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Abstract

In the present scenario, the development of drug-resistant bacteria poses a global
threat to all living kinds including aquatic animals. The phenomenon calls for
prompt action, through development and timely adoption of alternative strategies
in order to sustain the quality as well as to ensure safety of the aquatic produce. In
view of antimicrobial resistance especially antibiotic abuse, efforts made towards
the advancement of the biological control approaches such as probiotic, symbi-
otic, and bacteriophage have been accelerated. In recent times, the employment of
the biocontrol approach through the applications of lytic bacteriophages for
therapy of bacterial infection have leaped over other bioagents. Bacteriophages
are bacteria-specific viruses that precisely infect host bacteria and ultimately kill
them. Ever since their discovery in the early nineteenth century, the phage therapy
enjoyed fleeting popularity in western countries owing to exploratory researches
and scientific explanation with regard to their successful clinical trials. In the post
antibiotic discovery era, the significance of the phage was ignored. However,
after the emergence of antimicrobial resistance, a new craze for therapy was
appeared either as prophylactic or therapeutic approach including the aquaculture
industry. Most of the therapy in aquaculture is still in the laboratory stage, and is
limited to in vitro characterisation and lab-based efficacy which have emerged as
the major obstacle in its adoption at the farm level. In this chapter, an effort has
been made to draw a connecting line between the current state of information
about bacteriophages and what could be the possible strategies for the develop-
ment of field-based therapy towards the sustenance of aquaculture.
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20.1 Introduction

Over the past few decades, the aquaculture sector has served the nutritional needs of
the people throughout the globe. The contribution from Asian subcontinent was
maximum, i.e. 89% of total volume and 79% of the total value of fish production
globally (Bostock et al. 2010). However, there are several factors which continue to
play a crucial role in limiting the aquaculture production such as infectious diseases,
especially those of bacterial origin. As per an assessment of Lafferty et al. (2014), the
bacterial infection alone accounts for about 34% of total outbreaks encountered in
the aquaculture system. Additionally, the indiscriminate use of chemotherapeutics to
mitigate the disease problem has caused the rise in antimicrobial resistance (AMR)
strain and the situation can exaggerate by the emergence of superbugs. According to
Van Boeckel et al. (2019), the application of chemical therapeutics, especially
antibiotics, for rearing of the farm animals including aquatic animals, accounts for
about 73% of all antibiotic usage throughout the globe. In the recent past, various
chemical agents have been used either as a prophylactic treatment or as growth
enhancers. This would have paved the way that, due to the emergence of drug-
resistant aetiological agents, the pathological condition that was resolved easily
earlier is becoming a major setback to aquaculture production (Gelband et al.
2015). Consequently, researchers all over the world have been engaged with the
development of alternative treatment approaches. In light of the investigation for
substitute, the biocontrol strategy via bacteriophages could be considered as a
sustainable option. The phage therapy, however, is an aged approach but the latest
developments in the identification of potential isolates and their multidimensional
application strategies have also fuelled the investigations towards the use of
bacteriophages as a biological tool for health management in aquaculture.

20.2 Brief About Bacteriophages

Bacteriophages are the viruses which are obligate intracellular parasites of bacteria;
they ultimately kill or lyse the host cell and release new progenies (Al-Sum and
Al-Dhabi 2014). Bacteriophages are informally called phages, which is derived from
a Greek word “phagein”meaning “to devour”. They utilize the bio-machinery of the
bacterial host for all kinds of metabolic support in order to survive (Al-Sum and
Al-Dhabi 2014). As the natural environment is replete with loads of bacterial host,
the occurrence of phages is natural and can flourish in soil up to 107–8 virions g�1

and in water approximately 107 virions mL�1 either in fresh or saline environment
(Ninawe et al. 2020; Park et al. 2020). According to Abedon et al. (2011), the total
count of bacteriophages on the earth is about 10 times the total bacterial host thriving
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in different environments, which accounts for about 1030–31. The International
Committee on the Taxonomy of Viruses (ICTV) is responsible for the typing of
phages and they have classified bacteriophages into 19 families, among which a few
are well characterized including Microviridae, Myoviridae, Inoviridae, Podoviridae
and Siphoviridae (Simmonds et al. 2017; Adriaenssens et al. 2018; Walker et al.
2019). The vast abundance and diversity of phages in the biosphere provides an
already equipped resource to mine for the potential phages for a variety of purposes
(Nikolich and Filippov 2020). Employment of precise killing capability of phages to
control lethal bacterial pathogens is called as phage therapy or phagotherapy. The
putative phages are composed of proteinous outer shell/capsid measuring about 24 to
200 nm in size, which contains proteins and nucleic acids (either DNA or RNA)
ranging 17 and 700 kb in length (Ackermann 2003; Sharma et al. 2017). The
majority of phages possess a tail (variable in size) in their structure with tail fibres
on it which helps in the precise identification and adherence to the bacterial host
(Kowalska et al. 2020).

The life cycle of bacteriophages can be categorized into two stages, first is lytic
(virulent) and second, temperate. In the first lytic cycle, the phages adhere them-
selves to bacterial host followed by taking control of the host’s bio-molecular
machinery to proliferate and ultimately kill the host bacteria, concurrently releasing
its progeny phages. The lytic phages are responsible for the production of two
specific proteins to kill the host, “holins and endo-lysins”. The protein, holins
work in synergy with the endo-lysins and are responsible for the perforation on
the bacterial cell followed by the destruction of cell wall after phage multiplication
(Cisek et al. 2017). In the second temperate lysogenic stage, after the infection of
bacterial host the phage genome shifts to dormant stage “prophage” which can exist
within the host in the form of a plasmid and can last for many generations and can
make its genes (including virulent genes) functional for the host bacterium. How-
ever, any sudden exposure or any triggering factor such as DNA damage, UV
exposure and antibiotic treatment might lead the conversion of lysogenic phage to
lytic stage (Letchumanan et al. 2016; Kowalska et al. 2020). Temperate phages are
favourable to bacteria because they might encode for antibiotic resistance gene or
some other potent genes; additionally, these lethal genes can be horizontally trans-
ferred to another bacterium in the residing environment (Lin et al. 2017). On the
contrary, virulent lytic phages kill the bacterial cells directly where the possibility of
any genes transfer is limited, which make lytic phages a desirable candidate for
therapeutic bacteriophage therapy (Jassim and Limoges 2014; Letchumanan et al.
2016). However, according to the report of Freifelder (1987), the prevalence of
lysogenic phage compared to lytic phages is as more as 90% in nature, which makes
phage isolation a crucial state in development of phage therapy. There are few
literature who vote for another third phage variant, a carrier state of the lysogenic
stage termed as pseudolysogenic cycle, where the phage genetic material does not
replicate but instead remains inactivated within the host till the occurrence of
favourable condition (such as nutrient availability which hinders the bacteriophage
gene expression). Once the favourable situation prevails, carrier state might be
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initiated with either the lytic cycle or the commencement of true lysogeny (Sieiro
et al. 2020).

20.3 History of Bacteriophage Researches

Ernst Hankin in 1896 was the first one to demonstrate the presence of certain
unidentified antimicrobial compounds against Vibrio cholera which are heat labile,
filterable and transmissible, from the waters sample of the Ganges river system of
India (Hankin 1896); however, he was not able to come to a conclusion regarding the
reason behind anti-bacterial activity (Twort 1915; D’Hérelle 1917; Summers 2005).
Later, in 1915, Frederick Twort, a British pathologist, was the first to demonstrate
the presence of an “ultra-microscopic virus” that could affect bacteria; however, he
also failed to explain the phenomenon, including the existence of virus (Summers
2005). Two years later in the year 1917, a French-Canadian microbiologist Felix
d’Herelle observed a similar clear zone phenomenon in stool samples of bacillary
dysentery patients. Unlike Twort, this time, d’Herelle was able to explain the
presence of “invisible microbe”, a virus which he termed as “Bacteriophage”
(Brunoghe and Maisin 1921). Later, during the 1920s, various clinical trials on
phagotherapy were carried out in Eastern Europe and the Soviet Union, where
therapy was used for the treatment of variety of diseases including bubonic plague
and cholera in India (Nikolich and Filippov 2020). Despite encouraging initial
success of the page therapy, their application as antimicrobial approach was declined
because of the discovery of antibiotics in the mid-nineteenth century.

20.4 Bacterial Diseases in Aquaculture and Its Control Measures

Despite the fact that aquaculture is one of the fastest rising food-production sectors
in the world, it is currently plagued by frequent and severe outbreaks of diseases. The
sector is under threat from several groups of pathogen such as bacteria, fungi,
viruses, and parasites. Among all these concerns, the bacterial pathogens can endure
well in both fresh water and marine water aquatic ecosystem without their host; and
the attribute favours them as major impediments to the aquaculture industry. The
situation is further exaggerated by the adopted intensive culture practices and human
anthropogenic activities which has led the foundation for the adulteration in the
optimal physico-chemical quality of the aquatic environment (Pridgeon and Klesius
2012). Till now, about 13 bacterial genera have been identified as pathogenic to
aquatic organisms including fish, which comprises both gram-negative pathogens
(Edwardsiella, Aeromonas, Vibrio, Flavobacterium, Pseudomonas, Yersinia,
Francisella, Piscirickettsia, Photobacterium and Tenacibaculum) and gram-positive
(Renibacterium, Lactococcus and Streptococcus) (Pridgeon and Klesius 2012; Gui
and Zhang 2018).

To control bacterial disease outbreak in an aquatic system, feeding fishes with
drug-medicated feed, especially antibiotics, is a general practice. At present, the
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addition of various kinds of nutraceuticals or functional food is very well accepted to
remediate the situation either as a prophylactic or therapeutic agent (Pridgeon and
Klesius 2012). However, the approach is usually expensive and maybe ineffective
for therapeutic purposes as infection-weaken fish do not accept any kind of feed
especially medicated feed. Additionally, frequent and sub-therapeutic level of chem-
ical additives or drugs over an extended period led the base for the development of
AMR among pathogens (Cunha 2009). Substitutes for antimicrobial agents with
similar or enhanced protection are therefore urgently needed to provide robust
protection against variety of bacterial aetiological agents in target organisms. At
present, the application of various kinds of vaccines, immunostimulant of natural or
chemical origin is very well accepted in commercial aquaculture farms, along with
several biocontrol strategies such as application of probiotic, bacteriophages and
symbiotic. Among these alternative strategies, phagotherapy emerges as a sustain-
able substitute to chemical therapeutics, since phage application has the potential to
not only eliminate the virulent pathogens precisely but can also to help in the
creation of homeostasis in aquatic environment by minimizing the application of
chemicals and other remedial drugs to achieve the goals of “One Health” approach
of WHO.

20.5 Research on Bacteriophage Therapy in Aquaculture

Although bacteriophages were discovered way back at the beginning of the nine-
teenth century, however, the focus of research on its therapeutic potential against
bacterial diseases was limited to a certain part of the world because of the poor
understanding of phage life cycle and bacteria-phage interactions (Almeida et al.
2009). Furthermore, with the discovery of antibiotics, the application of phages
remains underexplored. However, in some places such as Eastern Europe and in the
Soviet Union, they successfully demonstrated several clinical trials on human
patients which laid the foundation to the future work (Park et al. 2020). Moreover,
the emergence of multi-drug resistant bacteria has substantially encouraged
researchers to explore the potential of phagetherapy; because, phages can be
employed as bioagents against wide range of bacterial pathogens. Owing to the
specificity of phages to their host, the probability of disrupting natural microflora of
aquatic environment or host inhabiting beneficial bacteria will be null which is very
unlikely with the administration of common broad-spectrum antibiotics (Fortuna
et al. 2008). The very first attempt to employ phage therapy in aquaculture was made
in the year 1981 in Taiwan against Aeromonas hydrophila in loach (Misgurnus
anguillicaudatus) (Wu et al. 1981). Nowadays, work associated with the
phagotherapy against bacterial pathogens in aquaculture has been accepted world-
wide and encouraging researchers to explore the application and efficacy of phage
therapy in different circumstances under various culture conditions (Table 20.1).

20 Bacteriophage Therapy in Aquaculture: An Overview 341



Ta
b
le

20
.1

Is
ol
at
io
n
an
d
ap
pl
ic
at
io
n
of

ba
ct
er
io
ph

ag
e
in

aq
ua
cu
ltu

re

P
at
ho

ge
n

D
is
ea
se

(l
es
io
n)

O
rg
an
is
m

B
ac
te
ri
op

ha
ge

P
ha
ge

ad
m
in
is
tr
at
io
n

T
re
at
m
en
t

R
ef
er
en
ce

B
ac
te
ri
op

ha
ge

ap
pl
ic
at
io
n
in

fi
nfi
sh

A
er
om

on
as

sa
lm
on

ic
id
a

F
ur
un

cu
lo
si
s

B
ro
ok

tr
ou

t
(S
al
ve
lin

us
fo
nt
in
al
is
)

H
E
R
11

0
Im

m
er
si
on

T
he

tr
ea
tm

en
t
at
M
O
I

10
0
no

t
on

ly
de
la
ye
d

th
e
on

se
to

fi
nf
ec
tio

n
by

7
da
ys
;
ad
di
tio

na
lly

,
ba
ct
er
io
ph

ag
e
re
du

ce
d

th
e
to
ta
lm

or
ta
lit
y
fr
om

10
0%

to
10

%

Im
be
au
lt
et
al
.

(2
00

6)

A
tla
nt
ic
sa
lm

on
(S
al
m
o
sa
la
r)

an
d
R
ai
nb

ow
tr
ou

t
(O

nc
or
hy
nc
hu

s
m
yk
is
s)

O
,R

an
d
B

In
tr
ap
er
ito

ne
al

in
je
ct
io
n,

or
al

fe
ed
in
g
an
d

im
m
er
si
on

N
o
ad
ve
rs
e
ef
fe
ct
w
as

ob
se
rv
ed
.H

ow
ev
er
,

us
in
g
a
co
m
bi
na
tio

n
of

al
l
th
re
e
ph

ag
es

by
in
je
ct
io
n
on

ly
de
la
ye
d

th
e
de
at
h,

bu
t
di
dn

’t
af
fe
ct
th
e
re
su
lt
as

no
ne

of
th
e
tr
ea
tm

en
ts
w
as

ab
le
to

pr
ov

id
e

pr
ot
ec
tio

n
ag
ai
ns
t

in
fe
ct
io
n

V
er
ne
r-

Je
ff
re
ys

et
al
.

(2
00

7)

R
ai
nb

ow
tr
ou

t
(O

nc
or
hy
nc
hu

s
m
yk
is
s)

P
A
S
-1

In
tr
am

us
cu
la
r

in
je
ct
io
n

F
is
h
tr
ea
te
d
w
ith

M
O
I

of
10

,0
00

sh
ow

ed
a

si
gn

ifi
ca
nt

su
rv
iv
al
ra
te

of
26

.7
%
.T

he
su
rv
iv
in
g

fi
sh

di
d
no

ts
ho

w
ul
ce
ra
tiv

e
le
si
on

s
an
d

re
m
ai
ne
d
he
al
th
y
un

til
14

da
ys

po
st

ad
m
in
is
tr
at
io
n

K
im

et
al
.

(2
01

5)

342 M. I. R. Khan and T. G. Choudhury



S
en
eg
al
es
e
so
le

(S
ol
ea

se
ne
ga

le
ns
is
)

A
S
-A

Im
m
er
si
on

A
ft
er

72
h
of

in
fe
ct
io
n,

fi
sh

ju
ve
ni
le
s
tr
ea
te
d

w
ith

ph
ag
es

at
M
O
I
of

10
0
sh
ow

ed
no

m
or
ta
lit
y
co
nt
ra
ry

to
36

%
m
or
ta
lit
y
in

th
e

un
tr
ea
te
d
co
nt
ro
lg

ro
up

S
ilv

a
et
al
.

(2
01

6)

E
dw

ar
ds
ie
lla

ic
ta
lu
ri

E
dw

ar
ds
ie
llo

si
s

or
en
te
ri
c

se
pt
ic
ae
m
ia

Ja
pa
ne
se

ee
l

(A
ng

ui
lla

Ja
po

ni
ca
)

P
ha
ge
s
E
T
-1

–
P
ha
ge
s
w
er
e
ve
ry

ef
fe
ct
iv
e
w
ith

ly
si
ng

ca
pa
ci
ty

of
92

.6
%

ag
ai
ns
t
27

ba
ct
er
ia
l

ho
st
s.
A
dd

iti
on

al
ly
,a
t

M
O
I
0.
08

ph
ag
es

w
er
e

ab
le
to

re
du

ce
do

w
n
th
e

ba
ct
er
ia
l
co
un

t
by

99
.9
%

in
w
at
er

W
u
(1
98

2)

C
ha
nn

el
ca
tfi
sh

(I
ct
al
ur
us

pu
nc
ta
tu
s)

Φ
ei
D
W
F
,Φ

ei
A
U

an
d
Φ
ei
M
S
L
S

(S
ip
ho

vi
ri
da

e)

–
T
he

in
vi
tr
o
an
al
ys
is

re
ve
al
s
th
e
ly
si
ng

ca
pa
ci
ty

of
ph

ag
es
,

w
hi
ch

ca
n
be

us
ed

fo
r

th
er
ap
eu
tic

ap
pl
ic
at
io
n

C
ar
ri
as

et
al
.

(2
01

1)

A
yu

(P
le
co
gl
os
su
s

al
tiv
el
is
)

–
In
tr
ap
er
ito

ne
al

in
je
ct
io
n

H
ig
he
r
pr
ot
ec
tio

n
w
as

ob
se
rv
ed

in
fi
sh

th
at

w
er
e
fi
rs
t
in
je
ct
ed

w
ith

ph
ag
es

an
d
th
en

1
h

la
te
r
in
je
ct
ed

w
ith

th
e

pa
th
og

en
,w

he
re
as

th
e

fi
sh

th
at
w
as

fi
rs
t

in
je
ct
ed

w
ith

th
e

pa
th
og

en
an
d
th
en

th
e

ph
ag
es

on
ly

sh
ow

ed

M
ah
m
ou

d
an
d

N
ak
ai
(2
01

2)

(c
on

tin
ue
d)

20 Bacteriophage Therapy in Aquaculture: An Overview 343



Ta
b
le

20
.1

(c
on

tin
ue
d)

P
at
ho

ge
n

D
is
ea
se

(l
es
io
n)

O
rg
an
is
m

B
ac
te
ri
op

ha
ge

P
ha
ge

ad
m
in
is
tr
at
io
n

T
re
at
m
en
t

R
ef
er
en
ce

de
la
ye
d
m
or
ta
lit
y

co
m
pa
re
d
w
ith

th
e

co
nt
ro
l

E
.t
ar
da

E
dw

ar
ds
ie
llo

si
s

or
E
dw

ar
ds
ie
lla

se
pt
ic
ae
m
ia

Z
eb
ra
fi
sh

(D
an

io
re
ri
o)

E
T
P
-1

(P
od

ov
ir
id
ae
)

Im
m
er
si
on

T
he

fi
sh

w
er
e
ba
th

ex
po

se
d
to

ph
ag
es

fo
r

12
da
ys

an
d

co
nc
ur
re
nt
ly

in
fe
ct
ed

w
ith

E
.t
ar
da

,t
he

re
su
lt

re
ve
al
ed

th
e
el
ev
at
ed

su
rv
iv
al
in

tr
ea
tm

en
t
in

co
m
pa
ri
so
n
to

co
nt
ro
l

un
til

4
da
ys

po
st

ch
al
le
ng

e

N
ik
ap
iti
ya

et
al
.(
20

20
)

E
.t
ar
da

an
d

A
.h

yd
ro
ph

ila
H
em

or
rh
ag
ic

se
pt
ic
ae
m
ia
an
d

E
dw

ar
ds
ie
llo

si
s

Ja
pa
ne
se

ee
l

(A
.j
ap

on
ic
a)

D
if
fe
re
nt

ba
ct
er
io
ph

ag
es

co
m
bi
na
tio

n

Im
m
er
si
on

A
t
M
O
I
of

11
.5

th
e

ba
ct
er
ia
l
co
un

t
w
as

re
du

ce
d
3
tim

es
w
ith

in
2
h
of

ex
po

su
re
.

W
he
re
as

in
po

nd
w
at
er
,

25
0-
fo
ld
s
re
du

ct
io
n
at

M
O
I
of

0.
23

in
8
h.

A
dd

iti
on

al
ly
,t
he

co
un

t
of

E
.t
ar
da

w
as

dr
op

pe
d

by
85

%
ev
en

in
th
e

ab
se
nc
e
of

ph
ag
e
in

th
e

po
nd

w
at
er

af
te
r
48

h
of

ex
po

su
re

H
su

et
al
.

(2
00

0)

A
.h

yd
ro
ph

ila
H
ae
m
or
rh
ag
ic

se
pt
ic
ae
m
ia
or

pA
h1

-C
an
d
pA

h6
-

C
B
ot
h
of

th
e

in
tr
ap
er
ito

ne
al
an
d
or
al

Ju
n
et
al
.

(2
01

3)

344 M. I. R. Khan and T. G. Choudhury



M
ot
ile

A
er
om

on
as

S
ep
tic
ae
m
ia

(M
A
S
)

C
yp

ri
ni
d
lo
ac
h

(M
is
gu

rn
us

an
gu

ill
ic
au

da
tu
s)

In
tr
ap
er
ito

ne
al

in
je
ct
io
n
an
d
or
al

fe
ed
in
g

ad
m
in
is
tr
at
io
n

im
pr
ov

ed
th
e
su
rv
iv
al

S
tr
ip
ed

ca
tfi
sh

(P
an

ga
si
an

od
on

hy
po

ph
th
al
m
us
)

A
.h

yd
ro
ph

ila
Φ
2
an
d

A
.h

yd
ro
ph

ila
Φ
-5

In
tr
ap
er
ito

ne
al

in
je
ct
io
n

T
he

su
rv
iv
al
ra
te
of

ca
tfi
sh

at
M
O
I
10

0
w
as

10
0%

,c
om

pa
re
d
to

th
e

18
.3
%

su
rv
iv
al
in

th
e

co
nt
ro
l
de
vo

id
of

ph
ag
e

tr
ea
tm

en
t

L
e
et
al
.(
20

18
)

L
oa
ch

(M
is
gu

rn
us

an
gu

ill
ic
au

da
tu
s)

A
kh

-
2
(S
ip
ho

vi
ri
da

e)
Im

m
er
si
on

M
or
ta
lit
y
ra
te
s
w
er
e

16
%
,5

3%
,5

7%
an
d

56
.6
7%

af
te
r
24

,4
8,

72
an
d
96

h,
re
sp
ec
tiv

el
y
w
he
n

co
m
pa
re
d
to

th
e
co
nt
ro
l

gr
ou

p
w
ith

10
0%

m
or
ta
lit
y;

m
os
to

f
th
e

su
rv
iv
in
g
fi
sh

sh
ow

ed
no

di
se
as
e
sy
m
pt
om

s

A
km

al
et
al
.

(2
02

0)

A
.h

yd
ro
ph

ila
an
d

P
se
ud

om
on

as
fl
uo

re
sc
en
s

R
ai
nb

ow
tr
ou

t
(O

nc
or
hy
nc
hu

s
m
yk
is
s)

–
B
ac
te
ri
op

ha
ge

co
ck
ta
il

B
A
F
A
D
O
R
®
,

co
nt
ai
ni
ng

3
ba
ct
er
io
ph

ag
es

ag
ai
ns
t

A
.h

yd
ro
ph

ila
an
d

4
ag
ai
ns
t

P
.fl

uo
re
sc
en
s
w
as

us
ed

fo
r
im

m
er
si
on

or
fe
ed
in
g
of

fi
sh

S
tim

ul
at
io
n
of

no
n-
sp
ec
ifi
c
im

m
un

e
sy
st
em

an
d
re
du

ct
io
n
of

m
or
ta
lit
y

S
ch
ul
z
et
al
.

(2
01

9a
)

(c
on

tin
ue
d)

20 Bacteriophage Therapy in Aquaculture: An Overview 345



Ta
b
le

20
.1

(c
on

tin
ue
d)

P
at
ho

ge
n

D
is
ea
se

(l
es
io
n)

O
rg
an
is
m

B
ac
te
ri
op

ha
ge

P
ha
ge

ad
m
in
is
tr
at
io
n

T
re
at
m
en
t

R
ef
er
en
ce

E
ur
op

ea
n
ee
ls

(A
ng

ui
lla

an
gu

ill
a)

–
F
is
h
w
er
e
fe
d
w
ith

ba
ct
er
io
ph

ag
e

co
ck
ta
il

B
A
F
A
D
O
R
®

co
nt
ai
ni
ng

3
ba
ct
er
io
ph

ag
es

ag
ai
ns
t

A
.h

yd
ro
ph

ila
an
d

4
ag
ai
ns
t

P
.fl

uo
re
sc
en
s

S
tim

ul
at
io
n
of

ce
llu

la
r

an
d
hu

m
or
al
im

m
un

ity
an
d
re
du

ct
io
n
in

m
or
ta
lit
y

S
ch
ul
z
et
al
.

(2
01

9b
)

F
la
vo
ba

ct
er
iu
m

co
lu
m
na

re
C
ol
um

na
ri
s

di
se
as
e

C
at
fi
sh

(C
la
ri
as

ba
tr
ac
hu

s)
F
C
P
1–

F
C
P
9

F
C
P
1

(P
od

ov
ir
id
ae
)

In
tr
am

us
cu
la
r

in
je
ct
io
n,

ba
th

an
d

or
al
fe
ed
in
g

P
ha
ge

tr
ea
tm

en
t
le
d
to

th
e
di
sa
pp

ea
ra
nc
e
of

gr
os
s
cl
in
ic
al
si
gn

s,
ne
ga
tiv

e
ba
ct
er
io
lo
gi
ca
l

te
st
,d

et
ec
ta
bl
e
ph

ag
e

an
d
10

0%
su
rv
iv
al

P
ra
sa
d
et
al
.

(2
01

1)

R
ai
nb

ow
tr
ou

t
(O

nc
or
hy
nc
hu

s
m
yk
is
s)
an
d

ze
br
afi
sh

(D
an

io
re
ri
o)

F
C
L
-2

–
R
ed
uc
ed

m
or
ta
lit
y

L
aa
nt
o
et
al
.

(2
01

5)

F
.p

sy
ch
ro
ph

ilu
m

S
ys
te
m
ic

ba
ct
er
ia
l

co
ld
w
at
er

di
se
as
e
(C
W
D
)

R
ai
nb

ow
tr
ou

t
(O

nc
or
hy
nc
hu

s
m
yk
is
s)
an
d
ot
he
r

sp
ec
ie
s
of

tr
ou

ts

F
pV

-1
to

F
pV

-2
2

–
S
ig
ni
fi
ca
nt

ly
tic

ca
pa
ci
ty

ag
ai
ns
tw

ith
br
oa
d
ho

st
ra
ng

e

S
te
nh

ol
m

et
al
.

(2
00

8)

A
yu

fi
sh

(P
le
co
gl
os
su
s

al
tiv
el
is
)

P
F
pW

-3
,P

F
pC

-Y
(M

yo
vi
ri
da

e)
P
F
pW

-6
,P

F
pW

-7
(P
od

ov
ir
id
ae
)

P
F
pW

-
8
(S
ip
ho

vi
ri
da

e)

–
P
F
pW

-3
di
sp
la
ye
d

si
gn

ifi
ca
nt

ly
tic

ca
pa
ci
ty

K
im

et
al
.

(2
01

0)

346 M. I. R. Khan and T. G. Choudhury



A
tla
nt
ic
sa
lm

on
(S
al
m
o
sa
la
r)

an
d
ra
in
bo

w
tr
ou

t
(O

nc
or
hy
nc
hu

s
m
yk
is
s)

–
In
tr
ap
er
ito

ne
al

in
je
ct
io
n

M
or
ta
lit
y
de
cr
ea
se
d
in

th
e
ra
ng

e
of

16
%

to
10

0%

C
as
til
lo

et
al
.

(2
01

2)

L
ac
to
co
cc
us

ga
rv
ie
ae

L
ac
to
co
cc
os
is

Y
el
lo
w
ta
il

(S
er
io
la

qu
in
qu

er
ad

ia
ta
)

P
lg
Y
,P

L
gY

-1
6,

P
L
gY

-3
0,

P
L
gW

-1
(S
ip
ho

vi
ri
da

e)

In
tr
ap
er
ito

ne
al

in
je
ct
io
n
an
d
or
al

fe
ed
in
g

B
ot
h
ad
m
in
is
te
re
d

ph
ag
e
pr
ev
en
te
d
fi
sh

fr
om

ex
pe
ri
m
en
ta
l

L
.g

ar
vi
ea
e
in
fe
ct
io
n.

M
or
ta
lit
y
dr
op

s
fr
om

90
%

to
45

%
(f
or

in
je
ct
io
n)
,w

he
re
as

fo
r

or
al
m
or
ta
lit
y
dr
op

fr
om

65
%

to
10

%
.

N
ak
ai
et
al
.

(1
99

9)

P
.a

er
ug

in
os
a

U
lc
er
at
iv
e

le
si
on

s
C
at
fi
sh

(C
la
ri
as

ga
ri
ep
in
us
)

–
O
n-
sp
ot

tr
ea
tm

en
t

T
he

th
er
ap
y
ef
fi
ci
en
tly

cu
re
d
th
e
in
fe
ct
ed

fi
sh

w
ith

in
8
to

10
da
ys

w
ith

a
se
ve
nf
ol
d
re
du

ct
io
n
of

th
e
le
si
on

w
ith

un
tr
ea
te
d
in
fe
ct
io
n

co
nt
ro
l

K
ha
ir
na
r
et
al
.

(2
01

3)

P
.p

le
co
gl
os
si
ci
da

B
ac
te
ri
al

ha
em

or
rh
ag
ic

as
ci
te
s
di
se
as
e

A
yu

(P
le
co
gl
os
su
s

al
tiv
el
is
)

P
P
pW

-3
(P
od

ov
ir
id
ae
)

P
P
pW

-4
(M

yo
vi
ri
da

e)
an
d
a

co
m
bi
na
tio

n
of

bo
th

P
P
pW

-3
/

P
P
pW

-4

O
ra
lf
ee
di
ng

A
t
M
O
I
1,

m
or
ta
lit
y

dr
op

fr
om

65
%

to
22

%
P
ar
k
et
al
.

(2
00

0)

A
yu

(P
le
co
gl
os
su
s

al
tiv
el
is
)

P
P
pW

-3
,P

P
pW

-4
O
ra
l

P
ha
ge
-r
ec
ei
vi
ng

fi
sh

sh
ow

ed
hi
gh

pr
ot
ec
tio

n
ag
ai
ns
t
in
fe
ct
io
n
an
d

P
ar
k
an
d
N
ak
ai

(2
00

3) (c
on

tin
ue
d)

20 Bacteriophage Therapy in Aquaculture: An Overview 347



Ta
b
le

20
.1

(c
on

tin
ue
d)

P
at
ho

ge
n

D
is
ea
se

(l
es
io
n)

O
rg
an
is
m

B
ac
te
ri
op

ha
ge

P
ha
ge

ad
m
in
is
tr
at
io
n

T
re
at
m
en
t

R
ef
er
en
ce

m
or
ta
lit
y
dr
op

fr
om

90
to

26
%

St
re
pt
oc
oc
cu
s
in
ia
e

S
tr
ep
to
co
cc
os
is

Ja
pa
ne
se

fl
ou

nd
er

(P
ar
al
ic
ht
hy
s

ol
iv
ac
eu
s)

P
S
iJ
31

,P
S
iJ
32

,
P
S
iJ
4,

an
d
P
S
iJ
42

In
tr
ap
er
ito

ne
al

in
je
ct
io
n

M
or
ta
lit
ie
s
of

fi
sh

re
ce
iv
in
g
ph

ag
es

w
er
e

si
gn

ifi
ca
nt
ly

lo
w
er

th
an

th
e
co
nt
ro
l,
ra
ng

in
g

fr
om

80
%

to
0%

M
at
su
ok

a
et
al
.

(2
00

7)

S
tr
ep
to
co
cc
us

ag
al
ac
tia
e

–
N
ile

til
ap
ia

(O
re
oc
hr
om

is
ni
lo
tic
us
)

–
Im

m
er
si
on

T
re
at
ed

fi
sh

ha
d

su
rv
iv
al
ra
te
s
of

60
%

w
ith

a
de
la
ye
d
m
ea
n

de
at
h
tim

e
of

ab
ou

t
3
da
ys

in
co
m
pa
ri
so
n
to

co
nt
ro
l

Ju
n
et
al
.

(2
01

7)

V
ib
ri
o
an

gu
ill
ar
um

V
ib
ri
os
is

A
tla
nt
ic
sa
lm

on
(S
.s
al
ar
)

A
L
M
E
D
,C

H
O
E
D
,

A
L
M
E
,C

H
O
D
,

C
H
O
B

Im
m
er
si
on

A
tM

O
I
of

1
an
d
20

,t
he

tr
ea
tm

en
t
in
cr
ea
se
d
th
e

su
rv
iv
al
of

fi
sh

up
to

10
0%

.M
or
ta
lit
y
dr
op

fr
om

95
to

30
%

at
M
O
I

1
an
d
at
M
O
I
20

fr
om

95
%

to
0%

H
ig
ue
ra

et
al
.

(2
01

3)

A
tla
nt
ic
co
d

(G
.m

or
hu

a)
an
d

tu
rb
ot

(S
co
ph

th
al
m
us

m
ax
im
us
)
la
rv
ae

K
V
P
40

Im
m
er
si
on

T
he

m
ax
im

um
re
du

ct
io
n
in

m
or
ta
lit
y

va
ri
ed

fr
om

29
%

to
92

%
fo
rt
ur
bo

ta
nd

fr
om

49
%

to
86

%
;n

ot
ab
ly
,

re
du

ct
io
n
in

m
or
ta
lit
y

R
ør
bo

et
al
.

(2
01

8)

348 M. I. R. Khan and T. G. Choudhury



w
as

no
ts
ig
ni
fi
ca
nt

in
th
e
m
aj
or
ity

of
ca
se
s

B
ac
te
ri
op

ha
ge

ap
pl
ic
at
io
n
in

sh
el
lfi
sh

V
.a

lg
in
ol
yt
ic
us

S
ki
n
ul
ce
ra
tio

n
an
d
vi
sc
er
a

ej
ec
tio

n

S
ea

cu
cu
m
be
r

(A
po

st
ic
ho

pu
s

ja
po

ni
cu
s)

–
Im

m
er
si
on

In
cr
ea
se
d
su
rv
iv
al
in

a
ra
ng

e
of

73
,5
0
an
d
47

%
at
M
O
I
of

10
,1

an
d
0.
1,

re
sp
ec
tiv

el
y,

w
he
re
as

th
e
no

ph
ag
e
tr
ea
tm

en
t

gr
ou

p
on

ly
ha
d
3%

of
su
rv
iv
al
ra
te

Z
ha
ng

et
al
.

(2
01

5)

L
iv
e
pr
ey

(A
rt
em

ia
sa
lin

a)
jS
t2

an
d
jG
rn
1

Im
m
er
si
on

A
t
M
O
I
10

0,
93

%
re
du

ct
io
n
of

pr
es
um

pt
iv
e
V
ib
ri
o

co
nc
en
tr
at
io
n
af
te
r
4
h

of
tr
ea
tm

en
t

K
al
at
zi
s
et
al
.

(2
01

6)

V
.h

ar
ve
yi

L
um

in
ou

s
vi
br
io
si
s

L
ar
va
e
of

P
en
ae
us

m
on

od
on

V
H
L
M

(M
yo
vi
ri
da

e)
Im

m
er
si
on

T
he

la
bo

ra
to
ry

tr
ia
l

sh
ow

ed
th
at
su
rv
iv
al

w
as

en
ha
nc
ed

up
to

80
%

w
ith

tw
o
do

se
s
of

ba
ct
er
io
ph

ag
e,
w
he
re
as

su
rv
iv
al
ra
te
in

co
nt
ro
l

w
as

on
ly

25
%

V
in
od

et
al
.

(2
00

6)

L
ar
va
e
of

P
.m

on
od

on
V
ih
a8
,V

ih
a1
0

(S
ip
ho

vi
ri
da

e)
V
ih
a9
,V

ih
a1
1

Im
m
er
si
on

M
or
ta
lit
y
dr
op

s
fr
om

88
%

to
32

%
co
m
pa
re
d

to
an
tib

io
tic

tr
ea
tm

en
t

K
ar
un

as
ag
ar

et
al
.(
20

05
,

20
07

)

P
en
ae
id

sh
ri
m
p

V
ih
a1

to
V
ih
a7

(s
ix

fr
om

Si
ph

ov
ir
id
ae

an
d
on

e
V
ih
a4

fr
om

M
yo
vi
ri
da

e)

–
A
ll
th
e
ph

ag
es

w
er
e

fo
un

d
to

be
hi
gh

ly
ly
tic

w
ith

di
ff
er
en
t
ly
tic

sp
ec
tr
um

.T
hr
ee

of
th
e

ph
ag
es

(V
ih
a1
,V

ih
a3

an
d
V
ih
a7
)
ca
us
ed

65
%

S
hi
vu

et
al
.

(2
00

7) (c
on

tin
ue
d)

20 Bacteriophage Therapy in Aquaculture: An Overview 349



Ta
b
le

20
.1

(c
on

tin
ue
d)

P
at
ho

ge
n

D
is
ea
se

(l
es
io
n)

O
rg
an
is
m

B
ac
te
ri
op

ha
ge

P
ha
ge

ad
m
in
is
tr
at
io
n

T
re
at
m
en
t

R
ef
er
en
ce

of
th
e
st
ra
in
s
to

ly
se

w
hi
le
V
ih
a2
,V

ih
a4

an
d

V
ih
a6

ca
us
ed

40
%

of
th
e
ho

st
st
ra
in
s
to

ly
se
.

V
ih
a5

ha
d
a
na
rr
ow

sp
ec
tr
um

(1
4%

)

T
ro
pi
ca
l
ro
ck

lo
bs
te
r

(P
an

ul
ir
us

or
na

tu
s)

V
hC

C
S
-0
6

(S
ip
ho

vi
ri
da

e)
–

P
ha
ge
s
w
er
e
ab
le
to

el
im

in
at
e
th
e
ho

st
ba
ct
er
ia
l
co
un

t
up

to
1.
2
�

10
7
C
F
U
m
L
�1

co
m
pa
re
d
to

co
nt
ro
l

9.
3
�

10
7
C
F
U
m
L
�1

S
to
m
ps

et
al
.

(2
01

0)

S
hr
im

p
la
rv
ae

(P
.m

on
od

on
)

B
ac
te
ri
op

ha
ge
s

V
H
M
1,

V
H
M
2
an
d

V
H
S
1

Im
m
er
si
on

T
he

ph
ag
es

w
er
e

ap
pl
ie
d
al
on

e
an
d
in

di
ff
er
en
t
co
ck
ta
il

co
m
bi
na
tio

ns
.L

ar
va
l

su
rv
iv
al
w
as

in
a
ra
ng

e
of

60
%
–
88

.3
%

af
te
r

96
h
in

th
e
ph

ag
e

tr
ea
tm

en
t
gr
ou

p,
co
m
pa
re
d
to

26
.6
%

to
35

%
su
rv
iv
al
in

th
e

co
nt
ro
l
tr
ea
tm

en
ts

w
ith

ou
t
ph

ag
e

S
ta
lin

an
d

S
ri
ni
va
sa
n

(2
01

7)

A
ba
lo
ne

(H
al
io
tis

la
ev
ig
at
a)

vB
_V

ha
S
-a
,

vB
_V

ha
S

(S
ip
ho

vi
ri
da
e)

Im
m
er
si
on

T
he

tr
ea
tm

en
t
w
as

re
ve
al
ed

su
rv
iv
al
of

ab
ou

t
70

%

W
an
g
et
al
.

(2
01

7)

V
H
P
6b

Im
m
er
si
on

A
ft
er

10
da
ys
,m

or
ta
lit
y

in
th
e
tr
ea
te
d
gr
ou

p
w
as

P
at
il
et
al
.

(2
01

4)

350 M. I. R. Khan and T. G. Choudhury



B
la
ck

tig
er

sh
ri
m
p

(P
.m

on
od

on
)

20
%

w
he
n
co
m
pa
re
d
to

>
70

%
of

co
nt
ro
l

tr
ea
tm

en
t

B
la
ck

tig
er

sh
ri
m
p

(P
.m

on
od

on
)

P
ha
ge

V
Im

m
er
si
on

O
pt
im

um
ac
tiv

ity
of

V
.h

ar
ve
yi
ph

ag
e
w
as

ob
se
rv
ed

at
sa
lin

ity
of

25
pp

t,
pH

of
7,

T
D
S
of

11
.2
5
m
g
m
L
�
1
an
d

te
m
pe
ra
tu
re

of
30

� C
.

C
om

bi
na
tio

n
of

re
co
m
bi
na
nt

sh
ri
m
p

ly
so
zy
m
e
an
d

V
.h

ar
ve
yi
ph

ag
e

si
gn

ifi
ca
nt
ly

im
pr
ov

ed
th
e
ph

ag
e
ac
tiv

ity

C
ho

ud
hu

ry
et
al
.(
20

12
,

20
19

)

V
.p

ar
ah

ae
m
ol
yt
ic
us

V
ib
ri
os
is

B
ri
ne

sh
ri
m
p

(A
rt
em

ia
fr
an

ci
sc
an

a)

–
–

S
in
gl
e
do

se
w
as

ef
fi
ci
en
t
en
ou

gh
to

el
im

in
at
e
th
e
pa
th
og

en
s.

H
ow

ev
er
,w

he
n
th
e

ph
ag
e
tr
ea
tm

en
t
w
as

de
la
ye
d,

it
w
as

in
ef
fe
ct
iv
e
to

co
nt
ro
l

th
e
m
or
ta
lit
y

M
ar
tin

ez
-D

ia
z

an
d
H
ip
ól
ito

-
M
or
al
es

(2
01

3)

W
hi
te
le
g
sh
ri
m
p

(L
ito

pe
na

eu
s

va
nn

am
ei
)
la
rv
ae

A
3S

an
d
V
pm

s1
Im

m
er
si
on

A
t
M
O
I
of

0.
1,

th
e

in
fe
ct
io
n
w
as

co
un

te
ra
ct
ed

an
d
an

ea
rl
y
ap
pl
ic
at
io
n
(a
t
6
h

po
st
-i
nf
ec
tio

n)
w
as

L
om

el
í-
O
rt
eg
a

an
d
M
ar
tín

ez
-

D
ía
z
(2
01

4)
.

(c
on

tin
ue
d)

20 Bacteriophage Therapy in Aquaculture: An Overview 351



Ta
b
le

20
.1

(c
on

tin
ue
d)

P
at
ho

ge
n

D
is
ea
se

(l
es
io
n)

O
rg
an
is
m

B
ac
te
ri
op

ha
ge

P
ha
ge

ad
m
in
is
tr
at
io
n

T
re
at
m
en
t

R
ef
er
en
ce

ef
fe
ct
iv
e
to

av
oi
d

m
or
ta
lit
y

S
hr
im

p
(P
en
ae
us

va
nn

am
ei
)

–
O
ra
ld

ie
t
an
d

im
m
er
si
on

M
or
ta
lit
y
in

gr
ou

ps
tr
ea
te
d
1
h
af
te
r

ba
ct
er
ia
l
in
fe
ct
io
n
w
as

10
0%

,w
he
re
as

pr
op

hy
la
ct
ic
us
e
of

ph
ag
es

re
su
lte
d
in

m
or
ta
lit
y
va
ri
ed

fr
om

25
%

to
50

%

L
uo

et
al
.

(2
01

8)

B
lu
e
m
us
se
ls

(M
yt
ilu

s
ed
ul
is
)

–
Im

m
er
si
on

P
ha
ge

co
ck
ta
il
w
as

ef
fe
ct
iv
e
in
si
gn

ifi
ca
nt
ly

re
du

ci
ng

V
.p

ar
ah

ae
m
ol
yt
ic
us

to
un

de
te
ct
ab
le
nu

m
be
rs

in
m
us
se
ls

O
na
ri
nd

e
an
d

D
ix
on

(2
01

8)

O
ys
te
rs

Si
ph

ov
ir
id
ae

pV
p-
1

Im
m
er
si
on

an
d

su
rf
ac
e
ap
pl
ic
at
io
n

A
ft
er

72
h
of

ph
ag
e

ap
pl
ic
at
io
n
w
ith

ba
th

im
m
er
si
on

,b
ac
te
ri
al

gr
ow

th
w
as

re
du

ce
d
up

to
1.
4
�

10
C
F
U
m
L
�1

in
th
e
tr
ea
tm

en
t
gr
ou

p
as

co
m
pa
re
d
to

co
nt
ro
l

(8
.9
�

10
6
C
F
U
m
L
�
1
).

W
he
re
as
,a
ft
er

12
h
of

ph
ag
e
su
rf
ac
e

ap
pl
ic
at
io
n,

th
e

ba
ct
er
ia
l
gr
ow

th
w
as

Ju
n
et
al
.

(2
01

4)

352 M. I. R. Khan and T. G. Choudhury



in
hi
bi
te
d
by

1.
94

C
F
U
m
L
�
1
of

th
e

tr
ea
tm

en
t
gr
ou

p
to

1.
44

�
10

6
C
F
U
m
L
�1

in
th
e
co
nt
ro
lg

ro
up

V
ib
ri
o
sp
.V

A
-F
3

S
hr
im

p
(L
.v
an

na
m
ei
)

V
al
L
Y
-3
,V

sp
D
sh
-

1,
V
sp
S
w
-1
,

V
pa
JT
-1

an
d

V
al
S
w
4–

1
(S
ip
ho

vi
ri
da

e)

–
S
ur
vi
va
l
ra
te
as
se
ss
ed

af
te
r
7
da
ys

of
cu
lti
va
tio

n
re
ac
he
d

91
.4
%

w
he
n
co
m
pa
re
d

to
20

%
ra
te
in

th
e

un
tr
ea
te
d
co
nt
ro
lg

ro
up

C
he
n
et
al
.

(2
01

9)

V
.s
pl
en
di
du

s
S
ev
er
e

ep
iz
oo

tic
s

S
ki
n
U
lc
er
at
io
n

S
yn

dr
om

e
(S
U
S
)

S
ea

cu
cu
m
be
r

(A
po

st
ic
ho

pu
s

ja
po

ni
cu
s)

vB
_V

sp
S
_V

S
-

A
B
T
N
L
-1

(P
V
S
-1
),

vB
_V

sp
S
_V

S
-

A
B
T
N
L
-2

(P
V
S
-2
)

an
d
vB

_V
sp
S
_V

S
-

A
B
T
N
L
-3

(P
V
S
-3
)

O
ra
lf
ee
di
ng

S
ur
vi
va
l
ra
te
du

ri
ng

th
e

ne
xt

10
da
ys

w
as

18
%

fo
r
th
e
co
nt
ro
lg

ro
up

,
w
he
re
as

82
%

fo
r
th
e

ph
ag
e
co
ck
ta
il,

an
d

65
%
,5

8%
an
d
50

%
fo
r

th
e
th
re
e
ph

ag
es

ap
pl
ie
d

al
on

e

L
i
et
al
.

(2
01

6a
,b

)

V
.c
yc
lit
ro
ph

ic
us

–
S
ea

cu
cu
m
be
rs

(A
.j
ap

on
ic
us
)

vB
_V

cy
S
_V

c1
O
ra
lf
ee
di
ng

R
ed
uc
ed

m
or
ta
lit
y

L
i
et
al
.

(2
01

6a
,b

)

V
.c
or
al
lii
ly
tic
us

M
as
si
ve

m
or
ta
lit
y
of

P
ac
ifi
c
oy

st
er

la
rv
ae

P
ac
ifi
c
oy

st
er

la
rv
ae

(C
ra
ss
os
tr
ea

gi
ga

s)

pV
co
-1
4

(S
ip
ho

vi
ri
da

e)
–

S
ig
ni
fi
ca
nt
ly

hi
gh

er
su
rv
iv
al
ra
te
in

tr
ea
tm

en
ts
co
m
pa
re
d
to

th
e
un

tr
ea
te
d
co
nt
ro
l

K
im

et
al
.

(2
01

9)

20 Bacteriophage Therapy in Aquaculture: An Overview 353



20.6 Phage-Based Products for Therapy in Aquaculture

The potential and efficacy of phages have encouraged some private companies/
institutes to develop phage-based product for commercial application to treat bacte-
rial diseases in aquaculture which is tabulated below (Table 20.2).

20.7 Strategic Guideline for the Development of Phage Therapy
in Aquaculture

For the development of bacteriophages therapy in aquaculture, a set of standard
protocols need to be followed (Nakai and Park 2002; Choudhury et al. 2017)
(Fig. 20.1). This includes isolation and characterization of phage (Fig. 20.2),
in vivo and in vitro therapeutic potentiality testing, safety testing and regulatory
approval, etc.

20.8 Dose and Mode of Application for Phage Therapy

There are several modes of application of phage therapy reported by many
researchers since its discovery. However, the application of phage in the aquaculture
system includes direct release of phages in the culture system, injection through
intramuscular or intraperitoneal mode, immersion, oral administration through feed,
anal intubation, etc. Among all these reported modes, release of phages directly into
the culture system is the most preferred method (Shivu et al. 2007; Choudhury et al.

Table 20.2 Phage-based products for therapy in aquaculture

Name of the
Company/
Institute Product description References

Intralytix Phage therapy (as cocktail of phage) to control Vibrio
tubiashii and V. coralliitycis infections in oyster

Intralytix I (2018)

Phage Biotech
Ltd

Phage therapy to treat V. harveyi infections in shrimp Phage Biotech
(2017)

Mangalore
Biotech
Laboratory

Phage formulation (LUMI-NIL MBL) to control
luminous vibriosis in shrimp

Mangalore Biotech
Laboratory (2019)

Fixed Phage Ltd Binds the phages in feed pallets for phage therapy
aquaculture.

Mattey (2020)

ACD Pharma Phage-based solutions against Yersiniosis in Atlantic
salmon

ACD Pharma
(2017)

Proteon
pharmaceutical

Phage-based product BAFADOR® to targets
aquaculture pathogens Pseudomonas spp. and
Aeromonas spp. via immersion

Grzelak (2017)

ICAR-CIBA LUMIPHAGE for biocontrol of luminous bacteria in
shrimp larvae

ICAR-CIBA
(2017)
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2017; Silva et al. 2016). In recent times, various combination of phage as “cocktail”
has gained a lot of interest among researchers as futuristic bacteriophage approach.
Cocktail of diverse combinations such as phage-phage, phage-probiotic, phage-
immunostimulant and phage-antibiotic are demonstrated in the literature (Fischetti
et al. 2006; Chan et al. 2013; Choudhury et al. 2019). There are advantages and
disadvantages to each mode of application; which often depends on the nature of the
bacterial pathogen (Martinez-Diaz and Hipólito-Morales 2013; Richards 2014).

Fig. 20.1 Strategies for bacteriophage therapy in aquaculture

Fig. 20.2 Zone of lysis by bacteriophages and plaques formed by bacteriophage
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For effective phage therapy, it is important to know the exact dose of application.
Various doses have been reported by researchers for both laboratory and field
condition. However, in most cases, the dose of application depends on the type of
pathogen, state of phage, multiplicity of infection (MOI) of phage or lytic capability,
etc. For effective phage therapy, researchers may attempt to isolate phage with a high
replication rate, broad host range with high lytic capacity at lower doses (Choudhury
et al. 2017).

20.9 Positives and Negatives of Phage Therapy

Several well-established advantages of phage treatment include (Barrow et al. 1998;
Nakai 2010):

1. Because of the natural abundance, phage isolation is comparatively easy and
cheap.

2. Bacteriophages have narrow host range indicating that phages are very specific to
host and do not harm the endemic intestinal or environmental microflora.

3. No inherent toxicity and environment friendly.
4. Self-replicating capability eliminates the necessity of multiple administrations.
5. Effective against biofilm-forming bacteria.
6. Bacteriolytic capability of phages allows them to eliminate MDR (multi-drug

resistant) bacteria.
7. Because of the high specificity, phages do not contribute to the development of

resistance among pathogens.
8. Administration of phages can be very feasible because of the multimodal appli-

cation such as oral, aerosols, immersion, injection, and topical.

Bacteriophage application has an immense potential but even then, the feasibility,
accessibility and field efficacy still remains a concern, which roots to several
drawbacks in phage therapy:

1. Because of the high specificity of phages, the pathogenic bacteria must be
identified before therapy, which may prove to be a realistic and practical chal-
lenge in the field condition.

2. Difficult to extrapolate in vivo efficacy in comparison to in vitro results.
3. Temperate phages can transfer lethal or toxic genes to harmless bacteria.
4. Because of the robust nature of the host bacteria phage resistance can be devel-

oped by bacteria.
5. Contradictory opinion on interaction with the immune responses of fish/shellfish.
6. There might be practical difficulties, e.g. injecting large numbers of animals,

acceptance of phage mediated feed to diseased fish.
7. Conversion of lytic phage to lysogenic state is still a mystery among phage

experts and may be a concern prior to application.
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20.10 Conclusion

Bacteriophage therapy has been reintroduced in the system after the rise of drug-
resistant bacteria and to cater the necessity of finding an alternative to chemothera-
peutic application. Owing to the host specificity of phage and lytic capability, it can
prove to be an attractive approach in that it provides a ray of hope against AMR. At
present, the potential phagotherapy has established its efficacy in preventing or
controlling the bacterial infections in both freshwater and marine water in various
target species of fish and shellfish origin. Bacteriophage therapy has been intensively
researched and developed against various clinical conditions in the area of biomedi-
cal application. However, in aquaculture, the therapy is not yet fully investigated.
The lack of in vitro and in vivo research on optimization and efficacy in different
culture condition existing in diverse aquatic environments has led to the challenge
we are facing today, with the development of effective field-based formulation. It is
high time that attempts are made to address the concerns that have arisen over time,
and research efforts should therefore be conceptualized and aimed at establishing
sustainable phage therapy.
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