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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 10’® virions g~
and in water approximately 10’ virions mL ™" 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 10°°3'. 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
Iytic 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).



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

342

uonensIuIupe
150d sAep 41

[Dun Ay)[eay paurewal
pUE SUOIS[ JATJEIO[N
AMoys j0u pIp ysy
SUIATAINS AU, %/ 9T JO

9)el [BAIAINS JUROYIUSIS (ss1ydw
(S100) € pamoys 00001 Jo uondafur SnYouLI109UQ)
‘Te 30 wry] IO Yim pajean ysig Je[nosnuwenuy 1-SVd jnox moqurey
uonoJuI
jsureSe uonooid
apraoxd 0} 9[qe
SeM sjuauIBaI) Y} JO
QUOU Sk J[NSAI Ay} J0JJe
3.UPIp Inq ‘(eap oy (ssppdu
pakerop A[uo uonoafur snyouky10ouQ))
Aq soFeyd dory (e UOISIQUIWT non
(L007) | Jo uoneurquod e Jursn pue Surpagy moqurey pue
‘[e 30 skarpgor ‘IOAOMOH "PIAIISQO [elo ‘uonoafur (4vps ouvg)
-IOUIOA SEM 109JJ9 9SIQAPE ON [esuojiradenuy qpuey ‘0 uowes onueny
%01 01 %001
wolj Ajenour [e1o) Ay}
paonpar a3eydonioeq
‘K[reuonippe ‘skep /
Kq UONOJUI JO 1OSUO A} (sypunuof
(90020) pake[op Aquo 10u 00| snujaaIng) ppINO]DS
‘[® 30 JneaquI[ IO e Juduean ayJ, UOISIOUII] 011 ¥dH jnon yoolg SISO[NOUNIN,J SPUOUL01Y
ysifurf ur uonyvonyddp 25vydoriaong
QouIRjOY juouIeaI], uonensupe a3eydouoyoeg wstue3iQ | (uors9[) aseasiq uagoyreq
a8eyq

aimnoenbe ur a3eydouaioeq jo uonesidde pue uonejosy L°0Z ajqeL



343

20 Bacteriophage Therapy in Aquaculture: An Overview

(panunuod)

(2100) TeyeN
pue pnowryeN

(1102)
‘Te 19 seLue)

(z861) M

(9102)
T2 19 eAlIS

pamoys Afuo sa3eyd
) uay) pue uaoyyed
o i pajoafur

JSIY Sem Jey) ysy

) searoym ‘uadoyped
Ay PIm pyosfur 19ye|
y [ uay) pue soFeyd
M pajodfur sy drom
B} YSY Ul POAIISqo
sem uonodjord 1oySTH
uoneordde onnaderoy
J10J Pasn 9q ued yoIym
‘sogeyd jo Aoedeo
SursAT o) S[eOARI
SIsATeue ONIA UI A,
Io1em Ul %6°66

£q Junod [eLRIoeq

AU} UMOP JONPal 0} J[qe
aram sadeyd §0°0 TOIN
18 ‘AJ[eUonIppy s1soy
[eLI9308q /7 ISurede
9976 Jo Ayoeded
SuIsAT yim AT
KI9A 10M Sa3eydq
dnoi3 jonuos pajeanun
oy ut Ayeniour %9¢
0) Arenuod Ayfejrour
ou pamoys Q[

JO IO e seSeyd yim
pajean soqruaAn( ysy
‘UONOJUI JO 4 T/ WYV

uonoafur
[eouojrodenuy -
(ovpriraoydig)
STISINTO® pue
- NVR® dMARD
- [-14 soSeyd
uorsIowrmy V-SV

(s1p2a130
$NSS0]3003] )
nky

(smppound
SNANIpIOr)
[sijed [auuey))

(vowodpp
vjjInEuy)
[99 asoueder

(s1suajp3auas

12]0g)
9[0s osoe3ouss

erwoeondos
JLIAUR IO
SISO[[QISpIemMPH

NI
vlIa1spavIpH



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

344

(€102)
‘Te 10 uny

[e10 pue [esuojuadenur
oy jo yog

o)
-9yvd pue D-yyd

Jo erwoedndos
o13eyLIowor

vpydop&y 'y

(0002)
‘Te 30 nSH

amsodxa

Jo 4 8 J19)je 10jem puod
) ur a8eyd jo douasqe
Q) UI UAAD 9,68 £q
paddoip sem pp.av; 7 Jo
Junod ay) ‘A[[euonippy
Y8 urego o ION

Je uononpal sp[oj-0Sg
‘1o1eM puod Ul SBaIOYA
-amsodx9 Jo 4 g

UIIM SAWN) ¢ PAdnNpal
Sem JuNod [ereloeq

AP S 1T 30 JON WV

UOISIQUII]

UONBUIqUIOD
sageydoro)oeq
WRIHI

(varodpl y)
[99 asoueder

SISO[[oIspIempy
pue erwaeondas
O13eyLIOWI

vjydop&y 'y
pue vpavy g

(0200) e
eAnideyiN

3ua[reyo

jsod sAep 4 mun
[01u0d 0) uostredwod
Ul JUSWIIEaI) UI [EATAINS
PAJBAJ[S A} PI[EIAL
J[NSQI Y ‘DAY T YPIM
PAJOJUI APJUSLINOUOD
pue skep |

10§ soTeyd 03 pasodxa
yjeq A1oM ysy Y],

uoISIoUI]

(avpru1aopod)
1-d1d

(oria.4
om(y) ysyelqaz,

eruraeondos
B[[oIspIempy 1o
SISO[[QISpIEMPH

ppiv] o

[onuod
Ay YPim paredwod
Ayeyrowr pake[ap

ERNENEIEN|

JUSWIRAL],

uonensIuIpe
a8eyq

a3eydouoyoeg

wstue3I0

(uoIS?[) aseasIq

uagoyreq

(ponunuod) L*QZ d|qel



345

20 Bacteriophage Therapy in Aquaculture: An Overview

(panunuod)

(6102)
‘Te 19 Z[nyos

(0200)
e 39 [eunyy

(8100) Te10 o]

Ayrerrowr

JO uonONPAI puL WaJSAS
Qunwwt dyroads-uou
Jo uone[nung
swoydwAs 9seasIp ou
pamoys ysy SulAIAINS
ay Jo Isow ‘el
%001 W dnors
[01uo0d ay 03 paredwod
uaym A[oAnoadsar

4 96 pue 7L

‘8t VT Y %L9°9G
PUB %LS “%ES ‘%I
Q1oMm sareI AJI[e)IOIN
juswean

a3eyd jo proadp [onuod
O} UI [BATAINS 9% ¢°8
03 paredwod ‘9,001

sem 00T TOIN ¥ ysyieo
JO 9Jel [BAIAINS QY]

[eAraIns oy paaoxdur
uopensIuIwpe

ysy jo 3uipady 1o

UOISIOWWI IO} pasn
SeM Suaosa0ony g

jsurese

pue vjydoiply 'y
jsurede
sageydoroyoeq ¢
Sururejuod
‘ed0oavdavd
[1e1000
a3eydou)oeg

uoIsIouI]

uonoafur
[eauojurodenuy
Surpagy

[elo pue uonoaafur
Tesuojradenuy

(ovpriaoydis) ¢
Py

S-@ vydoaply 'y
pue
vpydoipSy 'y

(ssrydw
snyouky102u())
jnon moqurey

(smppnvonmsup
SHUINSSIPY)
yoeo]

(snuypyrydodqy
uopouvisp3unJg)
ysyies pading
(smppnvorym8up
SNUINSSIPY)

yoeo[ prudA)

(SYIN)
erwoeondeg
SEUOWOIY

MO

suaosatonyf
SpUOUIOpNasy

pue vjydopy *y



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

346

(ovprLiaoydis) 8

-MdAd
(ovpraaopod)
Kyedes L-MdAd ‘9-mdAd (s1y2a)p
0102) AT JueOyIUIIS (avpra1aodpy) sns$018023])
e 10 Wiy pokerdsip ¢-mddd - A-0ddd ‘¢-mddd ysy ndy
sinoxn jo sorads (AmD) aseasip
a3ue1 jsoy peoiq Ioyjo pue (ss1yduw 19JEMP[OD
(8002) i Jsurede Kyoedeo snyoudy10uQ) [eLI08q
‘Te 30 woyuals onAf yueoyru3dig - 22-A9g 01 1-Adq jno1n moqurey OTw)SAS winjrydoayofsd -,
(01124
omn(y) ysyeiqaz
pue (sspydw
(S100) SnYoULH100UQ)
‘[& 19 ojuee| Ayreniow paonpay - 104 jnox moqurey
[eAIAINS 95(00] pue
a3eyd 9[qe10919p 9593
[eo1So[o113108q 2AnEISU
‘sugIs [eorur[d ssoid 3upagy [eI1o (eepriaopod)
(1102) Jo douereaddesip oy pue yreq ‘uonosfur 1dDd (snyov.ypq aseasIp 2UDUWN] 0D
‘[e 10 peselq 0) pa[ Juawean aSeyq JTe[nosnwenuy 6dDd-1dD4d sDLID])) YsyIeD SLIBUWN[O)) WNLI2IODGOAD]]
suaosaaonyf g
jsurese
pue vjydoiply "y
jsurede
sogeydoroyoeq ¢
Sururejuod
Ayreytouwr @Joavavd
ur uononpalI pue 133009 (vjnSun
(Q6102) Ayrunwwt ferowny pue a8eydonojoeq pInSuy)
‘I8 39 Z[nyds Ie[n[[ed Jo uone[nung M POJ QIOM YSI - s[e9 ueadoing
QouIRjOY juouIeaI], uonensupe a3eydouoyoeg wstue3iQ | (uors9[) aseasiq uagoyreq
a8eyq

(ponunuod) L*QZ d|qel



347

20 Bacteriophage Therapy in Aquaculture: An Overview

(panunuod)

pue uonooyur JsureSe (s1g2a1p
(€007) | uonoaoxd ysiy pamoys SN$5018002]d)
TeeN pue yred sy SUTATRa1-08eY ®I0 |  t-Mddd ‘€-mddd niy
v-Mmddd
/€-Mddd woq
JO uoneuIqUIod
& pue (avpL1aop)
p-mddd (syaanyp JSBASIP SIJIOSE
(0002) %TT 01 %G9 woiy doip (avprnaopod) §1850]3003] ) J13eyLIoWIRY
‘Te 39 dred Aneuow ‘1 JOIN WV SuIpaoj 1810 ¢-mddd nAy [eL)0Byg pp1o1§s0180231d *g
[onuod
UuonOJuI pajeanun
1M UOISI] oY)
JO uonONPAI P[OJUIAQS B
Ua skep O 01 g urgim
(€102) USY Pajojul 3y} paInd (smundarins SUOIS9[
‘Te 39 Jeulreys| Apuaroyye Aderoy) oy, juounean jods-uQ - spLD)) YsyieD QAIRII[) DsSouISnav g
‘%01 01 %S9
woij doip Ajiferour [e1o
J0J searoym ‘(uonodfur
10J) %S¥ 0 %06
woiy sdop AeroN
"UOTJORJUI 201D ]
reyuowiodxa woly Surpagy (avpriaoydis) (vipipvaronbuinb
6661) ysy payuaaaxd oFeyd [eI0 pue uondalur 1-M31d ‘0¢-A31d D]0142S) aD210IDS
‘Te 19 TeeN pald)sIuIwIpe yrog [esuojurodenuy ‘91-A51d ‘AS1d [TeIMO[[O A SIS000000308 ] §122000§0D
(ssrylw
snyouky10ou())
%001 IN0I) MOQUIBI pUe
(T102) 01 %91 Jo d3uel ay) uonosfur (4vps oupvs)
‘Te 19 o[mse) ul paseardop AJ[enoN [ecuojuadenuy - uowes onueny




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

348

Ajierow ur uononpax
‘A1qeIou 19598 01 %6¢
woJj pue J0qIn} 10J %76
0} 967 WOoIJ PILeA

QBAIR[ (SMuIxvuL
snupy1ydoog)
joqIn)

(8102) AJI[eIIOW Ul UONINPAL pue (vny.ow ‘1)
‘Te 10 0qIgY WNWIXeW 9y ], UOISIQUI] 0PdAM Ppod onuepy
%0 01 %S6
woly ¢ IO e pue |
IO 78 %0¢€ 01 S6 Woly
dop AnpeoN %001
01 dn ysy jo [eAIAINS dOHD
(€107) | oy pasealour Jusunean ‘QOHD ANTV (opps -S)
‘[e 30 vIONSTH | oY) ‘0T PUE T JO JOIN IV uorsioww] | ‘Q4OHD ‘dAIN'TV uouwufes spueny SISOLIQIA WIAD|INSUD OLGIA
[o1nuod
0} uostredwos ur skep ¢
INOQe JO QW YIedp
uBoUl POARIAP B (PIM (snonoqu
(L102) 909 JO SAJI [RAIAINS SIUOAYI02.4()) aenoeese
‘[e 30 unf pey ysy pajeal], UOISIoUI] - eidern ofIN - snoooooydong
%0 01 %08 Wwoiy
Suruer ‘onuod ay) (snaovaio
uey) Jomo| Apueoyrugis sypyo1nan )
(L002) arom safeyd Suraredar uonoafur ZYI1Sd PU® “b1Sd Iopunoy
‘[e 39 BONSIBIA ysy JO sanIeUOIN Tesuojrodenuy ‘TENSd ‘1€01Sd osoueder | s150000003dong aD1Ul SN220201d2.41S
%9 01 06
woiy doxp Ayenrowr
QouIRjOY juouIeaI], uonensupe a3eydouoyoeg wstue3iQ | (uors9[) aseasiq uagoyreq
a8eyq

(ponunuod) L*QZ d|qel



349

20 Bacteriophage Therapy in Aquaculture: An Overview

(panunuod)

%S9 Pasned (LEYIA pue
€eyIA ‘TeyrA) soSeyd
3} Jo a1y, "winnoads
ONAT JUSIIIIP IM

(avpruaolp
WoIj BYIA UO pue

(L00T) | onA| ATyS1y 2q 03 punoy avpriaoydig woxy
‘[€ 19 NAIYS ar1om saSeyd oy [V —| XIS) LBUIA 0} JRUIA duys proeusg
(Loot jusuean duoIqnue o3 [TRUIA ‘6BUIA
‘5007) e 10 paredwod 97¢ 01 %88 (ovpruaoydig) uopouout "d
TeSeseuniey] woiy sdoip Ajerio UOTSIOUILI] OTBYIA ‘SEUIA JO QeAre]
967 A[uo sem
[OTUOD UT 91kl [BAIAINS
searoym ‘o3eydonrajoeq
JO SISOP 0M) UM 908
01 dn pooueyuo sem uopouout
(9002) [BATAINS JRY) PIMOYS (avpra1aodpy) snavua g SISOLIQIA
‘Te 32 pourp [em A1ojeIoqef oy ], uorsIouIw| WTHA Jo Qeare] snourun-| 1oa4ny A
juswlean} Jo
Y $ I9)Je UOIBINUIIUOD
o11q1A 2andunsard
(9100) JO uononpal (vuos vrusLLY)
Te 30 s1zie[e] %E6 ‘001 IO IV uoISIoUI] [wof pue gl Ka1d oAr]
el [BAIAINS
Jo 9 ¢ pey Aquo dnoi3
juounean a3eyd ou ayy
searoyMm ‘A[oAnpoadsar
‘T’0PUR [ ‘01 JO IO ® (snoodnf uondafo
(S102) | %Lp pue g ‘gL Jo 23uer sndoyonsody) RIJOSIA pue
‘[e 32 Sueyyz B UI [BATAINS PISBIOU] uoISISWIW| - IoquINond BIS uoneIadn un[s snoykjomr8ip A

ysijjays u1 uoyvorddp a3vydoriaong

sased Jo Ayolewr oy
ur JueoyIuSis Jou sem




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

350

(¥100)
Te 39 [ned

sem dnoi3 peyean oy ur
Aypeyow ‘skep (] 1YY

uoIsIouI]

99dHA

(L10D)
Te 32 Suep

%0L moqe
JO [BAIAINS PI[EIARL
Sem JuUIEan) 9YJ,

uorsIoUI]

(oepuraoydrg)
SEUA™dA
‘B-SEYA” A

(v3142p]
SHONV)
uoreqy

(L102)
UBSBATULIS

pue ure)s

a3eyd noyim
SJUAUNEAI) [OUOD

SY) UI [EATAINS 95C¢
0} 9,9°97 0} paredwod
‘dnoi3 juouneon
o3eyd oy ur 4 96
9338 % ¢"88—%09 JO
J3ueI B Ul SeM [BAIAINS
[BAIRT "SUONJRUIQUIOD
[1B1000 JUQIAYIP

ur pue suope pardde
arom so3eyd oy,

uoIsIouI]

ISHA

pue ZAHA ‘TINHA
sogeydouoyoeg

(uopouout *J)
qeare] duryg

(0100

‘Te 39 sdwoig

=T N0 01 X €6
[onuod 03 paredwod
(=T NAD 01 X T'T
03 dn Junoo [erR)oeq
1501 3y} AeUNUID

0} 9[qe 1om saSeyq

(ovpriraoydis)
90-SJDUA

(smpuio
snainun g )
19)5q0]

yoo1 [eordor],

(%%¥1) wnnoads

MOLIRU © PBY GRUIA
*9sA1 03 surens jsoy ayy
30 %0t posned gelrA
PU® yRUIA “TRUIA S[IYMm
9sA] 0} surens ayj Jo

ERNENEIEN|

JUSWIRAL],

uonensIuIpe
a8eyq

a3eydouoyoeg

wstue3I0

(uoIS?[) aseasIq

uagoyreq

(ponunuod) L*QZ d|qel



351

20 Bacteriophage Therapy in Aquaculture: An Overview

(panunuod)

(¥100) 781
-ZOUI)IRIA pUR
©30lQ-][owo]

sem (uonoojur-jsod

[ 9 1e) uoneordde Ajres
Ue pue pejorIaIunod
Sem UOIodJuI

A ‘1°0 JO ION WV

uoIsIouI]

[swdA pue ¢y

JeAIR[ (12wDUUDA
snavuador)
dwys Jopanya

(£100) So[EIoW
-oyodry pue
ZRI(J-ZJUIMRIN

Ayreynowr oy

[OTUOD 0} IATIIJJAUL
sem 1 ‘pake[ap

sem juaunearn a3eyd
AY) USYM “TOAIMOH
‘suagoyyed oy eurwI
0) 43nouo JUAIOYJd

sem 9sop 9[3uIs

(vuvosiouv.f
DIUILY)
dwys oung

SISOLIQIA

snondjowavyv.ind A

(610T
T100) Te 1
Amypnoy

Aynanoe o3eyd oy
paaoxdurr Apueoyrusis
ag3eyd 1aa.vy A

pue QWAZOosA|

dwtys jueuIqUOdAI
JO uoneUIqUIO))

D, 0€ Jo amyeradwa)
pue u Sw GZ'[[
Josal ‘L jo Hd 9dd ¢z
Jo Ajuifes e paAIasqo
sem a3eyd 1€aavy A
Jo Ayanoe wnwndQ

uorsiawuay

A 93eyd

(uopouout *J)
duwrys
1931 yorlg

JuswEan
[OTU0D JO 9L <
01 paredwod uayMm 907

(uopouout *J)
duwrys
1031 yoerg




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

352

#102)
‘Te 19 unf

sem Jimoid [eLajoeq
o ‘uoneordde

Qoejins a3eyd

JO U 1 191 ‘SBIQUA
(- Tu NAD 40T X6°8)
[01nu0d 01 paredwod se
dnoi3 juounean oy ur
(T AAD 01 X 1 0
dn paonpar sem yimoI3
[BLI210Bq ‘UOISIQWIWUL
yreq yim uoneorjdde
a3eyd jo y 7/ oYy

uoneorjdde aoejins
pue UOTSIOWITU]

1-dAd avpruaoydig

S191SK0

(8107) uoxiq
pue apurreuQ

s[assnw ut

sIoquinu 9[qe)dapun
0} snondjowavyvivd A
Suronpar

ApueoyTugIs ur 9A10JJ
sem [1e)yo09 a3eyq

uoIsIouI]

(s111pa snicH)
s[essnwi anjg

(8102)
‘Te 30 on'g

%0S 03 %ST

wolj paLrea ANferow
ur paynsaz sadeyd

Jo asn onoejAydoxd
searoyMm ‘9,001

Sem UOTOQJUI [ELID)OBq
Ioye 4 | pajean
sdnoi3 ur Ayferon

uorSIoUII
pue 19Ip [BI0

(12wpuuva
snavua) duyg

Ayerrow
PIOA® 0} 9AT)OJJJO

ERNENEIEN|

JUSWIRAL],

uonensIuIpe
a8eyq

a3eydouoyoeg

wstue3I0

(uoIS?[) aseasIq

uagoyreq

(ponunuod) L*QZ d|qel



353

20 Bacteriophage Therapy in Aquaculture: An Overview

[oTuOd pajeanun Ay} (sp818 JeAIR]
01 paredwod syuounean D24JSOSSDLD)) 19840 oyroed
(6102) ur dJel [RAIAINS (avpriaoydis) QBAIE[ Jo Ayeyrowt
Te 30 wry] 10yS1y Apueoyrudig - p1-00Ad 19)sK0 ogroeq QAISSBA snoudn100 A
(Q ‘®9100) (snowodpl *y)
e 1] AyirerIow paonpay 3uIpagj [eI1IQ IOA"SKOATgA SIOQUINOND €S - snonydo.gnofo A
Juore
pardde saSeyd samy oy
1I0J %08 PU® %8S ‘%S9 (€-SAd) £INLEV
pue ‘[ren}ood a5eyd -SA”SAsATga pue (sns)
oy} 10} 98 sealoym (T-SAD) TINLEV awoIpuAs
‘dnoi3 [onuoo ay) 10y -SA_SdsATga (snmomodpl | uoneId[N) UDS
(q ®9100) %81 sem skep [ 1xou ‘(I-SAD 1-INLEV sndoyoysody) sonoozido
‘e 1| oyl Suunp dJel [BAIAING 3uIpa9y 110 -SA_SASATgA 19quINONd 8ag QI0A3S snpipuajds A
dnoi3 jonuos pajeanun
QU UL 1Rl 9%(0¢ 01 (ovpruaoydig)
paredwod uoym %116 [—7MSIBA
PayorAI UONBAN[ND pue [-LredA
(6100) Jo skep / rayye T-mgdsA ‘T (1oupuuva )
“Te 10 uayD PIssasse aJel [BAIAING —|  -ysgdsA ‘c-ATRA duiys ¢I-VA 'ds oniqip

dnoi3 jonuos oy ur
=T 04D 01 X #¥°1
01 dnoi3 juounyean

AP Jo T N v6°'1
£q panqryur




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

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 | Intralytix I (2018)
tubiashii and V. coralliitycis infections in oyster

Phage Biotech Phage therapy to treat V. harveyi infections in shrimp | Phage Biotech

Ltd (2017)

Mangalore Phage formulation (LUMI-NIL MBL) to control Mangalore Biotech

Biotech luminous vibriosis in shrimp Laboratory (2019)

Laboratory

Fixed Phage Ltd

Binds the phages in feed pallets for phage therapy
aquaculture.

Mattey (2020)

ACD Pharma Phage-based solutions against Yersiniosis in Atlantic | ACD Pharma
salmon (2017)
Proteon Phage-based product BAFADOR® to targets Grzelak (2017)
pharmaceutical aquaculture pathogens Pseudomonas spp. and
Aeromonas spp. via immersion
ICAR-CIBA LUMI"™ASE for biocontrol of luminous bacteria in | ICAR-CIBA
shrimp larvae (2017)
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Fig. 20.1 Strategies for bacteriophage therapy in aquaculture

Fig. 20.2 Zone of lysis by bacteriophages and plaques formed by bacteriophage

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 Hipdlito-Morales 2013; Richards 2014).
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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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