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Abstract
Bacteriophage, a predator virus of bacteria, is an abundant biological entity in the biosphere. With
ultimate applications in medicine and biotechnology, new phages are extensively being isolated and
characterized. The objective of the present study was to characterize lytic bacteriophage vB_PaePA14 infecting Pseudomonas aeruginosa ATCC 27853 that was isolated from seawater in Thailand.
vB_Pae-PA14 was subjected to whole genome phylogenetic analysis, host range test, biofilm test and
characterization. Results showed that the phage belonged to a group of N4-like viruses, could infect P.
aeruginosa isolates including carbapenem-resistant P. aeruginosa. The burst size of vB_Pae-PA14 was
86 plaque forming unit/infected cells. Also, the phage showed a greater ability to control planktonic
P. aeruginosa cells than the biofilm cells. Phage could withstand physical stresses especially the high
salt concentration. In brief, lytic bacteriophage vB_Pae-PA14 infecting P. aeruginosa was isolated and
characterized, which might be useful in further bacteriophage lytic applications.
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Introduction
Pseudomonas aeruginosa, a Gramnegative, aerobic bacteria are part of the normal
flora of soil and water sources. It can cause
infection in an immunocompromised patient
due to broad-spectrum antibiotic resistance and
diverse virulence factors including biofilm. 1,2
It also contaminates and causes spoilage in
food.3,4 These problems are a global issue not
only limited to developing countries. Drugs and
chemical sanitizers are mainly used to control P.
aeruginosa.5 Alternatively, biological control of
foodborne pathogens using bacteriophage has
been evaluated.6 Furthermore, multidrug-resistant
P. aeruginosa, especially carbapenem-resistant
P. aeruginosa (CRPA) is one of the major issues
to be a concern worldwide. 7 Recently in the
novel COVID-19 pandemic which antibiotics are
highly likely overused to protect the patient, the
forthcoming emergence of antibiotic resistant
bacteria is inevitable.8 Hence, alternative treatment
or preventive options are urgently required, with
lytic bacteriophages being one of the possible
candidates.
Bacteriophages (phages) have gained
attention recently.9 Viruses infecting bacteria
are abundant and play ecological roles.10,11 The
previous review suggested that phages have
their uses as vaccines and therapeutic agents.12
The recent breakthrough in phage therapy has
been medical studies. 13,14 Furthermore, the
phage and host interaction might be exploited
in biotechnology and other applications. 15,16
Noteworthy is that phage genomes are diverse.17
Electron microscopy is one of the ways to
systematically classify bacteriophages.18 Using
molecular characterization, the phage genome
might be de novo sequenced.19
Thai seawater is one of the possible
ecological sources of phages but there has been
no report on the isolation of Pseudomonas phage.
In this work, seawater bacteriophage vB_PaePA14 was isolated using P. aeruginosa ATCC 27853
as a host. The genome sequence of the newly
isolated vB_Pae-PA14 showed that it is an N4like virus. The host range was examined, and the
characterization was performed. In brief, this study
provides information on the newly isolated phage
in controlling P. aeruginosa.
Journal of Pure and Applied Microbiology

Materials and methods
This study was non-clinical, qualitative
research on the bacteriophage isolate; and was
performed at the Department of Microbiology,
Faculty of Science, Bangkok, Thailand.
Strains and cultivation
Bacterial strains were stored in glycerol
stock at -80˚C freezer at the Department of
Microbiology, Faculty of Science until use. Cultures
were streaked on tryptic soy agar (TSA; Himedia
Pvt. Ltd., Mumbai, India) and cultivated in tryptic
soy broth (TSB; Himedia Pvt. Ltd., Mumbai, India).
P. aeruginosa ATCC 27853 was used as the host for
bacteriophage isolation. Staphylococcus aureus
ATCC 6538, Escherichia coli ATCC 25922, Klebsiella
pneumoniae ATCC 13883, Listeria monocytogenes
ATCC 7644 and E. coli DH5a (Life Technologies)
were used as control. The P. aeruginosa isolate
TN87 was obtained from the screening of P.
aeruginosa in retail foods. Thirty-four (34)
carbapenem-resistant P. aeruginosa (CRPA) strains
were used in the study. P. aeruginosa isolates were
cultured in TSB at 37˚C, 200 rpm using a rotary
shaker. TSA was used in a double-layer agar (DLA)
technique where the top layer contained 5 ml of
0.7% (w/v) agar.20
Isolation and purification of bacteriophages
Bacteriophage was isolated after enriching
the water sample as described previously.21 To
isolate bacteriophage, a seawater sample from
Chonburi province, Thailand (12°36'29.1"N
100°55'51.5"E) was collected in January 2020. The
water sample was mixed with overnight culture
broth of P. aeruginosa ATCC 27853 and 10x TSB
medium (45:0.5:5 ml) and incubated with shaking
for 20 h. After enrichment, sample was centrifuged
at 10,000×g for 10 min to pellet the host bacteria
and the supernatant was passed through a 0.22 μm
pore size polyethersulfone syringe filter (PURADISC
25 AS, Whatman) to remove host bacteria and
other contaminants. The filtrate was mixed with
the host and molten soft agar in the DLA method.
The plates were incubated at 37˚C for 16 h and
plaques appearance indicated the presence of
phages. Distinct plaques were picked up and
resuspended in 0.5 ml SM buffer (100 mM NaCl, 50
mM Tris pH 7.5, 8 mM MgSO4).22 Purification was
performed at least 3 passages, using the described
method to obtain a single plaque morphology on
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macroscopic observation. The phage titer was
determined. The plaque diameter was measured
(n=10) using a Vernier caliper.
To prepare a high titer phage sample,
the phages were collected from confluent lysis
plaques on a DLA plate. Three (3) ml of SM buffer
was added to the surface of the top agar containing
confluent lysis, and the plates were shaken on a
rotary shaker at 100 rpm for 1 h. The solution was
retrieved, centrifuged, and filtered. Purified phage
with high titer was stored at 4˚C.
Host range determination
To check the phage specificity, a spot test
was performed using the previously described
protocol with modifications.23 Target bacteria-16
representative bacterial strains and 34 CRPA
isolates-in liquid overnight culture were embedded
onto TSA DLA and a spot test was performed.
After the top agar had set, 5 μl of bacteriophage
solution (109 plaque forming unit/ml (PFU/ml)
and its 10-fold dilutions) was spotted over the
bacterial lawn to evaluate the phage infectivity.
After overnight incubation, clear lysis on the spot
showed bacteriophage activity. SM buffer was
used as a negative control.
Electron microscopy
The phage stock was adsorbed on 300
mesh carbon-coated copper grids and stained
with 2% uranyl acetate for 1 min then air-dried.
Electron microscopic analysis was performed at
Scientific Equipment and Research Division, the
Kasetsart University Research and Development
Institute on Hitachi High-Technology HT7700
transmission electron microscope operated at 80
kV to determine the phage virion morphology.
Genomic extraction and analysis
Phage genomes were extracted by
a column-based method after treatment of
filtered phage with DNaseI using BioFACT
Genomic DNA Prep Kit (Daejeon, South Korea)
following manufacturer protocol. Shotgun library
preparation and 500 Mb throughput analysis on
HiSeq2500 100PE, including de novo assembly
were performed at Macrogen Inc. (South Korea).
Open reading frame prediction was analyzed on
RASTtk pipeline24 and GeneMarkS,25 and then
manually edited. Putative genes were searched on
BLASTp.26 Transfer RNA sequences were searched
using tRNAscan-SE.27 A genomic comparison was
Journal of Pure and Applied Microbiology

made on VICTOR platform28 using FASTME D6
formula. Branch support was inferred from 100
pseudo-bootstrap replicates each.
Bacterial challenge and One-step growth curve
Bacterial challenge assay and one-step
growth curve analysis were performed as previously
described procedures with modifications.29 For
bacterial challenge assay, the active P. aeruginosa
ATCC 27853 culture was separately infected with
phage at a multiplicity of infection (MOI) of 0.01,
0.1, or 1. The OD600 was measured over a time
course using GENESYS 20 spectrophotometer
(Thermo Fisher Scientific). Experiments were
performed in triplicate and the uninfected culture
was used as control.
For the one-step growth curve analysis,
phage in SM buffer was mixed with early log
phase culture of P. aeruginosa ATCC 27853 at the
MOI of 0.01 at room temperature (30°C ± 2°C)
and allowed to adsorb for 10 min. The adsorption
content was resuspended in fresh TSB medium
and incubated at 37°C with shaking. Samples were
taken at intervals from 20 to 90 min and directly
plated on TSA DLA. Experiments were performed
in triplicate. The growth curve between time and
bacteriophage density was plotted. The burst size
was calculated from the ratio of phage density at
the burst period to that of the end of the latent
period.
Biofilm assay
Bacteriophage biofilm reduction assay
was performed using a method adapted from
the previously described protocol.30 The diluted
P. aeruginosa ATCC 27853 cells (150 μl) were
dispensed in wells of a flat bottom microplate with
a blank medium as control. After 48 h incubation,
wells were washed three times with phosphatebuffered saline (PBS) buffer pH 7.4. Phage stock
was diluted in TSB medium and then dilutions
containing 107, 105, 103, 10 and 1 PFU/150 μl
were added to replicate wells (n=8) followed by
24 h incubation. Staining was performed by 0.1%
(w/v) crystal violet solution, 30 min. After washing
the unbound stain, the plate was air-dried and
150 μl of 30% (v/v) glacial acetic acid was added.
The microplate was measured on a microplate
reader (Thermo Multiskan GO; Thermo Fisher
Scientific) at 570 nm. Experiments were performed
in triplicate. The percent density was subtracted
2349
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from background TSB and blank acetic acid and
the percent of density relative to phage untreated
wells was calculated.
Bacteriophage stability tests
Physical stability studies were tested at
different levels of salinity, pH and temperature using
protocols with modifications.31,32 Bacteriophage
titer was adjusted to 106 PFU/ml in SM buffer
and subjected to the following conditions. The
pH stability was tested by incubating phages in
pH-adjusted PBS for 60 min at 37°C followed by
neutralization to pH 7.0. Temperature tolerance
testing was conducted by incubating for 60 min.
The boiling was carried out for 5 min and -20°C
treatment was for 12 h. Salinity tolerance was
tested by inoculating phage in distilled water
containing varying NaCl concentrations for 60
min at 37°C. To determine the effect of chemicals
to bacteriophage titers, sample was subjected to
following treatments: 63% ethanol, 90% acetone,
50% chloroform, 0.09% sodium dodecyl sulfate
(SDS), 0.06% sodium hypochlorite, 0.1% HgCl2 and
2.5% phenol. Commercial Multi-use disinfectant
and Antiseptic disinfectant were diluted to obtain
0.1% active ingredient in sterile distilled water.
The contact time is listed in Table 1. Following all
treatments, dilutions of phage were plated on DLA
immediately. Plaques are counted after overnight
incubation. The percentage available was relative
to availability in distilled water, at pH 7.0, at 4˚C
and SM buffer for NaCl, pH, temperature and
chemicals, respectively. Triplicate experiments

were performed except in the chemical stability
test that duplicates were performed.
Statistical analysis
Analysis of variance was performed in
the data of the biofilm test and the stability test.
Mean values ± SD were shown. Significance was
considered at p-value < 0.05.

Table 1. Host range of vB_Pae-PA14
Test strain

vB_Pae-PA14
lysis

Acinetobacter baumannii
Bacillus cereus
Bacillus subtilis
Escherichia coli ATCC 25922
E. coli DH5α
E. coli O157:H7
Klebsiella pneumoniae ATCC 13883
Listeria innocua
Listeria monocytogenes ATCC 7644
Proteus mirabilis
Pseudomonas aeruginosa
ATCC 27853 (host)
P. aeruginosa food isolate TN87
Pseudomonas fluorescens
Staphylococcus aureus ATCC 6538
Staphylococcus aureus MRSA
Streptococcus epidermidis

+
+
-

+: lysis observed, -: no lysis observed

Fig. 1. Plaque morphology and morphological analysis of Pseudomonas phage vB_Pae-PA14
(A) Double-layer agar plating of vB_Pae-PA14 on TSA medium. The black scale bar indicates 1 cm.
(B) Virion morphology analysis by transmission electron microscope. vB_Pae-PA14 was observed at 25,000 times
magnification, the white scale bar was 100 nm.
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Results
Pseudomonas phage vB_Pae-PA14
isolation and its morphological analysis
To isolate seawater bacteriophage, water
was sampled from Chonburi province, Thailand.
Phage was successfully isolated using P. aeruginosa
ATCC 27853 as a host and named vB_Pae-PA14.
The vB_Pae-PA14 appears with a clear plaque
and plaque diameter of 1.5±0.1 mm on TSA DLA
(Fig. 1A). When observed by transmission electron
microscope, vB_PA14 has a short tail length
morphology that can be classified as Podovirus
(tail length < 40 nm) (n=4) (Fig. 1B).33
Host range analysis
Spot testing on different bacterial DLA
plates was performed to investigate the host
range and specificity of the vB_Pae-PA14. Sixteen
bacterial strains in their log phase were embedded
on DLA before 5 μl of phage suspensions were
spotted. Spot testing showed that P. aeruginosa
isolates, including the host and the food isolate
TN87, were lyzed (Table 1). Furthermore, the result
showed that this phage could form lysis on 21 CRPA
isolates out of 34 tested (61%) (Supplementary
Table 1). Results suggested that the vB_Pae-PA14
had a narrow host range and could form lysis on
P. aeruginosa isolates in vitro.
Genomic analysis
To look into genomic identity, the genome
of vB_Pae-PA14 was sequenced and submitted
to Genbank (accession number MZ229661). The
double-stranded DNA genome contains 73,404 bp,
55.1% GC with predicted 92 open reading frames.
tRNA sequence was not found in the genome.
The phylogenetic tree of the whole genome

sequence analyzed on the VICTOR platform (Fig. 2)
showed that the vB_Pae-PA14 is closely related to
Pseudomonas phage YH6 and belongs to the same
clade with Pseudomonas phage Pa2, LP14 and
PA26, while different from Pseudomonas phage
KPP21. The comparison of deducted amino acid
sequence of major capsid protein showed that
the vB_Pae-PA14 belongs to the N4 type major
capsid protein group. Furthermore, the DNA
sequence of the predicted amino acid sequence
of open reading frame number 32 also showed
no similarity to sequences listed in the NCBI
database. No putative sequence of integrase or
virulence gene was found.

Table 2. Chemical stability of vB_Pae-PA14
Chemicals
63% ethanol
90% acetone
50% chloroform
0.09% SDS
0.06% sodium
hypochlorite
Multi-use disinfectant
(0.1% 4-chloro-3methylphenol)
Antiseptic disinfectant
(0.1% chloroxylenol)
0.1% HgCl2
2.5% phenol

Contact
Relative
time (min) availability (%)
60
60
90
10
10

N.D.
N.D.
N.D.
20.7
N.D.

10

29.6

10
10
10

16.2
N.D.
N.D.

Mean from independent replicate (n=2) is shown, N.D.: not
detected

Fig. 2. Phylogenetic analysis of whole vB_Pae-PA14 bacteriophage genome
The genome sequence of vB_Pae-PA14 was compared to other deposited Pseudomonas phage genomes in GenBank.
Phylogenomic Genome BLAST Distance Phylogeny (GBDP) trees inferred using D6 formula yielding average support
of 34%. The numbers above branches are GBDP pseudo-bootstrap support values from 100 replications. The branch
lengths of the resulting VICTOR trees are scaled in terms of the respective distance formula used. Two clusters
are visualized.
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Bacterial challenge assay and one-step growth
curve of vB_Pae-PA14
To determine the bacteriolytic activity,
a bacterial challenge assay was conducted. The
growth inhibition of P. aeruginosa ATCC 27853
occurred at different MOIs tested (Fig. 3A). MOI
of 0.01, 1 and 0.1 (chart not shown) offered a
similar inhibition pattern up to 12 h post-challenge
compared to the control experiment (no phages
added). After that, a gradual increase in the optical
density of both MOI 0.01 and 1 treated culture
was observed. The result suggests the strong and
persisting lytic activity of vB_Pae-PA14, that only
MOI 0.01 was required to inhibit the culture of P.
aeruginosa. And vB_Pae-PA14 was at least stable
for 12 h at 37°C in tested conditions.
The one-step growth kinetics of vB_PaePA14 showed a latent period of 25 min, a burst
period at 70 min, and a burst size of 86 PFU/
infected cell when infecting P. aeruginosa ATCC
27853 (Fig. 3B).
Biofilm reduction assay
Biofilm formation is one of P. aeruginosa
virulence factors.34 To test the biofilm inhibition
activity of vB_Pae-PA14, after the biofilm of
P. aeruginosa ATCC 27853 was formed, phage
dilutions were added and incubated for 24 h.
After removal of planktonic cells and multiple
washings, biofilms were stained with crystal
violet. The assessment of biofilm biomass was
performed by measuring the well content at 570

nm. Fig. 4 showed that vB_Pae-PA14 at 1 and 10
PFU markedly reduces 30% and 23%, respectively,
of formed biofilm compared to the control
treatment. When the higher titers were used;
however, biofilm was not eliminated. The 107 PFU
treatment resulted in an increase of 18% biofilm
and 105 PFU phages resulted in 39% increased
biofilm. The 48 h phage with incubation has an
effect that biofilm cannot be eliminated by phage
treatments, showing a similar density to control
(result not shown).
Stability test
The stability of phage is one of the
concerns regarding further applications. Three
parameters of vB_Pae-PA14 stability (salinity,
pH and temperature) were investigated. The
result is shown in Fig. 5. The vB_Pae-PA14 could
tolerate various concentrations of NaCl, up to 6%.
The phage density in 3% and 4% NaCl was not
different from that of the control. When tested
with different pH levels, phage was viable from
ranges of pH 4.0 to pH 12.0 with a significant titer
decrease. The availability in pH 4.0, pH 10.0 and
pH 12.0 were 21%, 58% and 39%, respectively.
An increasing temperature beyond 25°C notably
effects by decreasing the phage density and
temperature above 63°C could inactivate vB_PaePA14. Beyond that, phage was not detected even in
the undiluted samples. Moreover, it was not stable
at -20°C in SM buffer without preservatives added.
For chemical tolerance, residual vB_Pae-PA14 were
found in 0.09% SDS and commercial disinfectants

Fig. 3. Bacterial challenge assay and one-step growth curve analysis of vB_Pae-PA14
(A) Bacterial challenge of vB_Pae-PA14 on a culture of Pseudomonas aeruginosa ATCC 27853 in TSB medium with
10 mM CaCl2 at 37°C.
(B) One-step growth curve analysis of vB_Pae-PA14 on a culture of Pseudomonas aeruginosa ATCC 27853 in TSB
medium at 37°C with agitation. Error bar = ± SD, MOI = multiplicity of infection and PFU = plaque forming units.
Journal of Pure and Applied Microbiology
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tested (Table 2). Phage was not able to tolerate
other solvents and disinfectants tested.

Chonburi province, Thailand by using P. aeruginosa
ATCC 27853 as a host for isolation of phage.
Morphological analysis showed that vB_
Pae-PA14 is a Podovirus that forms a clear plaque
on the DLA plate. The host range of vB_Pae-PA14
was limited to P. aeruginosa strains. The phage
could infect one P. aeruginosa food isolate and
61% of CRPA isolates but no activity was observed
with other bacteria. It is possible that this phage
isolate could be effective in controlling clinical P.
aeruginosa isolates, especially CRPA. The genome
was sequenced, and the virus was found to be an
N4-like virus. The phage belonging to genus N4-like
viruses could be useful as a therapeutic agent.35

Discussion
P. aeruginosa can be found in many
ecological sources from soil to water. It is
considered as pathogenic bacteria in humans
causing a variety of infections and resistance to
multiple antimicrobials. Its bacteriophage is highly
likely to be found wherever the host is present.
There have been reports of marine Pseudomonas
phage, but in Thailand, this has not been reported.
In the current study, Pseudomonas phage vB_PaePA14 was isolated from seawater sampled in

Fig. 4. Biofilm inhibition test
(A) Photograph of a microplate containing stained and dissolved biofilm of Pseudomonas aeruginosa ATCC 27853.
(B) Relative biofilm density of different vB_Pae-PA14 PFUs treatments. PFU = plaque forming units,
error bar = ± SD, * = statistical significance was reported at p < 0.05 and ns = non significant.
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vB_Pae-PA14 is highly related to the branch
containing Pseudomonas phage Pa2 and YH6, the
gene arrangement showed a highly conserved
genome of N4-like viruses isolated from various
locations.36 Moreover, none of the harmful genes
such as toxin production or lysogenization were
found. This genomic property of vB_Pae-PA14
would not prohibit the potential of therapeutic
use.
Biofilm of P. aeruginosa ATCC 27853 was
inhibited when lower titers of vB_Pae-PA14 were

used. However, when higher titers were used the
bacterial biofilm level was increased. The reasons
might be that P. aeruginosa cells are stressed
and becoming more difficult to eliminate when
formed into biofilm or had assembled into higherorder biofilm structure37 thus tolerant to phages.
Beyond 24 h incubation, phages might unstable
and lose the activity, failing to disrupt the biofilm.
Planktonic cell killing in microplate was not tested
in this study, but it might be inferred from the
result of bacterial challenge assay that vB_Pae-

Fig. 5. Stability of vB_Pae-PA14 in different conditions
Percentage available was relative to availability in distilled water, at pH 7.0 and at 4˚C for NaCl concentration, pH
and temperature, respectively. Error bar = ± SD, * = statistical significance was reported at p < 0.05 and different
letters indicate significant differences in means.
Journal of Pure and Applied Microbiology
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PA14 is more effective in controlling the unadhered
cell more than the preformed biofilm. Overall,
it can be suggested that vB_Pae-PA14 should
be added to bacteria before they can bind to a
surface or use in combination with other phages
as a cocktail to eliminate preformed biofilm.
Phage vB_Pae-PA14 was active at
physiological temperature, comparable to another
report.38 However, it was inactivated at 63°C
which would limit its use in a high-temperature
environment such as in compost,39 but might be
applicable to surfaces as an anti-P. aeruginosa
agent. This data showed that vB_Pae-PA14 can
be inactivated at using pasteurizing temperature
after usage. Phage vB_Pae-PA14 showed the
highest activity at pH 7.0 and reduced availability
was observed at a pH range from 4.0 to 12.0.
Ranges of pH stability are essential for phage to
find use in different applications. For therapeutic
uses, a phage must be stable between pH 6.0
and 8.0.40 For NaCl tolerance, vB_Pae-PA14 could
withstand the NaCl concentration as high as 6%
with the highest density at 5% NaCl. The low
salt concentration (1%); however, resulted in the
lowest density of phage. This is consistent with
the level of salinity in seawater that phage was
isolated from. This phage might find its application
in controlling P. aeruginosa in salt-fermented
foods. To test tolerance to chemicals in various
conditions, phages were subjected to solvents
and disinfectants with contact time listed by
the manufacturer. Most of the chemicals tested
have reduced phage to a not-detectable level. A
fraction of phage can tolerate incubation with SDS,
a general detergent. Differently, a part of vB_PaePA14 seemed to endure after treating with both
formulae of disinfectant. The fact that it is a nonenveloped virus, so the contact time might need
to be increased to completely disrupt it.
Pseudomonas phage has many
applications. In agricultural biocontrol,
commercialized phages that is stable to variable
physical and chemical stresses are available.41
P. aeruginosa belongs to the ESKAPE group
(Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter
spp.) that are pathogens associated with hospital

Journal of Pure and Applied Microbiology

infection and exhibit virulence along with a drug
resistance phenotype. 42 As prolonged use of
antibiotics has generated drug-resistant strains,
perhaps the most important application of a
phage is for the elimination of antibiotic-resistant
or multidrug-resistant P. aeruginosa.8,43,44 After in
vitro characterization, animal models have been
used for studies.45,46 For phage therapy in humans,
as an alternative to using chemical drugs, is an
ultimate goal and studies have suggested phage in
treatments and prophylaxis, in this era of emerging
antibiotic resistance.13,47-50
In summary, newly seawater isolate
vB_Pae-PA14 was a member of N4-like viruses.
Furthermore, the virus can inhibit one food isolate
P. aeruginosa and CRPA isolates. This lytic phage
is stable in physiological conditions as well as
high salinity. Also, it can effectively reduce the
number of P. aeruginosa planktonic cells. Isolated
phage is presented as a candidate to control
bacterial activity, and might have its application
in the future. Further experimentation such as
confirming the phage activity in food matrices
and the performance on drug-resistant isolates
are required to obtain more information for use of
newly isolated phages in controlling P. aeruginosa
infections.
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