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Abstract
Cholera is a devastating diarrheal disease that accounts for more than 10% of children’s lives worldwide,
but its treatment is hampered by a rise in antibiotic resistance. One promising alternative to antibiotic
therapy is the use of bacteriophages to treat antibiotic-resistant cholera infections, and control Vibrio
cholera in clinical cases and in the environment, respectively. Here, we report four novel, closely related
environmental myoviruses, VP4, VP6, VP18, and VP24, which we isolated from two environmental
toxigenic Vibrio cholerae strains from river Kuja and Usenge beach in Kenya. High-throughput sequencing
followed by bioinformatics analysis indicated that the genomes of the four bacteriophages have closely
related sequences, with sizes of 148,180 bp, 148,181 bp, 148,179 bp, and 148,179 bp, and a G + C content
of 36.4%. The four genomes carry the phoH gene, which is overrepresented in marine cyanophages. The
isolated phages displayed a lytic activity against 15 environmental, as well as one clinical, Vibrio cholerae
strains. Thus, these novel lytic vibriophages represent potential biocontrol candidates for water
decontamination against pathogenic Vibrio cholerae and ought to be considered for future studies of
phage therapy.

Introduction
Acute infectious diarrheal diseases remain among the most frequent causes of childhood deaths,
accounting for 10–12% of the death toll in children under �ve years of age, and around 1.4–1.9 million
fatalities worldwide (Levy et al. 2016). Cholera is a devastating watery diarrheal disease that causes
severe dehydration and death if untreated. It is mainly caused by O1 and O139 toxigenic Vibrio cholerae
serotypes. The disease is spread through the faecal-oral route and hence strongly associated with
poverty, poor hygiene, clean water shortage, and lack of adequate sanitation facilities (Deen et al. 2020).
The aquatic environment is the main reservoir for V. cholerae, speci�cally brackish, estuarine, and coastal
waters (Almagro-Moreno and Taylor 2013).

Treatment of cholera is challenging. A combination of antibiotics with rehydration therapy relieves the
symptoms of cholera and shortens the disease duration. Unfortunately, environmental drug-resistant V.
cholerae strains have been recently reported, hampering the treatment option for cholera and urgently
calling for adjunct or alternative approaches (Loo et al. 2020), such as bacteriophage therapy.

Bacteriophages, termed phages for short, are viruses that infect bacteria and exist in equilibrium with
their bacterial hosts. The relationship between V. cholerae and bacteriophages dates to the 1920s, when
Felix d’Herelle described the spread of phages in the environment after the onset of an outbreak (Jassim
and Limoges 2014; Silva-Valenzuela and Camilli 2019). Back then, several studies proved the
effectiveness of phage treatment against versatile diseases, including cholera, staphylococcal infections,
typhoid fever, and bacterial dysentery (Sulakvelidze et al. 2001; El-Shibiny and El-Sahhar 2017)

Despite this early success, enthusiasm towards phage treatment and research immensely declined with
the discovery of antibiotics (Abedon et al. 2011). Revisiting phage therapy ought to be taken into
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consideration, given that human and environmental V. cholerae populations are naturally controlled by
serogroup-speci�c bacteriophages (Faruque et al. 2005a). Since V. cholerae is a natural inhabitant of
aquatic environments (Almagro-Moreno and Taylor 2013; Lutz et al. 2013), these environments are
favorable for exploring candidate therapeutic bacteriophages. Indeed, several tailed bacteriophages,
especially from family Myoviridae, were detected during environmental surveys in regions where
outbreaks were reported, e.g., Peru (Talledo et al. 2003), Kolkata (Sen and Ghosh 2005) and Kenya (Maina
et al. 2014). Of note, tailed bacteriophages are the most dominant viruses in the aquatic environment
(Madhusudana Rao and Lalitha 2015; Letchumanan et al. 2016), which makes them a good initial
candidate for screening, but will require elaborate efforts for their isolation.

Here we report the isolation, characterization and sequencing of four novel phages with contractile tails
(typical myophage morphology). These lytic phages demonstrated a biocontrol potential against tested
environmental and clinical V. cholerae strains. Hence, they should be considered as possible candidates
for the highly needed phage therapy targeting the increasingly resistant V. cholerae and for water
decontamination as well.

Materials And Methods
Bacterial hosts used for phage isolation and propagation:

Two environmental strains of Vibrio cholerae, previously isolated from different water sources, were used
for bacteriophage isolation and propagation. The �rst of the two strains, Vc_ke, isolated from river Kuja in
Migori County and identi�ed as toxigenic El Tor strain, was used for phages VP4, VP6, and VP18. The
second strain, Vc_Use, isolated from Usenge beach in Siaya, was used for VP24.
Phage isolation, propagation and DNA isolation:

Like their bacterial hosts, phages VP4, VP6, and VP18 were isolated from river Kuja in Migori County,
Kenya, while phage VP24 was isolated from Usenge beach in Siaya, Kenya.

The double agar layer method was used for isolation and puri�cation of the phages, as described by van
Twest and Kropinski (2009) but with a slight modi�cation: The soft agar layer (0.6% agar) was made of
Trypticase Soy agar instead of Luria-Bertani agar.

Genomic DNA was extracted from phage lysates by the standard phenol-chloroform protocol as
described in Sambrook et al. (2001) and modi�ed by Shah (2014).
Host range pro�ling:

The host range for the isolated phages was pro�led as previously described (Stenholm et al. 2008; Kutter
2009), with a minor modi�cation (Trypticase Soy with 0.6% agar was used instead of Luria-Bertani agar).
Each phage was tested for its ability to form plaques on lawns of each of the 15 used environmental V.
cholerae strains isolated from the different Kenyan waters (Table 1), in addition to one clinical V. cholerae
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isolate. The host range was estimated from the number of lysed strains out of the 16 tested strains
above.

 
Table 1

Sources of Vibrio cholerae Strains Used in Host range pro�les
Code Source Region Geographical site

Vc_ke* Environmental Migori River Kuja

Vc_Kuj Environmental Migori River Kuja

Vc_Kuj Environmental Migori River Kuja

Vc_Kuj Environmental Migori River Kuja

Vc_Kuj Environmental Migori River Kuja

Vc_Koleche* Environmental Bondo Koleche Pond

Vc-Kot Environmental Bondo Kotonde Pond

Vc_Owi Environmental Bondo Owira Pond

Vc_Use Environmental Rarieda Usenge Beach

Vc_Osi Environmental Rarieda Osieko Beach

Vc_Lau Environmental Rarieda Lauda Beach

Vc_Nsongoni* Environmental Coast River Nsongoni

Vc_Kiz Environmental Coast River Kizulini

Vc_Kam Environmental Central River Kamiti

Vc_Riv Environmental Central Riverside River

VCM Clinical UoN Medical Microbiology Laboratory

* Those bacteria were previously isolated and described (Maina et al. 2021).

Among these isolates, three had been earlier con�rmed by 16S rRNA gene sequencing. The 16S rRNA
sequences were deposited in NCBI and given accession numbers MN467399.1 (Vc_ke isolated from river
Kuja, Migori), MN907464.1 (Vc_Koleche, from Koleche pond, Siaya), and MN907465.1 (Vc_Nsongoni,
isolated from river Nsongoni, Mombasa).

Each isolate of the target strains was cultured on thiosulfate-citrate-bile salts-sucrose (TCBS) agar and
incubated for 12h at 37°C. Thereafter, 10 ml of trypticase soy broth (TSB) was inoculated with a single
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colony of each bacterial strain, and then incubated for 12h at 37°C. A 500 ul aliquot of the overnight
culture was mixed with 4ml soft agar, and poured onto the surface of the TSA plates to make the host
lawns. Subsequently, the plates were allowed to set, and 10µl of the phage lysate was spotted per lawn.
After the spots were allowed to set, plates were incubated for 12h at 37°C. The plates were examined for
zones of clearing/lysis wherever a phage had been spotted (Yu et al., 2013). If a clear zone was observed,
the isolate was declared sensitive to the phage. A control culture was set with sterile sodium chloride-
magnesium sulfate (SM) buffer, instead of phage lysates, to verify the growth and purity of the culture.

The phages were also tested for their infectivity against three other Gram-negative bacteria isolated from
the same environmental sources at the same geographical areas as the Vibrio isolates (Maina et al.
2021). These bacteria included two strains of E. coli (Ec_Kuja, 16S rRNA sequence accession number
MN907473.1, isolated from river Kuja, and EC_ke, 16S rRNA sequence accession number MN467398.1,
isolated from Nairobi River). The other two bacterial isolates, Proteus mirabilis and Providencia sneebia,
were isolated from river Kuja, and their 16S rRNA sequences were determined and assigned accession
numbers MN467400.1 and MN467401.1, respectively).
Morphological characterization by transmission electron microscopy (TEM):

Puri�ed bacteriophage samples (titer between 109 to 1010 PFUs/ml) were prepared for TEM at the
Wellcome Sanger Institute, operated by Genome Research Limited. Negative staining was performed with
5% of Uranyl acetate at a ratio of 5:1 for each phage sample and magni�cation of X 60000. Puri�ed and
washed phage samples were adhered to freshly glow-discharged carbon/Formvar grids, brie�y stained
with 5% uranyl acetate and then blotted and air dried. Grids were then viewed on a 120kV FEI Spirit
Biotwin microscope (Thermo Fisher Scienti�c, Hillsboro, OR) and imaged by a Tietz 4.16 charge-coupled
device (CCD) camera. Measurements were taken directly with the TVIPS EMTools (Germany).
Library construction and sequencing:

A Covaris sonicator (Covaris, MA, USA) was used to randomly shred the genomic DNA, after its
concentration was measured with a Qubit 3.0 �uorometer (Life Technologies, CA, USA) and adjusted. For
library preparation, DNA fragments were end-repaired, A-tailed, ligated with adapters, puri�ed, and
ampli�ed by the polymerase chain reaction (PCR).

After library construction, the library DNA was accurately quanti�ed by Qubit 3.0 and diluted. Finally, its
quality was assessed in an Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, USA). Additional
quality check was performed via quantitative PCR (qPCR) determination of the library DNA concentration.
Once good quality of the libraries was con�rmed, they were pooled and sequenced in an Illumina �ow
cell, according to the manufacturer’s requirement of concentration and volume. The sequencing was
performed on the high-throughput platform of Illumina NovaSeq 6000 (Illumina, CA, USA).
Annotation of phage genomes:

The phages were annotated by both VIBRANT v1.2.1 (Kieft et al. 2020) and Rapid Annotation using
Subsystems Technology (RAST) server (Aziz et al. 2008), after adjusting RAST settings to the optimized
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phage pipeline (Aziz et al. 2018; McNair et al. 2018). Genes encoding tRNAs were detected by tRNAscan-
SE (Lowe and Eddy 1997). Annotations of VP4 were visualized by Geneious Prime 2019.0.3 (Biomatters,
Ltd., New Zealand) and color-coded according to the respective annotation category.
Phylogenetic analysis:

The annotations from VIBRANT were used to identify ribonucleotide reductase (RnR) subunits alpha and
beta, as well as the large terminase (LT) subunit, which were subsequently used for phylogenetic tree
construction. RnR alpha, RnR beta and LT protein sequences from VP4 were used to query the NCBI nr
database (accessed August 2020, taxid10239, e-value < 1e-5) for reference virus sequences. The top 100
results from each search were taken and individually dereplicated by CD-HIT v4.6, -aS 0.8 -c 0.9 (Huang et
al. 2010).

Respective protein sequences for VP4, VP6, VP18, and VP24 were added to the reference sequences and
aligned by MAFFT (v7.388, Katoh and Standley 2013), with default settings. Phylogenetic trees were
constructed with RAxML (v8.2.4, Stamatakis 2014), with the command: raxmlHPC-PTHREADS -N 100 -f a
-m PROTCATLG, and the resulting trees, representing 100 bootstrap iterations and rooted by outgroup,
were visualized by FigTree v1.4.4 (Rambaut 2007).
Genome alignment:

The genomes of two closely related phages (MG592609.1 and NC_048709.1), chosen from to the
phylogenetic trees, were aligned to VP4 genome by tBLASTX (Altschul et al. 1990) and visualized by use
of EasyFig (v2.2.2) software (Sullivan et al. 2011) with minimum BLAST alignment length = 100,
maximum e-value = 1e-5, and minimum identity = 50%. Tools of the Pathosystems Resource Integration
Center (PATRIC) portal (Davis et al. 2020) were used for comparing predicted proteins of the four phages
and for generating a CIRCOS circular map with the GC% and GC skew of the phage genome (Krzywinski
et al. 2009).
Nucleotide sequence accession number:

The full genome sequence of phage VP4 (systematically named vB_vcM_Kuja) is currently available in
the NCBI Nucleotide database under the accession number MN718199.1 The corresponding RefSeq
record is NC_048827.1

Results And Discussion
Morphology of vibriophages VP4, VP6, VP18, and VP24:

Morphological characterization, based on the TEM images, of the four studied phages VP4, VP6, VP18,
and VP24, showed an icosahedral capsid head, ranging in size from 78nm to 85nm and a contractile tail,
ranging in length from 95nm to 103nm (Fig. 1). The virion morphology suggested that the phages belong
to the family Myoviridae, order Caudovirales, as previously described (Maina et al. 2014).
Genomic features and primary classi�cation of VP4, VP6, VP18, and VP24:
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The whole genomes of the four phages were sequenced. The linear double-stranded DNA size ranged
between 148,179 bp and 148,181 bp, and its molecular weight was 91.54 MDa, which suggests relatively
large genomes compared to those of other myoviruses. The GC content was 36.4%. The annotation
suggested 186 protein-coding sequences (CDSs) for phages VP4 and VP18, and 185 CDSs for VP6 and
VP24.

Among the well-studied bacteriophages that infect V. cholerae O1, the myophage ICP1, a double-stranded
DNA virus (previously known as JSF1), has a genome size of 125,956 bp, G + C content of 37% and 230
coding sequences. A similar phage of the same series, JSF7, propagated on strain V. cholerae O1, has a
double-stranded DNA genome with G + C content of 48.42% has a genome size of 46kb (Naser et al.
2017). The genome size of JSF7 is much smaller than the four phages in this study.

The best-characterized phage of the Myoviridae family is phage T4. T4 has a genome size of 168,903 bp,
an elongated head (110x80 nm), a contractile tail that ends with a complex base plate with six long �bers
radiating from it. The T4 genome (NCBI accession number NC_000866) has a G + C content of 35% and
eight tRNA genes. The propagating strain is Escherichia coli. More than 200 similar phages have been
described that share common virion morphology and related features (Comeau and Krisch 2008). The
genomes of the four closely related phages isolated in this study can possibly be placed with the class of
T4-like phages.

About 90% of known T4-like phages grow on E. coli or other enterobacteria, but 10% grow on
phylogenetically more distant bacteria, such as Aeromonas, Vibrio, Cyanobacteria, among others, and
they signi�cantly vary in virion morphology (Comeau and Krisch 2008). Phage JS98 (NCBI accession
number NC_ 010105), propagated on E. coli, with a genome size of 170,523, three tRNAs, G + C content of
39%, can be considered to be closely related to the four phage genomes in this study.

A well-studied vibriophage, KVP40 has a giant genome of 244,834 bp (NCBI accession number
NC_005083), host strain Vibrio parahemolyticus, G + C content of 42.6%, and 30 tRNAs. The phage,
isolated from polluted sea water in Japan, belongs to the Myoviridae family and is classi�ed as a T4-like
phage with a broad host range (Miller et al. 2003).

The four phages are closely related to two non-Vibrio phages: S-PM2 (NCBI genome accession
NC_006820) and S-RSM4 (NCBI genome accession number NC_013085), which infect Synechococcus.
Their G + C content is 37% and 41%, respectively, and their genomes sizes are 196,280 bp and 194,454 bp
(Clokie et al. 2010).

Two other phages are closely related in percent G + C content. These are P-SSM2 and P-SSM4, known to
infect Prochlorococcus. The genomes of these two phages (NCBI accession numbers NC_ 006883 and
NC_006884, respectively) have G + C content of 35.5% and 36.7%, respectively, and genome sizes 252,401
bp and 178,249 bp, respectively. P-SSM2 only encodes for one tRNA while P-SSM4lacks tRNA genes.
These two bacteria, Prochlorococcus and Synechococcus, are globally ubiquitous marine cyanobacteria,
and their phages are among the most abundant in the world’s oceans (Clokie et al. 2010; Aziz et al. 2015).
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Because the four phages isolated in this study have relatively large genomes, they are potentially
interesting subjects of further studies.

Genome annotation:

As mentioned above, 186 CDSs were de�ned for phages VP4 and VP18, and 185 CDSs for phages VP6
and VP24. Out of these, 103 genes (55%) were annotated as ‘hypothetical’ or ‘unknown’ proteins. High
frequency of proteins with unassigned functions is typical for phage genomes from previously
unsampled geographical sites, and calls for further studies to identify the potential functions of those
proteins.

On the other hand, the annotation process identi�ed 82 genes (45% of all CDSs) associated with two
main categories: (1) functional subsystems/modules, including nucleotide replication, repair,
recombination, and metabolism, and (2) phage structural and hallmark genes (Fig. 2).

The four phages had near identical set of predicted protein, with marginal differences in 2–3 proteins per
genome (Fig. 3 and Supplementary data table S1). Other than structural and functional phage domains,
detailed for phage VP4 (Fig. 2), no unusual genes were detected. Speci�cally, both VIBRANT (Kieft et al.
2020) and the PATRIC (Davis et al. 2020) database indicated no known resistance or virulence genes, and
no evidence of integrases was found.

Detection and signi�cance of phoH:

A notable exception to the above categories was the phoH gene, the expression of which was linked to
phosphate starvation conditions. The phoH is a host-derived auxiliary metabolic gene (AMG), sometimes
known as a moron (Hendrix et al. 2000; Hendrix et al. 2003), and is commonly carried by some phages. It
belongs to the phosphate regulon that regulates phosphate uptake and metabolism under conditions of
low phosphate and phosphate limitation. The phoH gene homologs were detected in phages with various
morphological types, e.g., siphophages, myophages, and podophages, and with a wide bacterial host
range (including autotrophic and heterotrophic bacteria). They were even detected in viruses of
autotrophic eukaryotes (Goldsmith et al. 2011).

The phoH gene is not restricted to a certain morphological type of phage, which suggests that it could be
a powerful biomarker gene for studying phage diversity. Goldsmith et al. (2011) found out that nearly
40% of marine phages contained phoH, compared to only 4% of nonmarine phages (Goldsmith et al.
2011).

In a study by Wang et al. (2016), more than 400 phage-harbored phoH sequences were obtained from
several paddy �oodwaters in northeast China. Precisely, four speci�c groups and seven subgroups of this
gene family were detected in phages from paddy waters (Wang et al. 2016). The study demonstrated that
phoH was present in phage genomes of terrestrial environments and that this gene was useful for
studying phage ecology in paddy ecosystems. These �ndings support the evidence that this biomarker
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gene can be used to investigate the diversity of phages in both marine and terrestrial environments (Li et
al. 2019).

Phosphorus is a major element, necessary for nucleotide biosynthesis and DNA replication, but is
extremely scarce in oligotrophic waters and is consequently thought to be one of the limiting factors for
cyanobacterial growth (Martiny et al. 2006; Tetu et al. 2009; Kelly et al. 2013). Thus, it is not surprising
that some phosphorus-acquisition genes, such as the phosphate-inducible genes, pstS and phoH, and the
alkaline phosphatase gene phoA, which are regulated by the PhoR/PhoB two-component regulatory
system to sense phosphorus availability, were found in the genomes of cyanophages infecting
cyanobacteria (Martiny et al. 2006; Sullivan et al. 2010; Zeng and Chisholm 2012). These genes could be
upregulated in response to phosphate starvation in host cells, and their products could play an important
role in regulating phosphorus absorption and transportation of host cells under low-phosphorus content
or phosphorus-deprived conditions (Gao et al. 2016). It was also proposed that cyanophages maintain
phoH to allow their host increased phosphate uptake during infection; however, the mechanism of how it
occurs is not well known (Clokie et al. 2010), and phoH expression in phosphate-limited conditions
appears to vary between hosts (Lindell et al. 2007; Tetu et al. 2009).

Based on the above observations, phoH has been proposed as a novel signature gene to assess the
genetic diversity of viruses in multiple families of double-stranded DNA tailed phages (Goldsmith et al.
2011). phoH was commonly discovered in cyanophages, such as marine cyanophages P-SSM2, P-SSM4,
and Syn9 (Sullivan et al. 2005; Weigele et al. 2007), and freshwater cyanophages Ma-LMM01 (Yoshida et
al. 2008) and MaMV-DC (Ou et al. 2015). It was also found in non-marine phages such as coliphage T5
(Wang et al. 2005) and Staphylococcus phages K, G1, and Twort (O'Flaherty et al. 2004; Kwan et al.
2005). The frequent detection of phoH genes in phage genomes suggests that their products play a role
in the phosphate metabolism of the phage-infected cell (Sullivan et al. 2005). Based on bioinformatic
analyses, phoH genes were suggested to be part of a multi-gene family with divergent functions from
phospholipid metabolism and RNA modi�cation to fatty acid beta-oxidation (Kazakov et al. 2003).

phoH was also reported in vibriophages, represented by phage KVP40 (Miller et al. 2003) the well-studied
T4-like phage isolated from polluted coastal sea water in Japan. The propagating host bacterium of
phage KVP40 was Vibrio parahaemolyticus. Here, phoH was found in all the four phage genome
sequences reported here. phoH has already been reported in phages isolated from versatile geographic
locations. Although most phages harboring the phoH gene originated from marine environments, some
belonged to other habitats, such as soil, sewage and stool (Adriaenssens and Cowan 2014). Taken
together, the presence of genes involved in phosphorous acquisition demonstrate how phages might
have developed adaptation to life in oligotrophic environment (Baudoux et al. 2012).
Phylogenetic context of VP4, VP6, VP18, and VP24:

Phylogenetic analysis of RnR alpha, RnR beta and LT protein sequences of the four phages, compared to
those from reference phages, displayed separate branching of the four phages (Fig. 4). Although the four
phages were phylogenetically distinct from reference phages, they were most closely related to other
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Vibrio-infecting phages. Based on the trees for RnR alpha and RnR beta, the four phages are most closely
related to Vibrio phage 1.244.A._10N.261.54.C3 (NCBI accession number MG592609.1, 159 kb length),
from seawater, which has a partial genome sequence and is estimated to belong to the family
Ackermannviridae (Kauffman et al. 2018).

As for the LT-based phylogeny, LT from the four phages are most closely related to Vibrio phage YC
(RefSeq NC_048709.1, 147 kb length), which belongs to Ackermannviridae and infects Vibrio
coralliilyticus (Cohen et al. 2013). Other phages that are related based on the LT tree include Vibrio phage
VP-1 (NCBI MH363700.1, 150 kb length) (Mateus et al. 2014) and Vibrio phage VAP7 (RefSeq
NC_048765.1, 144 kb length), both of which belong to the family Ackermannviridae as well (Gao et al.
2020), but were found to infect Vibrio parahaemolyticus and Vibrio alginolyticus, respectively.

Although the four phages described here seem to belong to family Ackermannviridae and share a similar
genome length (~ 150kb) to those other phages, their separate phylogenetic branching and different host
range suggest that they are evolutionarily distinct from other known phages.

Alignment of phage VP4 with two closely related Vibrio-infecting phages shows that VP4 shares a few
genes with known Vibrio phages (Fig. 5). The genes with the highest similarity are those predicted to
encode terminases and major capsid proteins. These similarities, along with the phylogenetic trees,
con�rm the phylognetic relatedness, yet distinction, of the four novel phages relative to known Vibrio
phages.
Potential applications and therapeutic value:

Cholera epidemics are known to be self-limiting in nature, since the epidemics subside after reaching a
peak, even without any active human intervention (Hoque et al. 2016). Among other factors, lytic phages
that kill V. cholerae have been shown to play a signi�cant role in modulating the course of epidemics,
presumably through their inherent bactericidal activity. Studies suggested that seasonal cholera
epidemics may end as a result of phage predation of the causative epidemic V. cholerae strains (Faruque
et al. 2005a; Faruque et al. 2005b; Nelson et al. 2009). This natural predatory role of phages make them
appealing tools for the biocontrol of epidemics before they claim human lives; hence, the value of lytic
phages is not only therapeutic, but also preventive, in some sense.

One of the pivotal phage features, which affects their therapeutic value, is their host spectrum. The four
phages isolated here were infective against the 15 different tested environmental V. cholerae strains, in
addition to a clinical strain. However, the phages were not infective against bacteria representing three
other species: E. coli, Proteus mirabilis and Providencia sneebia so they remain of limited spectrum. A
cocktail, composed of three different phages isolated from surface waters in Bangladesh and designated
as JSF7, JSF4, and JSF3, could signi�cantly in�uence the distribution and concentration of the active
planktonic form and bio�lm-associated form of toxigenic V. cholerae in water (Naser et al. 2017).
Therefore, the four phages in this study are potential candidates to be added to cocktails for water
decontamination and control of V. cholerae in environmental waters, used by poor communities for
domestic purposes in Kenya.
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Conclusion and outlook.

Here, we report the initial characterization and whole genome sequencing of four novel vibriophages that
could be primarily classi�ed in the subfamily Ackermannviridae. Our analysis showed they possess
relatively large genomes, with over half of their genes encoding for unknown proteins that might be
involved in manipulating the Vibrio host during infection.

Phage therapy is a potential life saver during cholera outbreaks in underprivileged countries, owing to the
relative ease and speed of phage preparation with basic inexpensive laboratory equipment (Bhandare et
al. 2019). To further circumvent antibiotic resistance, more complex and stable phage formulation
methods are being explored (e.g., lyophilization, spray drying, emulsi�cation, and microencapsulation
(Malik et al. 2017). Future directions should target further characterization of the presented vibriophages
and aim to test their control over pathogenic V. cholerae for water decontamination and phage therapy.

Post scriptum:

It is important to note that, while this manuscript was being written and was going through several
rounds of revision, the Bacterial Viruses Subcommittee of International Committee on Taxonomy of
Viruses (ICTV, URL: https://talk.ictvonline.org/) has set out to make major changes in nomenclature and
taxonomy, with a re-assignment of order Caudovirales into class Caudoviricetes, and an eventual
abolishment of families Myoviridae, Podoviridae and Siphoviridae (Turner et al. 2021). However, we opted
to keep the current description of phages with contractile tails as “myophages” or “myoviruses” to allow
comparison with literature, until a genome-based taxonomic system is fully established for the members
of those three families.
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Code  Source Region Geographical site

Vc_ke* Environmental  Migori River Kuja

Vc_Kuj Environmental Migori River Kuja

Vc_Kuj Environmental Migori River Kuja

Vc_Kuj Environmental Migori River Kuja

Vc_Kuj Environmental Migori River Kuja

Vc_Koleche* Environmental Bondo Koleche Pond

Vc-Kot Environmental Bondo Kotonde Pond

Vc_Owi Environmental Bondo Owira Pond

Vc_Use Environmental Rarieda Usenge Beach

Vc_Osi Environmental Rarieda Osieko Beach

Vc_Lau Environmental Rarieda Lauda Beach

Vc_Nsongoni* Environmental Coast River Nsongoni

Vc_Kiz Environmental Coast River Kizulini

Vc_Kam Environmental Central River Kamiti

Vc_Riv Environmental Central Riverside River

VCM Clinical UoN Medical Microbiology Laboratory

* Those bacteria were previously isolated and described (Maina et al. 2021).
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Figure 1
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Transmission electron micrographs of VP4, VP6, VP18, and VP24 phages after negative staining. The
four vibriophages have icosahedral heads and contractile tails. Bar = 100nm.

Figure 2

Circular diagram of annotated phage VP4 genome. Annotations from VIBRANT v1.2.1 are color-coded as
follows: blue for proteins involved in nucleotide replication, repair, recombination, and metabolism; green
for phage structural and hallmark proteins; and gray for proteins of unknown or uncategorized functions.
phoH is shown in red. The dotted line indicates the site of circularization of the linear sequence. Geneious
Prime 2019.0.3 was used to generate the diagram.
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Figure 3

Proteome-based comparative diagram of protein-coding genes of phages VP4, VP6, VP18, and VP24. All
protein-coding genes of the four phages VP4, VP6, VP18, and VP24 were compared (at the amino-acid
level), and the comparison is represented in a circular diagram, with color-coded percent amino acid
identity (colors and shades are indicated in the bottom). Pairwise bidirectional similarity suggests
orthology. Tracks, from outside to inside: nucleotide position in millions of bases, genome scaffold
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(continuous blue line), phage VP4 open reading frames (ORFs), phage VP18 ORFs, phage VP6 ORFs,
phage VP24 ORFs, GC% (with window size of 2000 nucleotides), and �nally GC skew (with window size
of 2000 nucleotides, and a median dotted line equivalent to zero). The �gure is a merger of two �gures
created in the PATRIC platform (Davis et al. 2020).

Figure 4

Marker gene-based phylogenetic trees of phages VP4, VP6, VP18, and VP24 with reference viruses. The
phylogenetic trees were constructed based on compared protein sequences of (A) ribonucleotide
reductase subunit alpha (RnR alpha), (B) ribonucleotide reductase subunit beta (RnR beta), and (C) large
terminase (LT) subunit. Clades representing phages VP4, VP6, VP18, and VP24 are labeled in red. Phages
used for genome alignments are highlighted with green dots. Bootstrap values greater than 70 are shown,
and trees are rooted by outgroups. Trees were graphically generated by FigTree (v1.4.4).

Figure 5

Genome alignments of phage VP4 against reference phages. Genomes maps are connected by lines
according to high (green) or low (red) tBLASTX identity. Open-reading frames are depicted by gray arrows,
and genes with high identity between VP4 and the reference phages are annotated. Accession numbers
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for reference phages are MG592609.1 (Vibrio phage 1.244.A._10N.261.54.C3) and NC_048709.1 (Vibrio
phage YC).
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