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Abstract
To develop an alternative bio-control measure for multi-drug resistant pathogenic Aeromonas hydrophila, which causes motile
Aeromonas septicemia in fish, novel virulent phage (AHP-1) was isolated from carp tissues. Morphological analysis by trans-
mission electron microscopy revealed that AHP-1 belongs toMyoviridae family. AHP-1 displayed 81% of moderate adsorption
by 25 min, and latent period of 40 min with burst size of 97 PFU mL−1 at an optimal multiplicity of infection (MOI) 0.1. AHP-1
was stable over a broad range of pH (4–11), temperature (4–50 °C), and salinity (0.1–3.5%). Both time and MOI dependent
in vitro A. hydrophila growth inhibition was observed with AHP-1. AHP-1 (10 MOI) showed higher growth inhibition against
A. hydrophila than chloramphenicol (5 μg mL−1), and combined treatment was more promising than individuals. Immune gene
expression analysis of zebrafish upon continuous bath exposure to AHP-1 resulted significantly higher (il-6 and sod-1) or slight
induction (tnf-α, il1-β, il-10, and cxcl-8a) than controls at beginning of the phage exposure, but those lowered to basal level by
day 12 post-phage exposure. It suggests no adverse immune responses have occurred for the AHP-1 dose that used, and have
potential for the phage therapy. Further detailed in vivo studies are needed to confirm the protective efficacy of newly isolated
AHP-1 against A. hydrophila infection.
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Introduction

Since the first antibiotic, penicillin being discovered in early
1900s, antibiotics played a major role in medicine as a highly
effective treatment for many infectious diseases [1, 2].
Unfortunately, the era of antibiotics seems to be ending as
the cases of anti-microbial resistance (AMR) are increasing
at an alarming rate globally, and the emergence of multi-
drug-resistant (MDR) highly virulent bacterial pathogens has
been accelerated in past few decades posing a serious threat on
public health. For example, it has been reported that 99,000
deaths occur annually by antibiotic-resistant pathogen–
associated hospital-acquired infections (HAIs) such as pneu-
monia and sepsis in the USA [2]. Overuse and inappropriate
use of antibiotics have been the principal causes of resistance
evolution. Aquaculture, which is the fastest growing section
of food industry, is not an exception in extensive antibiotic
usage to control diseases as well as a growth supplement.
According to a recent study, approximately 0.53 kg of antibi-
otics had been utilized per a ton of harvested salmon in
Chilean salmonid farms, in 2016 [3].
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Bacteriophages (phages), the most abundant biological en-
tities on earth, are viruses specifically infecting their bacterial
hosts. Phages either cause bacteria lysis or multiply within the
bacteria as temperate phages. Phages have been discovered
more than a century ago. Since then, they were isolated, char-
acterized, and phage-related bio-engineering techniques such
as phage display and recombinant phages were developed to
enhance their therapeutic potential [4]. At present, phages are
gathering fame as an alternative therapeutic agent to antibi-
otics due to the rise of MDR bacteria. For instance, some
countries are undertaking a phase/II clinical trials on safety
and efficacy of phage therapy [5].

Generally, the bacteriophage families are classified accord-
ing to virion morphology and type of nucleic acid, and more
than 40 criteria are considered for genera and species differ-
entiation. Among tailed bacteriophages, order Caudovirales,
family Myoviridae accounted about 24% (as of 2001) of re-
ported bacteriophages [6]. FamilyMyoviridae is morphologi-
cally characterized with an icosahedral head separated by the
neck, and a long contractile tail composed of inner hollow
tube and sheath. They are the most highly evolved and abun-
dant tail phages, and enterobacteria phage T4 is a typical ex-
ample of myophage [6]. More than 40 Aeromonas phages
have been morphologically characterized as tailed phages,
and the highest were found to be under family Myoviridae in
the natural environments [6, 7].

Aeromonas hydrophila, a Gram-negative, rod-shaped and
facultative anaerobic bacterium, is ubiquitous in both fresh-
water and marine aquatic environments. It is notorious as an
opportunistic pathogen in humans and animals, especially in
aquatic organisms, causing heavy economic losses in globel
aquaculture. In humans, A. hydrophila is responsible for
bacteraemia, acute diarrhea, and skin and soft tissue infec-
tions, while it is the main causative agent of Aeromonas
septicaemia and ulcerative infections in wild and farmed fish
[8, 9]. The most widely used approach for controlling
Aeromonas infections is still recognized as antibiotic therapy;
however, recent studies have reported isolation of MDR
A. hydrophila from diseased fish and aquatic systems world-
wide [10, 11]. Isolation and characterization of phages virulent
to pathogenicA. hydrophila are therefore important to develop
as an alternative theraputics to the use of antibiotics.

The goal of this study was to develop an efficient bio-
control method, which can be used as an alternative treatment
for fish pathogenic A. hydrophila. For this purpose, we isolat-
ed and characterized, a virulent phage (AHP-1) which infects
and inhibits the growth of previously isolated pathogenic
strain of MDR A. hydrophila [10]. Furthermore, in vitro bac-
terial growth inhibition by AHP-1 was compared with com-
monly used antibiotic, chloramphenicol, and their combina-
tion. To understand the safety of the mode of phage adminis-
tration, in vivo immune gene responses of zebrafish were an-
alyzed during 12 days of continuous bath exposure to AHP-1.

Materials and methods

Isolation and characterization of AHP-1

Mixture of fish tissues (digestive tract, kidney, liver,
spleen, skin) of Crucian carp, Carassius carassius (bought
from a local fish market) were dissected and enriched with
previously isolated A. hydrophila strain [10] using
a standard enrichment technique. The phage characteriza-
tion procedures were same as stated in Nikapitiya et al.
[12] and, only modified or specific methods were de-
scribed in the relevant sections. The plaques were separate-
ly picked, eluted to the SM buffer (pH 7.5) (50 mM Tris
HCl; pH 7.4, 0.1 mM NaCl, 8 mM MgSO4), and purified
through three consecutive elutions. The concentrated
phage lysate was further purified by polyethanol glycol
and sodium chloride precipitation, followed by dialysis.
AHP-1 titer was determined by standard soft agar overlay
method, and recorded as PFU mL−1. Purified phage was
stored in SM buffer (pH 7.5) at 4 °C. To characterize the
phage morphology, transmission electron microscopy
(TEM) image (Bio-TEM; Hitachi, Japan) of AHP-1 was
taken after negatively strained with 2% uranyl acetate.
Pre-exponential cultures of A hydrophila were used to de-
termine latent period, rising period and the burst size, by
one step growth profile, and adsorption rate and adsorption
rate constant (K) of AHP-1 by adsorption curve, at 0.1
MOI. Thirty-six bacterial strains belong to various genera:
A. hydrophila (06), A. salmonicida (04), A. sobria (01),
A. bivalvia (01), A. caviae (01), A. veronii (02),
Morgane l la sp . (02) , Edwards ie l la tarda (03) ,
Enterobacter sp. (01), Enterococcus faecium (01),
Escherichia coli (01), Klebsiella pneumoniae (02),
Streptococcus iniae (02), S. parauberis (03), Vibrio sp.
(05), and Lactococcus sp. (01) were used to determine
the host range of AHP-1 by spot assay.

Survival and stability of AHP-1

Stability assays in a range of temperatures (4–65 °C), pH (2–
14), salinity (0.1–3.5%), and in different organic solvents
(PBS, diethyl ether, chloroform, acetone, and ethanol) were
performed to investigate the survivability or the sensitivity of
the AHP-1. Briefly, 100 μL of phage was inoculated to 900
μL SM buffer and incubated in abovementioned conditions or
solvents for 1 h, and then surviving phages were quantified by
soft agar assay. To determine the pH and salinity stability, pH
or salinity adjusted SM buffer was used. For the solvent sta-
bility, SM buffer was substituted by the particular solvent. The
data were analyzed by one-way of analysis of variance and
unpaired t test for statistically significance (P < .05) using
GraphPad Prism 6.0. (USA).
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A. hydrophila growth inhibition by AHP-1

Inhibition of A. hydrophila growth was tested using a series of
MOIs of AHP-1 (10-0.01) as described by Nikapitiya et al.
[12]. Moreover, individual growth inhibition effect of
A. hydrophila was determined by turbidimetric method using
different concentrations (2.5–25 μg mL−1) of chlorampheni-
col. Briefly, pre-exponential cultures of A. hydrophila were
treated with the respective doses of chloramphenicol, incubat-
ed in 180 rpm shaker at 25 °C, and recorded the OD595 until
24 h. Among those values, dose that showedmore than OD595

= 0.5 within 24 h was considered for further experiments.
After selecting the individual AHP-1 and chloramphenicol
doses, the AHP-1 and chloramphenicol combined growth in-
hibition effect was determined using 10 MOI AHP-1 with
5 μg mL−1 chloramphenicol by turbidimetric method until
24 h, and OD595 was recorded until 24 h.

Immune gene expression analysis of AHP-1 in adult
zebrafish

AHP-1 was administered to wild-type AB zebrafish (mean
weight 0.55 ± 5 g, n = 36, in duplicates) as bath exposure
(9.85 × 105 PFU mL−1), continuously for 12 days, while
the control group was exposed to the same volume of SM
buffer. Constant phage titer levels were maintained in the
tanks by renewing water, and adding fresh AHP-1 daily.
Tissue sampling (n = 3) was done at days 1, 4, and 12
post-exposure. Kidney tissue was surgically removed,
snap-frozen in liquid nitrogen, and stored in − 80 °C.
RNA isolation, cDNA synthesis, and quantitative real
time (qRT)-PCR were performed (primer list; Table S1)
to detect relative mRNA expression levels of sod-1, tnf-α,
il1-β, il-6 and il-10, and cxcl-8a were as explained pre-
viously [10]. Control vs AHP-1 exposed expression data
were analyzed for statistical significance (P < .05) by
unpaired t test (GraphPad Prism 6.0., USA).

Results and discussion

Isolation and characterization of AHP-1

A. hydrophila isolates from diseased fish or aquaculture farms
worldwide have shown multi-drug resistance to a number of
commonly used antibiotics, and some are found to be associ-
ated with mass mortalities of cultured fish [13–15]. Therefore,
development of alternative therapeutics which are able to sub-
stitute currently used antibiotics, has been a timely need. In the
present study, as an alternative to control MDR bacterial in-
fection, phage AHP-1 was isolated and characterized. Plaque
diameter of AHP-1 was measured as < 1 mm and has clear
centers surrounded by thin halozone (Fig. 1a). TEM images

indicated that AHP-1 consisted with icosahedral head of ap-
proximately 129.4 nm in diameter and contractile tail × base
width was ~ 124.3 × 33.2 nm (Fig. 1b). Thus, AHP-1 showed
high probability of belonging to family Myoviridae. Many
phages virulent to genus Aeromonas are also found to be
categorized under family Myoviridae such as Φ2, Φ5 [16],
and BPA6 [17] infecting A. hydrophila, and ASP-1[12],
SW69-9, L9-6, and Riv-10 [18] infecting A. salmonicida
subsp. salmonicida.

Even though the reduction was less than 1 log, compar-
atively rapid adsorption was occurred in first 4 min, follow-
ed by slower adsorption phase thereafter (Fig. 1c). At the
end of 25 min, phage adsorption reached 81.5% of total
phage with 3.06 × 10−8 mL min−1 of adsorption rate con-
stant (K). As described in Le et al. [7], A. hydrophila phage
adsorption reached over 90% during 40 min, while in El-
Araby et al. [18] it showed 51% and 66.8% of adsorption
after 20 and 30 min, respectively. AHP-1 displayed 40min
long latent period, 20 min of rising period, and burst size of
97 plaque forming units (PFU) per infected cells (Fig. 1d).
Latent periods and burst sizes of reported Aeromonas
phages differed over a wide range, considerably high burst
size (626 PFU/infected cells) and short latent period (15
min) [19] to very low burst size (2 PFU/infected cells)
and long latent periods (150 min) [17]. These two parame-
ters in our study were compatible with reported
A. hydrophila phages [18], and showed smaller burst size
compared to BPA6 [16] and Φ2 [7]. However, burst size or
latent period significantly varied among the studied phages;
mean survival rate of infected animals after phage treat-
ments did not correlate significantly with those traits [20].

AHP-1 found infectious to two other A. hydrophila lab
strains and previously isolated A. salmonisida subsp.
salmonisida strain [10] by exhibiting clear zones on bacterial
lawns (data not shown). None of the other bacterial strains
belong to other genera were susceptible to AHP-1.
Specificity of phage infection is mainly associated with nature
and structural variances, localization, and number and density
of specific receptors on bacteria cell surface [21]. Previously
isolated A. hydrophila phages were either showed narrow host
ranges only infecting to their indicator host [18] or broad host
ranges [7, 22] over many clinical and environmental isolates
of Aeromonas species. With the feature of narrow host range,
AHP-1 can be used as a candidate for preparing phage cock-
tails against Aeromonas infections in aquaculture systems;
however, screening more Aeromonas species for host range
would be more advantageous to expand the therapeutic poten-
tial of isolated AHP-1.

Survival and stability of AHP-1

Knowledge on the phage stability is important when phages
are subjected to industrial processes such as manufacturing
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medicated feed, where high temperatures and different pH or
solvents are often used. Stability tests confirmed that AHP-1
can survive under a wide range of temperatures (4–50 °C),
even though the infectivity decreased by 75% at 50 °C (Fig.
1e). No significant viability (P > .05) differences of phage
between 4 °C (87%) and 25 °C (74%) (room temperature;
RT) indicate that phage incorporated products can easily be
stored at RT at least for a short period of time (1 h). AHP-1
was inactive in highly acidic conditions (< pH 4) and highly
alkaline conditions (> pH 10) (Fig. 1e). A previously charac-
terized A. hydrophila phage, pAh-1 [19] showed similar sta-
bility in these temperatures and pH conditions, and it was
stable in more acidic pH (pH 3) than AHP-1. Studied salinities
(0.1–3.5%) were found to preserve AHP-1 phage infectivity

regardless of their concentrations. Furthermore, AHP-1
showed almost similar high stability (100%) in chloroform
and SM buffer, while, its infectivity totally lost after incuba-
tion in ethanol, acetone, and diethyl ether (Fig. 1e).

Bacterial growth inhibition of AHP-1

A. hydrophila growth inhibition was assessed using the
treatment of AHP-1 and chloramphenicol separately,
and with combination of those two (Fig. 2a–c). Phage
treatment showed MOI-dependent bacteria growth inhi-
bition, and highest growth inhibition was acquired at 10
MOI. Considering chloramphenicol treatments, growth
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inhibition was lower for both 10 and 25 μg mL−1 com-
pared to low concentrations (2.5 and 5 μg mL−1) and
non-treated control, but still showing an increasing
trend. At 2.5 and 5 μg mL−1, A. hydrophila cultures
showed similar growth rates (OD595 = 0.553 and
0.515 at 20 h, respectively and 0.796 and 0.690 at 24
h, respectively), but it was slightly lower compared to
control (OD595 = 0.721 and 0.999 at 20 and 24 h,
respectively). Thus we selected 5 μg mL−1 for further
studies of testing the combined effect of the AHP-1 and
chloramphenicol treatment. Interestingly, combined treat-
ment was more effective in killing A. hydrophila show-
ing the highest growth inhibition at chloramphenicol

(5 μg mL−1) plus AHP-1 (10 MOI). However, bacteria
started to grow after about 15 h of treatment, which
might be due to the presence of resistant bacteria, thus
further elucidations are necessary to address the issue.
Moreover, the indicator host, MDR A. hydrophila found
to be intermediately resistant to chloramphenicol, sug-
gesting that controlling A. hydrophila infection is diffi-
cult with chloramphenicol. Chloramphenicol is a broad
spectrum anti-microbial agent which effectively controls
many G r am -n eg a t i v e and po s i t i v e b a c t e r i a .
Nevertherless, low concentration doses are often
recomended for administration, since high doses can
often lead to adverse effects in both animals and
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humans. Therefore, in many countries, cloramphenicol is
banned to be used for food animals [23]. In consistence
with our results, combination of antibiotics and phage-
demonstrated synergistic effects in killing Pseudomonas
aeruginosa biofilms, and with phage, lower concentra-
tions of antibiotics could be used more effectively [24].
Therefore, our results suggest that phage treatment is
highly effective in controlling bacterial growth inhibi-
tion, and under certain circumstances, low concentra-
tions of antibiotics can be used to enhance the effect.
However, as these arguments are solely based on in vitro
experiments, in vivo experiments are needed to perform
to get better view of the combine effect of AHP-1 and
antibiotic therapy on bacterial growth inhibition.

Phage safety analysis by immune responses
of zebrafish to AHP-1

One of the main concerns that hinders the development of
effective phage therapy is immunogenicity of phage particles.
Safety of using AHP-1 as a potential therapeutic was examined
by exposing zebrafish to AHP-1 continuously for 12 days.
Reactive oxygen species, sod-1, and out of inflammatory cy-
tokines only il1-6 showed significant (P < .05) elevated rela-
tive mRNA expression levels at day 4, yet at day 12, it reduced
to non-significant levels (P > .05) compared to control.
Transcriptional responses of inflammatory mediators, tnf-α,
il1-β, il-10 and chemokine, and cxcl-8a showed slight non-
significant induction (P > .05) compared to control during
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the continuous exposure to AHP-1 (Fig. 3). Previous studies
speculated that structural proteins present on phage surfaces
can be recognized as foreign antigens by host immune system,
thus stimulate immune responses. Moreover, it has been re-
ported that, due to bacterial endotoxins like LPS, remains of
bacteria lysis, which may present in phage preparations or
produce by sudden lysis of many bacteria cells, can induce
acute immune responses [25]. Phage-induced immune re-
sponses could be beneficial in treatment processes such as
cancer immunotherapy, where bacteriophage induced local im-
mune responses can help to eliminate tumors [26]. A recent
study suggested that A. hydrophila phage lysate, which in-
duced robust immune responses in Cyprinus carpio, could be
used as novel-inactivated antigen in fish vaccine development
[27]. Moreover, TNF-α level in serum and the production of
TNF-α and IL-6 by blood cell cultures can be normalized by
the effective phage therapy [28].

However, continuous exposure to the same phage may ac-
tivate adaptive immune responses followed by antibody pro-
duction, which elicits a negative impact on its effective treat-
ment [29]. In this study, low levels of immune responses in
zebrafish by AHP-1 ensured safety, with respect to phage
adaptation in phage therapy.But the different modes of phage
administration, bacterial infection, and their interactions need
to be deeply examined, because phage propagation is greatly
enhanced at the infection site, and high inflammatory re-
sponses could be disadvantageous.

In conclusion, newly isolated and characterized AHP-1
could inhibit growth of A. hydrophila more effectively
than chloramphenicol, suggesting that AHP-1 has poten-
tial to be an important tool for controlling bacteria colo-
nization. Also, combination of low dose of antibiotics and
the phages may be highly effective. However, the com-
bined use of AHP-1 with a low dose of antibiotics for
controlling bacteria colonization should be approached
with caution, because with low antibiotic concentrations,
other groups of bacteria on which the AHP-1 do not have
any effect could be grown. Thus, developing a cocktail
combining multiple phages with low dose of antibiotics
might have greater chance of high efficacy to control the
target host, which needs to be researched in future studies.
No detrimental immune responses in zebrafish upon post-
AHP-1 exposure ensured the safety on mode of phage
administration, and could aim the studies for developing
promising phage therapy or phage-based vaccine strategy.
However, detailed genetic characterizations are needed to
detect any unfavorable genes (toxin, virulence, and
lysogeny-associated genes), before selecting AHP-1 as
an alternative antibiotic.
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