-identified first neighbors of the Aeromonas
phage JELG-KS1 visualized under edge-weighted spring-embedded layout is shown (n = 40). Phages
are represented by nodes that are colored according to their indicated hosts as follows: red—Aeromonas
spp.; green—Escherichia spp.; brown—Vibrio spp.; purple—Ralstonia spp.; grey—Delftia spp. Phages
belonging to vConTACT2-identified clusters are enclosed by dotted ellipses. Dashed red edges
represent links to the Aeromonas phage JELG-KS1. See Supplementary Table S4 for additional details.

Roary analysis under the rather liberal shared gene product identification criterion of
30% protein similarity has resulted in the identification of up to 22 products common to
all five of the selected phages. Nearly all the functionally annotated JELG-KS1 structural
or morphogenesis proteins were also found in other phages at the 30% similarity criterion
(except for the putative tail-assembly protein encoded by ORF33, and the putative decora-
tion protein encoded by ORF49). Similarly, of the proteins categorized as being involved
in DNA recombination, modification, and repair, only the product of ORF9, encoding a
DNA ligase, was not found to be shared by all five of the selected phages at this similarity
threshold. Additionally, products of ORF18 (ssDNA-binding protein), ORF20 (endolysin),
ORF25 (hypothetical protein), ORF30 (DUF2717-containing protein), and ORF45 (holin)
were found to be shared by the phages analyzed. Despite Roary authors advising not to use
low BLASTp percentage identities, as anything might cluster with anything under lower
identity threshold criteria, and stating that Roary is not intended for comparing extremely
diverse sets of genomes, we find that using the tool this way is helpful for gaining quick
insights about what to look at in detail further on (Supplementary Figure S1). At the
50% BLASTp identity set for Roary, the identified shared-product count dropped to 13,
whereas at 70% identity, only the terminase large subunit encoded by ORF51 was found to
be “shared” between these phages.

Clinker was further used to perform a more precise and informative selected phage
protein comparison that could be visualized with a more pronounced focus on JELG-KS1
(Figure 7). As expected, global alignments performed by clinker before calculating the
identities resulted in some of the proteins being determined by Roary as shared between
the phages (e.g., several virion morphogenesis module products) falling under the minimal
30% identity threshold in clinker analysis.
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Hafnia phage Ca [92], etc. An open reading frame encoding a DNA-directed RNA poly-
merase, a hallmark of Autographiviridae podophages, was readily identifiable among the 
first few ORFs at the beginning of the genome, which likely represent early genes. Next, 
a gene module comprising largely genes involved in DNA recombination, modification, 
and repair (but having an endolysin-coding ORF within it) was identifiable. Roughly, the 
second half of the genome hosted ORFs encoding proteins that are mainly involved in 
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Figure 7. Genome organization and proteome content comparison of Aeromonas phage JELG-KS1 and
selected related phages. Genomes are drawn to scale; the scale bar indicates 2500 base pairs. Arrows
representing open reading frames point in the direction of the transcription and are color-coded
based on the function of their putative product according to the legend. Slanted labels above the
arrows indicate the predicted function for the given ORF putative product in the case where it had a
function assigned (original annotations from downloaded GenBank files were retained). Ribbons
connect phage proteins sharing >30% amino acid sequence similarity and are colored in a gradient
from white to black according to their percentage identity.

Aeromonas phage JELG-KS1 has demonstrated a conserved modular genome orga-
nization typically seen in other subfamily Studiervirinae podophages (e.g., Chatterjeevirus
ICP3 [85], Ningirsuvirus ninurta [86], Pektosvirus PP81 [87,88], Teseptimavirus T7 [89], Ghu-
navirus gh1 [90]) and tentative Studiervirinae phages such as Pseudomonas phage Eir4 [91],
Hafnia phage Ca [92], etc. An open reading frame encoding a DNA-directed RNA poly-
merase, a hallmark of Autographiviridae podophages, was readily identifiable among the
first few ORFs at the beginning of the genome, which likely represent early genes. Next,
a gene module comprising largely genes involved in DNA recombination, modification,
and repair (but having an endolysin-coding ORF within it) was identifiable. Roughly,
the second half of the genome hosted ORFs encoding proteins that are mainly involved
in JELG-KS1 virion morphogenesis. The remaining genes encoding proteins involved in
Gram-negative host lysis at the end of the JELG-KS1 lytic cycle (holin and spanins) were
located near the end of the JELG-KS1 genome, in the proximity of the tail fiber and both
terminase-subunit-encoding ORFs, more than 24 kbp away from the endolysin-encoding
ORF (Figure 7).

Expectedly, most of the Aeromonas phage JELG-KS1 products with a functional assign-
ment had homologs in related phages and showed greater similarity to their counterparts
from Aeromonas phage T7-Ah. The genome of JELG-KS1 also differed from its relatives
in the presence or absence of some of the hypothetical-protein-encoding ORFs; most of
these differences were confined to the DNA recombination, modification, and repair gene
module. The only gene order rearrangement relative to the most closely related phages
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was noted in the presumed “early gene” module. Namely, a protein that was identified
as a host cell RNA polymerase inhibitor in JELG-KS1 (ORF10 product, UTQ78146.1) was
found between DNA ligase- and deoxynucleoside monophosphate kinase-encoding ORFs
(ORF9 and ORF11, respectively), whereas in Aeromonas phage T7-Ah and Escherichia phage
vB_Eco_Titus, an unannotated protein showing amino acid similarity to the JELG-KS1
ORF10 product was located after the presumed JELG-KS1 ORF11 analog.

Easyfig visualization of the genomic nucleotide sequence similarities further showed
that despite the detectable protein amino acid similarities, in many cases, these are not
evident from the underlying nucleotide stretches alone. However, the addition of trans-
lated genomic nucleotide sequence comparisons provided an even finer resolution that
complements a simple protein aa vs. an aa sequence comparison (e.g., whether some of the
ORFs were just not called because of the differences in the gene prediction algorithms used,
and what regions of the proteins might be similar to each other in the case of the full-length
global similarity threshold not being met between them; Figures 7 and S2).

This allowed us to note that, despite the lack of global product aa sequence similarity
as well as varying product lengths (579 aa in ICP3 to 837 aa in JELG-KS1), tail-fiber proteins
of these phages show conservation of the first ~180 N-terminal amino acids corresponding
to a conserved phage T7 tail-fiber domain (pfam03906). From this, it seems reasonable
to assume that JELG-KS1 might have a different adsorption receptor or suitable receptor
repertoire than that of its most closely related phages.

Additionally, plasticity in gene contents was noticed for the “early gene” region at the
beginning of the genomes of these phages, which shows a lack of meaningful conservation.
In this way, a nucleotide and translated nucleotide sequence comparison allows to carefully
speculate that Studiervirinae subfamily phages might be rather promiscuous regarding what
is encoded by the genome part before the DNA-dependent RNA-polymerase-encoding
ORF, and that these differences cannot be attributed to the diverse ORF calling algo-
rithms/curation criteria used by the phage genome annotation authors.

4. Conclusions

The isolation, characterization, and complete genome elucidation of the novel
Aeromonas salmonicida-infecting podophage JELG-KS1 presented in this study expands
the current knowledge on the diversity of phages infecting bacteria belonging to the genus
Aeromonas; more specifically, mesophilic Aeromonas salmonicida.

The novel Aeromonas phage JELG-KS1 demonstrated multiple properties (strictly lytic,
not encoding for any known virulence genes, short latent period, moderate burst size,
and virion stability under unfavorable environmental conditions) that are highly desired
in candidate phages to be used for the biocontrol of Aeromonas spp. in an aquaculture
setting. The feasibility of its potential practical applications, however, is immediately
hampered by the narrowness of its host range, which was confined solely to its isolation
host, A. salmonicida JK, previously retrieved from wastewater.

Strain-specificity and the inability of phage JELG-KS1 to lyse any of the aquaculture-
associated Aeromonas spp. strains it was tested against, including several Aeromonas salmoni-
cida strains isolated from diseased fish, further cautions that the isolation of novel bacte-
riophages for a potential practical application in biocontrol should better be carried out
using relevant host strains associated with the setting in which the biocontrol application is
to eventually take place to reduce the risk of isolating a priori highly host-specific phages
associated with irrelevant host strains.

Thus, regardless of the properties a particular phage demonstrates on its isolation host,
no phage should be proposed as a potential biocontrol or therapeutical agent before it has
successfully passed a productive infection challenge against a panel comprising multiple
relevant target strains.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/microorganisms12030542/s1, Figure S1: Shared proteome contents
of Aeromonas phage JELG-KS1 and selected related phages. Venn diagram depicting the gene products
shared by Aeromonas phage JELG-KS1 and its selected related phages as determined by Roary
analysis at (A) 30% and (B) 50% BLASTp percentage identity. Figure S2: Genome organization and
genome nucleotide-sequence comparison of Aeromonas phage JELG-KS1 and selected related phages.
Genomes are drawn to scale; the scale bar indicates 2500 base pairs. Arrows representing open
reading frames point in the direction of transcription and are color-coded based on the function of
their putative product according to the legend. Ribbons connect genome regions with detectable
nucleotide sequence similarity and are colored in a gradient from white to black according to their
percentage identity. Top row: Easyfig comparison using BLASTn; bottom row: Easyfig comparison
using tBLASTx. Table S1: Details of the completely sequenced Aeromonas phages available in GenBank
on the 8th of February 2024. Table S2: Genome annotation and predicted functions of Aeromonas
phage JELG-KS1 ORFs. The DeltaG column indicates a change in the free energy required to bring the
two strands of nucleotides (region upstream of the respective JELG-KS1 ORF start codon putatively
containing the SD sequence and antiSD sequence of A. salmonicida) together. Table S3: Description of
the phage marker protein sequence datasets, generated MSAs, and features of the trees. Additional
information for Figure 5. Table S4: vConTACT2-determined first neighbors of Aeromonas phage JELG-
KS1. The subset of the vConTACT2 “genome by genome overview” output containing JELG-KS1 first
neighbors only is shown (supplemented by annotations from the relevant 1 October 2022 INPHARED
release files). Additional information for Figure 6.
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(BioMedPharm)” (project no.: VPP-EM-BIOMEDICĪNA-2022/1-0001). K.S. was additionally sup-
ported by the University of Latvia Foundation via the Laimin, š Family Microbiology Scholarship
(2022/2023 academic year). N.Z. was additionally supported by the European Social Fund through
the project “Strengthening of the Capacity of Doctoral Studies at the University of Latvia within the
Framework of the New Doctoral Model” (identification no. 8.2.2.0/20/I/006). N.Z. was also a recipi-
ent of the “Mikrotı̄kls doctoral scholarship in the field of exact and medical sciences” administered
by the University of Latvia Foundation (2020/2021–2022/2023 academic years).

Data Availability Statement: The complete annotated genome of Aeromonas phage JELG-KS1 has
been deposited into GenBank and is publicly available under accession number ON604651. All other
relevant data and accession numbers of the sequences used for the analyses are found within the
paper and its Supplementary Materials.

Acknowledgments: The authors are thankful to Liga Birzniece, Ance Roga, and Laura Alksne for
their technical assistance.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Overview of EU Aquaculture (Fish Farming). Available online: https://oceans-and-fisheries.ec.europa.eu/ocean/blue-economy/

aquaculture/overview-eu-aquaculture-fish-farming_en (accessed on 3 April 2023).
2. Edwards, P. Aquaculture Environment Interactions: Past, Present and Likely Future Trends. Aquaculture 2015, 447, 2–14.

[CrossRef]
3. Zhang, W.; Belton, B.; Edwards, P.; Henriksson, P.J.G.; Little, D.C.; Newton, R.; Troell, M. Aquaculture Will Continue to Depend

More on Land than Sea. Nature 2022, 603, E2–E4. [CrossRef]
4. Hoseinifar, S.H.; Sun, Y.-Z.; Zhou, Z.; Van Doan, H.; Davies, S.J.; Harikrishnan, R. Boosting Immune Function and Disease

Bio-Control Through Environment-Friendly and Sustainable Approaches in Finfish Aquaculture: Herbal Therapy Scenarios. Rev.
Fish. Sci. Aquac. 2020, 28, 303–321. [CrossRef]

https://www.mdpi.com/article/10.3390/microorganisms12030542/s1
https://www.mdpi.com/article/10.3390/microorganisms12030542/s1
https://oceans-and-fisheries.ec.europa.eu/ocean/blue-economy/aquaculture/overview-eu-aquaculture-fish-farming_en
https://oceans-and-fisheries.ec.europa.eu/ocean/blue-economy/aquaculture/overview-eu-aquaculture-fish-farming_en
https://doi.org/10.1016/j.aquaculture.2015.02.001
https://doi.org/10.1038/s41586-021-04331-3
https://doi.org/10.1080/23308249.2020.1731420


Microorganisms 2024, 12, 542 21 of 24

5. Ssekyanzi, A.; Nevejan, N.; Kabbiri, R.; Wesana, J.; Stappen, G.V. Knowledge, Attitudes, and Practices of Fish Farmers Regarding
Water Quality and Its Management in the Rwenzori Region of Uganda. Water 2023, 15, 42. [CrossRef]

6. Jia, B.; St-Hilaire, S.; Singh, K.; Gardner, I.A. Biosecurity Knowledge, Attitudes and Practices of Farmers Culturing Yellow Catfish
(Pelteobagrus Fulvidraco) in Guangdong and Zhejiang Provinces, China. Aquaculture 2017, 471, 146–156. [CrossRef]

7. Bedane, T.D.; Agga, G.E.; Gutema, F.D. Hygienic Assessment of Fish Handling Practices along Production and Supply Chain and
Its Public Health Implications in Central Oromia, Ethiopia. Sci. Rep. 2022, 12, 13910. [CrossRef] [PubMed]

8. Preena, P.G.; Swaminathan, T.R.; Kumar, V.J.R.; Singh, I.S.B. Antimicrobial Resistance in Aquaculture: A Crisis for Concern.
Biologia 2020, 75, 1497–1517. [CrossRef]

9. Reverter, M.; Sarter, S.; Caruso, D.; Avarre, J.-C.; Combe, M.; Pepey, E.; Pouyaud, L.; Vega-Heredía, S.; de Verdal, H.; Gozlan, R.E.
Aquaculture at the Crossroads of Global Warming and Antimicrobial Resistance. Nat. Commun. 2020, 11, 1870. [CrossRef]

10. Schar, D.; Zhao, C.; Wang, Y.; Larsson, D.G.J.; Gilbert, M.; Van Boeckel, T.P. Twenty-Year Trends in Antimicrobial Resistance from
Aquaculture and Fisheries in Asia. Nat. Commun. 2021, 12, 5384. [CrossRef] [PubMed]

11. Austin, B.; Austin, D.A. Bacterial Fish Pathogens: Diseases of Farmed and Wild Fish, 4th ed.; Springer Praxis Books; Springer:
Dordrecht, The Netherlands, 2007; ISBN 978-1-4020-6068-7.

12. Majeed, S.; De Silva, L.A.D.S.; Kumarage, P.M.; Heo, G.-J. Occurrence of Potential Virulence Determinants in Aeromonas Spp.
Isolated from Different Aquatic Environments. J. Appl. Microbiol. 2023, 134, lxad031. [CrossRef] [PubMed]

13. Brenner, D.; Krieg, N.; Staley, J.; Garrity, G.; Boone, D.; De Vos, P.; Goodfellow, M.; Rainey, F.; Schleifer, K. Bergey’s Manual®of
Systematic Bacteriology: Volume Two The Proteobacteria Part B The Gammaproteobacteria, 2nd ed.; Springer: New York, NY, USA, 2005;
ISBN 978-0-387-24144-9.

14. Percival, S.L.; Williams, D.W. Aeromonas. In Microbiology of Waterborne Diseases; Academic Press: Cambridge, MA, USA, 2014;
pp. 49–64; ISBN 978-0-12-415846-7.

15. Pessoa, R.B.G.; de Oliveira, W.F.; dos, S. Correia, M.T.; Fontes, A.; Coelho, L.C.B.B. Aeromonas and Human Health Disorders:
Clinical Approaches. Front. Microbiol. 2022, 13, 868890. [CrossRef]

16. Janda, J.M.; Abbott, S.L. The Genus Aeromonas: Taxonomy, Pathogenicity, and Infection. Clin. Microbiol. Rev. 2010, 23, 35–73.
[CrossRef]

17. Dallaire-Dufresne, S.; Tanaka, K.H.; Trudel, M.V.; Lafaille, A.; Charette, S.J. Virulence, Genomic Features, and Plasticity of
Aeromonas Salmonicida Subsp. Salmonicida, the Causative Agent of Fish Furunculosis. Vet. Microbiol. 2014, 169, 1–7. [CrossRef]

18. Attéré, S.A.; Gagné-Thivierge, C.; Paquet, V.E.; Leduc, G.R.; Vincent, A.T.; Charette, S.J. Aeromonas Salmonicida Isolates from
Canada Demonstrate Wide Distribution and Clustering among Mesophilic Strains. Genome 2023, 66, 108–115. [CrossRef]

19. Vincent, A.T.; Charette, S.J. To Be or Not to Be Mesophilic, That Is the Question for Aeromonas Salmonicida. Microorganisms 2022,
10, 240. [CrossRef] [PubMed]

20. Rhodes, G.; Huys, G.; Swings, J.; Mcgann, P.; Hiney, M.; Smith, P.; Pickup, R.W. Distribution of Oxytetracycline Resistance
Plasmids between Aeromonads in Hospital and Aquaculture Environments: Implication of Tn1721 in Dissemination of the
Tetracycline Resistance Determinant Tet A. Appl. Environ. Microbiol 2000, 66, 3883–3890. [CrossRef] [PubMed]

21. Ferri, G.; Lauteri, C.; Vergara, A. Antibiotic Resistance in the Finfish Aquaculture Industry: A Review. Antibiotics 2022, 11, 1574.
[CrossRef] [PubMed]

22. Hayatgheib, N.; Calvez, S.; Fournel, C.; Pineau, L.; Pouliquen, H.; Moreau, E. Antimicrobial Susceptibility Profiles and Resistance
Genes in Genus Aeromonas Spp. Isolated from the Environment and Rainbow Trout of Two Fish Farms in France. Microorganisms
2021, 9, 1201. [CrossRef] [PubMed]

23. Menanteau-Ledouble, S.; Kumar, G.; Saleh, M.; El-Matbouli, M. Aeromonas Salmonicida: Updates on an Old Acquaintance. Dis.
Aquat. Org. 2016, 120, 49–68. [CrossRef] [PubMed]

24. Yáñez, J.M.; Houston, R.D.; Newman, S. Genetics and Genomics of Disease Resistance in Salmonid Species. Front. Genet. 2014,
5, 415. [CrossRef] [PubMed]

25. Hayatgheib, N.; Moreau, E.; Calvez, S.; Lepelletier, D.; Pouliquen, H. A Review of Functional Feeds and the Control of Aeromonas
Infections in Freshwater Fish. Aquacult. Int. 2020, 28, 1083–1123. [CrossRef]

26. Assefa, A.; Abunna, F. Maintenance of Fish Health in Aquaculture: Review of Epidemiological Approaches for Prevention and
Control of Infectious Disease of Fish. Vet. Med. Int. 2018, 2018, e5432497. [CrossRef]

27. Song, S.K.; Beck, B.R.; Kim, D.; Park, J.; Kim, J.; Kim, H.D.; Ringø, E. Prebiotics as Immunostimulants in Aquaculture: A Review.
Fish Shellfish. Immunol. 2014, 40, 40–48. [CrossRef] [PubMed]

28. Gudding, R.; Van Muiswinkel, W.B. A History of Fish Vaccination: Science-Based Disease Prevention in Aquaculture. Fish Shellfish.
Immunol. 2013, 35, 1683–1688. [CrossRef] [PubMed]

29. Bondad-Reantaso, M.G.; MacKinnon, B.; Karunasagar, I.; Fridman, S.; Alday-Sanz, V.; Brun, E.; Le Groumellec, M.; Li, A.;
Surachetpong, W.; Karunasagar, I.; et al. Review of Alternatives to Antibiotic Use in Aquaculture. Rev. Aquac. 2023, 15, 1421–1451.
[CrossRef]

30. Lin, D.M.; Koskella, B.; Lin, H.C. Phage Therapy: An Alternative to Antibiotics in the Age of Multi-Drug Resistance. World J.
Gastrointest. Pharmacol. Ther. 2017, 8, 162–173. [CrossRef]

31. Loc-Carrillo, C.; Abedon, S.T. Pros and Cons of Phage Therapy. Bacteriophage 2011, 1, 111–114. [CrossRef]
32. Culot, A.; Grosset, N.; Gautier, M. Overcoming the Challenges of Phage Therapy for Industrial Aquaculture: A Review.

Aquaculture 2019, 513, 734423. [CrossRef]

https://doi.org/10.3390/w15010042
https://doi.org/10.1016/j.aquaculture.2017.01.016
https://doi.org/10.1038/s41598-022-17671-5
https://www.ncbi.nlm.nih.gov/pubmed/35977962
https://doi.org/10.2478/s11756-020-00456-4
https://doi.org/10.1038/s41467-020-15735-6
https://doi.org/10.1038/s41467-021-25655-8
https://www.ncbi.nlm.nih.gov/pubmed/34508079
https://doi.org/10.1093/jambio/lxad031
https://www.ncbi.nlm.nih.gov/pubmed/36809788
https://doi.org/10.3389/fmicb.2022.868890
https://doi.org/10.1128/CMR.00039-09
https://doi.org/10.1016/j.vetmic.2013.06.025
https://doi.org/10.1139/gen-2022-0086
https://doi.org/10.3390/microorganisms10020240
https://www.ncbi.nlm.nih.gov/pubmed/35208695
https://doi.org/10.1128/AEM.66.9.3883-3890.2000
https://www.ncbi.nlm.nih.gov/pubmed/10966404
https://doi.org/10.3390/antibiotics11111574
https://www.ncbi.nlm.nih.gov/pubmed/36358229
https://doi.org/10.3390/microorganisms9061201
https://www.ncbi.nlm.nih.gov/pubmed/34206108
https://doi.org/10.3354/dao03006
https://www.ncbi.nlm.nih.gov/pubmed/27304870
https://doi.org/10.3389/fgene.2014.00415
https://www.ncbi.nlm.nih.gov/pubmed/25505486
https://doi.org/10.1007/s10499-020-00514-3
https://doi.org/10.1155/2018/5432497
https://doi.org/10.1016/j.fsi.2014.06.016
https://www.ncbi.nlm.nih.gov/pubmed/24973515
https://doi.org/10.1016/j.fsi.2013.09.031
https://www.ncbi.nlm.nih.gov/pubmed/24099805
https://doi.org/10.1111/raq.12786
https://doi.org/10.4292/wjgpt.v8.i3.162
https://doi.org/10.4161/bact.1.2.14590
https://doi.org/10.1016/j.aquaculture.2019.734423


Microorganisms 2024, 12, 542 22 of 24

33. Schulz, P.; Pajdak-Czaus, J.; Siwicki, A.K. In Vivo Bacteriophages’ Application for the Prevention and Therapy of Aquaculture
Animals–Chosen Aspects. Animals 2022, 12, 1233. [CrossRef]

34. Pereira, C.; Duarte, J.; Costa, P.; Braz, M.; Almeida, A. Bacteriophages in the Control of Aeromonas Sp. in Aquaculture Systems:
An Integrative View. Antibiotics 2022, 11, 163. [CrossRef]

35. Pirnay, J.-P.; Blasdel, B.G.; Bretaudeau, L.; Buckling, A.; Chanishvili, N.; Clark, J.R.; Corte-Real, S.; Debarbieux, L.; Dublanchet, A.;
De Vos, D.; et al. Quality and Safety Requirements for Sustainable Phage Therapy Products. Pharm. Res. 2015, 32, 2173–2179.
[CrossRef]

36. Ross, A.; Ward, S.; Hyman, P. More Is Better: Selecting for Broad Host Range Bacteriophages. Front. Microbiol. 2016, 7, 1352.
[CrossRef]

37. Sayers, E.W.; Bolton, E.E.; Brister, J.R.; Canese, K.; Chan, J.; Comeau, D.C.; Connor, R.; Funk, K.; Kelly, C.; Kim, S.; et al. Database
Resources of the National Center for Biotechnology Information. Nucleic Acids Res. 2022, 50, D20–D26. [CrossRef]

38. Weisburg, W.G.; Barns, S.M.; Pelletier, D.A.; Lane, D.J. 16S Ribosomal DNA Amplification for Phylogenetic Study. J. Bacteriol.
1991, 173, 697–703. [CrossRef]

39. Sanger, F.; Nicklen, S.; Coulson, A.R. DNA Sequencing with Chain-Terminating Inhibitors. Proc. Natl. Acad. Sci. USA 1977,
74, 5463–5467. [CrossRef]

40. Yoon, S.H.; Ha, S.M.; Kwon, S.; Lim, J.; Kim, Y.; Seo, H.; Chun, J. Introducing EzBioCloud: A Taxonomically United Database of
16S rRNA Gene Sequences and Whole-Genome Assemblies. Int. J. Syst. Evol. Microbiol. 2017, 67, 1613–1617. [CrossRef] [PubMed]

41. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 Years of Image Analysis. Nat. Methods 2012, 9, 671–675.
[CrossRef] [PubMed]

42. Chen, L.; Yuan, S.; Liu, Q.; Mai, G.; Yang, J.; Deng, D.; Zhang, B.; Liu, C.; Ma, Y. In Vitro Design and Evaluation of Phage Cocktails
Against Aeromonas Salmonicida. Front. Microbiol. 2018, 9, 1476. [CrossRef] [PubMed]

43. Kropinski, A.M. Practical Advice on the One-Step Growth Curve. In Bacteriophages; Clokie, M.R.J., Kropinski, A.M., Lavigne, R., Eds.;
Methods in Molecular Biology; Springer: New York, NY, USA, 2018; Volume 1681, pp. 41–47; ISBN 978-1-4939-7341-5.

44. Wilcoxon, F. Individual Comparisons by Ranking Methods. Biom. Bull. 1945, 1, 80–83. [CrossRef]
45. Mann, H.B.; Whitney, D.R. On a Test of Whether One of Two Random Variables Is Stochastically Larger than the Other. Ann.

Math. Stat. 1947, 18, 50–60. [CrossRef]
46. Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J. R.

Stat. Society. Ser. B (Methodol.) 1995, 57, 289–300. [CrossRef]
47. Kassambara, A. R package, v0.6.0. ggpubr: “ggplot2” Based Publication Ready Plots 2023. Available online: https://CRAN.R-

project.org/package=ggpubr (accessed on 11 May 2023).
48. Wickham, H. Ggplot2: Elegant Graphics for Data Analysis; Springer: New York, NY, USA, 2016; ISBN 0-387-98140-3.
49. Castresana, J. Selection of Conserved Blocks from Multiple Alignments for Their Use in Phylogenetic Analysis. Mol. Biol. Evol.

2000, 17, 540–552. [CrossRef]
50. Saitou, N.; Nei, M. The Neighbor-Joining Method: A New Method for Reconstructing Phylogenetic Trees. Mol. Biol. Evol. 1987,

4, 406–425. [CrossRef]
51. Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets. Mol. Biol.

Evol. 2016, 33, 1870–1874. [CrossRef]
52. Felsenstein, J. Confidence Limits on Phylogenies: An Approach Using the Bootstrap. Evol. Int. J. Org. Evol. 1985, 39, 783–791.

[CrossRef]
53. Rambaut, A. FigTree v. 1.4.4. Available online: http://tree.bio.ed.ac.uk/software/figtree/ (accessed on 10 May 2021).
54. Navarro, A.; Martínez-Murcia, A. Phylogenetic Analyses of the Genus Aeromonas Based on Housekeeping Gene Sequencing and

Its Influence on Systematics. J. Appl. Microbiol. 2018, 125, 622–631. [CrossRef] [PubMed]
55. Andrews, S. FastQC—A Quality Control Tool for High Throughput Sequence Data. Available online: https://www.bioinformatics.

babraham.ac.uk/projects/fastqc/ (accessed on 17 November 2021).
56. Bushnell, B. BBMap: A Fast, Accurate, Splice-Aware Aligner. In Proceedings of the 9th Annual Genomics of Energy & Environment

Meeting, Walnut Creek, CA, USA, 17–20 March 2014.
57. Wick, R.R.; Judd, L.M.; Gorrie, C.L.; Holt, K.E. Unicycler: Resolving Bacterial Genome Assemblies from Short and Long

Sequencing Reads. PLoS Comput. Biol. 2017, 13, 1–22. [CrossRef] [PubMed]
58. Garneau, J.R.; Depardieu, F.; Fortier, L.C.; Bikard, D.; Monot, M. PhageTerm: A Tool for Fast and Accurate Determination of

Phage Termini and Packaging Mechanism Using next-Generation Sequencing Data. Sci. Rep. 2017, 7, 1–10. [CrossRef]
59. Li, H.; Durbin, R. Fast and Accurate Short Read Alignment with Burrows-Wheeler Transform. Bioinformatics 2009, 25, 1754–1760.

[CrossRef]
60. Okonechnikov, K.; Golosova, O.; Fursov, M.; Varlamov, A.; Vaskin, Y.; Efremov, I.; German Grehov, O.G.; Kandrov, D.; Rasputin, K.;

Syabro, M.; et al. Unipro UGENE: A Unified Bioinformatics Toolkit. Bioinformatics 2012, 28, 1166–1167. [CrossRef]
61. Zrelovs, N.; Dislers, A.; Kazaks, A. Genome Characterization of Nocturne116, Novel Lactococcus Lactis-infecting Phage Isolated

from Moth. Microorganisms 2021, 9, 1540. [CrossRef] [PubMed]
62. Delcher, A.L.; Bratke, K.A.; Powers, E.C.; Salzberg, S.L. Identifying Bacterial Genes and Endosymbiont DNA with Glimmer.

Bioinformatics 2007, 23, 673–679. [CrossRef] [PubMed]

https://doi.org/10.3390/ani12101233
https://doi.org/10.3390/antibiotics11020163
https://doi.org/10.1007/s11095-014-1617-7
https://doi.org/10.3389/fmicb.2016.01352
https://doi.org/10.1093/nar/gkab1112
https://doi.org/10.1128/jb.173.2.697-703.1991
https://doi.org/10.1073/pnas.74.12.5463
https://doi.org/10.1099/ijsem.0.001755
https://www.ncbi.nlm.nih.gov/pubmed/28005526
https://doi.org/10.1038/nmeth.2089
https://www.ncbi.nlm.nih.gov/pubmed/22930834
https://doi.org/10.3389/fmicb.2018.01476
https://www.ncbi.nlm.nih.gov/pubmed/30034378
https://doi.org/10.2307/3001968
https://doi.org/10.1214/aoms/1177730491
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://CRAN.R-project.org/package=ggpubr
https://CRAN.R-project.org/package=ggpubr
https://doi.org/10.1093/oxfordjournals.molbev.a026334
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.2307/2408678
http://tree.bio.ed.ac.uk/software/figtree/
https://doi.org/10.1111/jam.13887
https://www.ncbi.nlm.nih.gov/pubmed/29676027
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1371/journal.pcbi.1005595
https://www.ncbi.nlm.nih.gov/pubmed/28594827
https://doi.org/10.1038/s41598-017-07910-5
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/bts091
https://doi.org/10.3390/microorganisms9071540
https://www.ncbi.nlm.nih.gov/pubmed/34361975
https://doi.org/10.1093/bioinformatics/btm009
https://www.ncbi.nlm.nih.gov/pubmed/17237039


Microorganisms 2024, 12, 542 23 of 24

63. Besemer, J.; Borodovsky, M. GeneMark: Web Software for Gene Finding in Prokaryotes, Eukaryotes and Viruses. Nucleic Acids
Res. 2005, 33, 451–454. [CrossRef] [PubMed]

64. Laslett, D.; Canback, B. ARAGORN, a Program to Detect tRNA Genes and tmRNA Genes in Nucleotide Sequences. Nucleic Acids
Res. 2004, 32, 11–16. [CrossRef] [PubMed]

65. Lowe, T.M.; Eddy, S.R. tRNAscan-SE: A Program for Improved Detection of Transfer RNA Genes in Genomic Sequence. Nucleic
Acids Res. 1997, 25, 955–964. [CrossRef] [PubMed]

66. Marchler-Bauer, A.; Lu, S.; Anderson, J.B.; Chitsaz, F.; Derbyshire, M.K.; DeWeese-Scott, C.; Fong, J.H.; Geer, L.Y.; Geer, R.C.;
Gonzales, N.R.; et al. CDD: A Conserved Domain Database for the Functional Annotation of Proteins. Nucleic Acids Res. 2011,
39, 225–229. [CrossRef]

67. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic Local Alignment Search Tool. J. Mol. Biol. 1990, 215, 403–410.
[CrossRef]

68. Söding, J.; Biegert, A.; Lupas, A.N. The HHpred Interactive Server for Protein Homology Detection and Structure Prediction.
Nucleic Acids Res. 2005, 33, W244–W248. [CrossRef]

69. Amin, M.R.; Yurovsky, A.; Chen, Y.; Skiena, S.; Futcher, B. Re-Annotation of 12,495 Prokaryotic 16S rRNA 3’ Ends and Analysis of
Shine-Dalgarno and Anti-Shine-Dalgarno Sequences. PLoS ONE 2018, 13, e0202767. [CrossRef]

70. Starmer, J.; Stomp, A.; Vouk, M.; Bitzer, D. Predicting Shine-Dalgarno Sequence Locations Exposes Genome Annotation Errors.
PLoS Comput. Biol. 2006, 2, 454–466. [CrossRef]

71. Moraru, C.; Varsani, A.; Kropinski, A.M. VIRIDIC—A Novel Tool to Calculate the Intergenomic Similarities of Prokaryote-
Infecting Viruses. Viruses 2020, 12, 1268. [CrossRef]

72. Sullivan, M.J.; Petty, N.K.; Beatson, S.A. Easyfig: A Genome Comparison Visualizer. Bioinformatics 2011, 27, 1009–1010. [CrossRef]
73. Gilchrist, C.L.M.; Chooi, Y.H. Clinker & Clustermap.Js: Automatic Generation of Gene Cluster Comparison Figures. Bioinformatics

2021, 37, 2473–2475. [CrossRef]
74. Page, A.J.; Cummins, C.A.; Hunt, M.; Wong, V.K.; Reuter, S.; Holden, M.T.G.; Fookes, M.; Falush, D.; Keane, J.A.; Parkhill, J.

Roary: Rapid Large-Scale Prokaryote Pan Genome Analysis. Bioinformatics 2015, 31, 3691–3693. [CrossRef]
75. Katoh, K.; Standley, D.M. MAFFT Multiple Sequence Alignment Software Version 7: Improvements in Performance and Usability.

Mol. Biol. Evol. 2013, 30, 772–780. [CrossRef]
76. Nguyen, L.T.; Schmidt, H.A.; Von Haeseler, A.; Minh, B.Q. IQ-TREE: A Fast and Effective Stochastic Algorithm for Estimating

Maximum-Likelihood Phylogenies. Mol. Biol. Evol. 2015, 32, 268–274. [CrossRef]
77. Kalyaanamoorthy, S.; Minh, B.Q.; Wong, T.K.F.; Von Haeseler, A.; Jermiin, L.S. ModelFinder: Fast Model Selection for Accurate

Phylogenetic Estimates. Nat. Methods 2017, 14, 587–589. [CrossRef] [PubMed]
78. Minh, B.Q.; Nguyen, M.A.T.; Von Haeseler, A. Ultrafast Approximation for Phylogenetic Bootstrap. Mol. Biol. Evol. 2013,

30, 1188–1195. [CrossRef] [PubMed]
79. Bolduc, B.; Jang, H.B.; Doulcier, G.; You, Z.-Q.; Roux, S.; Sullivan, M.B. vConTACT: An iVirus Tool to Classify Double-Stranded

DNA Viruses That Infect Archaea and Bacteria. PeerJ 2017, 5, e3243. [CrossRef]
80. Cook, R.; Brown, N.; Redgwell, T.; Rihtman, B.; Barnes, M.; Clokie, M.; Stekel, D.J.; Hobman, J.; Jones, M.A.; Millard, A.

INfrastructure for a PHAge REference Database: Identification of Large-Scale Biases in the Current Collection of Cultured Phage
Genomes. PHAGE 2021, 2, 214–223. [CrossRef] [PubMed]

81. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape:
A Software Environment for Integrated Models of Biomolecular Interaction Networks. Genome Res. 2003, 13, 2498–2504.
[CrossRef] [PubMed]

82. Leduc, G.R.; Paquet, V.E.; Vincent, A.T.; Charette, S.J. Characterization of Bacteriophage T7-Ah Reveals Its Lytic Activity against a
Subset of Both Mesophilic and Psychrophilic Aeromonas Salmonicida Strains. Arch. Virol. 2021, 166, 521–533. [CrossRef]

83. Feng, C.; Jia, K.; Chi, T.; Chen, S.; Yu, H.; Zhang, L.; Haidar Abbas Raza, S.; Alshammari, A.M.; Liang, S.; Zhu, Z.; et al. Lytic
Bacteriophage PZL-Ah152 as Biocontrol Measures Against Lethal Aeromonas Hydrophila Without Distorting Gut Microbiota.
Front. Microbiol. 2022, 13, 898961. [CrossRef] [PubMed]

84. Yu, H.; Feng, C.; Raza, S.H.A.; Zhang, L.; Chi, T.; Qi, Y.; Jia, K.; Zhang, Y.; Wei, J.; Qian, A.; et al. Characterization and Genome
Analysis of Two New Aeromonas Hydrophila Phages, PZL-Ah1and PZL-Ah8. Arch. Virol. 2022, 167, 669–673. [CrossRef]
[PubMed]

85. Seed, K.D.; Bodi, K.L.; Kropinski, A.M.; Ackermann, H.-W.; Calderwood, S.B.; Qadri, F.; Camilli, A. Evidence of a Dominant
Lineage of Vibrio Cholerae-Specific Lytic Bacteriophages Shed by Cholera Patients over a 10-Year Period in Dhaka, Bangladesh.
mBio 2011, 2, e00334-10. [CrossRef] [PubMed]

86. Carstens, A.B.; Djurhuus, A.M.; Kot, W.; Jacobs-Sera, D.; Hatfull, G.F.; Hansen, L.H. Unlocking the Potential of 46 New
Bacteriophages for Biocontrol of Dickeya Solani. Viruses 2018, 10, 621. [CrossRef]

87. Miroshnikov, K.A.; Evseev, P.V.; Lukianova, A.A.; Ignatov, A.N. Tailed Lytic Bacteriophages of Soft Rot Pectobacteriaceae.
Microorganisms 2021, 9, 1819. [CrossRef]

88. Evseev, P.V.; Lukianova, A.A.; Shneider, M.M.; Korzhenkov, A.A.; Bugaeva, E.N.; Kabanova, A.P.; Miroshnikov, K.K.;
Kulikov, E.E.; Toshchakov, S.V.; Ignatov, A.N.; et al. Origin and Evolution of Studiervirinae Bacteriophages Infecting
Pectobacterium: Horizontal Transfer Assists Adaptation to New Niches. Microorganisms 2020, 8, 1707. [CrossRef]

https://doi.org/10.1093/nar/gki487
https://www.ncbi.nlm.nih.gov/pubmed/15980510
https://doi.org/10.1093/nar/gkh152
https://www.ncbi.nlm.nih.gov/pubmed/14704338
https://doi.org/10.1093/nar/25.5.955
https://www.ncbi.nlm.nih.gov/pubmed/9023104
https://doi.org/10.1093/nar/gkq1189
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1093/nar/gki408
https://doi.org/10.1371/journal.pone.0202767
https://doi.org/10.1371/journal.pcbi.0020057
https://doi.org/10.3390/v12111268
https://doi.org/10.1093/bioinformatics/btr039
https://doi.org/10.1093/bioinformatics/btab007
https://doi.org/10.1093/bioinformatics/btv421
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1038/nmeth.4285
https://www.ncbi.nlm.nih.gov/pubmed/28481363
https://doi.org/10.1093/molbev/mst024
https://www.ncbi.nlm.nih.gov/pubmed/23418397
https://doi.org/10.7717/peerj.3243
https://doi.org/10.1089/phage.2021.0007
https://www.ncbi.nlm.nih.gov/pubmed/36159887
https://doi.org/10.1101/gr.1239303
https://www.ncbi.nlm.nih.gov/pubmed/14597658
https://doi.org/10.1007/s00705-020-04923-w
https://doi.org/10.3389/fmicb.2022.898961
https://www.ncbi.nlm.nih.gov/pubmed/35903472
https://doi.org/10.1007/s00705-021-05345-y
https://www.ncbi.nlm.nih.gov/pubmed/35075514
https://doi.org/10.1128/mBio.00334-10
https://www.ncbi.nlm.nih.gov/pubmed/21304168
https://doi.org/10.3390/v10110621
https://doi.org/10.3390/microorganisms9091819
https://doi.org/10.3390/microorganisms8111707


Microorganisms 2024, 12, 542 24 of 24

89. Dunn, J.J.; Studier, F.W.; Gottesman, M. Complete Nucleotide Sequence of Bacteriophage T7 DNA and the Locations of T7 Genetic
Elements. J. Mol. Biol. 1983, 166, 477–535. [CrossRef]

90. Kovalyova, I.V.; Kropinski, A.M. The Complete Genomic Sequence of Lytic Bacteriophage Gh-1 Infecting Pseudomonas Putida—
Evidence for Close Relationship to the T7 Group. Virology 2003, 311, 305–315. [CrossRef]
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