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Presentation	
	

The	problem	

	

The	World	Health	Organization	 considers	 the	microbial	 resistance	 as	 a	 threat	 to	

public	health.	It	is	so	because	1]	the	frequency	of	superbugs	[bacteria	resistant	to	

multiple	 antibiotics]	 increased	 over	 the	 last	 years;	 2]	 the	 cost	 of	 last	 generation	

antibiotics	 is	 high;	 3]	 the	 lack	 of	 new	 antimicrobials	 development.	 Therefore,	

control	of	bacterial	infections	has	become	a	major	target	of	study	for	governments,	

health	centres,	and	industries.		

	

The	 bacterial	 resistance	 is	 a	 problem	 affecting	multiple	 sectors,	 including	 public	

health,	 environment,	 and	 agriculture.	 Examples	 of	 relevant	 bacteria	 include	

Pseudomonas	 aeruginosa,	 an	 opportunistic	 human	 pathogen,	 which	 has	 been	

reported	 as	 resistant	 to	 all	 possible	 antibiotic	 treatments.	Pseudomonas	 syringae	

pv.	 actinidiae	 is	 a	 key	 problem	 in	 New	 Zealand,	 as	 it	 is	 the	 cause	 of	 kiwifruit	

canker;	 being	 kiwifruit	 one	 of	 the	 most	 important	 industries	 in	 the	 country	

economy	 [Frampton	 et	 atl,	 2014].	 In	 the	 food	 industry,	 Salmonella	 sp.	

contamination	 is	 critical	 for	 the	 poultry	 sector.	 Overall,	 bacteria	 can	 cause	

important	economic	impacts	worldwide	[Donado	et	al,	2015].	

	

The	 root	 of	 the	 problem	 goes	 deeper	 than	 people	 think.	 Bacteria	 are	 ubiquitous	

and	only	a	few	are	pathogens.	They	spread	easily	and	can	cause	serious	outbreaks	

[Leal	et	al,	2006].	The	spread	does	not	occur	only	among	humans,	but	also	between	

them	and	animals.		In	farming,	bacterial	outbreaks	are	quite	common.	As	a	result,	

producers	need	to	implement	medical	alternatives	such	as	vaccines	and	antibiotics	

for	 animal	 use.	 This	 situation	 has	 evolved	 in	 the	 nearly	 indiscriminate	 usage	 of	

antibiotics,	and	it	has	been	recognized	as	a	main	cause	for	the	increase	in	antibiotic	

resistant	 bacteria.	 This	 means	 that	 if	 animals	 have	 an	 infection,	 the	 allowed	

antibiotics	 for	 the	 industry	are	not	going	 to	be	efficient	anymore;	 thus,	 there	are	
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economical	losses	and	the	remnant	of	these	antibiotics	ends	up	being	consumed	by	

humans	[Brüssow	et	al,	2009].	

	

Additionally,	antibiotics	also	have	been	used	indiscriminately	in	humans.	Bacteria	

circulating	 in	 hospitals	 mainly	 affect	 immunosuppressed	 and	

immunocompromised	patients,	 raising	 the	drugs	needed	 and	 the	 cost	 associated	

[Taylor	 et	 al,	 2003].	 As	 a	 consequence,	 the	 number	 of	 deaths	 from	 Multiple	

Antibiotic-resistant	Bacteria	increases,	as	well	as	the	cost	per	patient	and	the	use	

of	more	expensive	and	toxic	antibiotics	[Prada,	2008]	[Sulakvelidze	et	al,	2001].		

	

As	 if	 that	 were	 not	 enough,	 the	 development	 of	 new	 antibiotics	 has	 decreased	

dramatically;	the	pharmaceutical	business	does	not	find	profitable	the	research	of	

new	antimicrobials.	Therefore,	 finding	new	ways	 to	control	bacteria	 is	an	urgent	

need	[Shlaes	et	al,	2004].	

	

The	alternative		

	

In	order	to	develop	alternatives	to	control	these	infections,	phage	therapy		[the	use	

of	bacteriophages	to	control	and	kill	bacteria]	has	emerged	as	a	viable	solution.	In	

the	early	years	of	 the	20th	Century,	bacteriophages	 [or	phages]	were	discovered	

by	 Frederick	 Twort	 and	 Félix	 d’Herelle	 [Sulakvelidze	 et	 al,	 2004].	 Immediately,	

they	started	to	use	them	to	control	some	infections	as	Cholera	in	the	First	World	

War.	Several	results	from	those	treatments	ended	up	being	successful.	However,	a	

deeper	 knowledge	 on	 the	 phages	 biology	 and	 their	mechanisms	was	 needed,	 as	

they	were	not	the	cure	in	all	cases	and	not	for	all	infections.	Nowadays,	facing	the	

failure	of	antibiotics,	an	increasing	number	of	researchers	are	interested	in	phage	

therapy	 ;	 also,	 the	 information	 about	 the	 phages	 basic	 characteristics,	 functions	

and	interactions	has	increased	over	the	years	[Brüssow	et	al,	2009].	Since	2008	in	

Colombia,	researchers	at	the	Universidad	de	los	Andes	have	been	studying	native	

phages	to	control	different	kinds	of	infectious	diseases.	Over	these	years,	we	have	

identified	 opportunities	 and	 challenges	 that	 will	 face	 this	 therapy	 in	 Colombia.	
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Consequently,	this	work	aimed	to	initiate	the	use	of	bacteriophage	therapy		in	the	

Country,	by	attempting	to	solve	some	of	the	challenges	and	taking	advantage	of	the	

opportunities.		
	

About	this	work	

	

Based	on	 the	 challenges	and	opportunities	we	 identified	 for	phage	 therapy	 ,	 this	

research	 aims	 to	 point	 out	 and	 narrow	 the	 obstacles	 and	 take	 advantage	 of	 the	

open	doors	to	bring	phage	therapy		to	Colombia.	In	this	sense,	this	work	is	divided	

into	 seven	 chapters	 that	 address	 a	 group	 of	 these	 challenges	 and	 opportunities	

using	different	bacteria	as	models.	

	

The	first	chapter	presents	the	state	of	the	art	at	the	moment	of	initiating	the	thesis.	

By	reviewing	the	literature,	we	recognized	the	historical	aspects	of	phage	therapy	,	

what	was	the	actual	development	in	the	world,	in	Latin	America	and	in	Colombia.	

This	 review	 process	 allowed	 the	 identification	 of	 the	 main	 challenges	 and	

opportunities	for	the	phage	therapy	in	Colombia.		

	

The	 second	 chapter	 summarizes	 the	 techniques	 necessary	 to	work	with	 phages.	

This	 knowledge	 and	 expertise	 were	 acquired	 using	 a	 Pseudomonas	 syringae	 pv.	

actinidiae	model.	In	this	case,	bacteriophages	were	used	successfully	to	control	in	

vitro	 the	plant	 pathogen	 causing	 canker	 in	 kiwifruit	 plantations	 in	New	Zealand.	

Techniques	 such	 as	 isolation,	 characterization,	 in	 vitro	 testing,	 Transmission	

Electron	 Microscopy,	 transduction	 assays,	 bacterial	 growth	 kinetics,	 cross-

resistance	assays,	were	learned	and	applied.	

	

The	third	chapter	is	about	phage	selection	for	phage	therapy	,	where	Pseudomonas	

aeruginosa	was	used	as	a	model.	Phage	 isolation,	phage	characterization,	 in	vitro	

testing,	and	 in	vivo	 testing,	were	performed.	This	was	the	first	practical	approach	

to	phage	therapy	in	our	lab.	We	learned	the	importance	of	establishing	criteria	for	
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phage	 selection	 for	 therapy	 and	 categorize	 the	 characterization	 techniques	

according	to	its	relevance	for	phage	therapy.	

	

Chapters	 4	 and	 6	 present	 the	 interaction	 between	 different	 bacteria	 and	 their	

phages,	 looking	 for	a	deeper	understanding	of	 the	 long-term	potential	use	of	 the	

phage	 therapy	 .	The	natural	 interaction	between	a	phage	and	 its	host	 allows	 the	

system	to	evolve	in	such	a	way	that	an	initially	susceptible	bacterial	population	can	

develop	resistance.	Reciprocally,	the	phage	population	might	regain	infectivity	by	

overcoming	 the	 resistance	 barrier,	 coexisting	 in	 a	 given	 environment.	 These	

dynamics	has	been	described	as	co-evolution	[Buckling	and	Rainey,	2002].	

	

The	 fourth	chapter	 is	about	 the	bacteria-phage	co-evolution,	using	Vibrio	harveyi	

as	 a	 model.	 Shrimp	 farming	 has	 an	 important	 economic	 impact	 worldwide.	

However,	bacterial	 infections	are	known	as	the	second	largest	cause	of	 increased	

mass	 mortality	 in	 shrimp	 hatcheries,	 being	 Vibrio	 harveyi	 one	 of	 the	 most	

important	 causal	 agents	 of	 mortality.	 Furthermore,	 there	 is	 a	 restricted	 use	 of	

antibiotics	 and	 a	 rapid	 emergence	 of	 resistance	 to	 them.	 Bacteriophages	 are	

presented	 as	 one	 of	 the	 alternatives	 to	 the	 infections.	 We	 explored	 the	 co-

evolutionary	dynamics	of	 resistance	between	 the	bacteria	Vibrio	 sp.	CV1	and	 the	

phages	 V1G,	 V1P1,	 and	 V1P2,	 considering	 single	 phage	 treatments	 as	 well	 as	 a	

cocktail	composed	of	the	three	phages.	

	

The	 fifth	chapter	describes	the	molecular	patterns	of	Salmonella	Paratyphi	B	dTz	

and	Salmonella	Heidelberg	isolated	from	poultry	farms	and	retail	chicken	meat	in	

Colombia.	 The	objective	 of	 the	 study	 was	 to	 determine	 the	 genetic	 relationship	

among	 isolates	 and	 the	 potential	 geographically	predominant	 genotypes.	 These	

results	 provided	 the	 basic	 information	 necessary	 to	 define	 the	 nature	 of	 the	

Salmonella	sp.	populations	potentially	responsible	of	food	poisoning,	which	in	turn	

allowed	 the	 establishment	 of	 a	 larger	project	 on	Salmonella	 sp.	 phages	 isolation,	

characterization,	 and	 conformation	 of	 a	 phage	 cocktail.	 The	 cocktail	 was	 named	

SalmoFREE,	and	the	patent	on	this	cocktail	was	solicited	in	2015	[see	Appendix	1].	
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The	 sixth	 is	 about	 the	 genomics	 analyses	 of	 co-evolutionary	 experiments.	 This	

chapter	 pretends	 undertand	 the	 interaction	 between	 a	 strain	 of	 Salmonella	

Enteritidis	 and	 its	 bacteriophage.	 This	 understanding	 is	 no	 just	 determining	 the	

infection	 of	 the	 phage	 over	 the	 time,	 but	 also	 a	 genomic	 analysis	 in	 order	 to	

understand	the	resistant	mechanisms	the	bacteria	are	using	to	defend	itself	 from	

phages.	And	also,	 analysing	 the	molecular	 respond	of	phages	 facing	 the	bacterial	

resistance.		

	

The	seventh	chapter	is	an	essay	that	elaborates	on	the	lack	of	connection	between	

science	and	industry	in	the	Country,	and	the	beneficial	social	impact	of	innovation	

and	 entrepreneurship.	 It	 claims	 that	 the	 economical	 growth	 depends	 on	 the	

people´s	 ability	 to	 work	 in	 interdisciplinary,	 multi-skilled	 teams,	 involving	

scientists	 and	 professionals	 from	 other	 disciplines.	 It	 was	 inspired	 in	 the	 live	

experience	of	founding	Ciencia	y	Tecnología	de	Fagos	SciPhage	S.A.S.,	spin-off	based	

on	 the	 knowledge	 and	 applications	 of	 bacteriophages,	 to	 solve	 bacterial-caused	

problems	 [see	 Appendix	 2].	 This	 essay	 received	 the	 special	 recognition	 of	 the	

Advancement	Award	 to	honor	 the	work	of	a	member	of	a	partner	university	of	 the	

University	of	St.	Gallen	[AC-AA]	in	2015	[see	Appendix	3].	

	

The	eight,	and	last,	content	chapter,	presents	the	general	conclusions	of	this	thesis.	
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1 Introduction:	Opportunities	and	challenges	for	

phage	therapy	.	

	
Article	type:	Mini-review	

Phage	 therapy	 ,	 an	 alternative	 to	 control	 bacterial	

infections.	Perspectives	in	Colombia.	
[Original	 title:	 Fagoterapia,	 alternativa	 para	 el	 control	 de	 las	 infecciones	

bacterianas.	Perspectivas	en	Colombia.]	
		

Prada-Peñaranda	 Catalina,	 Holguín-Moreno	 Angela-Victoria,	 González-Barrios	

Andrés-Fernando,	Vives-Flórez	Martha-Josefina.				

	
Univ.	Sci.	[2015]	20	[1]:	43-59.	doi:	10.11144/Javeriana.SC20-1.faci	
	

	

Abstract		

Bacteria	easily	acquire	resistance	to	antimicrobial	agents;	this	reduces	the	number	

of	 effective	 antibiotics	 available	 to	 treat	 bacterial	 infections.	 Food	 contamination	

by	 bacteria	 also	 generates	 important	 economic	 losses	 and	health	 risks.	 Products	

for	human	consumption	must	be	free	of	antibiotics	used	in	clinical	treatments,	and	

the	control	of	bacteria	with	antimicrobials	is	strictly	regulated;	however,	there	is	a	

lack	 of	 development	 of	 new	 antibiotics.	 As	 a	 result,	 the	 development	 of	 new	

antimicrobial	strategies	 is	vital.	Viruses	that	 infect	bacteria	called	bacteriophages	

[phages]	have	been	proposed	as	an	alternative	treatment	in	an	approach	known	as	

phage	 therapy	 .	 Several	 studies	 have	 evaluated	 and	 demonstrated	 their	

effectiveness	 against	 pathogenic	 bacteria;	 currently,	 there	 are	private	 companies	

dedicated	to	the	development	of	new	products	based	on	phage	cocktails,	to	control	

some	bacterial	infections.	In	Colombia,	there	is	no	previous	information	about	the	

use	 of	 phages,	 but	 phage	 therapy	 	 represents	 a	 great	 opportunity	 to	 use	 the	
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diversity	of	the	native	microbiota.	In	this	review,	we	present	the	perspectives	for	

phage	therapy		in	Colombia	as	a	treatment	against	bacterial	infections.		

Keywords:	bacteriophages;	resistance	to	antibiotics;	phage	therapy	;	Colombia.																						

	

	

[Translation	from	the	original	document]	

	

Introduction:	Bacterial	Resistance	to	Antimicrobials	and	its	Impact	on	Health	

	

Infectious	diseases	are	ranked	among	the	leading	causes	of	death	in	the	world	and	

are	considered	a	serious	public	health	problem.	Among	them,	bacterial	 infections	

cause	 great	 concern,	 since	 bacteria	 acquire	 easily	 resistance	 to	 antibiotics;	 this	

occurs	through	various	physiological	and	molecular	mechanisms	that	allow	these	

organisms	to	adapt	quickly	to	adverse	conditions	[Prada	2008].	

	

The	 spread	 of	 resistance	 could	generate	 problems	 of	 huge	 dimensions,	

like	increase	 in	 mortality,	 morbidity	 and	 health	 care	 costs.	 The	 report	 of	 global	

risks	 issued	 by	 the	World	 Economic	 Forum	 highlighted	 the	problem	 of	 bacterial	

resistance	 in	 2013	 [World	Economic	 Forum	 2013]	 and	 the	 World	 Health	

Organization	Health	 emphasized	 it	 in	 one	 of	 his	 last	 reports	[WHO	2014].	 In	 the	

United	States	only,	occur	99000	deaths	a	year	from	infections	caused	by	antibiotic	

resistant	bacteria	acquired	 in	hospitals;	 the	associated	cost	of	medical	care	range	

from	21	to	34	billion	US	dollars	annually.	The	problem	extends	around	the	world;	

in	Russia,	86.3%	of	households	use	antibiotics	 indiscriminately;	 in	Tanzania,	Sub-

Saharan	 Africa,	 the	 number	 of	 deaths	 caused	 by	antibiotic-resistant	 bacteria	

doubles	 the	number	of	deaths	caused	by	malaria	 [World	Economic	Forum	2013].	

In	Colombia	 there	has	been	an	 increase	in	 the	 isolation	of	multi-resistant	strains,	

both	 in	pediatric	 and	 adult	 Intensive	 Care	 Units	 [ICU];	 the	 risk	 of	

infections	observed	 is	 2	 to	 20	 times	 higher	 in	 newborns	requiring	 intravascular	

devices	[INS	2009].	Among	the	most	dramatic	increases	is	the	report	of	extended-
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spectrum	 beta-lactamase	 [ESBL]-producing	 Escherichia	 coli,	 with	 an	 increase	

of	3%	between	2012	and	2013	[GREBO	2013].		

	

It	 has	 been	 postulated	 that	 the	 increased	 bacterial	 resistance	is	 due	 to	 the	

inappropriate	 use	 of	 antibiotics	[Karunasagar	 2012];	 common	 situations	such	 as	

not	 completing	 the	 prescribed	 doses,	 or	unnecessary	medical	 prescriptions	 have	

nowadays	resulted	in	bacterial	infections	for	which	no	antibiotic	can	be	found.	This	

prompted	that	recently,	governments	and	health	agencies	expressed	the	need	for	a	

more	 appropriate	 use	 of	antimicrobials,	 and	 the	 importance	 of	 developing	new	

antibacterial	agents	[Prada	2008,	Editorial	2013].	

	

However,	 a	 reality	 of	 the	 pharmaceutical	 world	is	 the	 lack	 of	 research	 and	

development	 of	 new	molecules	with	 antibiotic	 activity.	 Since	 1987,	 there	 are	 no	

successful	results	 in	this	field	[WHO	2014],	situation	possibly	associated	with	the	

fact	that	the	pharmaceutical	industry	has	focused	its	efforts	on	the	development	of	

treatments	 for	 chronic	 diseases,	such	 as	 diabetes	 and	 hypertension,	 which	

ensure	return	on	the	investment	because	they	are	required	by	the	patients	for	long	

periods	 of	 time.	 Additionally,	regulatory	 barriers	 are	 so	 complex,	 that	 small	 and	

medium	pharmaceutical	 companies	 cannot	 perform	 all	 the	mandatory	 tests	 to	

meet	 the	 requirements	in	 order	 to	 obtain	 the	 licenses	 for	 new	 products	 [Davies	

&	Davies	 2010,	 World	 Economic	 Forum	 2013,	 Yonath	2013].	 In	 this	 regard,	 the	

Global	Forum	made	a	strong	called	to	society,	governments	and	health	institutions	

to	advance	in	efforts	that	allow	the	understanding	of	multiple	antibiotics	bacterial	

resistance	and	developing	alternative	treatments.		

	

The	 origin	 of	 resistance	 to	 antibiotics	extends	 beyond	 the	 inadequate	 use	 by	

humans,	 and	there	 is	 also	 an	 indiscriminate	 use	 of	 these	substances	 by	 the	 food	

industry.	In	industrial	animal	production	for	human	food,	permitted	antibiotics	are	

scarce	 and	 efficient	 treatment	 sometimes	 is	 not	 found	 for	 the	 control	 and	

prevention	 of	pathogenic	 bacteria	 [Philips	 et	 al.	 2004	 Editorial	 2013].	 However,	

there	 are	 studies	 indicating	 that	 more	 than	 80%	of	 the	 antibiotics	 sold	 in	 the	



	
	

16	

United	 States	 and	at	 least	 50%	 of	 those	 produced	 in	 China,	 are	used	 as	 growth	

promoters	 in	 animals	for	 human	 consumption,	 such	 as	 pigs,	 chickens	 and	cows.	

The	 inclusion	 of	 such	 promoters	 reduces	amount	 of	 food	 supplied	 and	 induces	

weight	increase	 of	 the	 animal	 and,	 therefore,	greater	 economic	 return	 for	

producers	[Levin	Institute	2014].	This	represents	a	rather	delicate	and	dangerous	

situation,	 since	 bacteria	 living	 in	 the	animals	 are	 selected	 for	 resistance	 to	

antibiotics,	 and	this	 resistance	 can	 be	 transferred	 to	human	 pathogenic	 bacteria	

[Godoy	Donado	2010].	

	

In	response	to	the	problem,	restrictions	to	the	use	of	antibiotics	in	food	have	been	

globally	increased,	and	standards	and	control	systems	have	been	designed.	In	the	

United	States,	the	Food	and	Drug	Administration	[FDA]	has	made	efforts	for	ca.40	

years	 to	 regulate	 the	 use	 of	 antibiotics	 in	 animals	 [Levin	 Institute	 2014].	 In	

Colombia,	 the	 Resolution	 No.	 1966,September	 5,	 1984	 from	 the	 Colombian	

Agricultural	Institute	[ICA],	allows	the	use	of	antimicrobials	as	growth	promoters	

or	 feed	efficiency	 improvers	provided	 these	substances	do	not	match	 those	used	

for	 therapeutic	 purposes	 in	 human	medicine.	 The	 situation	 is	 that	 the	 so-called	

growth	 promoters	 have	 among	 their	 components	 broad-spectrum	 antibiotics,	

which	may	generate	cross-resistance	 to	antibiotics	used	 in	medicine.	Clearly,	 the	

continued	increase	in	the	indiscriminate	use	of	these	substances	can	have	serious	

impacts	 on	 human	 and	 animal	 health	 [Gómez	 1984,	 Rivers	 2004].	 The	 country	

annually	imports	antibiotics	for	an	approximate	amount	of	USD	$	27,432,000[DNP	

2014],	although	it	is	not	possible	to	discriminate	in	this	figure	how	much	goes	for	

use	in	human	medicine,	animal	medicine	or	growth	promotion.		

	

Colombia	 began	 to	 pay	 attention	 to	 this	 problematic	 very	 recently;	 the	 country	

adopted	the	Maximum	Residues	Limits	[MRLs]	from	the	list	of	drugs	regulated	by	

the	 Codex	 Alimentarius	 [Lozano	 2008,	 Márquez	 2008]	 as	 one	 of	 the	 necessary	

measures	for	the	government,	academic	and	research	sectors	to	know	and	control	

the	residuals	of	drugs	and	other	substances	in	animal	foods.	
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Resistant	Bacteria,	Animal	Production	and	Human	Health	

	

One	of	the	global	issues	related	to	bacterial	infections	and	antimicrobial	resistance	

is	 salmonellosis	 caused	 by	 Salmonella	 spp.	 infection	 and	 considered	 a	 zoonosis	

associated	 mainly	 to	 poultry	 products.	 These	 bacteria	 are	 resistant	 to	 first-

generation	 antibiotics	 [antibiotics	 with	 low	 toxicity,	 economic	 and	 readily	

available],	 so	 that	 animals	 can	 no	 longer	 be	 treated	 with	 them.	 Facing	 this	

situation,,	the	next	step	is	to	use	second	generation	antibiotics,	which	have	higher	

cost	or	higher	toxicity	[Godoy	Donado	2010].	Its	use	generates	the	appearance	of	

residues	 in	 chicken	 meat,	 which	 in	 turn	 will	 be	 consumed	 by	 people,	 thus	

favouring	the	selection	of	resistant	bacteria	in	humans	[Lozano	2008].	

	

In	 addition	 to	 antibiotic	 treatments,	 Salmonella	 control	 in	 poultry	 farms	 include	

strategies	such	as	chlorinated	water	application	in	spray,	physical	treatments	such	

as	steam	washes,	dry	heat	and	ultraviolet	light	production	in	the	abattoir,	the	use	

of	 chemical	 additives	 in	 the	 animal	 feed	 [Whichard	 2000	 Atterbury	 et	 al.	 2007,	

Garcia	et	al.	2008]	and	vaccination	[Vandeplas	et	al.	2010]	in	the	first	weeks	of	life.	

Vaccines	based	on	the	dead	pathogen	have	shown	a	variable	efficacy;	vaccines	with	

the	attenuated	pathogen	are	prepared	non-specifically	with	formalin	or	heat	and,	

given	 the	 high	 antigenic	 diversity	 among	 different	 serotypes	 of	 Salmonella,	 the	

final	product	not	always	confers	immunity.	Furthermore,	the	attenuated	pathogen	

may	 still	 have	 some	degree	virulence	or	 can	 reverse	 their	 status,	which	possible	

causes	the	disease	[Zhao	1967,	WHO	2013].	In	short,	despite	of	all	alternatives	for	

prevention	and	control,	zoonotic	salmonellosis	remains	a	problem	worldwide.		

	

A	 similar	 situation	 exists	 in	 the	 shrimp	 industry.	 Production	 and	 marketing	 of	

shrimps	 is	 a	 recent	 economic	 activity;	 among	 seafood,	 shrimp	 is	 the	 most	

consumed,	 with	 Litopenaeus	 vannamei,	 the	 white	 Pacific	 shrimp,	 the	 most	

cultivated	species	[92.6%	of	the	global	production].	L.	vannamei	culture	is	affected	

by	different	 bacteria,	 such	 as	Pseudomonas	 spp.	 and	Vibrio	 spp.	 [Newmark	et	 al.	
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2009].	In	Colombia,	in	addition	to	the	above,	it	has	also	been	registered	infections	

caused	 by	 the	 bacteria	Bacillus	 licheniformis,	 responsible	 for	 high	mortality	 and	

impact	 on	 the	 economy	 of	 the	 aquaculture	 companies	 [Salazar	 &	 Guiza	

unpublished	data].		

	

Bacterial	infections	occur	in	the	culture	pools	and	tanks.	The	use	of	vaccines	is	not	

a	viable	option	because	shrimp	have	an	immune	system	that	does	not	allow	them	

to	 create	 immunity.	 There	 is	 also	 the	 bio	 flocks	 technology	 that	 offers	 infection	

control	with	 good	but	 variable	 results	 [Hargreaves	 2013].	 In	 practice,	 control	 of	

infections	 in	 Colombia	 is	 done	 mainly	 through	 culture	 management	 strategies.	

Among	 the	 control	 methods,	 constant	 water	 changes	 is	 a	 common	 one,	 which	

lowers	 the	 salinity	 and	 affects	 optimal	 conditions	 for	 bacteria	 and,	 possibly,	

reduces	the	amount	of	infected	animals	per	square	meter.	This	strategy	is	effective	

at	 the	 onset	 of	 the	 infections,	 but	 it	 is	 costly	 and	 demanding.	 Regarding	 the	

antibiotic	 treatment,	 the	only	one	allowed	 is	oxytetracycline	and	 limited	 to	small	

amounts	 that	 do	 not	 exceed	 a	 maximum	 concentration	 of	 10	 ppm.	 It	 has	 been	

reported	 resistance	 to	 this	 antibiotic	 in	 B.	 licheniformis,	 Vibrio	 spp.	 and	

Pseudomonas	spp.	 [Salazar	&	Guiza	unpublished	data].	Furthermore,	 the	delivery	

of	 the	 antibiotic	 is	 a	major	 challenge,	 because	 of	 the	 large	 volume	 of	water	 that	

generates	 elevated	 costs.	 It	 is	 not	 feasible	 to	 supplement	 the	 feed	 with	 the	

antibiotic	because	the	affected	animals	stops	eating.		

	

Although	 there	 are	 a	 variety	 of	 possibilities	 for	 the	 prevention	 and	 treatment	 of	

bacterial	 infections	 in	 people,	 animals,	 plants,	 and	 other	 industrial	 applications,	

none	 of	 them	 actually	 offers	 a	 complete	 solution.	 Therefore,	 the	 need	 for	 new	

strategies	 to	 combat	 infections	 is	 evident.	 One	 of	 such	 alternatives	 is	 phage	

therapy	,	the	focus	of	this	review.	

	

	

The	Bacteriophages	
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Phage	 therapy	 	 is	 the	 treatment	 based	 on	 the	 bactericide	 activity	 of	 the	 lytic	

bacteriophages	[phages],	bacteria-specific	viruses.	Phages	recognize	the	surface	of	

a	 bacterial	 cell	 with	 high	 specificity,	 inject	 their	 DNA	 or	 RNA,	 and	multiply	 and	

assemble	 inside	 the	 bacteria,	 to	 finally	 lyse	 the	 cell	 and	 release	 their	 progeny,	

which	 in	 turn	 will	 infect	 new	 bacterial	 cells.	 The	 number	 of	 phages	 grows	

exponentially.	 In	addition,	 the	selection	of	new	phages	 is	a	process	relatively	 fast	

[Sulakvelidze	 et	 al.	 2001].	 Phage	 therapy	 	 was	 proposed	 since	 the	 discovery	 of	

phages,	and	it	has	been	developed	in	countries	such	as	Republic	of	Georgia,	Poland,	

Russia,	 and	 the	 former	 East	 Germany.	 However,	 after	 the	 discovery	 of	 penicillin	

and	other	antibiotics,	phage	therapy		research	in	Western	Europe	and	America	was	

abandoned.	 In	 recent	 years,	 with	 the	 increase	 in	 the	 frequency	 of	 multi-	 and	

panresistant	 strains,	 researchers	 have	 gained	 interest	 in	 the	 development	 of	 the	

phage	 therapy	 	 and	 its	 implementation	 of	 contamination	 and	 infection	 control	

strategies	in	various	fields	[Kutter	&	Sulakvelidze	2005].		

	

Bacteriophage	word	comes	from	"bacteria"	and	"fagein"	[Greek	eat	or	devour];	 it	

was	 proposed	 by	 Felix	 d'Herelle	 [Sulakvelidze	 et	 al.	 2001].	 Bacteriophages	 or	

phages,	viruses	that	infect	bacteria	and	cause	a	decline	in	the	bacterial	population,	

are	 obligate	 parasites;	 they	 use	 the	 cellular	 machinery	 of	 the	 bacterial	 host	 to	

replicate	 [Monk	et	al.	2010].	Phages	were	observed	by	 the	British	Ernest	Hankin	

and	Russian	Gamaleya,	 in	1896	and	1898	 respectively,	who	described	 them	as	 a	

substance	 not	 identified	 with	 possible	 antibacterial	 activity.	 Described	

independently	 by	 the	 British	 Frederick	 Twort	 in	 1915	 and	 the	 French	 Canadian	

Felix	d'Herelle	in	1917,	was	Twort	the	first	to	report	their	lytic	capacity	[Kutter	&	

Sulakvelidze	 2005,	 Monk	 et	 al.	 2010].	 Bacteriophages	 were	 officially	 named	 in	

1917	 by	 d'Herelle	 during	 their	 investigations	 at	 the	 Pasteur	 Institute	 in	 Paris,	

studying	 the	 crisis	of	dysentery	 in	French	 soldiers	 [Kutter	&	Sulakvelidze	2005].	

D'Herelle	 also	 showed	 that	 the	 bacteria	 were	 destroyed,	 evidenced	 by	 the	

appearance	 of	 small	 translucent	 halos	 in	 the	 surface	 of	 the	 culture	 media.	 His	

findings	were	published	in	an	article	entitled	"On	an	invisible	microbe	antagonist	

to	 dysentery	 bacilli	 "[Segundo	 et	 al.	 2007].	 Felix	 d'Herelle,	 along	 with	 George	
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Eliava,	co-founded	in	1933	an	institute	for	research	on	phage	Republic	of	Georgia	

[McAuliffe	 et	 al.	 2007],	 institute	 that	 survives	 until	 this	 day	 [http:	

//www.eliavainstitute.	org	/].		

	

The	 identification	 and	 characterization	 are	 the	 initial	 steps	 in	 any	 investigation	

with	 phages.	 The	 taxonomy	 of	 bacteriophages	 has	 been	 a	 subject	 of	 constant	

discussion	 since	 its	 discovery.	Due	 to	 the	ultramicroscopic	 nature	 of	 the	phages,	

the	development	of	technological	tools	has	been	instrumental	for	the	evolution	of	

their	 classification.	 In	 1966,	 the	 International	 Congress	 of	 Microbiology	 held	 in	

Russia,	 established	 the	 International	 Committee	 on	Taxonomy	of	 Viruses	 -	 ICTV,	

which	developed	a	universal	 taxonomic	 system	 for	viruses	 [Nelson	2004].	 In	 the	

case	 of	 the	 phages,	 the	 system	 includes	 the	 structural	 description	 through	

electronic	microscopy,	and	the	nature	of	the	genetic	material	[Table	1].	According	

to	 this	 classification,	 90%	 of	 the	 phages	 described	 are	 dsDNA	 phages	 [Kutter	 &	

Sulakvelidze	2005],	with	a	conventional	structure	of	icosahedron-shaped	head	and	

tail;	 these	phages	have	been	grouped	 in	the	Caudovirales	order.	The	Caudovirales	

order	 consists	 of	 three	 families:	Myoviridae,	 with	 stiff,	 long	 and	 contractile	 tail;	

Siphoviridae,	 noncontractile,	 long	 and	 flexible	 tail;	 and	 Podoviridae,	 with	 short,	

noncontractile	 tail	 [Monk	 et	 al.	 2010].	 Other	 families	 are:	 Microviridae,	

Corticoviridae,	Tectiviridae	[DNA	phages,	cubic	symmetry];	Leviviridae,	Cystoviridae	

[RNA	phages	with	cubic	symmetry];	Inoviridae,	Lipothrixiviridae,	Rudiviridae	[DNA	

phages	 with	 helical	 symmetry];	 Plasmaviridae,	 Fuselloviridae,	 Guttaviridae	 [DNA	

phages,	pleomorphic]	[Ackerman	unpublished	data].	With	the	massive	sequencing	

techniques	 developed	 in	 recent	 years,	 it	 has	 been	 possible	 to	 obtain	 reliable	

information	on	phage	genomes	and	 the	 incorporation	of	 the	 genomic	 analysis	 in	

the	study	of	genomic	diversity.	

	

The	viral	infection	cycle	starts	with	the	adsorption	of	the	phage	to	the	susceptible	

bacteria.	Adsorption	occurs	in	two	stages,	the	first,	reversible	one	followed	by	the	

irreversible	one.	The	reversible	interaction	is	weak	and	susceptible	to	any	change	

in	the	environment;	the	 irreversible	 interaction	is,	however,	mediated	by	specific	
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receptors.	A	given	phage	can	only	infect	the	bacteria	that	posses	the	receptors	to	

which	the	phage	can	attach	[Hughes	et	al.	1998,	Azeredo	&	Sutherland	2008].	The	

nature	 of	 the	 receptors	 varies	 according	 to	 the	 phage:	 cell	 wall	 proteins	 and	

lipopolysaccharides,	teichoic	acids,	flagella	and	pili	can	serve	as	receptors	[Skurnik	

&	Strauch	2006].	In	Caudovirales,	 the	baseplate	proteins	and	specific	receptors	in	

the	 bacterial	 cell	 wall	 mediate	 irreversible	 binding.	 The	 speed	 and	 efficiency	 of	

adsorption	are	 important	aspects	 that	vary	depending	on	the	phage-host	system,	

as	well	as	external	factors	and	the	physiological	status	of	the	host.		

	

Once	 achieved	 the	 irreversible	 binding,	 the	 phage	 genetic	 material	 enters	 the	

bacterial	 cell,	 a	 process	 involving	 specific	 DNA	 or	 RNA	 transfer	 mechanisms	

[Kutter	&	Sulakvelidze	2005].	Then,	depending	on	their	nature,	phages	can	do	one	

of	the	following	four	life	cycles:	lytic	[ending	with	the	lysis	of	the	infected	bacteria];	

lysogenic	 [the	 phage	 genome	 is	 inserted	 into	 the	 bacterial	 genome	 and	 no	

immediate	 lysis	 occurs]	 [Skurnik	 &	 Strauch	 2006];	 pseudolysogenic;	 and	

continuous	development	 [Krylov	2001,	Miller	&	Day	2008].	 In	 the	 lytic	cycle,	 the	

phage	 multiplies	 within	 the	 bacterial	 cell,	 ending	 the	 cycle	 with	 the	 lysis	 and	

release	of	new	phages	[Figure	1,	steps	1	to	6];	the	release	of	new	phages	allows	the	

infection	 of	 new	 hosts.	 A	 virulent	 phage	 is	 one	 that	 performs	 the	 lytic	 cycle;	 it	

sticks	to	the	bacterium	surface	[adsorption],	injects	its	genetic	material	within	the	

host	cell	[penetration],	and	directs	the	expression	of	the	genes	responsible	for	the	

replication	 of	 the	 viral	 genome,	 the	 synthesis	 of	 new	 phage	 particles	 and	 the	

subsequent	lysis	of	the	bacterial	host,	for	the	release	of	the	viral	progeny	[Azeredo	

&	Sutherland	2008].	The	lysis	is	the	result	of	the	damage	caused	by	specific	phage	

enzymes	 called	 lysines,	 on	 the	 bacterial	 cell	 wall,	 that	 digest	 the	 bacterial	

peptidoglycan	[Fischetti	2008,	Hermoso	et	al.	2007].	
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To	 know	 the	 population	 growth	 of	 a	 phage	 and	 evaluate	 its	 infection	 efficiency,	

one-step	curves	are	employed.	From	this	curves,	it	is	calculated	the	burst	size	[B],	

or	number	of	released	virions	per	infected	bacterium,	the	period	of	eclipse	[E]	and	

the	period	of	latency	[L]	[Wang	2005,	Choi	et	al.	2010,	Park	et	al.	2012]	[Figure	2].		

	

In	 the	 lysogenic	 cycle,	 after	 adsorption	 and	 penetration,	 the	 phage	 does	 not	

destroy	 the	host	 cell.	 Instead,	 its	genome	 is	 integrated	 into	 the	host	genome	and	

replicates	together	with	it	[Figure	1,	steps	1	2,	7	to	9],	creating	a	clone	of	infected	

cells,	which	can	multiply	for	several	generations.	Phages	capable	of	performing	the	

lysogenic	 cycle	 are	 known	 as	 temperate,	 and	 the	 genome	 integrated	 is	 called	 a	

prophage	 [Skurnik	 &	 Strauch	 2006].	 The	 lysogenic	 cycle	 is	 favored	 when	

bacteriophages	are	 in	a	high	concentration	relative	 to	 the	cells,	a	 ratio	known	as	
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multiplicity	of	infection	-	MOI.	Each	of	the	lysogenized	bacteria	can	eventually	lyse	

under	appropriate	environmental	conditions	[Figure	1,	Steps	3	to	6].		

	

There	are	also	phages	with	a	continuous	development	cycle.	 In	this	cycle,	phages	

are	formed	uninterruptedly	in	the	host	cell,	without	causing	lysis,	and	are	released	

by	specific	pores	while	virion	maturation	occurs.	This	is	the	case	of	the	filamentous	

bacteriophage	 M13	 [family	 Inoviridae].	 The	 bacteriophages	 synthesis	 involves	 a	

decrease	in	the	division	rate	of	the	infected	cells	[Krylov	2001].	

	

	
	

Another	 life	 cycle	 bacteriophages	 can	 carry	 out	 is	 the	 pseudolisogenic;	 this	 has	

been	pooly	studied,	therefore	their	molecular	and	physiological	bases	are	not	yet	

well	 understood.	 It	was	 predicted	 by	 Twort	 for	 the	 first	 time,	 and	 subsequently	

discussed	in	a	review	on	lysogeny	by	André	Lwoffig,	in	1953.	Romig	and	Brodetsky	
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also	described	pseudolysogeny	 in	1961,	while	 studying	 the	 relationship	between	

Bacillus	spp.	and	its	phages,	although	using	other	designation	[Miller	&	Day	2008].	

It	is	often	referred	to	this	cycle	when	there	is	a	continuous	production	of	phages	in	

the	presence	of	an	abundant	bacterial	population,	simultaneously	co-existing	high	

cell	 and	 viral	 densities.	 The	 situation	 described	 is	 explained	 by	 two	 possible	

situations:	a]	presence	of	a	mixture	of	susceptible	and	resistant	bacterial	cells;	or	

b]	 a	mixture	 of	 lytic	 and	 lysogenic	 phages	 [Paul	 et	 al.	 2002].	 It	 is	 believed	 that	

pseudolysogeny	 occurs	when	 the	 host	 cell	 is	 under	 nutrient	 limitation,	when	 no	

power	is	available	to	produce	a	lytic	or	lysogenic	response	[Miller	&	Day	2008].	

	

	

Phage	therapy		

	

Phage	therapy		is	the	application	of	bacteriophages	to	control	pathogenic	bacteria	

[Kutter	&	Sulakvelidze	2005].	Early	trials	using	this	treatment	were	performed	in	

1919	 in	 the	 Enfants-	 Malades	 Hospital	 in	 Paris	 by	 d'Herelle,	 who	 successfully	

underwent	the	antibacterial	activity	of	phages	to	treat	dysentery	in	a	12	years	old	

boy.	 D'Herelle	 used	 a	 phage	 preparation	 against	 Shigella	 strains	 specifically	

selected	to	treat	the	child,	who	had	severe	dysentery	[10-	12	daily	bloody	stools].	

Previously,	d'Herelle	himself	and	several	other	volunteer	doctors	from	the	hospital	

ingested	a	dose	100	times	higher	of	the	phage	preparation,	in	order	to	rule	out	any	

side	effects.	 It	was	provided	to	the	child	2	ml	of	 the	preparation;	hours	 later,	 the	

child	 had	 only	 three	 bloody	 stools	 	 and	 in	 the	 evening	 of	 that	 day	 diarrhea	 had	

disappeared.	A	few	days	later	the	child	was	fully	recovered.	The	efficiency	of	this	

phage	 preparation	 was	 confirmed	 when	 was	 supplied	 to	 three	 other	 children	

between	 3	 and	 10	 years,	 who	 had	 dysentery;With	 a	 single	 dose,	 they	 fully	

recovered	in	24	h	[Sulakvelidze	et	al.	2001,	Yan-Yu	2008,	Goldman	&	Green	2009].	

In	 another	 study,	 conducted	 in	 1921	 by	 Richard	 Bruynoghe	 and	 Joseph	 Maisin,	

bacteriophages	were	used	 to	 treat	staphylococcal	skin	 infections	[Sulakvelidze	et	

al.	2001].	
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D'Herelle	and	other	researchers	continued	their	work	in	phage	therapy	.	By	1930,	

several	 companies	 began	 marketing	 phages	 against	 pathogenic	 bacteria.	

Meanwhile,	 d'Herelle	 phage	 therapy	 centers	 were	 established	 in	 different	

countries,	 including	 the	United	 States	 [Eli	 Lilly],	 France	 and	Georgia.	 The	phage-

based	preparations	used	in	the	centers	consisted	of	bacteria-free	phages,	obtained	

directly	 from	 bacterial	 culture	 lysates	 of	 the	 host	 strain	 or	 in	 a	 base	 of	 water-

soluble	gelatin	[Sulakvelidze	et	al.	2001].	Phages	were	used	as	therapeutic	agents	

during	 1920	 -	 1930,	 considered	 the	 historical	 era	 of	 the	 phage	 therapy	 .	 Also	

during	World	War	II	for	dysentery.	

	

In	Russia,	Poland	and	Georgia,	phage	therapy		research	has	continued	for	90	years.	

Phages	 in	 these	 countries	 have	 been	 administered	 orally,	 topically,	 rectally,	

injected	 or	 intravenous	 [Sulakvelidze	et	 al.	 2001]	with	no	 reports	 of	 side	 effects	

[Potera	2013].	

	

However,	 for	 different	 reasons,	 phage	 therapy	 It	was	 abandoned	 in	 the	western	

world	between	1945-	1950,	when	antibiotics	appeared	(Potera	2013),	which	came	

to	 be	 considered	 the	 most	 effective	 therapy	 against	 bacterial	 infections.	

publications	 on	 phage	 therapy	 between	 1950	 and	 1980	 were	 very	 few,	 since	

investigations	related	issue	aroused	little	interest.		

	

The	 situation	 changed	 dramatically	 when	 the	 antibiotic	 therapy	 began	 to	 fail	

because	 of	 the	 bacterial	 resistance	 (Watanabe	 et	 al.,	 2007);	 starting	 This	 time	

reborn	interest	in	phage	therapy	in	West	(Hermoso	et	al.	2007).			

	

The	 phage	 therapy	 has	 several	 advantages	 when	 compared	 with	 antibiotic	

therapy:	1)	The	number	of	phage	It	grows	exponentially,	allowing	this	therapy	to	

have	greatest	effect	on	the	infection	site.	The	antibiotics,	however,	lose	their	effect,	

since	they	act	as	destruction	metabolic	molecule.	A	single	phage	can	be	enough	to	

destroy	 some	 certain	bacteria,	whereas	 for	 the	 same	effect	numerous	antibiotics	
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are	 required.	 2)	 phages	 are	 capable	 mutating,	 can	 combat	 bacterial	 resistance;	

instead,	 antibiotics	 always	have	 the	 same	principle	 active,	 so	 that	when	bacteria	

develop	 resistance,	 they	 are	 useless	 (Carlon	 1999).	 3)	 Treatment	 with	

bacteriophages	 generates	 no	 effects	 harmful	 to	 human	 side,	 animals	 or	 plants	

(Kutter	 &	 Sulakvelidze	 2005;	Meipariani	 2013,	 Kutter	 et	 al.	 2010,	 Abedon	 et	 al.	

2011),	 whereas	 antibiotics	 can	 cause	 allergies,	 disorders	 intestinal,	 secondary	

infections	 and	 other	 multiple	 Adverse	 effects.	 Even	 it	 is	 considering	 that	 phage	

have	a	beneficial	effect	by	stimulating	the	system	immune	(Kutter	et	al.	2010).	4)	

Select	 and	 produce	 a	 new	 phage	 is	 a	 procedure	 relatively	 fast	 and	 economical,	

laboratory	 scale	 can	 be	 completed	 in	 terms	 of	 months;	 instead,	 developing	 an	

antibiotic	 takes	 years	 (Sulakvelidze	 et	 al.	 2001).	 5)	 The	 high	 specificity	 which	

characterizes	 phages	 makes	 it	 possible	 to	 become	 even	 strain	 specific;	 the	

specificity	of	the	phage	is	an	aspect	advantageous,	because	the	treatment	is	limited	

to	the	bacteria	problem,	causing	the	infection	without	affect	the	normal	microbiote	

(Carlon	 1999).	 6)	 bacteriophage	 lytic	 cycle	 is	 engaged	 agents	 bactericides	

therefore	 not	 infected	 bacteria	 again	 be	 viable,	 while	 some	 antibiotics	 They	 are	

bacteriostatic	and	allow	easier	the	acquisition	of	resistance	(Loc-Carrillo	&	Abedon	

2011).		

	

There	 have	 also	 been	 some	 disadvantages	 of	 phage	 therapy;	 however,	 with	 the	

tools	technology	are	available	today,	besides	the	knowledge	accumulated	in	recent	

decades	 on	 the	 basic	 biology	 of	 these	 viruses,	 can	 be	 seen	 as	 surmountable	

challenges.	Among	these,	there	have	the	faculty	to	carry	some	bacteriophages	out	

both	the	lytic	and	the	lysogenic	cycle;	For	this,	It	is	critical	strict	phage	selection	for	

lytic	 cycle	 for	 therapeutic	 purposes.	 On	 the	 other	 hand,	 bacteria	 can	 acquire	

resistance	 to	 phages	 (Hermoso	 et	 al.	 2007)	 observed	 the	 same	 problem	 with	

antibiotics	 (Carlon	 1999);	 however,	 this	 It	 can	 be	 minimized	 with	 the	 use	 of	 a	

suspension	 of	 three	 or	 more	 phages	 (phage	 cocktails),	 since	 it	 is	 little	 appears	

likely	 that	 resistance	 against	 different	 phages	 simultaneously	 (Watanabe	 et	 al.	

2007,	Barbosa	et	al.	2013).	The	specificity	of	the	phages	also	can	be	a	disadvantage	

to	the	extent	that	its	spectrum	of	action	is	limited;	this	aspect	also	it	can	be	solved	



	
	

28	

using	 phage	 cocktails	 for	 attack	 the	 pathogen	 in	 question.	 Cocktails	 should	 be	

phages	 designed	 to	 infect	 as	 many	 possible	 strains	 of	 the	 species	 being	 sought	

control,	 and	phages	 should	be	different	 to	offer	 greater	possibilities	 against	new	

strains	not	known.	While,	as	mentioned	above,	the	capacity	mutation	is	considered	

an	advantage,	it	is	also	a	disadvantage	because	phages	can	lose	infectivity	(Barbosa	

et	 al	 2013.);	 however,	 the	 diversity	 phage	 in	 nature	 always	 selects	 new	 viruses	

capable	of	infecting.	One	of	the	points	critics	that	must	be	analyzed	with	great	rigor	

is	 the	 possibility	 of	 occurrence	 lysogenic	 conversion,	 process	 that	 can	make	 the	

phages	tempered	to	 integrated	 into	the	genome	of	 the	host	bacterium	and	which	

confer	new	properties.	For	example,	 lysogenic	phage	mediated	conversion	CTXΦ	

of	Vibrio	cholerae,	allows	the	production	of	the	toxin	choleric,	the	leading	cause	of	

diarrhea	in	this	infection	(Kutter	&	Sulakvelidze	2005).	Therefore,	for	the	correct	

use	 of	 phage	 therapy	 is	 essential	 rigorous	 scientific	 knowledge	 of	 phages,	 and	 a	

series	of	 tests	 in	vitro	and	in	vivo	verify	their	efficiency.	 It	 is	also	 important	to	It	

notes	 that,	 although	 the	 phage	 therapy	 has	 been	 used	 in	 several	 countries	 for	

decades	 and	 there	 are	 reports	 about	 their	 beneficial	 effects,	 it	 takes	 trials	

demonstrating	reproducibly	safety.		

	

Experience	in	the	use	of	phage	therapy		

	

Felix	d'Herelle	began	the	use	of	bacteriophages	level	therapeutic	in	Paris	to	try	one	

of	 the	 great	 health	 problems	 in	 the	 First	 World	 War:	 the	 dysentery.	 Since	 its	

discovery,	 studies	 in	 phage	 therapy	 have	 been	 of	 great	 importance	 in	 ancient	

Soviet	 Union,	 and	 even	 they	 have	 coexisted	 with	 antibiotics;	 continuity	 in	

investigations	the	subject	has	allowed	currently	available	in-	these	countries	with	

advanced	technologies	and	applications.	

	

The	 Eliava	 Institute	 in	 Tbilisi,	 Georgia,	 founded	 by	 George	 Eliava	 and	 where	

d'Herelle	played	a	role	very	Importantly,	it	has	become	one	of	the	centers	research	

on	bacteriophages	that	produce	greater	many	formulations	(Caplin	2009).	
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The	countries	of	Eastern	Europe	have	reported	a	considerable	amount	of	literature	

on	 the	phage	use	 in	 industrial	 applications,	healthcare	human	and	animal	health	

with	 successful	 results	 in	 infection	 control	 (Azeredo	 &	 Sutherland	 2008).	 The	

Hirszfield	Institute	in	Poland	reported	550	cases	of	bacterial	infections	in	humans,	

where	 most	 chronic	 and	 resistant	 to	 all	 antibiotics	 available.	 The	 bacteria	

identified	 included	 pathogens	 such	 as	 Staphylococcus	 aureus,	 Pseudomonas	

aeruginosa,	Klebsiella	pneumoniae	and	Escherichia	coli.	The	Patients	were	treated	

with	 a	 mixture	 of	 different	 phage	 supplied	 orally	 and	 results	 they	 showed	

successful	treatment	in	90%	of	cases	(Garcia	&	Lopez,	2002).	It	is	not	available	in	

literature	 enough	 information	 to	 speculate	 on	 the	 reasons	 for	 the	 lower	 100%	

success	obtained,	but	the	result	is	very	encouraging.	In	other	study	also	conducted	

in	 Poland,	 demonstrated	 the	 effectiveness	 of	 phage	 therapy	 in	 infections	 caused	

Staphylococcus	 sp.	 372	 people,	 who	 at	 end	 of	 treatment	 were	 recovered	 from	

infection	(Segundo	et	al.	2007).	

	

Great	 Ormon	 Hospital	 in	 London,	 United	 Kingdom,	 the	 use	 of	 a	 preparation	

containing	 assessed	 6	 bacteriophages	 for	 treating	 chronic	 otitis	 caused	 by	

Pseudomonas	aeruginosa.	A	model	was	used	canine	in	which	lesions	were	induced	

in	 the	 ears	 by	P.	 aeruginosa	 infection	 and,	 after	 48	 hours,	 treatment	with	 phage	

preparation.	After	48	hours	symptoms	and	counting	both	bacteria	as	phage	were	

measured	and	found	a	significant	reduction	of	bacteria	compared	and	controls	an	

increase	in	the	count	phage	(Hawkins	et	al.	2010).	

	

In	another	aspect	of	phage	therapy,	a	study	New	Zealand	performed	using	assays	

in	vitro,	he	showed	the	potential	utility	of	phage	for	the	control	of	phytopathogenic	

bacterium	Pseudomonas	syringe	pv.	actinidia,	which	causes	cancer	in	kiwi	fruit.	In	

this	 work	 they	 were	 isolated	 and	 characterized	 24	 phages;	 the	 host	 range	 was	

shown	 to	 able	 to	 infect	 different	 strains	 of	 Pseudomonas	 syringe	 pv.	 actinidia	

isolated	from	different	countries.	24	phages	had	a	molecular	weight	of	90kb	and,	

according	 to	 their	 morphological	 characteristics,	 belong	 to	 the	 family	 22	
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Myoviridae,	one	at	Podoviridae	 family	and	one	 family	Siphoviridae	 (Frampton	et	

al.	2014).	

	

An	 interesting	 alternative	 is	 the	 combination	 antibiotic	 and	 phage.	 Not	 many	

studies	 reported	 in	 the	 area	 but	 the	 available	 data	 are	 promissory;	 for	 example,	

work	 Khawaldeh	 et	 to	 the.	 It	 presents	 the	 case	 of	 an	 elderly	 patient	 with	

symptomatic	 infection	by	Pseudomonas	 aeruginosa;	 the	patient	 had	been	 treated	

for	 two	 years,	 without	 success,	 with	 gentamicin,	 ceftazidime,	 Ciprofloxacin	 and	

meropenem.	 Consent,	 It	 was	 provided	 an	 empirical	 combination	 of	 phages	 and	

antibiotics	(meropenem	and	colistin):	the	first	day	single	phages	(20	ml	every	12	

h)	and	the	sixth	day	began	providing	antibiotics	(meropenem	1	g	times	a	day	for	

30	days	and	100	mg	colistin	times	a	day	for	5	days).	After	treatment,	infection	had	

disappeared	(Khawaldeh	et	al.	2011).	However,	it	is	necessary	to	know	better	the	

conditions	in	which	combination	therapy	is	effective,	since	the	opposite	effect	may	

occur.	 It	has	been	observed,	 for	example,	 the	use	of	antibiotics	 in	phage	together	

with	 Streptococcus	 sp.	 it	 can	 reduce	 viral	 adsorption,	 possibly	 by	 inhibiting	 the	

growth	bacterial	even	in	cases	where	the	bacteria	is	antibiotic	resistant	(Brock	et	

al	 1963.);	 inhibition	 specific	 phage	 is	 dependent	 on	 time	 and	 the	 antibiotic	 is	

added.	 In	 another	 similar	 study	 it	was	 shown	 that	 the	 addition	 of	 kanamycin	 to	

cells	 B23	 Escherichia	 coli,	 T7	 phage	 sensitive,	 reduced	 the	 phage	 adsorption	

(Bleackley	et	al.	2009).	

	

Besides	the	use	of	native	phage	were	performed	some	experiments	with	modified	

phage	genetically.	For	example,	Lu	&	Collins	changed	phage	for	overexpression	of	

lexA3	 gene	 repressor	 SOS	 system	 in	 bacteria.	 Some	 antibiotics	 generated	 DNA	

damage,	 which	 induces	 activation	 SOS	 system	 to	 respond	 to	 aggression,	 so	 that	

with	 overexpression	 of	 the	 repressor	 bacterial	 resistance	 to	 these	 antibiotics	

would	be	controlled.	Using	antibiotics	plus	phage	and	without	modification,	it	was	

analysed	the	effect	of	treatments	on	the	concentration	of	bacteria.	It	showed	that	

in	both	 cases	 a	decrease	occurred	 in	 the	bacterial	population	over	 time,	but	 this	

decrease	 was	 more	 pronounced	 in	 the	 trial	 with	 the	 modified	 phage	 for	
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overexpression	 lexA3	 (Lu	&	 Collins	 2009).	 This	 data	 shows	 promising	 aspect	 of	

phage	therapy,	but	it	is	resistance,	widespread,	from	the	society	towards	the	use	of	

genetically	modified	organisms	genetically.		

	

One	of	 the	difficulties	 facing	 the	phage	 therapy	 is	 the	 lack	of	 regulations	 in	most	

West	countries,	preventing	capital	 investment	 in	 this	 technology.	However,	 there	

are	already	several	companies	dedicated	to	bioprospecting	and	phage	production.	

The	 Intralityx	 company	 in	 Baltimore,	 MD	 USA,	 has	 produced	 three	 products:	

SalmoFresh,	 control	 Salmonella	 spp.,	 ListShield,	 which	 specifically	 acts	 against	

Listeria	monocytogenes	and	EcoShield	against	Escherichia	coli.	The	three	products	

mentioned	 are	 FDA	 approved	 for	 use	 in	 products	 for	 human	 consumption	

(Intralityx	 Safety	 by	 nature	 2014).	 The	 Dutch	 company	 Micreos	 Food	 Safety	

(formerly	 EBI	 Food	 Safety)	 (Food	Micreos	 Safety	 2013a),	 owner	 of	 Listex	 P100,	

also	has	FDA	approval	for	the	sale	and	use	of	phages	in	order	to	prevent	infections	

caused	 by	 L.	 monocytogenes	 (Micreos	 Food	 Safety	 2013b)	 in	 meat	 and	 cheese;	

P100	Listex	received	in	2007	the	Food	Prize	Ingredient	Europe	Gold	Award	(Food	

Marketing	 and	 Technology	 2009).	 Sulakvelidze	 et	 al.	 reported	 the	 marketing	 in	

Eastern	 Europe	 suspensions	 based	 pharmaceutical	 bacteriophages	 such	 as	

ophthalmic	solutions,	optical,	tablets,	suppositories	and	atomizers	(Sulakvelidze	et	

al.	 2001).	 New	Horizons	 (USA)	 and	 Novolitics	 (United	 Kingdom)	 are	 devoted	 to	

service	 rather	 than	 market	 products.	 Also,	 several	 research	 centres	 and	

universities	focused	on	the	study	and	optimization	of	phage	production;	including	

the	 Eliava	 Institute	 (http:	 //	 www.	 eliava-institute.org/),	 the	 Pasteur	 Institute	

(http:	 //	 www.	 pasteur.fr/ip/easysite/pasteur/en/research	 Group	 Interactions	

Research	bacteriophage	bacteria	 in	Animals),	 the	University	of	Minho	in	Portugal	

(Biotechnology	 Group	 Bacteriophages,	

http://www.ceb.uminho.pt/BBIG/index.htm),	 the	 University	 of	 Otago	 in	 New	

Zealand	 (http:	 //	 micro.otago.ac.nz/research/research-labs/fineran-labresearch,	

those	working	on	models	of	resistance	by	mid	CRISPRs)	phage	University	Leicester	

in	 the	 United	 Kingdom	 (http://www2.le.ac.uk/	 departments	 /	 iii	 /	 people	 /	 dr-

Martha-Clokie,	 with	 contributions	 phages	 important	 on	 Clostridium	 difficile),	 the	
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University	 of	 Buenos	 Aires	 and	 the	 center	 CERELA	 Argentina	

(http://www.cerela.org.ar/investigacion/	 labgenetica_investigacion.htm,	 http:	

//www.qb.fcen.	 uba.ar/estresbac/,	 with	 their	 jobs	 phage	 Lactic	 and	

Mycobacterium	bacteria)	and	the	University	Andes	in	Colombia.	

	

Phage	Therapy	

	

In	Colombia	bacteriophages	and	phage	therapy	have	been	investigated	in	projects	

developed	by	the	group	Environmental	Microbiology	and	Bioprospecting	-MAB	of	

Universidad	 de	 los	 Andes.	 Initially	 they	 isolated	 phages	 against	 Pseudomonas	

aeruginosa	resistant	to	multiple	antibiotics	(MDR,	for	its	acronym	in	English)	from	

the	 Hospital	 Federico	 Lleras	 Acosta	 of	 Ibague.	 P.	 aeruginosa	 is	 a	 proteobacteria	

Gram	 negative,	 opportunistic	 pathogen,	 frequently	 isolated	 in	 hospitals,	 and	

responsible	 serious	 nosocomial	 infections	 (Gomez	 Gonzalez,	 Vives	 unpublished	

data).	 The	 effectiveness	 of	 phages	was	 assessed	 in	 vitro	 by	 inoculating	 in	 phage	

exponential	 phase	 of	 bacterial	 growth.	 As	 result	 was	 obtained	 an	 immediate	

decrease	 in	 the	bacterial	population	(Gómez,	Clavijo,	no	data	Vives	published).	P.	

aeruginosa	 is	 able	 to	 form	 biofilms	 complex,	 which	 are	 even	 more	 resistant	

antimicrobials	planktonic	cells;	 for	this	reason,	the	effect	of	 individual	phage	was	

evaluated	 both	 and	 cocktail	 on	 biofilms	 formed	 by	 P.	 aeruginosa.	 The	 results	

showed	in	all	cases	(treatment	with	individual	phage	and	with	cocktail)	removal	of	

the	 biofilm;	 the	 more	 proved	 efficient	 phage	 cocktail	 (Clavijo	 &	 Vives	 2010).	

Subsequently,	the	optimal	dose	was	determined	phages;	using	reverse	engineering	

and	simulations	Stochastic,	a	value	of	the	optimal	dose	found	P.	aeruginosa	phage	

against	 decreases	 efficiently	 the	 concentration	 of	 bacteria	 and	 prevents	 the	

development	of	resistance	(Ardila,	Gomez	Vives	Gonzalez	unpublished	data).	The	

optimal	 dose	 determined	 in	 silico	 was	 assessed	 in	 vivo	 and	 in	 vitro;	 in	 in	 vitro	

assays	 curves	 assessed	 by	 the	 ability	 of	 an	 infection	 phage	 to	 control	 various	

strains	of	P.	aeruginosa	MDR,	and	in	vivo	tests	consisted	of	testing	the	effect	phage	

on	 induced	 infection	 in	mice	 by	 a	MDR	P.	 aeruginosa	 strain.	 Phage	 shown	 to	 be	

effective	 in	 vitro	 and	 behaved	 as	 predicted	 by	 the	 models	 computing;	 in	 vivo	
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survival	 was	 observed	 85%	 of	 infected	 mice,	 compared	 to	 0%	 survival	 in	 the	

control	 groups	 inoculated	 only	 the	 bacteria	 (Holguin	 &	 Vives	 2011).	 The	

characterization	of	the	phages	against	P.	aeruginosa	It	included	estimating	the	size	

of	 its	 genome	 by	 pulsed-field	 electrophoresis	 (PFGE)	 and	 sequencing,	 assembly	

and	annotation	(Rangel	&	Vives	2012).	

	

Other	work	 in	 phage	 therapy	 have	 advanced	 in	 collaboration	with	 the	 Research	

Center	Aquaculture	Colombia	(CENIACUA).	The	shrimp	Pacific	white,	Litopenaeus	

vannamei,	is	the	main	aquaculture	product	in	Colombia	and	is	seriously	affected	by	

infections	 caused	 by	 bacteria	 from	 those	 found	 Vibrio	 harveyi	 and	 Bacillus	

licheniformis,	 causing	 significant	 economic	 losses	 to	 the	 sector.	 Because	 it	 is	 a	

consumer	 product	 human,	 is	 not	 allowed	 to	 use	 antibiotics	 to	 treat	 infections	

(Salazar	&	Güiza	 unpublished	data);	 for	 this	 reason	 and	 seeking	 another	 control	

strategy,	 work	 began	 in	 the	 isolation	 of	 bacteriophages	 specific	 against	 bacteria	

mentioned.	 They	 were	 isolated	 three	 bacteriophages	 against	 Vibrio	 harveyi	 and	

evaluated	the	effect	of	them	individually	and	cocktail	against	V.	harveyi	strain	CV1,	

and	their	interactions	were	analyzed	evolutionary	and	co-evolutionary.	The	results	

evidenced	 that	 when	 using	 the	 cocktail	 with	 the	 three	 phage	 controlled	 the	

bacterial	 resistance	 so	 substantial	 (Barbosa	 et	 al.	 2013),	 and	 the	 population	 of	

bacteria	 remained	 sensitive	 to	 the	 action	of	 phages	during	 the	period	 evaluated.	

Instead,	using	individual	phage	resistant	bacteria	dominate	cultivation	in	the	first	

48	hours	of	co-evolution	with	phage.	

	

In	the	case	of	B.	licheniformis,	Bacillus	a	Gram	positive	responsible	for	outbreaks	of	

mortality	 L.	 vannamei,	 a	 phage	was	 tested	 in	 vitro	was	 isolated,	 through	 curves	

infection	 (Cardozo	 &	 Vives	 data	 unpublished),	 and	 in	 vivo	 in	 shrimp	 via	 probe	

Gastric	 reverse	 (Salazar	 &	 Güiza	 unpublished	 data).	 Both	 trials	 showed	 a	 good	

capacity	for	reducing	bacteria	concentration	and	mortality	in	animals,	respectively.	

The	reemerging	outbreaks	caused	by	this	bacillus	have	led	to	think	of	the	existence	

of	 a	 source	 permanent	 pollution	 in	 the	 system	 production	 (Salazar	 &	 Güiza	

unpublished	 data).	 One	 possible	 explanation	 may	 be	 that	 the	 bacteria	 form	
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biofilms	in	piping	ponds;	dispersing	biofilms	can	lead	to	ponds	shrimp	culture	are	

constantly	 exposed	 to	 the	 pathogen	 inoculate	 this	 produces	 the	 recurrence	 of	

infection.	Different	phages	were	isolated	against	bacillus	bacteria	and	one	of	them	

was	 evaluated	 in	 a	model	 system.	 The	 results	 showed	 the	 effect	 inhibitor	 phage	

suspension	formation	Biofilm	B.	licheniformis	(Prada	&	Vives	2013).	

	

Another	work	was	developed	with	specific	phages	Salmonella	spp.,	Gram	negative	

bacteria	 causing	 salmonellosis	 transmitted	 disease	 food;	 This	 bacterium	 is	

responsible	 for	 poisoning	 and	 considered	 a	 health	problem	public.	At	work	 they	

were	 isolated	 and	 characterized	 lytic	 bacteriophages	 against	 Salmonella	 spp.,	

isolated	by	COIPARS	Corpoica	the	group	of	samples	taken	on	farms	breeding	birds,	

and	 efficiency	was	 evaluated	 in	 vitro	 of	 these	with	 a	 view	 to	 use	 in	 the	 poultry	

industry	(Jimenez	&	Vives	2013).	

	

Additional,	 isolation	of	phages	to	control	a	phytopathogen	was	performed	for	the	

first	 time	against	Xanthomonas	axonopodis	 pv.	manihotis	 (Xam),	 a	Gram	negative	

bacteria	 cause	 of	 bacterial	 blight	 cassava,	 mainly	 destructive	 disease	 in	 South	

America	and	Africa.	Phages	demonstrated	their	efficiency	in	vitro	tests	performed	

(Rivera,	Bernal,	Vives	unpublished	data).		

	

Challenges	in	phage	therapy		

	

The	phage	therapy	has	been	studied	and	tested	by	many	years;	however,	there	are	

some	aspects	that	have	brake	application	in	the	West.	Despite	essays	and	reports	

conducted	 on	 the	 effectiveness	 of	 phages	 in	 several	 countries	 in	 the	 West	 still	

required	 higher	 experimental	 tests	 to	 ensure	 their	 efficiency	 and	 safety	 for	

application	in	humans.	

	

One	of	the	most	important	challenges	to	bring	the	actually	the	application	of	phage	

therapy	is	distrust	Western	society;	 the	end	of	the	day	 it	 is	virus	that	has	always	

been	recognized	as	harmful	to	health.	To	overcome	this	difficulty	will	be	necessary	
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broad	information	campaigns	coverage,	based	on	the	results	of	studies	scientists,	

showing	 the	 advantages	 and	 limitations	 the	 phage	 therapy	 (ResearchGate	 2014;	

Worldcrunch	2014).	Eliminating	 the	risk	of	 lysogenic	 conversion	will	be	decisive	

for	 long-term	 success	 of	 phage	 therapy.	 Should	 be	 selected	 lytic	 phage	 only,	 in	

order	 to	 control	 the	 possible	 transfer	 of	 genes	 that	 increase	 virulence	 of	 the	

bacterial	 strains,	 and	 know	 the	 genome	 phage	 candidates	 to	 be	 used	 in	 phage	

therapy	 to	 ensure	 the	 absence	 of	 genes	 associated	with	 virulence	 and	 lysogenic	

cycles;	 the	 latter	 requires	 major	 efforts	 characterization	 large	 number	 of	

hypothetical	proteins	resulting	from	annotation	of	viral	genomes.	

	

There	is	also	the	fear	of	the	appearance	of	mutations	that	allow	them	phages	infect	

other	 beneficial	 bacteria.	 According	 to	 a	 study	 Comparison	 between	 the	 three	

families	 from	 the	 order	 Caudovirales,	 phages	 that	 have	 greater	 host	 range	 are	

those	belonging	the	Myoviridae	family	capable	of	infecting	even	different	bacterial	

genera,	while	the	narrower	range	belong	to	the	Podoviridae	family,	generally	only	

infect	a	strain	of	host	bacteria	 their	 (Wichels	et	al.	1998,	Weitz	et	al.	2012).	This	

information	shows	that	it	is	possible	that	a	phage	infecting	more	than	one	bacterial	

species.	 We	 also	 know	 found	 wild	 phages	 that	 infect	 several	 species	 of	 Gram-

positive	 bacteria;	 although	 little	 is	 known	 about	 the	 receptors	 in	 this	 group	

bacteria,	 are	 considered	 less	 diverse	 than	 those	 of	 the	 Gram	 negative	 bacteria.	

Gram-positive	phages	mostly	bind	to	teichoic	acids	(Kutter	&	Sulakvelidze	2005),	

and	it	is	known	that	the	presence	of	N-acetylglucosamine	or	D-glucose	is	essential	

for	adsorption.	Teichoic	acids	are	 specific	 for	each	species,	but	different	bacteria	

can	 present	 similarity	 in	 the	 composition	 of	 these	 acids	 (Rakhuba	 et	 al.	 2010),	

which	would	explain	the	activity	broad-spectrum	phages.	In	Gram	negative	there	is	

a	greater	diversity	of	receptors;	then	the	question	becomes,	how	often	they	occur	

in	a	natural	setting	mutations	required	for	a	phage	expand	its	host	range.	It	is	still	

unknown	and	requires	experimentation	microcosms	that	resemble	conditions	find	

the	 phage	 (Ferris	 et	 al.	 2007),	 since	 no	 only	 changes	 the	 recipients	 would	 be	

required	 but	 the	 adaptation	 of	 all	 handling	 mechanisms	 cellular	 and	 viral	

replication	in	the	new	host.	
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Phage	 conservation	 is	 one	 of	 the	 major	 methodological	 challenges	 presented	 in	

today.	 It	 has	 been	 shown	 that	 depending	 on	 the	 type	 phage	 and	 host	 having,	

bacteriophages	maintain	their	activity	for	periods	of	longer	time	than	others,	kept	

under	the	same	conditions.	Methods	have	been	tested	storage	at	4	°	C,	-80	°	C	and	

lyophilization.	 The	 freeze	 drying	 and	 cooling	 methods	 are,	 apparently,	 the	 best	

way	to	store	and	preserve	(Fortier	&	Moineau	2009).	However,	this	is	an	issue	that	

still	requires	investigation.	

	

As	 regulations	 do	 not	 exist	 the	 requirements	 specifications	 it	 must	 meet	 a	

pharmaceutical	 product	 based	 on	 bacteriophages	 in	United	 States	 Pharmacopeia	

Mexican,	 in	United	States	Pharmacopeia	(USP)	 in	US	FDA	or	 the	EFSA	Europe.	 In	

Currently,	 those	commercially	produce	phage,	 they	want	their	preparations	meet	

the	 requirements	 applicable	 to	 biological	 products	 such	 as	 purity	 and	 action	

potential,	etc.	(Second	et	al.	2007,	EFSA	2009).	In	the	opinion	of	the	authors	of	this	

revision,	 besides	 the	 criteria	 used	 to	 time,	 it	 is	 essential	 to	 perform	 genomic	

analysis	 phage	 in	 order	 to	 rule	 out	 genes	 associated	 with	 pathogenicity	 and	

lysogenic	cycles.	It	is	also	important	to	design	cocktails	that	allow	avoid	as	long	as	

possible	the	appearance	of	resistant	bacteria,	and	thus	ensure	the	usefulness	of	the	

phage	therapy.	The	lack	of	regulations	difficult	investments	in	the	development	of	

phage	therapy	for	it	is	important	to	define	regulatory	frameworks	applicable.	

	

Conclusion	

	

Phage	 therapy	 is	 an	 antimicrobial	 treatment	 with	 great	 potential	 for	 infection	

control	 and	 bacterial	 contamination	 on	 people,	 animals,	 consumer	 products	 and	

agricultural	products,	among	others.	Since	its	discovery,	phages	have	been	used	for	

therapeutic	purposes,	and	have	demonstrated	their	effectiveness	both	in	vivo	and	

in	 vitro,	without	producing	 adverse	 effects	 or	 toxicity.	Although	 the	 study	phage	

therapy	 takes	 almost	 a	 century,	 we	 still	 need	 support	 scientist	 to	 position	 it	 as	

therapy	worldwide.	Reliable	data	are	required,	for	example	on	the	phage	stability	
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under	different	conditions,	on	the	interaction	of	phage	with	its	host	multicellular,	

and	 response	 mechanisms	 phages	 against	 bacterial	 resistance.	 Further,	 It	 is	

required	of	the	interaction	between	various	sectors	for	defining	regulations	allow	

marketing	and	safe	use	of	phage	preparations	for	therapeutic	purposes,	as	well	as	

a	great	effort	communication	society	about	its	benefits.			
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2	 Techniques	 for	 phage	 isolation	 and	

identification.	
	

Article	type:	full	length		

Identification	 of	 Bacteriophages	 for	 Biocontrol	 of	 the	

Kiwifruit	Canker	Phytopathogen	Pseudomonas	syringae	

pv.	actinidiae.		
	

Rebekah	 A.	 Frampton,	 Corinda	 Taylor,	 Angela	 V.	 Holguín	 Moreno,	 Sandra	 B.	

Visnovsky,	Nicola	K.	Petty,	Andrew	R.	Pitman,	Peter	C.	Fineran.		

	

Appl.	Environ.	Microbiol.	[2014]	80	[7]:	2216-2228.	doi:	10.1128/AEM.00062-14	

	

Abstract	

Pseudomonas	 syringae	 pv.	 actinidiae	 is	 a	 reemerging	 pathogen	 which	 causes	

bacterial	 canker	 of	 kiwifruit	 [Actinidia	 sp.].	 Since	 2008,	 a	 global	 outbreak	 of	 P.	

syringae	 pv.	actinidiae	 has	 occurred,	 and	 in	 2010	 this	 pathogen	was	 detected	 in	

New	 Zealand.	 The	 economic	 impact	 and	 the	 development	 of	 resistance	 in	 P.	

syringae	pv.	actinidiae	and	other	pathovars	against	antibiotics	and	copper	sprays	

have	 led	 to	 a	 search	 for	 alternative	 management	 strategies.	 We	 isolated	 275	

phages,	258	of	which	were	active	against	P.	syringae	pv.	actinidiae.	Extensive	host	

range	 testing	 on	 P.	 syringae	 pv.	 actinidiae,	 other	 pseudomonads,	 and	 bacteria	

isolated	 from	 kiwifruit	 orchards	 showed	 that	 most	 phages	 have	 a	 narrow	 host	

range.	 Twenty-four	 were	 analyzed	 by	 electron	 microscopy,	 pulse-field	 gel	

electrophoresis,	 and	 restriction	 digestion.	 Their	 suitability	 for	 biocontrol	 was	

tested	 by	 assessing	 stability	 and	 the	 absence	 of	 lysogeny	 and	 transduction.	 A	

detailed	 host	 range	 was	 performed,	 phage-resistant	 bacteria	 were	 isolated,	 and	

resistance	 to	 other	 phages	 was	 examined.	 The	 phages	 belonged	 to	 the	
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Caudovirales	 and	 were	 analyzed	 based	 on	 morphology	 and	 genome	 size,	 which	

showed	them	to	be	representatives	of	Myoviridae,	Podoviridae,	and	Siphoviridae.	

Twenty-one	Myoviridae	members	have	similar	morphologies	and	genome	sizes	yet	

differ	in	restriction	patterns,	host	range,	and	resistance,	indicating	a	closely	related	

group.	Nine	of	these	Myoviridae	members	were	sequenced,	and	each	was	unique.	

The	most	closely	related	sequenced	phages	were	a	group	 infecting	Pseudomonas	

aeruginosa	and	characterized	by	phages	JG004	and	PAKP1.	In	summary,	this	study	

reports	the	isolation	and	characterization	of	P.	syringae	pv.	actinidiae	phages	and	

provides	 a	 framework	 for	 the	 intelligent	 formulation	 of	 phage	 biocontrol	 agents	

against	kiwifruit	bacterial	canker.		

	

	

Introduction		

In	 November	 2010,	 the	 New	 Zealand	 kiwifruit	 industry	 first	 identified	 the	

phytopathogen	 Pseudomonas	 syringae	 pv.	 actinidiae	 on	 Actinidia	 chinensis	

Hort16A	 [1].	P.	 syringae	 pv.	 actinidiae	 was	 subsequently	 detected	 in	 over	 2,300	

orchards	on	both	Actinidia	deliciosa	cv.	Hayward	and	A.	chinensis,	which	represent	

70%	of	 the	 total	area	of	kiwifruit	orchards	 in	New	Zealand.	This	outbreak	 led	 to	

the	 removal	 of	 approximately	 2,000	 ha	 of	 kiwifruit	 orchards	 in	 New	 Zealand,	

resulting	 in	 significant	 economic	 loss	 [2].	 P.	 syringae	 pv.	 actinidiae	 was	 first	

discovered	as	the	causative	agent	of	bacterial	canker	of	kiwifruit	in	Japan	in	1989	

[3]	although	later	reports	indicate	its	presence	in	China	in	1984	[see	reference	4].	

Subsequently,	 the	 pathogen	was	 detected	 in	 Italy,	 South	Korea,	 and	China	 [5–8].	

Although	 the	 disease	 was	 destructive,	 antibiotics	 or	 good	 orchard	 management	

was	 sufficient	 to	 control	 the	 disease	 and	 spread	 of	 the	 pathogen.	 Between	 2008	

and	2011,	P.	 syringae	 pv.	actinidiae	 reemerged	 throughout	 the	kiwifruit-growing	

regions	of	the	world	and	was	detected	in	Italy	[9],	South	Korea	[10],	France	[11],	

Portugal	 [12],	 Spain	 [13,	14],	Turkey	 [15],	Chile	 [16],	 and	New	Zealand.	Many	of	

these	outbreak	strains	proved	highly	aggressive	compared	with	 those	previously	

identified,	resulting	in	entire	orchards	being	uprooted	in	Italy	and	elsewhere	due	

to	 the	 high	 susceptibility	 of	 the	 A.	 chinensis	 germplasm	 cultivated	 [Hort16A,	 Jin	
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Tao,	 and	 Soreli]	 [9,	 17,	 18].	 P.	 syringae	 pv.	 actinidiae	 enters	 the	 plant	 through	

natural	 openings	 and	 lesions	 [4].	The	 initial	 symptoms	of	 the	bacterium	on	both	

green	 flesh	 [A.	 deliciosa]	 and	 yellow	 flesh	 [A.	 chinensis]	 kiwifruit	 are	 brown	 leaf	

spotting	with	yellow	haloes	and	necrosis.	In	plants	infected	with	more	virulent	P.	

syringae	 pv.	actinidiae,	 the	bacterium	 is	 also	 found	 in	 lenticels	 and	phloem,	with	

biofilm	 formation	 occurring	 both	 inside	 and	 outside	 plants	 [4].	 Other	 symptoms	

include	 brown	discoloration	 to	 buds	 and	 flowers,	 twig,	 leader	 and	 cane	 dieback,	

reddening	of	lenticels,	canker	formation	on	the	trunk	and	vines,	and	red	or	white	

exudates	that	can	include	high	levels	of	bacteria	[4,	19,	20].	The	reemergence	of	P.	

syringae	pv.	actinidiae	and	the	traits	that	make	this	pathogen	successful	have	been	

reviewed	 by	 Scortichini	 et	 al.	 [20].	 In	 particular,	 genome	 sequencing	 and	

multilocus	 sequence	 typing	 have	 led	 to	 a	 greater	 understanding	 of	 the	 origins,	

evolution,	and	biology	of	this	pathogen	[19,	21–24].	It	has	been	proposed	that	the	

Italian,	 Chilean,	 and	 New	 Zealand	 strains	 originated	 independently	 from	 China	

[21].	 The	 current	 pandemic	 strains	 differ	 in	 only	 a	 few	 single	 nucleotide	

polymorphisms	 [SNPs]	 in	 their	 core	 genomes,	 with	 variable	 genomic	 island	

content	accounting	for	any	major	differences	[19,	21,	23].	These	strains	also	differ	

significantly	 from	the	 less	virulent	strains	previously	 identified.	For	example,	 the	

current,	 aggressive	 population	 displays	 four	 putative	 effector	 genes,	 namely,	

hopA1,	 hopAA1-2,	 hopH1,	 and	 hopZ2-like,	 which	 are	 not	 present	 in	 the	 strains	

previously	 isolated	 in	 Japan	 and	 Italy	 prior	 to	 these	 recent	 outbreaks.	 In	 New	

Zealand,	P.	syringae	pv.	actinidiae	strains	were	termed	virulent	and	less	virulent.	It	

has	recently	been	shown	that	the	less	virulent	strains	are	distinct	from	virulent	P.	

syringae	pv.	actinidiae	[21,	24].	In	New	Zealand,	management	programs	have	been	

developed	 to	 limit	 the	 spread	 of	 P.	 syringae	 pv.	 actinidiae	 [2].	 These	 strategies	

involve	regular	monitoring,	 the	removal	of	 infected	plant	material,	 spraying	with	

streptomycin	and/or	copper,	and	 the	use	of	biological	 control	agents	 [BCAs]	and	

host	 resistance	 elicitors.	However,	 streptomycin	 is	not	 a	 viable	 control	 option	 in	

many	countries;	for	example,	the	use	of	streptomycin	to	control	plant	diseases	has	

been	 banned	 in	 the	 European	Union	 [25].	 Furthermore,	 streptomycin	 resistance	

genes	 have	 been	 detected	 in	 P.	 syringae	 pv.	 actinidiae	 [26].	 Copper-based	
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agrichemicals	are	currently	the	mainstay	protective	spray	used	against	P.	syringae	

pv.	 actinidiae	 in	 New	 Zealand	 [2].	 Continual	 use	 of	 copper	 can	 lead	 to	 a	 toxic	

buildup	 of	 copper	 residues	 within	 the	 environment	 [27,	 28],	 and	 bacterial	

resistance	to	copper	has	been	documented	[29–31].	An	alternative	strategy	for	the	

control	 of	 phytopathogens	 is	 the	 use	 of	 naturally	 occurring	 bacteriophages	

[phages]	 [reviewed	 in	 references	 32	 to	 34].	 Phages	 are	 viruses	 that	 specifically	

infect	bacteria,	and	their	replication	results	in	the	lysis	and	killing	of	the	host	cell	

and	the	release	of	more	viral	particles.	Trials	using	phages	for	plant	disease	control	

against	 a	 variety	 of	 phytopathogens,	 including	 “Dickeya	 solani”	 [35],	 Erwinia	

amylovora	[36–38],	Pectobacterium	carotovorum	[39],	and	Ralstonia	solanacearum	

[40,	41],	have	been	conducted.	An	example	of	the	commercial	application	of	phages	

in	agriculture	is	the	production	of	AgriPhage	by	Omni-	Lytics	for	the	control	of	the	

tomato	pathogens	Pseudomonas	syringae	pv.	tomato	and	Xanthomonas	campestris	

pv.	 vesicatoria	 [42–	 46].	 Here,	 we	 present	 the	 first	 report	 of	 the	 isolation	 and	

characterization	of	a	large	bank	of	potential	biocontrol	phages	that	infect	strains	of	

P.	syringae	pv.	actinidiae,	the	causative	agent	of	kiwifruit	canker.		

	

Material	and	methods	

Materials,	 bacterial	 strains,	 and	 culture	 conditions.	 The	 bacterial	 strains	 used	 in	

this	 study	 are	 listed	 in	 Table	 S1	 in	 the	 supplemental	 material	 and	 include	

Pseudomonas	 isolates	 from	 New	 Zealand,	 Japan,	 South	 Korea,	 Italy,	 the	 United	

Kingdom,	 Spain,	 Chile,	 China,	 France,	 the	United	 States,	 South	 Africa,	 Brazil,	 and	

Ethiopia.	All	strains	were	grown	in	nutrient	broth	[NB;	5	g	liter1	peptone,	3	g	liter1	

yeast	extract,	and	5	g	liter1	NaCl]	at	25°C	or	on	solid	NB	medium	containing	1.5%	

[wt/vol]	 agar.	 Soft	 medium	 [overlay]	 agar	 [0.35%,	 wt/vol]	 was	 used	 for	

bacteriophage	host	range	assays.	Phage	buffer	was	composed	of	10	mM	Tris-HCl,	

pH	7.4,	 10	mM	MgSO4,	 and	 0.01%	 [wt/vol]	 gelatin.	 The	 chloroform	used	 in	 this	

study	was	saturated	with	sodium	hydrogen	carbonate.		

	

Phage	 isolation.	 Soil,	 water,	 and	 leaf	 litter	 samples	were	 collected	 from	 infected	

kiwifruit	 orchards	 in	 the	 Te	 Puke	 region	 [July	 2011]	 and	 from	 areas	 around	
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Dunedin,	 Otago,	 New	 Zealand	 [January	 2012].	 Wastewater	 inflow	 was	 collected	

from	 the	 Tahuna	 Wastewater	 Treatment	 Plant,	 Dunedin,	 New	 Zealand	 [August	

2011].	 Phages	 were	 isolated	 directly	 from	 samples	 or	 following	 an	 enrichment	

step.	For	direct	isolation,	2	g	of	the	sample	was	mixed	with	5	ml	of	NB	and	gently	

mixed	at	 room	temperature	 for	1	 to	2	h	 to	wash	any	phages	off	 the	 sample.	The	

mixture	was	centrifuged	[120	g	for	10	min]	to	pellet	the	sample,	and	100	l	of	the	

supernatant	was	mixed	with	an	equal	volume	of	a	culture	of	a	host	bacterium	that	

had	been	grown	overnight.	The	phage-host	mixture	was	then	plated	using	a	soft-

agar	 overlay.	Water	 samples	 [100	 l]	were	 used	 directly	 in	 the	 soft-agar	 overlay.	

Five	milliliters	 of	wastewater	was	 vortexed	with	 500	 l	 of	 chloroform	 to	 kill	 any	

bacteria	before	being	used	 in	 the	soft-agar	overlay.	For	 isolation	of	phages	using	

enrichment,	5	g	or	5	ml	of	sample	and	2	ml	of	bacterial	culture	were	added	to	45	

ml	of	NB.	Flasks	were	incubated	at	25°C	with	gentle	agitation	for	18	h.	Cells	and	the	

sample	 debris	 were	 removed	 by	 centrifugation	 [2,442	 g	 for	 10	 min	 at	 room	

temperature],	 and	 the	supernatant	was	used	 in	 the	soft-agar	overlay.	Plaques	on	

soft	 agar	 overlays	 were	 picked	 using	 a	 pipette	 tip	 and	 resuspended	 in	 1	 ml	 of	

phage	buffer.	For	phages	Psa1	 to	Psa191,	phage	 lysates	were	prepared	and	used	

for	 host	 range	 testing.	 The	 remaining	 phages	were	 plaque	 purified	 into	 1	ml	 of	

phage	buffer,	and	host	range	testing	was	performed	on	these	small-scale	samples.	

Initially,	P.	 syringae	 pv.	actinidiae	 strains	 from	 Japan	 [International	 Collection	 of	

Microorganisms	 from	 Plants	 [ICMP]	 9853],	 New	 Zealand	 [ICMP	 18708,	 18800,	

18804,	and	18806],	and	 Italy	 [ICMP	18744]	and	Pseudomonas	 fluorescens	 strains	

46A	 and	 SBW25	 and	 ICMP	 strains	 3636,	 7279,	 and	 11288	were	 used	 for	 phage	

isolation	 in	direct	and	enrichment	approaches.	During	enrichment,	samples	were	

mixed	with	 either	 single	 strains	 or	 a	mixture	 of	 strains	 in	 an	 attempt	 to	 isolate	

phages	with	 broad	host	 ranges.	 Since	 the	New	Zealand	P.	 syringae	 pv.	actinidiae	

isolates	have	arisen	from	a	recent	clonal	expansion	[21,	24],	the	remaining	phages	

were	 plaque	 purified	 following	 plating	 on	 ICMP	 18800	 to	 increase	 throughput.	

Phage	lysates	were	prepared	by	serial	dilution	in	phage	buffer	and	incorporation	

into	 soft	 agar	 with	 host	 bacteria.	 Next,	 the	 soft	 agar	 containing	 the	 phage	 and	

bacteria	was	poured	onto	agar	plates	and	incubated	overnight.	Phage	lysates	were	



	
	

52	

prepared	 from	agar	plates	with	semiconfluent	 lysis.	Briefly,	 the	soft-agar	overlay	

was	removed	using	a	sterile	glass	slide,	and	3	ml	of	phage	buffer	was	washed	over	

the	agar	plate	and	then	added	to	the	soft	agar.	Chloroform	was	mixed	with	the	agar	

vigorously,	 the	 agar	 mix	 was	 centrifuged	 [2,442	 g	 for	 30	 min	 at	 4°C],	 and	 the	

supernatant	was	retained.	The	phage	lysates	were	stored	over	100	l	of	chloroform	

at	4°C.		

	

Host	range	analysis.	A	total	of	59	bacteria	isolated	from	orchards	were	used	in	host	

range	studies	and	were	identified	as	follows.	Genomic	DNA	from	bacterial	isolates	

was	 purified	 using	 a	 Qiagen	 DNeasy	 Blood	 and	 Tissue	 DNA	 extraction	 kit,	

according	 to	 the	manufacturer’s	 instructions	 for	Gram-negative	bacteria.	 Isolates	

were	 identified	 by	 amplification	 of	 a	 1.5-kb	 partial	 16S	 rRNA	 sequence	 by	 PCR	

using	 the	genomic	DNA	as	 the	 template	and	 the	universal	primer	pair	U16A	and	

U16B	[47].	Each	PCR	was	carried	out	in	a	total	volume	of	25	l	containing	1	l	of	each	

primer	 [5	M],	 2	 l	 of	 the	 deoxynucleoside	 triphosphates	 [dNTPs;	 2	mM],	 2.5	 l	 of	

10buffer,	1l	of	50mMMgCl2,	0.10l	of	Taq	polymerase	[5Ul1;	Invitrogen]	and	1	l	of	

template	DNA	[20	to	50	ng	l1]	in	sterile	water.	PCR	amplification	was	performed	in	

a	 GeneAmp	 PCR	 system	 9700	 [Applied	 Biosystems]	 thermocycler	 using	 the	

following	conditions:	2	min	for	initial	denaturation	at	94°C,	followed	by	30	cycles	

of	94°C	for	30	s,	55°C	for	30	s,	and	72°C	for	1	min,	with	a	 final	extension	step	of	

72°C	for	7	min.	PCR	products	were	separated	 in	a	1%	agarose	gel	and	visualized	

using	 a	 Multi	 Doc-It	 Digital	 Imaging	 System	 [UVP/Bio-Strategy].	 PCR	 products	

were	 then	 purified	 using	 a	 Qiagen	 PCR	 purification	 kit	 according	 to	 the	

manufacturer’s	 instructions.	DNA	sequencing	of	 the	16S	rRNA	PCR	products	was	

performed	 by	 Macrogen,	 Inc.	 [Seoul,	 South	 Korea].	 Sequencing	 reactions	 were	

initially	performed	using	primers	U16A	and	U16B,	and	subsequently	PCR	for	gap	

filling	was	performed	with	primers	PSFwd1	 [5=-ACCCTGGTAGTCCAC	GCCGT-3=]	

and	 PSRev2	 [5=-GATGCAGTTCCCAGGTTGA-3=]	 to	 ensure	 that	 at	 least	 two	 reads	

per	 sequence	were	 obtained	 across	 the	 16S	 rRNA	 fragment	 amplified.	 Resulting	

DNA	sequences	were	 trimmed	 to	1,343	bp	 to	 remove	primer	binding	 sites	using	

Geneious	Pro,	version	5.5.6	[48],	and	homology	searches	of	the	nonredundant	[nr]	
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database	 of	 the	 NCBI	 [National	 Centre	 for	 Biotechnology	 Information,	 Bethesda,	

MD]	were	conducted	using	BLASTN	 [49].	The	 identification	 for	each	strain	using	

the	16S	rRNA	gene	sequence	is	provided	in	Table	S1	in	the	supplemental	material.	

The	identity	of	all	P.	syringae	pv.	actinidiae	strains	[virulent	and	less	virulent]	were	

confirmed	using	quantitative	real-time	PCR	[unpublished	data].	Host	range	studies	

were	 performed	 by	 pouring	 a	 soft-agar	 overlay	 containing	 100	 l	 of	 the	 test	

bacterial	strain	onto	nutrient	agar	plates	and	allowing	the	agar	to	set.	Phages	were	

aliquoted	 into	 96-well	 plates,	 and	 a	 48-pin	 replicator	 was	 used	 to	 transfer	

approximately	3	l	onto	the	agar	plate	surface.	Each	plate	was	incubated	overnight,	

and	 phages	 that	 were	 able	 to	 cause	 an	 area	 of	 local	 clearing	 were	 noted.	 For	 a	

subset	of	phages,	permissive	hosts	were	confirmed	by	titration	to	single	plaques	to	

rule	 out	 effects	 caused	 by	 lysis	 from	 without	 [50].	 Bacteriophage-insensitive	

mutant	 [BIM]	 generation,	 efficiency	 of	 plating	 [EOP],	 and	 lysogeny	 assays.	

Spontaneous	 mutants	 of	 P.	 syringae	 pv.	 actinidiae	 that	 were	 resistant	 to	 phage	

infection	were	isolated	by	combining	100	l	of	overnight	culture	with	100	l	of	high-

titer	phage	 lysate	 [107	 to	1011	PFU	ml1]	 in	a	 soft-agar	overlay.	The	plates	were	

incubated	at	25°C	for	approximately	2	days	until	colonies	appeared.	Colonies	were	

isolated	and	streaked	to	single	colonies	at	least	twice	to	ensure	that	a	single	strain	

was	 selected	 and	 to	 remove	 any	 phage	 particles.	 The	 effect	 of	 the	 spontaneous	

mutations	 on	 phage	 infection	 was	 measured	 by	 the	 efficiency	 of	 plating	 [EOP].	

Phage	 lysates	 were	 serially	 diluted,	 and	 3-l	 drops	 were	 applied	 to	 soft	 agar	

containing	either	the	original	P.	syringae	pv.	actinidiae	host	or	the	BIM.	The	plates	

were	 incubated	 overnight.	 The	 EOP	 was	 determined	 semiquantitatively	 as	 the	

inverse	of	the	dilution	where	single	plaques	were	visible	on	the	BIM	divided	by	the	

dilution	where	single	plaques	were	visible	on	the	original	host.	Tests	for	lysogeny	

were	 performed	 as	 described	 previously	 [51].	 Supernatants	 from	 overnight	

cultures	of	BIMs	were	collected	and	tested	for	the	spontaneous	release	of	phage	by	

spotting	5-l	drops	onto	soft	agar	containing	P.	syringae	pv.	actinidiae	ICMP	18800.	

The	supernatant	from	P.	syringae	pv.	actinidiae	ICMP	18800	was	used	as	a	negative	

control,	and	phage	lysates	were	used	as	the	positive	control	for	plaque	formation.		
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Transduction	assays.	Transduction	assays	were	performed	as	previously	described	

[51],	with	several	modifications	for	P.	syringae	pv.	actinidiae.	Briefly,	phages	were	

tested	for	the	ability	to	transfer	the	kanamycin	resistance	cassette	from	P.	syringae	

pv.	 actinidiae	 ICMP	 18800	 TnKm12	 [Tn-DS1028lacZKm	 [52]]	 to	 wild-type	 P.	

syringae	 pv.	 actinidiae	 ICMP	 18800.	 A	 transposon	 mutant	 was	 generated	 as	

follows.	Transfer	of	Tn-	DS1028lacZKm	from	Escherichia	coli	BW20767	pKRCPN1	

into	 P.	 syringae	 pv.	 actinidiae	 ICMP	 18800	 by	 conjugation	 was	 performed	 by	

pelleting	20	 l	 of	 overnight	 culture	of	 each	 strain	by	 centrifugation,	 resuspending	

the	 cultures	 in	 20	 l	 NB,	 and	 combining	 the	 cultures.	 The	 conjugation	 mix	 was	

spotted	 onto	 a	NB	 agar	 plate	 and	 incubated	 at	 25°C	 overnight.	 The	mixture	was	

suspended	 in	 1	 ml	 of	 NB,	 serially	 diluted,	 and	 plated	 onto	 NB	 agar	 plates	

containing	kanamycin	 [50	g	ml1].	The	presence	of	 the	 transposon	was	 tested	by	

PCR	 using	 primers	 PF332	 [5=-TTTACTAGTCT	 GATCCTTCAACTCAGC-3=]	 and	

PF333	 [5=-TTTACTAGTCTCTGCCA	 GTGTTACAACC-3=].	 P.	 syringae	 pv.	 actinidiae	

ICMP	 18800	 TnKm12	 was	 used	 for	 the	 transduction	 assays.	 Transduction	 was	

measured	 by	 the	 production	 of	 kanamycin-resistant	 colonies	 and	 confirmed	 by	

amplification	 of	 the	 kanamycin	 resistance	 cassette	 by	 PCR.	 A	 high-titer	 lysate	 of	

each	phage	was	prepared	using	P.	syringae	pv.	actinidiae	ICMP	18800	TnKm12	as	

the	host.	One	hundred	microliters	of	lysate	was	mixed	with	3	ml	of	a	wild-type	P.	

syringae	 pv.	 actinidiae	 ICMP	 18800	 overnight	 culture	 and	 incubated	 at	 room	

temperature	 without	 agitation	 for	 45	min.	 The	 samples	 were	 then	 incubated	 at	

28°C	 at	 160	 rpm	 for	 30	 min.	 Following	 incubation,	 the	 cells	 were	 collected	 by	

centrifugation	and	resuspended	in	300	l	of	NB;	150	l	of	the	suspension	was	spread	

onto	 each	 of	 two	 nutrient	 agar	 plates	 containing	 kanamycin.	 Controls	 for	

spontaneous	 resistance	 to	 kanamycin	 and	 lysate	 contamination	 were	 also	

included.	Plates	were	incubated	for	48	h	at	25°C.		

	

Phage	DNA	extraction	and	restriction	digestion.	Phage	DNA	was	isolated	using	the	

cetyltrimethylammonium	 bromide	 [CTAB]	method	 adapted	 from	Manfioletti	 and	

Schneider	[53].	Briefly,	2.5	ml	of	high-titer	phage	lysate	was	mixed	with	100	ng	of	

RNase	A	and	100	U	of	DNase	 I	 and	 incubated	at	37°C	 for	30	min	 to	 remove	any	
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bacterial	nucleic	acids.	The	nucleases	were	inactivated	by	the	addition	of	EDTA	[pH	

8.0]	to	a	final	concentration	of	40	mM.	Phage	particles	were	lysed	by	the	addition	

of	0.5	mgof	proteinaseKand	incubation	at	45°C	for	15	min.	Next,	220l	of	10%	CTAB	

[wt/vol]	in	4%	NaCl	[wt/vol]	[at	55°C]	was	added,	gently	mixed,	and	cooled	on	ice	

for	15	min.	The	CTAB-DNA	complex	was	collected	by	centrifugation,	and	the	pellet	

was	resuspended	in	1.2	M	NaCl.	The	DNA	was	then	precipitated	with	isopropanol,	

washed	with	75%	ethanol,	and	resuspended	in	ultrapure	water.	The	concentration	

was	determined	using	a	Nanodrop	ND1000.	Nucleases	used	for	restriction	digests	

of	 phageDNA	 were	 used	 as	 recommended	 by	 the	 manufacturer	 [Roche].	

Restriction	digests	contained1	g	of	DNA	and	20	U	of	enzyme	and	were	incubated	at	

37°C	for	16	to	18	h.	DNA	was	separated	on	1%	agarose	gels	by	running	at	40	V	for	

18	 h,	 stained	 in	 ethidium	 bromide	 [0.5	 g	 ml1]	 for	 20	 min,	 then	 destained	 in	

distilled	H2O	for	30	min	with	agitation,	and	visualized	under	UV	light.		

	

PFGE.	To	estimate	genome	size,	phage	DNA	was	loaded	into	a	1%	pulsed-field	gel	

electrophoresis	 [PFGE]-certified	 agarose	 gel,	 and	 the	 wells	 were	 sealed	 with	

agarose.	A	Chef	DR	III	system	[Bio-Rad]	was	used	to	perform	the	electrophoresis	in	

0.5	 Tris-borate-EDTA	 buffer	 at	 6	 V	 cm1	 for	 18	 h	 at	 12°C.	 Conditions	 for	

electrophoresis	were	as	follows:	included	angle	of	120°,	 initial	switch	time	of	5	s,	

and	final	switch	time	of	15	s.	Midrange	PFG	Marker	I	[NEB]	was	used	as	the	ladder.	

DNA	was	visualized	as	described	above.		

	

TEM.	 The	 titer	 and	 purity	 of	 phage	 lysates	 were	 increased	 for	 transmission	

electron	microscopy	[TEM]	by	ultracentrifugation	[109,760	g	for	30	min	at	4°C]	of	

5	 ml	 of	 phage	 lysate.	 The	 phage	 pellets	 were	 resuspended	 in	 ultrapure	 water	

overnight	and	were	then	dialyzed	against	water	for	4	days	to	remove	any	residual	

salt.	Carbon-coated	copper	grids	were	plasma	glowed,	and	10	l	of	high-titer	phage	

lysate	 was	 placed	 on	 the	 grid	 and	 left	 for	 1	 min.	 The	 grid	 was	 blotted	 dry	 and	

negatively	stained	with	10	l	of	1%	phosphotungstic	acid	[pH	6.8].	If	necessary,	the	

samples	on	the	grids	were	washed	five	times	in	ultrapure	water	prior	to	staining.	

Grids	were	blotted	dry	immediately	and	air-dried	before	examination	in	a	Philips	
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CM100	 transmission	 electron	 microscope.	 All	 images	 were	 taken	 at	 the	 same	

magnification.		

	

Phage	 genome	 sequencing.	 DNA	 of	 nine	 Myoviridae	 phages	 [Psa267,	 Psa300,	

Psa315,	 Psa347,	 Psa374,	 Psa381,	 Psa397,	 Psa410,	 and	 Psa440]	 was	 isolated	 as	

described	above	for	restriction	digestion	and	PFGE;	the	DNA	was	further	purified	

and	eluted	using	components	of	a	Qiagen	DNeasy	Blood	and	Tissue	kit.	Sequencing	

was	performed	by	New	Zealand	Genomics,	Ltd.	 [NZGL].	The	 sequencing	 libraries	

were	prepared	using	an	Illumina	TruSeq	DNA	Sample	Preparation,	version	2,	kit.	

The	libraries	were	quantitated	using	a	Bioanalyzer	2100	DNA	1000	chip	[Aligent,	

Santa	 Clara,	 CA,	 USA]	 and	 a	 Qubit	 Fluorometer	 using	 a	 dsDNABR	 kit	 [Life	

Technologies,	Burlington,	ON,	Canada].	MiSeq	150-bp	paired-end	[PE]	sequencing	

was	performed	and	demultiplexed	using	the	ea-utils	suite	of	tools	[54].		

	

Phage	genome	assembly,	 annotation,	 and	mapping.	Psa374	was	assembled	using	

Geneious,	 version	 6.1.6	 [48]	 [de	 novo	 assembly	 using	 default	 settings	 with	

increased	sensitivity].	The	assembly	generated	two	large	contigs.	The	contig	ends	

overlapped	 by	 approximately	 90	 and	 850	 bp,	 allowing	 a	 single	 circular	 phage	

scaffold	assembly	to	be	generated.	The	reads	were	mapped	back	to	the	assembly	

for	validation.	An	automated	annotation	of	Psa374	was	generated	using	RAST	[55],	

and	tRNAs	were	identified	using	tRNAscan-SE	[56]	and	ARAGORN	[57].	A	pairwise	

comparison	of	Psa374	and	a	related	Myoviridae	phage,	JG004	[58],	was	visualized	

using	Easyfig	 [59].	The	assembled	genome	of	Psa374	was	used	as	a	 reference	 to	

compare	 the	 sequencing	 reads	 of	 the	 remaining	 eight	 phages	 with	 a	 mapping	

approach	 in	 Geneious.	 BLAST	 Ring	 Image	 Generator	 [BRIG]	 [60]	 was	 used	 to	

visualize	the	results.		

	

Nucleotide	 sequence	 accession	 numbers.	 The	 sequencing	 reads	 from	 the	 nine	

phages	 have	 been	 deposited	 in	 the	 NCBI	 SRA	 with	 the	 BioProject	 number	

PRJNA236447.	 The	 Psa374	 genome	 has	 been	 deposited	 in	 the	 NCBI	 GenBank	

database	with	the	accession	number	KJ409772.		
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Results		

Generation	of	a	repository	of	P.	syringae	pv.	actinidiae	phages.	To	develop	phage-

based	approaches	 for	 the	control	and/or	detection	of	P.	 syringae	pv.	actinidiae,	 a	

bank	of	phages	was	collected	that	infect	P.	syringae	pv.	actinidiae.	The	phages	were	

isolated	from	a	range	of	 leaf	and	vine	samples	as	well	as	from	soil	obtained	from	

orchards	 in	 New	 Zealand	 that	 are	 infected	 with	 P.	 syringae	 pv.	 actinidiae,	 in	

addition	to	 locations	where	kiwifruit	are	not	grown	[see	Materials	and	Methods].	

In	 total,	 275	 phages	 were	 isolated	 from	 25	 independent	 samples	 and	 locations.	

Detailed	 information	 of	 the	 phages	 isolated	 is	 provided	 in	 Data	 Set	 S1	 in	 the	

supplemental	material.	Most	P.	syringae	pv.	actinidiae	phages	have	a	narrow	host	

range.	 For	 biocontrol	 use,	 it	 is	 important	 to	 understand	 the	 host	 range	 of	 the	

selected	 phages.	 For	 example,	 we	 sought	 to	 identify	 phages	 that	 infected	 the	

pathogen	but	were	unable	 to	 infect	other	bacteria	present	 in	 the	environment	of	

kiwifruit	orchards.	The	host	range	of	the	first	40	phages	was	tested	against	a	range	

of	 60	 Gram-negative	 bacteria	 [2,400	 combinations]	 including	 a	 selection	 of	

Pseudomonas	 species	 [see	Data	Set	S2	 in	 the	supplemental	material].	The	phages	

did	not	 infect	more	distantly	 related	bacteria	 including	Pseudomonas	aeruginosa,	

Citrobacter	rodentium,	Pectobacterium	atrosepticum,	E.	coli,	and	Serratia	sp.	strain	

ATCC	 39006.	 However,	 some	 phages	 infected	 Pseudomonas	 pathogens	 more	

closely	 related	 to	 P.	 syringae	 pv.	 actinidiae,	 including	 the	 following	 P.	 syringae	

pathovars:	 morsprunorum,	 syringae,	 phaseolicola,	 and	 tomato.	 Strains	 of	

Pseudomonas	 corrugata,	Pseudomonas	 viridiflava,	 and	 other	 poorly	 characterized	

Pseudomonas	syringae	and	Pseudomonas	strains	were	also	lysed	by	some	phages.	

It	is	worth	noting	that	P.	viridiflava	causes	blossom	blight	on	Actinidia	species	[61]	

and	that	several	of	the	phages	isolated	have	potential	applications	for	the	control	

of	this	kiwifruit	pathogen.		

	

Next,	host	range	screening	of	the	entire	repository	of	275	phages	was	carried	out	

against	 a	 selection	 of	 environmental	 strains	 specifically	 isolated	 from	 kiwifruit	

orchards	 in	 New	 Zealand	 [see	 Data	 Set	 S3	 in	 the	 supplemental	 material].	 The	
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identities	 of	 these	 isolates	 were	 determined	 using	 16S	 data	 [see	 Table	 S1].	 In	

addition,	 select	 representative	P.	 syringae	 pv.	actinidiae	 strains	 from	 Japan,	 Italy,	

and	 New	 Zealand	 were	 tested.	 In	 total,	 20,000	 phage-host	 combinations	 were	

examined	 and	 showed	 clear	 differences	 in	 the	 phage	 profiles	 of	 P.	 syringae	 pv.	

actinidiae	strains	from	distinct	geographic	locations.	There	are	examples	of	phages	

that	infect	only	the	Japanese	ICMP	9853	isolate	[e.g.,	Psa259]	or	the	New	Zealand	

isolates	 [e.g.,	 Psa271].	 In	 addition,	 the	 majority	 of	 phages	 that	 infect	 the	 New	

Zealand	P.	syringae	pv.	actinidiae	 less	virulent	strains	do	not	infect	P.	syringae	pv.	

actinidiae	virulent	strains,	consistent	with	 the	data	 that	 these	strains	are	distinct	

[21,	22,	24].	The	1992	Italian	P.	syringae	pv.	actinidiae	ICMP	19090	isolate	showed	

a	distinct	phage	profile	compared	with	the	strains	responsible	for	the	more	recent	

disease	outbreaks	 in	Italy	and	New	Zealand	[see	Data	Set	S2	 in	the	supplemental	

material].	However,	 there	 are	phages	 that	 infect	 combinations	 of	 the	different	P.	

syringae	 pv.	actinidiae	 isolates	 from	various	 geographical	 locations.	 As	 expected,	

many	 of	 these	 host	 range	 differences	 reflect	 the	 strains	 used	 for	 initial	 phage	

isolation,	 and,	 as	 planned,	 our	 phage	 bank	 predominantly	 contains	 phages	 that	

target	P.	syringae	pv.	actinidiae	from	New	Zealand	[see	Data	Sets	S2	and	S3].		

	

The	variation	in	phage	profiles	for	each	strain	raises	the	possibility	of	establishing	

a	diagnostic	phage-typing	assay	using	a	selection	of	phages	from	our	set.	Analysis	

of	infection	of	the	other	bacterial	isolates	from	the	kiwifruit	phyllosphere	indicated	

that	the	majority	of	these	strains	were	not	sensitive	to	the	P.	syringae	pv.	actinidiae	

phages	 [see	Data	 Set	 S3	 in	 the	 supplemental	material].	However,	 several	 phages	

that	infected	P.	syringae	pv.	actinidiae,	P.	viridiflava,	or	P.	syringae	also	generated	

plaques	 on	 a	 small	 number	 of	 other	 bacterial	 isolates.	 For	 example,	 the	ABAC10	

isolate,	putatively	identified	as	P.	syringae	and	confirmed	not	to	be	a	P.	syringae	pv.	

actinidiae	virulent	or	less	virulent	strain	using	a	recently	developedPCRdiagnostic	

[Andersen	et	al.,	submitted],	was	infected	by	a	large	number	of	phages,	suggesting	

that	 it	 is	closely	related	to	P.	syringae	pv.	actinidiae.	Several	phages,	 for	example,	

Psa17,	Psa369,	Psa410,	and	Psa411,	were	able	to	infect	P.	fluorescens	ABAC62	but	
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not	the	other	P.	fluorescens	strains	tested.	Pseudomonas	sp.	strain	ABAC61	was	also	

infected	by	phages,	including	Psa8,	Psa315,	and	Psa323.		

	

From	 the	 high-throughput	 host	 range	 screening	 of	 20,000	 phage-host	

combinations,	24	phages	were	selected	for	further	investigation.	The	phages	were	

chosen	 to	 include	 both	 those	 with	 a	 broader	 host	 range	 and	 other	 more	 host-

specific	 isolates.	 Due	 to	 the	 possibility	 of	 false	 positives	 because	 of	 lysis	 from	

without,	 high-titer	 phage	 lysates	 were	 prepared	 for	 the	 24	 phages,	 and	

quantitative	efficiency	of	plating	[EOP]	assays	were	used	to	confirm	the	host	range	

data	 [Table	1;	 see	also	Data	Set	S4	 in	 the	supplemental	material].	This	 restricted	

group	of	24	phages	was	subsequently	assayed	[by	EOP]	against	a	wider	selection	

of	 P.	 syringae	 pv.	 actinidiae	 isolates	 from	 New	 Zealand,	 Italy,	 Japan,	 and	 South	

Korea	 [Table	1].	There	were	 clear	differences	 in	 the	phage	 sensitivity	profiles	of	

these	 isolates	 and	 in	 the	 ability	 of	 some	 phages	 to	 infect	 particular	 strains.	 For	

example,	 the	P.	 syringae	 pv.	actinidiae	 less	 virulent	 strains	 [ICMP	18802,	 18803,	

18807,	18882,	and	18883]	had	significantly	reduced	EOPs	for	most	phages	except	

Psa173,	which	is	consistent	with	their	designation	as	distinct	from	P.	syringae	pv.	

actinidiae	 virulent	 strains	 [21,	 22].	 In	 general,	 the	 remaining	 P.	 syringae	 pv.	

actinidiae	 isolates	from	New	Zealand	showed	similar	EOPs	to	ICMP	18800,	which	

was	 used	 for	 most	 phage	 isolations.	 The	 host	 range	 of	 Psa21	 was	 difficult	 to	

determine	since	it	had	tiny	plaques	[1	mm]	but	could	infect	quite	different	hosts.	

Indeed,	it	was	the	only	phage	able	to	infect	P.	viridiflava	ABAC43.	Determining	the	

host	 range	 of	 Psa173	 was	 also	 difficult	 due	 to	 the	 turbid	 plaques	 it	 formed	 on	

virulent	 strains	 of	 P.	 syringae	 pv.	 actinidiae.	 In	 summary,	 the	 host	 range	

information	collected	in	this	study	demonstrates	that	appropriate	phage	selection	

should	 have	 little,	 if	 any,	 effect	 on	 nonpathogenic	 bacteria	 present	 in	 kiwifruit	

orchards	 and	 will	 assist	 in	 the	 informed	 design	 of	 phage	 cocktails	 that	 target	

desired	P.	syringae	pv.	actinidiae	strains.	The	P.	syringae	pv.	actinidiae	phages	are	

stable.		
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To	 investigate	 stability,	 which	 is	 important	 for	 phage	 storage	 and	 application,	

phage	 lysates	 were	 stored	 at	 either	 4°C	 or	 25°C	 and	 sampled	 after	 1,	 3,	 and	 6	

months	and	1	year	[see	Fig.	S1	in	the	supplemental	material].	Storage	at	25°C	gives	

an	 indication	of	 the	 stability	of	 the	phages	 at	higher	 temperatures	 that	might	be	

encountered	 in	 an	 orchard	 setting.	However,	 other	 factors,	 particularly	UV	 light,	

affect	phage	stability	in	the	environment	[33].	When	the	phages	were	stored	at	4°C,	

the	PFU	count	ml1	of	all	 the	phages	did	not	 change	dramatically	after	6	months,	

with	a	decrease	in	Psa21,	Psa173,	Psa317,	and	Psa386	after	1	year.	The	majority	of	

phages	 were	 also	 stable	 when	 stored	 at	 25°C;	 the	 PFU	 count	 ml1	 of	 Psa17	

decreased	over	6	months	and	was	not	detected	at	1	year,	and	Psa21	and	Psa173	

had	 decreased	 below	 the	 level	 of	 detection	 after	 3	 months.	 These	 results	

demonstrate	that	most	phages	can	be	stored	successfully	at	either	4°C	or	ambient	

temperature	[25°C]	for	extended	periods	of	time.		

	

Extensive	 resistance	profiling	 indicates	 varied	 infection	 strategies.	 Consideration	

of	phage	resistance	is	important	in	designing	a	phage	biocontrol	strategy	[33].	For	

example,	 resistance	 profiles	 have	 the	 potential	 to	 aid	 in	 the	 design	 of	 phage	

cocktails	 to	minimize	 the	 emergence	 of	 phage-resistant	 strains	 of	 the	 pathogen.	

Spontaneous	bacteriophage	insensitive	mutants	[BIMs]	of	P.	syringae	pv.	actinidiae	

ICMP	18800	were	isolated	for	22	out	of	the	24	phages.	We	could	not	isolate	BIMs	

for	 Psa21	 and	 Psa173	 using	 the	 same	 method,	 which	 is	 probably	 due	 to	 the	

difficulty	 of	 generating	 completely	 lysed	 bacterial	 lawns	with	 these	 phages.	 The	

ability	 of	 each	 phage	 to	 infect	 every	 spontaneous	BIM	was	 determined	 by	 semi-

quantitatively	measuring	the	EOP	for	all	524	combinations	[Fig.	1;	see	also	Data	Set	

S5	in	the	supplemental	material].	In	one	case,	resistance	against	Psa316	resulted	in	

resistance	 to	all	 other	phages.	 Interestingly,	Psa316	could	 still	 infect	most	of	 the	

other	BIMs	 isolated	against	other	phages.	BIMs	 isolated	 following	challenge	with	

phages	Psa1,	Psa17,	Psa267,	Psa300,	Psa315,	Psa316,	Psa317,	and	Psa410	resulted	

in	 resistance	against	most,	 but	not	 all,	 phages.	Phages	Psa17,	Psa21,	 and	Psa173	

generally	 could	 infect	 the	 majority	 of	 BIMs,	 which	 might	 reflect	 their	 distinct	

morphologies	and	possible	alternative	receptors	 [Fig.	2].	Unfortunately,	 since	we	
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did	 not	 have	 BIMs	 against	 Psa21	 and	 Psa173,	 we	 could	 not	 check	 for	 their	

resistance	to	other	phages.	Phages	Psa268,	Psa281,	and	Psa381	could	infect	many	

of	the	BIMs,	but	some	displayed	a	reduced	EOP.	Overall,	these	single	spontaneous	

BIMs	provide	one	snapshot	of	 the	possible	phage	resistance	profiles.	 In	addition,	

different	 mutations	 will	 enable	 resistance,	 and	 by	 chance	 some	 will	 have	 more	

severe	 consequences	 and	 therefore	 affect	 sensitivity	 to	 a	wider	 range	 of	 phages.	

For	example,	mutations	 in	 the	 inner	 core	of	 lipopolysaccharide	will	have	greater	

effects	than	mutations	that	alter	the	O	antigen.	Determining	the	receptors	used	by	

these	 phages	 will	 require	 further	 work.	 However,	 these	 results	 indicate	 that	

resistance	profiling	might	be	a	useful	tool	to	aid	in	the	careful	selection	of	phages	

to	reduce	the	emergence	of	resistance.		

	

The	P.	syringae	pv.	actinidiae	phages	are	not	detectably	 lysogenic	or	transducing.	

Phages	 used	 for	 biocontrol	 should	 not	 genetically	 modify	 the	 pathogen	 through	

lysogenic	conversion	[62].	Consequently,	the	24	phages	were	tested	to	establish	if	

they	were	 temperate	 and	 capable	 of	 lysogeny.	 Lysogens	 contain	 a	 prophage	 and	

are	 typically	 resistant	 to	 reinfection	 by	 the	 same	 phage,	 which	 results	 in	 turbid	

plaques	via	 superinfection	 immunity.	We	 tested	 the	 supernatants	of	 all	 the	BIMs	

for	 the	 spontaneous	 release	 of	 phage	 particles,	 and	 no	 plaquing	 was	 observed	

when	 they	were	 tested	 against	P.	 syringae	 pv.	 actinidiae	 ICMP	 18800.	 However,	

since	we	did	not	 isolatePsa21-	orPsa173-resistant	mutants,	we	did	not	test	 these	

for	 lysogeny.	 In	addition,	all	of	 the	phage	 isolates,	except	Psa173,	produced	clear	

plaques,	 indicative	 of	 virulent	 phages.	 Interestingly,	 Psa173	 infected	 the	 less	

virulent	P.	syringae	pv.	actinidiae	ICMP	18804	strain	and	gave	larger	clear	plaques	

than	P.	syringae	pv.	actinidiae	 ICMP	18800,	where	turbid	plaques	were	observed.	

Turbid	plaque	formation	by	Psa173	indicates	that	this	phage	might	be	temperate,	

but	 this	 requires	 further	 analysis	 since	 turbid	 plaques	 can	 result	 from	 other	

properties,	such	as	the	exopolysaccharides	produced	by	the	bacterial	host	[63].		

	

The	DNA	packaging	mechanisms	of	some	phages	have	a	lower	fidelity,	resulting	in	

the	 rare	 inclusion	 of	 bacterial	 DNA	 during	 phage	 assembly	 [62].	 As	 a	 result,	
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transduction	can	lead	to	the	movement	of	host	DNA,	such	as	resistance	genes	and	

virulence	determinants,	between	bacterial	species,	which	is	undesirable	for	a	BCA.	

None	 of	 the	 24	 phages	 were	 able	 to	 transfer	 the	 kanamycin	 resistance	 cassette	

from	a	P.	syringae	pv.	actinidiae	ICMP	18800	transposon	mutant	to	the	unmarked	

wild-type	 P.	 syringae	 pv.	 actinidiae	 ICMP	 18800	 strain	 [Table	 2].	 Together,	 the	

results	 from	 the	 lysogeny	 and	 transduction	 assays	 show	 that	 all	 24	 phages	 are	

incapable	of	generalized	transduction	under	the	conditions	tested	and,	 therefore,	

might	be	suitable	as	BCAs.	P.	syringae	pv.	actinidiae	phages	are	Caudovirales.	The	

morphology	 of	 the	 24	 P.	 syringae	 pv.	 actinidiae	 phages	 was	 examined	 by	

transmission	 electron	 microscopy	 [TEM]	 [Fig.	 2;	 see	 also	 Fig.	 S2	 in	 the	

supplemental	 material].	 The	 phages	 belong	 to	 the	 Myoviridae	 [22	 phages],	

Podoviridae	[Psa17],	or	Siphoviridae	[Psa173]	families	of	the	order	Caudovirales.	

For	the	Myoviridae,	where	possible,	images	of	both	contracted	and	extended	tails	

are	shown	[Fig.	2;	see	also	Fig.	S2].	The	dimensions	of	the	icosahedral	phage	heads	

and	 the	 entire	 phage,	 as	 measured	 from	 at	 least	 four	 particles,	 are	 provided	 in	

Table	 2.	 All	 members	 of	 the	 Myoviridae,	 with	 the	 exception	 of	 the	 large	 Psa21,	

appeared	 very	 similar	 in	 size	 and	 might	 be	 closely	 related.	 However,	 they	 are	

unlikely	 to	 be	 identical	 due	 to	 their	 different	 host	 range	 profiles	 [Table	 1].	 In	

summary,	 from	 this	 morphological	 characterization,	 it	 was	 possible	 to	 clearly	

distinguish	four	morphotypes	of	the	P.	syringae	pv.	actinidiae	phages.		

	

To	further	differentiate	between	the	24	phages,	genomic	DNA	was	extracted,	and	

the	approximate	size	and	restriction	patterns	were	analyzed.	Estimates	of	genome	

size	 by	 PFGE	 indicated	 that	 the	 Psa173	 genome	 size	was110	 kb,	 Psa17	was	 the	

smallest	at	30	kb,	and	21	phages	had	genome	sizes	of	95	kb	[Table	2;	see	also	Fig.	

S3	 in	 the	 supplemental	 material].	 The	 Psa21	 genome	 could	 not	 be	 accurately	

resolved	by	PFGE	despite	multiple	attempts.	A	preliminary	draft	assembly	of	Psa21	

genome	sequence	data	suggests	this	is	a	“giant”	or	“jumbo”	phage	with	a	genome	of	

300	kb	[unpublished	data].	The95-kb	estimated	size	of	the	21	Myoviridae	genomes	

supports	the	morphological	data	and	infers	they	are	closely	related.		
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To	 investigate	 more	 subtle	 differences	 in	 phage	 sequences,	 the	 DNAwas	 also	

analyzed	 by	 restriction	 digestion.	 NheI	 and	 SphI	 cut	 the	 majority	 of	 the	 phage	

genomes	 [Fig.	 3].	 Two	 groups	 of	 phages	 showed	 identical	 restriction	 patterns,	

suggesting	 that	 they	were	 identical	 or	 very	 closely	 related	 [group	1,	 Psa292	and	

Psa300;	group	2,	Psa331,	Psa343,	and	Psa347].	 Indeed,	 the	 resistance	profiles	of	

each	of	these	two	phage	groups	were	very	similar.		

	

Myoviridae	 genome	 sequences.	 To	 investigate	 how	 closely	 related	 the	 group	 of	

Myoviridae	phages	were,	the	genomes	of	nine	Myoviridae	phages	[Psa267,	Psa300,	

Psa315,	 Psa347,	 Psa374,	 Psa381,	 Psa397,	 Psa410,	 and	 Psa440]	 were	 sequenced	

using	 the	 Illumina	MiSeq	platform.	An	 average	 of	 1.3	 106	 reads	 per	 phage	were	

obtained	 to	 produce	 an	 average	 depth	 of	 coverage	 of	 2,000	 times,	 based	 on	 the	

estimated	 95-kb	 genome	 size.	 The	 sequencing	 reads	 of	 Psa374	were	 assembled	

into	a	single,	circular	genome	consisting	of	97,761	bp	with	a	GC	content	of	47.4%.	

This	assembly	correlated	well	with	the	PFGE	data	and	demonstrates	the	usefulness	

of	 PFGE	 to	 aid	 and	 verify	 genome	 assembly.	 Eleven	 tRNA	 genes	 and	 173	 coding	

sequences	[CDS]	were	identified	in	Psa374.	Comparison	of	Psa374	to	JG004	[58],	a	

member	 of	 the	 Myoviridae	 that	 infects	 P.	 aeruginosa,	 shows	 that	 the	 genome	

organization	is	similar	even	though	the	level	of	sequence	similarity	is	low	[Fig.	4].	

Only	46	regions	longer	than	55	bp	in	Psa374	and	JG004	were	found	to	have	greater	

than	65%	sequence	 similarity.	Mapping	 the	Psa374	 reads	back	 to	 the	assembled	

Psa374	 genome	 showed	 that	 there	 was	 even	 coverage	 over	 the	 genome,	 except	

where	coverage	is	increased	at	one	point	[Fig.	5,	inner	ring].	This	spike	in	coverage	

is	likely	due	to	terminal	redundancy	at	the	genome	ends	[64],	suggesting	a	linear	

genome.	 Indeed,	 the	 genome	 of	 the	 related	 Pseudomonas	 phage,	 PaP1,	 contains	

1,190	bp	of	terminal	redundancy	[65].	As	the	remaining	eight	genomes	were	likely	

to	be	highly	similar	to	the	genome	of	Psa374,	the	Psa374	assembly	was	used	as	a	

reference	to	which	the	reads	from	the	other	phages	were	mapped,	as	shown	in	Fig.	

5.	 The	 eight	 genomes	 are	 very	 similar	 to	 the	 genome	 of	 Psa374,	 with	 90%	

nucleotide	 identity	 over	 almost	 the	 entire	 length	 of	 the	 reference	 genome.	

However,	they	all	have	clear	differences	compared	with	the	reference	genome	and	
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each	other,	as	demonstrated	by	both	the	breaks	 in	sequence	similarity,	shown	as	

white	gaps	in	the	colored	rings,	and	by	different	percent	nucleotide	identities	[Fig.	

5].		

	

Typical	 for	 phage	 genomes,	 the	majority	 [169	 out	 of	 173]	 of	 the	 CDS	 identified	

using	 automated	 RAST	 annotation	 in	 the	 Psa374	 genome	 were	 of	 unknown	

function.	 However,	 of	 particular	 interest,	 we	 found	 that	 all	 nine	 phage	 genomes	

contain	 a	 cluster	of	 four	 genes	 related	 to	 tellurium	 resistance,	 highlighted	 in	 the	

outer	ring	of	Fig.	5	 in	 teal	at	4	 to	6	kbp.	The	 first	 three	genes	are	similar	 to	 terD	

[50.5%	similarity	 over	198	 amino	 acids],	 terC	 [27.1%	similarity	 over	373	 amino	

acids],	 and	 terF	 [24.7%	 similarity	 over	 417	 amino	 acids]	 from	 the	 terZABCDEF	

system	 of	 plasmid	 R478	 originally	 isolated	 from	 Serratia	 marcescens	 [66]	

[GenBank	accession	number	U59239.2],	and	the	fourth	gene	shares	similarity	with	

telA	 [37.8%	 similarity	 over	 418	 amino	 acids]	 from	 the	 telAB	 system	 of	 plasmid	

RK2Te-r	 from	Klebsiella	aerogenes	 [67]	 [DDBJ	accession	number	M62846.1].	The	

terZABCDEF	 and	 telAB	 operons	 confer	 resistance	 to	 tellurium	 [66,	 67].	 The	

terZABCDEF	operon	also	mediates	resistance	to	phages	and	colicins	[66].	Tellurite	

has	been	used	in	selective	medium	for	the	isolation	of	pathogens	such	as	Shigella	

and	 E.	 coli,	 but	 the	 role	 of	 tellurium	 resistance	 genes	 is	 unknown	 [68].	 Genes	

related	 to	 tellurium	 resistance	 [terB]	 have	 also	 been	 found	 in	 phages	 that	 infect	

Salmonella	 [69]	 and	 Cronobacter	 [GenBank	 accession	 number	 NC019402].	 The	

importance	of	 this	cluster	of	genes	 in	 the	nine	Myoviridae	phages	 is	unknown	as	

they	 do	 not	 comprise	 a	 full	 tellurium	 resistance	 system,	 and	 the	 function	 of	 the	

individual	genes	is	not	known.		

One	gene	of	interest	[Fig.	5,	outer	ring	44	to	46	kbp]	is	the	putative	tape	measure	

protein,	which	varies	between	some	of	the	phages.	The	predicted	function	of	this	

gene	was	determined	by	comparison	to	JG004.	The	length	of	these	genes	correlates	

to	 the	 length	 of	 the	phage	 tail,	 but	 these	proteins	 are	 also	 thought	 to	 play	 other	

roles	during	infection	[70,	71].	It	is	possible	that	the	observed	variation	in	the	tape	

measure	 gene	 could	 contribute	 to	 the	 differences	 in	 host	 range	 and	 resistance	

profiles.	Based	on	genome	size	and	morphology,	we	conclude	 that	 there	are	 four	
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major	phage	 groups	 [represented	by	Psa374,	 Psa17,	 Psa21,	 and	Psa173]	with	 at	

least	 21	 different	 phage	 sequence	 types	 in	 this	 collection	 of	 24	 phages.	 Genome	

sequencing	 has	 shown	 that	 the	 dominant	 Myoviridae	 type	 contains	 a	 closely	

related	sequence	family.	The	details	of	the	isolation	and	characterization	of	all	the	

24	P.	syringae	pv.	actinidiae	phages	are	summarized	in	Table	2.		

	

Identification	of	a	possible	phage-carrier	bacterium	combination.	One	aim	of	 this	

study	was	to	identify	a	nonpathogenic	bacterium	to	enable	phage	amplification	in	

the	laboratory	and	in	the	environment.	Use	of	such	a	“carrier”	bacterium	has	been	

investigated	previously	with	Pantoea	agglomerans	as	the	carrier	for	phage	to	treat	

fire	blight	in	apples	and	pears	caused	by	Erwinia	amylovora	[36–38,	63,	72,	73].	P.	

agglomerans	is	proposed	to	enhance	the	survival	of	phages	in	the	environment	by	

supporting	their	replication,	but	there	may	also	be	protective	biocontrol	effects	of	

the	 carrier	 bacterium	 alone	 [reviewed	 in	 reference	 33].	 Bacteria	 were	 isolated	

from	 several	 commercially	 available	 biocontrol	 products,	 Bio	 Sol	 B	 Sub	 Plus	

[Biological	Solutions,	Ltd.],	SoilFx	[AgTurf	Products],	Superzyme	[JH	Biotech,	Inc.],	

Blossom	Bless	[Grow-Chem	NZ,	Ltd.],	and	BlightBan	A506	[Nufarm	Americas,	Inc.],	

and	screened	against	 the	bank	of	phages	[data	not	shown;	see	Data	Set	S3	 in	 the	

supplemental	material].	 None	 of	 these	 commercial	 biocontrol	 agents	 provided	 a	

suitable	carrier.		

From	the	host	range	tests	of	our	bacterial	isolates	from	kiwifruit,	a	single	putative	

phage-nonpathogenic	 carrier	 strain	 combination	 was	 identified.	 Psa17	 infected	

strain	P.	fluorescens	ABAC62,	albeit	with	a	10-fold	decrease	in	titer,	relative	to	P.	

syringae	pv.	actinidiae	[Table	1].	Passage	of	Psa17	on	ABAC62	did	not	increase	the	

EOP	 relative	 to	 that	 of	 P.	 syringae	 pv.	 actinidiae,	 suggesting	 that	 restriction	

modification	was	not	involved	[data	not	shown].	Therefore,	the	potential	exists	to	

use	P.	 fluorescens	 ABAC62	with	 Psa17	 as	 a	 phage-carrier	 combination	 for	 phage	

biocontrol	of	P.	syringae	pv.	actinidiae.		
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Discussion	

P.	syringae	pv.	actinidiae	has	reemerged	as	a	major	pathogen	of	kiwifruit,	causing	

severe	 outbreaks	 of	 bacterial	 canker	 throughout	 many	 parts	 of	 the	 world	 [20].	

Given	that	this	disease	causes	significant	economic	impacts	on	fruit	production	and	

can	 lead	 to	 the	 destruction	 of	 entire	 orchards,	 approaches	 for	 control	 and	

prevention	are	actively	sought.	In	this	study,	we	isolated	and	characterized	a	suite	

of	phages	that	could	infect	this	phytopathogen,	with	the	longer-term	goal	of	testing	

and	 developing	 phage-based	 biocontrol	 solutions.	 In	 total,	 high-throughput	

isolation	and	host	range	screening	resulted	in	a	set	of	275	phages	which	infected	P.	

syringae	 pv.	 actinidiae	 virulent	 strains	 or	 other	 related	 bacteria	 from	 kiwifruit	
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orchards,	including	P.	syringae	pv.	actinidiae	less	virulent	strains	or	P.	agglomerans	

[Pan363].	 The	 host	 range	 of	 individual	 phages	 is	 narrow,	 suggesting	 that	 the	

development	of	a	cocktail	of	phages	with	activity	against	P.	syringae	pv.	actinidiae	

V	 or	 other	 related	 pathogens	 would	 have	 minimal	 impact	 on	 the	 remaining	

microflora.		

	

The	phages	analyzed	all	belonged	 to	 the	Caudovirales	order	with	members	of	all	

three	 families:	 Siphoviridae,	Podoviridae,	 and	Myoviridae.	Based	on	genome	 size	

and	 morphology,	 four	 clearly	 distinct	 phage	 types	 were	 identified	 with	 a	

siphovirus,	podovirus,	a	large	Myovirus,	and	21	similar	members	of	the	Myoviridae	

[Fig.	2;	see	also	Fig.	S2	in	the	supplemental	material].	These	21	Myoviridae	phages	

are	 indistinguishable	 based	 on	 morphology	 and	 approximate	 genome	 size.	

Numerous	 studies	 have	 examined	 phages	 that	 infect	 Pseudomonas	 species,	 and	

more	than	97%	observed	by	electron	microscopy	belong	to	the	Caudovirales	[74].	

In	 our	 current	 study,	 examples	 from	 all	 three	 families	 that	 comprise	 this	 order	

were	 isolated,	 consistent	 with	 a	 worldwide	 survey	 of	 phages	 that	 infect	 P.	

aeruginosa	 [75].	Our	phage	 isolation	procedure	 selected	 for	 chloroform-resistant	

phages	and	those	that	form	visible	plaques	on	0.35%	agar.	Indeed,	a	small	number	

of	original	plaques	were	unstable,	and	titers	for	these	could	not	be	redetermined.	

Therefore,	 we	 have	 detected	 only	 a	 subset	 of	 P.	 syringae	 pv.	 actinidiae	 phages	

present	in	New	Zealand.		

	

Genome	sizes	of	Pseudomonas	phages	 typically	range	 from	37	 to	93	kb	and	 from	

200	 to	 300	 kb	 for	 giant	 Myoviridae	 phages	 [74].	 Interestingly,	 preliminary	

sequence	data	indicate	that	Psa21	has	a	large,	300-kb,	genome	[unpublished	data].	

The	 smaller	 range	 also	 corresponds	 to	 the	 genome	 sizes	 for	 the	 nine	 phages	

characterized	 by	 DNA	 sequencing	 [i.e.,	 Psa374].	 JG004,	 vBPaeMc2-10Ab1,	 PaP1,	

and	 PAKP1	 are	 highly	 similar	 phages,	 with93-kb	 genomes,	 which	 infect	 P.	

aeruginosa	[58,	65,	76,	77].	Genome	comparison	of	Psa374	to	JG004	revealed	a	low	

level	of	similarity	in	several	genomic	regions,	suggesting	that	Psa374	and	the	other	

eight	sequenced	phages	are	more	distantly	related	to	JG004	than	other	members	of	
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this	related	group	of	Myoviridae	that	 infect	P.	aeruginosa.	Further	analysis	of	the	

21	Myoviridae	phages	using	a	combination	of	host	range,	restriction	digestion,	and	

genome	sequencing	demonstrated	that	they	are	very	similar	but	not	identical.		

	

The	sequencing	of	more	phage	genomes	will	be	essential,	however,	 to	determine	

whether	the	other	phages	in	our	collection	are	appropriate	BCAs.	For	example,	we	

identified	 the	presence	of	 genes	 related	 to	 tellurium	resistance.	However,	due	 to	

the	shuffled	gene	organization	and	paucity	of	knowledge	about	the	mechanism	of	

tellurite	 resistance,	 it	 is	difficult	 to	draw	conclusions	about	 the	 function	of	 these	

genes	and	whether	they	are	a	concern	for	use	in	a	BCA.	Tellurium	resistance	genes	

may	 prove	 important	 for	 bacterial	 virulence	 since	 they	 have	 previously	 been	

identified	in	a	range	of	bacterial	pathogens	[68].	Various	features	are	desirable	for	

phage-based	BCAs,	including	stability	and	a	lack	of	lysogeny	and	transduction.		

	

We	 did	 not	 detect	 lysogeny,	 suggesting	 that	 the	 phages	 are	 unlikely	 to	 transfer	

genetic	 information	to	P.	syringae	pv.	actinidiae.	However,	 this	does	not	preclude	

lysogenization	of	untested	bacteria	or	under	alternative	conditions.	Furthermore,	

phages	 Psa21	 and	 Psa173	 were	 not	 examined,	 and	 Psa173	might	 be	 temperate	

since	it	forms	turbid	plaques.	We	did	not	observe	any	transduction	by	the	phages,	

but	 transduction	could	occur	at	a	 rate	below	our	 limit	of	detection.	Finally,	most	

phages	were	 stable	 for	 6	months	 at	 either	 4°C	 or	 25°C.	 Therefore,	 these	 phages	

display	 the	basic	properties	 required	 for	use	 in	phytopathogen	biocontrol.	There	

are	a	number	of	challenges	in	the	implementation	of	phage	therapy		in	agriculture	

[32–34,	 38].	 For	 example,	 phage	 resistance	 needs	 to	 be	 considered.	 To	 enable	 a	

more	 rational	 design	 of	 a	 phage	 cocktail	 that	 reduces	 the	 likelihood	 of	 phage	

resistance	developing,	we	 isolated	phage-resistant	bacterial	mutants	and	utilized	

an	extensive	resistance	assay.		

	

We	 are	 not	 aware	 of	 other	 studies	 using	 this	 approach,	 and,	 although	 it	 only	

provides	a	snapshot	of	resistance	to	the	phages,	it	can	identify	clear	differences	in	

host	 susceptibility	 to	 particular	 phages	 [Fig.	 1].	 This	 technique	 will	 aid	 the	
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informed	design	of	cocktails	of	phages	that	are	likely	to	have	different	receptors	or	

infection	strategies.	The	mechanisms	of	phage	resistance	are	diverse	and	 include	

the	modification	of	 the	 cell	 surface	 [i.e.,	 receptor	mutation	or	 receptor	masking],	

injection	 blocking,	 restriction	 modification,	 abortive	 infection,	 and	 clustered	

regularly	 interspaced	 short	 palindromic	 repeat	 [CRISPR]-Cas	 systems	 [78,	 79].	

From	 our	 analysis,	 the	 mechanism	 of	 resistance	 was	 not	 determined,	 but	

spontaneous	mutants	are	most	likely	to	have	undergone	a	loss	of	function,	such	as	

receptor	mutation.	Due	 to	 the	systemic	nature	of	bacterial	canker	of	kiwifruit	 [4,	

20],	phage	therapy		is	best	suited	as	a	preventative	strategy.	However,	the	natural	

environment,	e.g.,	water,	wind,	rain,	and	sunlight,	 influences	the	success	of	phage	

treatment.	 One	major	 factor	 affecting	 phage	 longevity	 in	 the	 phyllosphere	 is	 UV	

light.	 Trials	 have	 been	 performed	with	 protective	 formulations	 [42]	 and	 carrier	

bacteria	[38,	72]	to	improve	viral	survival.	Here,	we	had	limited	success	with	the	

identification	 of	 a	 carrier	 bacterium	 isolated	 from	 kiwifruit	 orchards,	 but	 a	

possible	 P.	 fluorescens	 strain	 was	 identified.	 It	 will	 be	 necessary	 to	 test	 if	 this	

strain	 is	 completely	nonpathogenic	and	 if	 it	will	 influence	any	phage	 treatments.	

Finally,	in	addition	to	characterizing	a	bank	of	phages	for	use	as	possible	BCAs,	we	

showed	that	phage	typing	might	be	suitable	for	the	differentiation	of	strains	of	P.	

syringae	pv.	actinidiae	and	related	bacteria.		

	

The	host	range	data	clearly	demonstrate	that	the	P.	syringae	pv.	actinidiae	isolates	

from	different	geographical	sources	are	distinct.	In	particular,	Japanese	and	South	

Korean	P.	syringae	pv.	actinidiae	isolates	are	quite	different	from	those	from	both	

New	Zealand	and	Italy.	This	is	consistent	with	the	genetic	data	on	the	origins	and	

relatedness	 of	 these	 strains,	 which	 showed	 that	 the	 New	 Zealand	 and	 Italian	

strains	 are	 very	 closely	 related,	 with	 only	 a	 few	 SNPs	 and	 differences	 in	

horizontally	acquired	 islands	 [21,	22,	24].	 It	 is	 reassuring	 that	most	phages	have	

the	ability	to	infect	both	New	Zealand	and	Italian	P.	syringae	pv.	actinidiae	strains,	

demonstrating	that	development	of	a	phage-based	BCA	using	our	repository	might	

be	 applicable	 both	 in	 New	 Zealand	 and	 Europe.	 The	 host	 range	 screening	 also	

confirmed	 that	 P.	 syringae	 pv.	 actinidiae	 isolates	 within	 each	 country	 are	 not	
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entirely	clonal.	In	particular,	New	Zealand	strains	originally	considered	P.	syringae	

pv.	 actinidiae	 less	 virulent	 showed	 a	 significantly	 different	 profile	 of	 phage	

susceptibility	than	the	highly	aggressive	P.	syringae	pv.	actinidiae	virulent	strains	

that	 have	 proven	 so	 damaging	 since	 their	 emergence	 in	 New	 Zealand.	 The	

aggressive	strains	are	thought	to	have	spread	largely	through	clonal	expansion,	yet	

our	 host	 range	 data	 indicate	 that	 there	 are	 detectable	 differences	 in	 phage	

infection	 between	 some	 isolates	 [Table	 1].	 A	 further	 detailed	 comparison	 of	

multiple	New	Zealand	strains	is	required	to	determine	if	these	differences	involve	

receptor	 alterations,	 or	 other	 resistance	 mechanisms.	 P.	 syringae	 pv.	 actinidiae	

virulent	strains	are	predicted	to	have	entered	New	Zealand	very	recently	and	have	

not	 been	 detected	 in	 the	 South	 Island	 [22].	 However,	 we	 have	 isolated	 many	

phages	from	the	South	Island	that	infect	P.	syringae	pv.	actinidiae	virulent	strains,	

which	 might	 indicate	 that	 their	 native	 host	 is	 a	 closely	 related	 pseudomonad	

already	present	in	the	country.		

	

In	 summary,	 we	 have	 reported	 the	 first	 isolation	 and	 characterization	 of	 an	

extensive	 set	 of	 P.	 syringae	 pv.	 actinidiae	 phages.	We	 have	 determined	 that	 the	

majority	of	phages	have	a	very	specific	host	range	for	P.	syringae	pv.	actinidiae	and	

do	not	affect	any	nonpathogenic	bacteria	isolated	from	kiwifruit	plants.	Thus,	they	

have	 the	 potential	 to	 act	 as	 BCAs	 in	 the	 fight	 against	 this	 major	 horticultural	
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Abstract	

Pseudomonas	 aeruginosa	 is	 one	 of	 the	 Multi-Drug-Resistant	 organisms	 most	

frequently	 isolated	 worldwide	 and,	 because	 of	 a	 shortage	 of	 new	 antibiotics,	

bacteriophages	 are	 considered	 an	 alternative	 for	 its	 treatment.	 Previously,	 P.	

aeruginosa	phages	were	 isolated	and	best	candidates	were	chosen	based	on	 their	

ability	to	form	clear	plaques	and	their	host	range.	This	work	aimed	to	characterize	

one	 of	 those	 phages,	 ΦPan70,	 preliminarily	 identified	 as	 a	 good	 candidate	 for	

phage	 therapy	 .	 We	 performed	 infection	 curves,	 biofilm	 removal	 assays,	

transmission-electron-microscopy,	 pulsed-field-gel-electrophoresis,	 and	 studied	

the	 in	 vivo	 ΦPan70	 biological	 activity	 in	 the	 burned	mouse	model.	ΦPan70	was	

classified	as	a	member	of	 the	Myoviridae	 family	and,	 in	both	planktonic	cells	and	

biofilms,	 was	 responsible	 for	 a	 significant	 reduction	 in	 the	 bacterial	 population.	

The	 burned	 mouse	 model	 showed	 an	 animal	 survival	 between	 80%	 and	 100%,	

significantly	 different	 from	 the	 control	 animals	 [0%].	 However,	 analysis	 of	 the	

ΦPan70	 genome	 revealed	 that	 it	 was	 64%	 identical	 to	 F10,	 a	 temperate	 P.	

aeruginosa	 phage.	 Gene	 annotation	 indicated	 ΦPan70	 as	 a	 new,	 but	 possible	
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temperate	 phage,	 therefore	 not	 ideal	 for	 phage	 therapy	 .	 Based	 on	 this,	 we	

recommend	genome	sequence	analysis	as	an	early	step	to	select	candidate	phages	

for	potential	application	 in	phage	therapy	 ,	before	entering	 into	a	more	 intensive	

characterization.	

Keywords:	 phage	 therapy	 ;	 Pseudomonas	 aeruginosa;	 multiple	 drug	 resistance;	

phage	genomics	

	

	

Introduction	

The	 World	 Health	 Organization	 [WHO]	 considers	 infections	 caused	 by	 Multiple	

Drug	 Resistant	 bacteria	 [MDR]	 a	 major	 public	 health	 problem	 [1].	 One	 of	 the	

organisms	contributing	to	this	problem	is	Pseudomonas	aeruginosa	MDR,	which	is	

an	opportunistic	gram-negative	pathogen.	P.	aeruginosa	has	the	ability	to	colonize	

catheters,	 breathing	 tubes,	 and	 [infrequently]	 surgical	 tools;	 as	 a	 result,	 it	 can	

cause	 among	 others	 things,	 burn	 infections,	 bacteremia,	 septicemia,	 respiratory	

infections	and	rarely,	recurrent	endocarditis,	mainly	in	immunosuppressed	patients	

[2,3].	Furthermore,	P.	aeruginosa	has	a	high	prevalence	in	Intensive	Care	Units	[ICUs]	

because	 of	 the	 ability	 to	 form	 biofilms	 on	 catheters,	 heart	 valves	 and	 breathing	

tubes	 [4].	 In	 Bogotá,	 Colombia,	 P.	 aeruginosa	 is	 among	 the	 five	 most	 common	

organisms	 isolated	 in	hospitals,	 according	 to	data	 reported	by	 the	Group	 for	 the	

Control	 of	Bacterial	Resistance	 in	Bogota	 [GREBO]	 [5]	 and,	 like	 elsewhere	 in	 the	

world,	is	resistant	to	multiple	antibiotics.	

	

In	recent	years,	both	the	frequency	of	MDR	microorganisms,	as	well	as	the	number	

of	antibiotics	 to	which	bacteria	are	 resistant,	has	 increased	rapidly.	A	number	of	

ICUs	have	reported	incidents	of	P.	aeruginosa	infections	resistant	to	every	available	

antibiotic,	leaving	a	patient	with	no	viable	treatments.	The	problem	is	compounded	

when	the	search	for	new	antibiotics	is	expensive,	arduous	and	not	incentivized.	It	 is	

often	not	profitable	for	pharmaceutical	companies	to	develop	new	antimicrobials,	

especially	when	resistant	strains	are	 found	within	 less	 than	two	years	after	 their	

introduction	[6].	
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After	 Frederick	 Twort	 and	 Felix	 d'Herelle	 discovered	 bacteriophages	 [phages;	

viruses	that	infect	bacteria]	in	the	1910s,	phages	have	been	studied	extensively	for	

their	potential	to	control	bacterial	infections	[7,8].	However,	due	to	the	early	lack	

of	understanding	about	phages,	various	dubious	claims	about	 their	efficacy	were	

raised.	 In	 addition,	 the	 emergence	 of	 penicillin	 prompted	 research	 efforts,	

especially	in	the	West,	to	focus	on	the	identification	and	synthesis	of	antibiotics.	

	

The	 difficulty	 of	 establishing	 the	 use	 of	 viruses	 as	 antimicrobial	 treatments,	 and	

the	lack	of	clarity	in	defining	the	precedent	for	a	regulatory	process,	are	some	of	the	

factors	 that	 have	 impeded	 the	 development	 and	 extensive	 use	 of	 phages	 as	

therapeutics.	A	few	countries	have	continued	to	use	phages	and	have	shown	their	

efficacy	 in	 patients	 with	 infections	 caused	 by	 P.	 aeruginosa	 and	 Staphylococcus	

aureus	 MDR	 [9,10].	 However,	 the	 regulatory	 bodies	 of	 the	 Eastern	 European	

countries	 that	 utilize	 phages	 do	 not	 have	 the	 same	 standards	 for	 approval	 of	

therapeutics	 that	 exist	 in	 other	 western	 countries	 [11].	 Acceptance	 of	 phage	

products	would	also	require	phage	production	facilities	and	procedures	to	comply	

with	the	Good	Manufacturing	Practices	[cGMP].	

	

Responding	 to	 the	calls	of	 local	physicians	 in	desperate	need	of	new	alternatives	

for	the	control	of	MDR	pathogens,	several	bacteriophages	against	P.	aeruginosa	MDR	

were	 isolated	 [12]	 and	 characterized	 to	 select	 the	 best	 candidates	 for	 phage	

therapy	 .	Host	 ranges,	 genome	size,	morphology,	 its	 activity	 against	biofilms	and	

planktonic	 cells	 in	 vitro,	 and	 in	 vivo	 using	 mouse	 models	 and,	 lastly,	 genomic	

sequencing	 and	 annotation	 were	 performed	 for	 phage	 ΦPan70.	 Regular	 phage	

characterization	involves	all	the	aspects	mentioned,	and	genomics	is	typically	one	

of	 the	 later	 steps	 [13].	 Genome	 sequencing	 and	 annotation	 is	 important	 for	 the	

assessing	of	presence	of	potential	 toxins	and	genes	associated	with	 the	 lysogenic	

cycle,	which	 is	 one	 concern	when	 the	 therapeutic	phage	 application	 is	 discussed	

[13].	 In	 this	 study,	 the	 genome	 analysis	 contradicted	 the	 previous	 collected	

evidence	that	suggested	ΦPan70	as	a	good	candidate	for	phage	therapy		,	showing	
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that	researchers	should	consider	genomics	as	an	early	step	in	the	characterization	

of	phages	intended	for	therapeutic	application.	

	

Materials	and	Methods	

Bacterial	Strains	

Three	non-mucoid,	MDR	strains	of	P.	aeruginosa	from	Hospital	Federico	Lleras	de	

Ibagué	 were	 used	 in	 this	 study:	 P.	 aeruginosa	 P1,	 P.	 aeruginosa	 P3,	 and	 P.	

aeruginosa	 P4.	 P.	 aeruginosa	 P1	 was	 resistant	 to	 ciprofloxacin,	 gentamicin,	

imipenem,	meropenem,	ceftazidime	and	had	intermediate	resistance	to	aztreonam	

and	 cefepime	 sensitivity;	 P.	 aeruginosa	 P3	 was	 resistant	 to	 all	 antibiotics	 listed	

above;	 P.	 aeruginosa	 P4	 showed	 resistance	 to	 ceftazidime,	 ciprofloxacin,	

gentamicin,	 imipenem,	 meropenem,	 intermediate	 resistance	 to	 cefepime	 and	

sensitivity	to	aztreonam	[Table	S1].	Bacterial	identification	was	carried	out	at	the	

hospital	and	confirmed	by	16S	ribosomal	DNA	[rDNA]	gene	sequencing	[14].	Four	

additional	 P.	 aeruginosa	 clinical	 strains	 [M1C1,	 Clínica	 del	 Prado	 Santa	 Marta;	

M4C1,	 Clínica	 Palermo	 Bogotá;	 M5C1,	 Clínica	 Palermo	 Bogotá;	 M8C1,	 Clínica	

Palermo	Bogotá];	two	Pseudomonas	sp.	environmental	strains	[M6A1,	M19A1];	one	

Escherichia	 coli	 strain;	 and	 one	 Salmonella	 enterica	 subsp.	 enterica	 serovar	

Enteritidis	strain,	were	used	to	test	the	host	range	of	the	phages.	

	

Bacterial	Culture	Conditions	

P.	aeruginosa	was	grown	 in	Lysogeny	Broth-LB	 [NaCl	1%	w/v,	 tryptone	1%	w/v,	

yeast	 extract	 0.5%	 w/v.	 All	 mediums	 were	 brand	 OXOIDTM	 LTD,	 Basingstoke,	

Hampshire,	England]	and	salts	minimal	medium	[SMM]	enriched	with	glucose	[per	

liter:	3.5	g	KH2PO4,	1	g	[NH4]2HPO4,	1.2	g	MgSO4,	5	g	glucose,	12	mL	trace	elements;	

composition	 of	 the	 trace	 element	 solution	 per	 liter:	 60	mg	 ferric	 citrate,	 8.4	mg	

EDTA	 III,	 2.76	mg	 CoCl2.6H2O,	 15	mg	MnCl2.4H2O,	 8.4	mg	 zinc	 acetate,	 2.67	mg	

Na2MoO4.2H2O,	 3.3	mg	H3BO3,	 1.5	mg	 CuCl2.2H2O]	 [14]	 [not	 specific	 brand].	 Salt	

Magnesium	 [SM]	 buffer	 [10	 mM	 Tris	 Base	 pH	 7.4,	 10	 mM	 MgSO4,	 0.02%	 w/v	

gelatin,	100	mM	NaCl]	[15]	[not	specific	brand]	was	used	to	store	viruses.	Soft	LB	
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agarose	was	used	[LB	plus	2.5	g	per	liter	agarose	MS-8]	to	perform	overlay	assays	

[8].	

	

Bacteriophage	Isolation	and	Propagation	

Twelve	 bacteriophages	 were	 initially	 isolated	 by	 enriching	 1–2	 g	 of	 horse	 feces	

[collected	at,	and	kindly	provided	by,	the	Escuela	de	Caballería	I	in	Bogotá]	on	1×	

LB	 agar	 plates	 with	 100	 µg·mL−1	 each	 of	 penicillin	 and	 chloramphenicol	 and	

incubated	 overnight	 at	 37	 °C.	 A	 single	 phage	 plaque	 per	 plate	 was	 picked	 and	

mixed	with	4	mL	of	molten	0.25%	agarose	diluted	in	1×	TAE	[diluted	from	a	50×	

stock	with	a	 composition	per	 liter:	242	g	Tris-base	 [not	 specific	brand],	57.1	mL	

100%	acetic	acid,	100	mL	EDTA	[not	specific	brand]]	[8],	100	µg·mL−1	of	penicillin	

and	chloramphenicol	and	400	µL	of	an	overnight	P.	aeruginosa	P4	culture	and	then	

poured	onto	LB	plates.	Plates	were	again	incubated	at	37	°C	overnight.	Individual	

plaques	were	picked	into	1	mL	of	SM	buffer	and	shaken	gently	overnight.	From	this	

suspension,	bacteriophages	were	plated	again;	single	plaques	were	re-suspended	

as	 described,	 filtered	 through	 0.22	 µm	 membrane	 filters,	 and	 stored	 at	 4	 °C.	

Lysates	were	made	by	growing	P.	aeruginosa	P4	in	100	mL	of	LB	until	an	OD600nm	

of	0.7,	where	500	µL	of	the	phage	suspension	were	added	and	incubated	for	24	h	at	

37	 °C.	 A	 20	 min	 centrifugation	 at	 2800×	 g	 was	 performed	 to	 separate	 cellular	

debris	from	viruses.	Then,	ultracentrifugation	was	done	at	22,000×	g	for	60	min	to	

allow	 the	 phages	 to	 concentrate	 into	 a	 pellet	 and	 the	 supernatant	was	 decanted	

away	[16].	The	phage	pellet	was	re-suspended	in	1	mL	of	SM	buffer	and	filtered	using	

a	 0.22	 µm	 membrane	 filter.	 These	 lysates	 were	 used	 in	 the	 host	 range	

determination.	

	

Host	Range,	Plaque	Morphology	and	Propagation	of	ΦPan70	

Host	range	analyses	were	performed	using	spot	tests	with	the	strains	listed	earlier	

[P.	 aeruginosa	 P1,	 P3,	 P4,	 M1C1,	 M4C1,	 M5C1,	 M8C1;	 Pseudomonas	 sp.	 M6A1,	

M19A1;	 one	 E.	 coli	 and	 one	 Salmonella	 Enteritidis	 strain].	 One	 hundred	 µL	 of	

bacteria	 in	 the	 exponential	 growth	phase	was	 added	 to	 4	mL	 of	 LB	 agarose	 and	

then	poured	onto	LB	plates.	Plates	were	dried	for	1	h	at	room	temperature	to	form	
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the	 overlay.	 Five	 µL	 of	 the	 phage	 suspension	 were	 spotted	 onto	 the	 bacteria	

overlay	and	dried	for	15	to	20	min	and	allowed	to	incubate	for	24	h	at	37	°C.	The	

results	were	recorded	as	positive	or	negative	 if	a	clear	 lysis	zone	was	present	or	

not	[8].	Based	on	the	host	range	and	the	ability	to	form	clear	and	uniform	plaques,	

one	phage	[named	ΦPan70]	was	chosen	for	further	characterization	and	testing	in	

vitro	and	 in	vivo.	Plaque	morphology	and	titration	was	determined	through	serial	

dilutions	 followed	 by	 an	 overlay	 assay:	 100	 µL	 of	 an	 overnight	 bacterial	 culture	

and	100	µL	of	the	phage	lysate	[1	×	109	PFU/mL]	are	mixed	together	in	3	mL	of	soft	

LB	agarose,	poured	onto	an	LB	plate	and	incubated	at	37	°C	for	24	h.	

	

Genome	Size	Estimation	

High-titer	 ΦPan70	 suspensions	 were	 obtained	 on	 exponential	 cultures	 of	 P.	

aeruginosa	 P4	 by	 inoculating	 100	 µL	 of	 an	 overnight	 culture	 into	 250	 mL	

Erlenmeyer	flasks	containing	100	mL	of	LB,	incubating	at	37	°C	and	shaken	at	250	

rpm	until	 they	 reached	 an	OD600nm	of	 0.2.	 Phages	were	 added	 to	 the	 flasks	 [MOI	

0.1]	 and	 incubated	 at	 37	 °C	 with	 slow	 shaking.	 After	 24	 h	 the	 lysates	 were	

centrifuged	 at	 3400×	g	 for	 20	min	 and	 the	 supernatants	were	 then	 filtered	with	

0.22	 µm	 pore	 size	 syringe	 filters.	 Afterwards,	 the	 filtered	 supernatants	 were	

concentrated	by	centrifugation	at	179,000×	g	 for	30	min	at	4	°C	to	obtain	pellets	

that	 were	 allowed	 to	 re-suspend	 in	 0.5	mL	 of	 SM	 buffer	 at	 4	 °C	 overnight.	 The	

phage	 suspensions	 were	 pooled	 together	 and	 centrifuged.	 The	 phage	 titer	 was	

determined	 by	 the	 double	 agar	 overlay	 assay	 explained	 earlier	 [8].	 The	 genome	

size	 of	ΦPan70	was	 estimated	 by	 pulsed-field	 gel	 electrophoresis	 [PFGE].	 Phage	

particles	 from	 the	high-titer	 suspensions	were	 immobilized	 in	0.7%	 [w/v]	PFGE-

grade	 agarose	 plugs	 and	 had	 their	 capsids	 degraded	 by	 introducing	 the	 plugs	 in	

tubes	containing	2	mL	of	lysis	buffer	[1%	w/v	N-lauroylsarcosine,	0.2%	w/v	SDS,	0.1	

mg·mL−1	Proteinase	K]	followed	by	incubation	at	55	°C	overnight.	Lysis	buffer	was	

removed	and	2	mL	of	wash	buffer	 [20	mM	Tris-HCl,	50	mM	EDTA,	pH	8.0]	were	

added	 to	 the	 phage	 plugs;	 after	 1	 h,	 the	 wash	 buffer	 was	 decanted	 and	 three	

further	 wash	 steps	 were	 done,	 30	 min	 between	 each	 washing	 to	 assure	 the	

complete	removal	of	the	lysis	buffer.	Electrophoresis	was	performed	in	a	1%	[w/v]	
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PFGE-grade	agarose	gel,	with	TBE	0.5X	as	 the	running	buffer	using	 the	 following	

electrophoresis	conditions:	6	V·cm−1,	 initial	switch	time	1	s,	 final	switch	time	6	s,	

included	 angle	 120°,	 14	 °C	 and	 a	 run	 time	 of	 18	 h.	 Gel	 staining	was	 performed	

using	 a	200	mL	 solution	of	 1X	Gelred	 [Biotium,	Hayward,	CA,	EEUU],	 in	distilled	

water	 for	 30	 min	 and	 then	 imaged	 using	 a	 Bio-Rad	 UV	 Transilluminator	 2000	

[Hercules,	CA,	EEUU]	[16].	

	

Transmission	Electron	Microscopy	[TEM]	

Phage	lysates	for	TEM	were	made	by	ultracentrifugation	[109,760×	g,	30	min,	4	°C]	

from	 5	 mL	 phage	 lysates.	 Phage	 pellets	 were	 resuspended	 in	 ultrapure	 water	

overnight	and	then	dialyzed	in	ultrapure	water	for	4	d	to	remove	any	residual	salt.	

Carbon-coated	copper	grids	[SPI-GridsTM]	were	glow	discharged,	and	10	μL	of	the	

phage	sample	were	placed	on	the	grid	and	left	for	1	min.	The	grid	was	blotted	dry	

and	stained	with	10	μL	of	1%	phosphotungstic	acid	[pH	6.8].	When	necessary,	the	

samples	on	the	grids	were	washed	five	times	in	ultrapure	water	prior	to	staining.	

Grids	 were	 blotted	 dry	 and	 air-dried	 before	 examination	 in	 a	 Philips	 CM100	

Transmission	Electron	Microscope	[17].	

	

Activity	of	ΦPan70	against	Planktonic	Cells	

Infection	curves	were	performed	to	test	the	effect	of	ΦPan70	 in	planktonic	cells	of		

P.	aeruginosa	MDR.	The	 three	 strains,	P.	aeruginosa	P1,	P3	and	P4	were	 cultured	

separately	overnight	in	LB	directly	from	80	°C	stocks	and	300	µL	were	transferred	

to	30	mL	of	SMM	and	incubated	at	37	°C	for	20	h	at	200	rpm.	Then,	3	mL	of	this	

culture	were	transferred	to	another	30	mL	of	SMM	and	incubated	under	the	same	

conditions	 to	reach	a	bacterial	 concentration	of	~106	CFU·mL−1	 for	P.	aeruginosa	

P1,	 ~108	 CFU·mL−1	 for	 P.	 aeruginosa	 P3,	 and	 ~107	 CFU·mL−1	 P.	 aeruginosa	 P4;	

these	 concentrations	 were	 established	 in	 a	 previous	 work,	 where	 mathematical	

models	 for	 phage	 titer	 optimization	 using	 planktonic	 cells	 resulted	 in	 different	

bacterial	 concentrations	 according	 to	 the	 strain	 [18].	 Upon	 reaching	 the	 desired	

concentration	of	bacteria,	6.5	×	107	PFU·mL−1	of	phage	suspension	was	added	 to	

the	 cultures.	 Bacterial	 and	 phage	 counts	were	measured;	 the	 bacterial	 titer	was	
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determined	by	 taking	aliquots,	making	serial	dilutions	with	 isotonic	 salt	 solution	

and	plating	on	LB	agar;	the	phage	titer	was	determined	by	collecting	aliquots	that	

were	 mixed	 thoroughly	 with	 chloroform	 and,	 after	 20	 min,	 serially	 diluted	 and	

plated	by	 the	method	of	 double	 layer	 agar	described	by	 Sulakvelidze	 and	Kutter	

[8].	 Each	 treatment	 was	 performed	 in	 triplicate.	 Controls	 consisted	 of	 bacterial	

cultures	 grown	 simultaneously	 in	 the	 same	 conditions,	 but	 without	 adding	 the	

phages.	

	

Activity	of	Bacteriophages	on	Biofilms	

The	 efficacy	 of	 ΦPan70	 was	 tested	 and	 measured	 on	 biofilms	 of	 the	 three	 P.	

aeruginosa	 strains	 by	 using	 a	 colorimetric	 assay	 to	 show	 the	 amount	 of	 the	

remaining	biofilm	[19].	Aliquots	of	106	CFU·mL−1	inoculum	previously	cultured	in	

SMM	at	37	°C	and	200	rpm,	were	diluted	1:20	using	SMM;	190	µL	were	placed	in	

each	well	of	a	polystyrene	96-well	plate.	Ten	microliters	of	phage	suspension	were	

added	 [MOI	 of	 0.001]	 at	 0	 min,	 24	 and	 48	 h	 after	 the	 bacteria	 inoculation	

[treatments]	 and	 then	 incubated	 statically	 at	 37	 °C.	 After	 24	 h	 post	 phage	

treatment,	the	wells	were	washed	three	times	with	200	µL	of	PBS	[0.1	M,	pH	7.4;	

137	mM	NaCl,	2.7	mM	KCl,	10	mM	Na2HPO4,	1.8	mM	KH2PO4]	[20]	and	dried	for	15	

min	before	stained	with	0.1%	crystal	violet.	Unbound	crystal	violet	was	removed	

and	 the	 wells	 were	 again	 gently	 washed	 three	 times	 using	 200	 µL	 of	 PBS	 and	

allowed	 to	 dry	 for	 15	 min.	 Any	 remaining	 crystal	 violet	 that	 was	 bound	 to	 the	

biofilms	 was	 solubilized	 using	 200	 µL	 of	 95%	 ethanol.	 Absorbance	 readings	

[OD560nm]	 were	 taken	 in	 a	 Bio-Rad	 680	 Microplate	 Reader.	 Each	 treatment	 was	

performed	 in	 triplicate	 and	 the	 results	 were	 compared	 using	 the	 t-test,	 with	 a	

significance	p-value	of	0.05,	to	the	respective	positive	control	[without	phage].	

	

Activity	of	Bacteriophages	in	the	Burned	Mouse	Model	

Animal	 handling	 followed	 the	 ethical	 standards	 recommended	 by	 Colombian	

guidelines	for	the	care	of	laboratory	animals	[law	84	of	1989	and	resolution	8430	

of	 1993,	 which	 in	 turn	 are	 based	 on	 the	 standards	 of	 the	 National	 Institutes	 of	

Health	Guide	for	Care	and	Use	of	Laboratory	Animals	of	the	United	States]	[21,22].	
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The	 animal	 protocols	 used	 in	 this	 work	 were	 evaluated	 and	 approved	 by	 the	

Animal	 Use	 and	 Ethic	 Committee	 of	 the	 University	 of	 Andes.	 Swiss,	 female	 mice	

weighing	20–25	g	from	the	vivarium	of	the	University	of	the	Andes	were	used.	All	

animals	were	housed	 for	 four	weeks	 in	metal	boxes	[26	×	18.5	×	18	cm]	 in	pairs	

and	kept	under	a	 light-dark	cycle	of	12:12	h.	Following	 the	protocol	 reported	by	

Heo	et	 al.	 [23],	 groups	 of	mice	were	 infected	with	 P.	 aeruginosa	P4,	which	were	

subsequently	treated	with	the	optimal	dose	of	ΦPan70	[6.5	×	107	PFU·mL−1].	The	

protocol	consisted	of	anesthetizing	the	animals	with	ether,	removal	of	2	to	3	cm	in	

diameter	of	hair	on	their	back,	followed	by	the	burning	of	the	skin	area	with	water	

at	 90	 °C	 for	 10	 s	 and	 fluid	 replacement	 therapy	 with	 0.8	 mL	 0.8%	 NaCl	

administered	subcutaneously	[s.c.].	Bacterial	infection	was	induced	by	inoculating	

0.1	 mL	 of	 the	 bacterial	 culture	 at	 an	 OD600	 of	 0.7,	 corresponding	 to	 2.7	 ×	 108	

CFU·mL−1,	 diluted	 1:100	 in	 PBS.	 When	 appropriate,	 0.1	 mL	 of	 the	 phage	

preparation	with	a	concentration	of	6.5	×	107	PFU·mL−1	was	administered	s.c.	

	

The	experimental	 set	up	consisted	of	 seven	animal	groups,	 four	phage	 treatment	

groups	and	three	control	groups	with	five	mice	per	group.	Phage	treatment	groups	

varied	 depending	 on	 the	 time	 the	 phage	was	 administered	 s.c.	 after	 the	bacterial	

inoculation:	0	min,	45	min,	24	h	and	48	h.	The	three	control	groups	were	comprised	

of	 the	 positive	 control,	 inoculated	 only	 with	 the	 bacteria,	 and	 two	 negative	

controls,	one	inoculated	only	with	the	phage	and	the	other	with	PBS.	The	animals	

were	observed	daily	during	15	d,	 recording	every	day	 their	health	condition	and	

the	number	of	dead	animals.	The	health	condition	of	the	mice	was	rated	on	a	scale	

of	4	to	0;	4:	Healthy;	3:	Small	discharges	from	the	eyes;	2:	Discharge	from	the	eyes,	

goose	bumps	and	little	activity;	1:	Significant	weight	loss	and	no	activity	at	all;	and	

0:	Dead.	

From	 the	 results	 obtained	 in	 the	 experiments	 described	 above,	 we	 conducted	

another	set	of	experiments	with	the	administration	of	a	second	dose	of	the	phage	

preparation,	 0.1	mL	 in	 a	 concentration	of	 6.5	×	107	PFU·mL−1	 s.c.,	 48	h	 after	 the	

first	one.	In	this	experiment,	the	second	phage	dose	was	administered	only	to	the	

groups	 that	 had	 been	 treated	 with	 phage	 at	 0	 min	 and	 45	 min	 after	 bacterial	
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inoculation.	 The	 health	 condition	 of	 the	 animals	 was	 assessed	 as	 previously	

described.	 Additionally,	 the	 activity	 of	 one	 mouse	 randomly	 selected	 from	 each	

group	of	mice	was	video	recorded	for	1	h	a	day	and	quantified	by	measuring	the	

daily	 average	 velocity	 [cm·min−1]	 for	 a	 total	 of	 15	 d,	 using	 an	 EthoVision	 XT	

program	 [Noldus,	 Wageningen,	 The	 Netherlands].	 Mice	 were	 transferred	 from	

their	housing	to	a	separate	box	containing	a	black	floor	during	their	1	h	recording.	

All	 data	 collected	 were	 analyzed	 and	 plotted	 using	 Prism	 software	 [Version	 6.	

Graph	Pad	software,	[GraphPad	Software	Inc.,	California,	USA].	

	

Genome	Sequencing,	Assembly	and	Annotation	

DNA	was	isolated	from	ΦPan70	by	phenol-chloroform	extraction	from	a	high	titer	

phage	stock	 [1011	PFU·mL−1]	 [8].	A	3	kb	mate-pair	 library	was	prepared	and	 Ion	

Torrent	sequencing	was	conducted.	For	the	genome	assembly,	shotgun	reads	and	

mate-pair	reads	were	used	with	a	genomic	coverage	of	60×	and	20×	respectively,	

these	 were	 assembled	 using	 the	 software	 Newbler	 v.	 2.6.	 [Roche	 Diagnostics	

Corporation,	 Indianapolis,	 United	 States].	 Gap	 filling	 was	 done	 by	 standard	 PCR	

and	capillary	sequencing	of	the	amplified	products	[primers	used	to	close	gaps	are	

listed	in	Table	S2].		Transfer	RNA	[tRNA]	genes	were	searched	using	the	program	

tRNAscan-SE	 [24],	 open	 reading	 frames	 [ORFs]	 were	 detected	 with	

GeneMark.hmm	 [25]	 employing	 heuristic	 models	 and	 glimmer	 3.02	 [26],	 both	

using	 the	 g3-iterated	 script	 and	 an	 interpolated	 context	 model	 [ICM]	 built	 from	

ORFs	 encoded	 in	 phage	 sequences	 similar	 to	ΦPan70’s	 genome	 [identified	 after	

carrying	out	BLASTn	with	default	parameters].	Prior	to	building	the	ICM	the	selected	

ORFs	were	processed	with	 the	program	cd-hit-est	 [27],	 in	order	 to	 filter	 them	for	

keeping	 only	 those	 that	 share	 less	 than	 90%	 sequence	 identity	 and	 avoid	

redundant	 coding	 sequences	 [CDSs].	 Gene	 annotation	 was	 accomplished	 by	

employing	 the	 RAST	 server	 [28],	 BLASTp	 and	 by	 conserved	 domain	 identification	

with	 InterproScan.	 Comparison	 to	 other	 phage	 and	 prophage	 sequences	 was	

performed	 with	 standard	 BLASTn	 and	 by	 progressive	 genome	 alignments	 with	

Mauve	 [29].	 wgVISTA	 software	 [version	 1;	 Genomics	 Division	 of	 Lawrence	

Berkeley	 National	 Laboratory	 and	 US	 Department	 of	 Energy	 Joint	 Genome	
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Institute.	 VISTA	 [30]	 was	 used	 for	 whole	 genome	 alignment	 between	 F10	 and	

ΦPan70,	with	 a	 global	 alignment	 algorithm.	The	 genome	 sequence	 of	ΦPan70	 is	

available	under	GenBank	accession	number	KJ959591.	

	

Results	

ΦPan70	is	a	Member	of	the	Myoviridae	Family.	Phage	plaques	were	isolated	and,	

based	on	the	clear	appearance,	 its	ability	to	infect	all	three	relevant	P.	aeruginosa	

MDR	strains	along	with	the	other	four	clinical	and	two	Pseudomonas	environmental	

strains	[M1C1,	M4C1,	M5C1,	M8C1,	M6A1,	M19A1],	and	the	lack	of	plaques	in	the	E.	

coli	and	Salmonella	 strains,	ΦPan70	was	 selected	 for	 further	 analyses.	High-titer	

ΦPan70	phage	stocks	were	prepared	and	the	morphology	determined	using	TEM.	

The	micrographs	showed	a	phage	structure	with	a	contractile	tail	and	a	capsid	with	

icosahedral	 symmetry	 [Figure	 1].	 The	 head	 width	 average	 was	 58.91	 nm,	 head	

height	58.18	nm,	tail	length	148.28	nm	and	total	length	of	206.46	nm.	The	genome	

size	using	PFGE	was	estimated	as	35.9	kb	and	results	from	preliminary	experiments	

showed	 that	 ΦPan70	 genome	 was	 sensitive	 to	 restriction	 endonucleases	 like	 PstI,	

indicating	a	double	stranded	DNA	[dsDNA]	genome.	Therefore,	ΦPan70	was	assigned	

to	 the	Caudovirales	 order	 and	 the	Myoviridae	 family.	ΦPan70	Reduces	Planktonic	

Cells.	We	wanted	to	determine	how	active	would	be	ΦPan70	in	killing	planktonic	

P.	aeruginosa.	Figure	2	shows	its	activity	against	P.	aeruginosa	P1,	P3	and	P4	for	up	

to	18	h	after	phage	addition	to	cultures	initially	grown	to	a	CFU/ml	of	106–108.	For	

P.	aeruginosa	P3	and	P4	the	viable	count	decreased	by	approximately	4–5	orders	of	

magnitude,	 and	 P.	 aeruginosa	 P1	 showed	 a	 2–3	 orders	 of	 magnitude	 reduction.	

Therefore,	 ΦPan70	 demonstrated	 efficacy	 in	 antibacterial	 control	 against	

planktonic	cells	in	vitro.	
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Figure	1.	Transmission	Electron	Microscopy	[TEM]	of	bacteriophage	ΦPan70.	TEM	micrographs	of	negatively	stained	phage	

ΦPan70	 showing	 an	 isometric	 head	 structure	 with	 a	 diameter	 of	 ~58	 nm	 and	 a	 tail	 of	 148	 nm	 consisting	 of	 a	 neck,	 a	

contractile	sheath	and	a	central	 tube.	The	morphology	of	ΦPan70	corresponds	to	the	Myoviridae	 family.	Arrows	show	the	

extended	tail	sheath	and,	in	the	insert,	the	internal	tube	when	the	tail	sheath	is	retracted.	

	

	

	

	

	

	
Figure	 2.	 Bacteriophage	 ΦPan70	 activity	 in	 planktonic	 cells	 of	 three	 different	 Multiple	 Drug	 Resistant	 bacteria	 [MDR]	

strains	of	Pseudomonas	aeruginosa.	Activity	of	ΦPan70	was	assayed	against	planktonic	cells	of	P.	aeruginosa	P1,	P3	and	P4.	

The	corresponding	control	cultures	for	each	strain	[without	phage]	are	also	shown.	Addition	of	the	phage	caused	a	reduction	in	

the	bacterial	population,	and	the	magnitude	of	this	reduction	depended	on	the	particular	strain.	MOIs	used	varied	depending	

on	the	strain	[28,	1,	and	2,	respectively],	according	to	a	previous	work	on	mathematical	modeling	for	phage	titer	optimization	

[18].	Each	treatment	and	control	was	performed	in	triplicate.	

	

ΦPan70	Reduces	Biofilm	Formation	and	Existing	Biofilms	
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Next,	 it	 was	 of	 interest	 to	 determine	 whether	 ΦPan70	 was	 able	 to	 control	 P.	

aeruginosa	 growing	 in	 a	 biofilm	 state.	 Biofilms	 were	 assessed	 in	 a	 standard	

microtiter	attachment	assay.	There	were	three	different	 treatments:	The	 first	one,	

where	ΦPan70	was	added	at	0	h	 [simultaneously	with	the	bacterial	 inocula];	 the	

other	two	treatments	received	the	phage	at	24	and	48	h	after	bacterial	inoculation	

to	 challenge	 the	 already	 formed	biofilm.	Biofilm	density	was	 assessed	24	h	 after	

the	addition	of	phage	 in	 terms	of	 absorbance	 [560	nm],	 and	 these	biofilms	were	

compared	to	controls	 that	received	no	phage.	Results	are	shown	in	Figure	3,	and	

significant	 differences	 between	 the	 treatments	 and	 their	 respective	 control	 are	

marked	with	an	asterisk.	For	P.	aeruginosa	P1,	ΦPan70	induced	a	reduction	in	the	

biofilm	of	17%	at	0	h	[t-test	p-value:	0.003],	34%	at	24	h	[t-test	p-value:	0.1338]	

and	55%	at	48	h	[t-test	p-value:	0.0053].	For	P.	aeruginosa	P3,	the	phage	reduced	

the	biofilm	in	59%	at	0	h	[t-test	p-value:	9.8	×	10−5],	56%	at	24	h	[t-test	p-value:	

0.034]	 and	75%	at	 48	h	 [t-test	p-value:	 0.0004].	 In	 the	 case	 of	P.	 aeruginosa	 P4,	

reduction	in	biofilm	was	68%	at	0	h	[t-test	p-value:	0.0153],	15%	at	24	h	[t-test	p-

value:	0.3584]	and	21%	at	48	h	 [t-test	p-value:	0.2861].	 In	summary,	despite	 the	

differences	 among	 the	 three	 strains	of	P.	 aeruginosa	 in	 the	biofilm	 cycle	 and	 the	

extent	of	the	phage	effect,	ΦPan70	affects	the	biofilm	by	removing	it	or	delaying	its	

formation.	
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Figure	3.	ΦPan70	prevents	and	removes	biofilms	of	Pseudomonas	aeruginosa	MDR	strains	P1,	P3	and	P4.	Bacterial	biofilm	

formation	with	[grey	bars]	and	without	[black	bars]	ΦPan70.	In	all	cases	phage	addition	prevented	or	removed	the	biofilm	of	

the	 three	 strains	 assayed,	 with	 significant	 differences	 [p	 <	 0.05]	 compared	 to	 controls	 for	 some	 dataset	 [marked	 with	

asterisks]	although	different	patterns	were	observed	according	to	the	strain.	Phage	was	added	at	different	times	[0,	24	and	

48	 h]	 after	 bacteria	 inoculation	 in	 the	 96-well	 plate.	 On	 the	 x	 axis,	 black	 numbers	 correspond	 to	 the	 time	 at	 which	

measurements	of	 the	biofilm	 formed	were	 taken	 [24,	48	and	72	h],	while	 the	grey	numbers	correspond	 to	 the	age	of	 the	

culture	or	biofilm	at	which	phage	ΦPan70	was	added.	MOI	was	0.001	in	all	cases.	[A]	P.	aeruginosa	P1;	[B]	P.	aeruginosa	P3;	

[C]	P.	aeruginosa	P4.	Each	bar	represents	the	mean	±	SD	of	triplicate	experiments.	

	

	

Phage	therapy		with	ΦPan70	Improved	Survival	and	Health	in	the	Burned	Mouse	

Model	P.	aeruginosa	P4	was	chosen	for	the	animal	 infection	model	since	ΦPan70	

caused	the	greatest	reduction	in	planktonic	cells	and	was	also	somewhat	effective	

in	 biofilm	 control.	 Bacterial	 challenge	 of	 the	 mice	 with	 P.	 aeruginosa	 P4	 was	
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performed	on	day	1	and	the	development	of	infection	was	followed	for	two	weeks.	

Figure	4	shows	the	survival	percentage	as	well	as	the	scale	of	the	general	condition	

for	the	animals	in	each	treatment.	All	positive	controls	without	ΦPan70	treatment	

died	 between	 the	 third	 and	 fourth	 day.	 When	 ΦPan70	 treatments	 were	

administered	 immediately	 after	 bacterial	 infection	 [0	 min],	 four	 of	 the	 five	 mice	

survived	[Figure	4A,	Table	S3].	In	the	group	treated	45	min	after	administration	of	

the	 bacteria,	 all	 mice	 survived	 [Figure	 4B].	 Similarly,	 in	 the	 groups	 that	 were	

treated	at	24	and	48	h	post	infection,	four	of	the	five	mice	survived	[Figure	4C,	D].	

The	health	status	of	the	mice	was	rated	on	a	scale	of	4	to	0	[4:	Healthy;	0:	Dead];	

the	average	of	 individual	ratings	 is	shown	 in	Figure	4E–H.	For	 the	group	of	mice	

treated	 with	 the	 phage	 immediately	 after	 inoculation,	 the	 surviving	 animals	

showed	 a	 rating	 of	 3	 with	 the	 occurrence	 of	 eye	 secretions,	 which	 eventually	

disappeared	 [Figure	 4E].	 The	 group	 of	 mice	 treated	 at	 45	 min	 after	 infection	

showed	 no	 symptoms	 of	 disease	 [Figure	 4F].	 In	 the	 group	 treated	 at	 24	 h	 post	

infection,	the	mice	were	rated	a	3	in	the	earlier	days	of	follow	up,	whereas	after	the	

eighth	day	they	resumed	their	normal	condition	and	were	classified	as	category	4	

[Figure	 4G].	 Similarly,	 individuals	 treated	 48	 h	 post-infection	 were	 initially	

classified	as	category	1	in	the	earliest	days	of	follow	up,	but	once	they	were	treated	

with	the	phages	they	recovered	and	improved	to	a	4	[Figure	4H].	

	

Another	sign	of	 infection	was	observed	 in	 the	skin	of	 the	animals.	The	groups	of	

mice	treated	at	0	and	45	min	after	infection	showed	severe	lesion	development	on	

the	 back	 skin	 starting	 at	 day	 8	 and	 becoming	 severe	 during	 the	 15	 days	 of	

monitoring;	this	was	observed	externally	and	through	histological	sections.	These	

individuals	were	unable	to	recover	from	the	lesion	within	the	observation	period,	

although	 they	 survived.	 In	 individuals	 treated	 at	 24	 and	 48	 h	 post	 infection,	 the	

development	 of	 the	 skin	 lesion	 occurred	 [Figure	 S1A–C]	 but	 the	 lesions	

disappeared	 completely	 with	 the	 treatment	 of	 a	 single	 phage	 dose;	 their	

histological	sections	were	indistinguishable	from	healthy	epidermal	tissue	[Figure	

S1D].	
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We	decided	to	assess	the	effect	of	applying	a	second	dose	of	phages	to	the	mice	

treated	at	0	and	45	min	after	 infection,	 to	 test	 the	hypothesis	 that	a	 second	dose	

could	prevent	or	help	them	to	recover	from	the	skin	lesions.	Tests	were	repeated	

for	all	treatment	groups;	the	group	of	mice	treated	at	0	min	was	doubled	and	both	

subgroups	 received	 a	 single,	 initial	 phage	 dose;	 the	 second	 subgroup	 received	 a	

second	dose	48	h	after	the	initial	one.	The	same	approach	was	taken	for	the	group	

of	mice	treated	at	45	min	after	infection,	whereas	mice	treated	at	24	and	48	h	post	

infection	were	given	only	a	single	dose.	This	second	experiment	replicated	the	data	

obtained	 previously,	 confirming	 the	 activity	 of	 phage	 ΦPan70	 to	 control	 P.	

aeruginosa	 P4	 in	 the	 burned	 mouse	 model:	 Positive	 controls	 died	 between	 the	

third	 and	 fourth	 day,	 and	 all	 individuals	 in	 each	 of	 the	 treatments	 and	 negative	

control	groups	survived	[Figure	4A,	B	and	Table	S4].	According	to	our	hypothesis,	

groups	 treated	at	0	and	45	min	 receiving	 the	 second	phage	dose	 fully	 recovered	

from	the	skin	lesions.	Regarding	the	health	condition	of	the	animals,	scaling	from	4	

to	0	established	before,	all	mice	that	received	a	second	phage	dose	were	optimal,	

given	a	rating	of	4,	within	the	15	days	of	monitoring	[Figure	4E,	F].	In	order	to	have	

quantitative	 data	 on	 the	 general	 conditions	 of	 the	 animals	 in	 the	 second	

experiment,	 in	 addition	 to	 the	 qualitative	 ones,	 they	 were	 measured	 using	 the	

EthoVision	 XT	 program,	 which	 reflects	 the	 activity	 of	 the	 mice.	 A	 random	

individual	mouse	from	each	treatment	and	from	the	control	group	was	filmed	for	1	

h	each	day	of	 the	experiment	and	the	speed	of	 their	movements	were	calculated.	

The	results	were	consistent	with	the	data	obtained	in	the	qualitative	scale	from	the	

first	mice	experiments	 showing	 that,	 in	all	 cases	after	 the	phage	 treatment,	mice	

recovered	their	normal	activity	[Figure	S2].	Additionally,	no	detrimental	effect	was	

observed	in	the	animals	 inoculated	only	with	the	phage.	 In	conclusion,	 treatment	

of	 mice	 with	 ΦPan70,	 even	 up	 to	 48	 h	 following	 P.	 aeruginosa	 infection,	 led	 to	

80%–100%	survival	and	improved	the	health	condition	of	the	mice.	
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Figure	 4.	 Survival	 percentage	 and	 health	 condition	 of	 mice	 treated	 with	 ΦPan70.	 All	 the	 phage	 treatments	 showed	 a	

dramatic	 reduction	 in	 the	 mortality	 of	 the	 mice	 and	 a	 general	 health	 condition	 improvement.	 Survival	 percentage	 was	

calculated	 according	 to	 the	 number	 of	 surviving	 animal	 recorded	 at	 each	 day	 of	 the	 experiment	 [Tables	 S3	 and	 S4].	 The	

health	condition	was	rated	on	a	scale	of	4	to	0;	4:	Healthy;	3:	Small	discharges	 from	the	eyes;	2:	Discharge	 from	the	eyes,	

goose	 bumps	 and	 little	 activity;	 1:	 Significant	 weight	 loss	 and	 no	 activity	 at	 all;	 and	 0:	 Dead	 animal.	 In	 an	 additional	

experiment,	groups	of	mice	treated	at	0	min	and	45	min	received	a	second	phage	dose	48	h	after	the	initial	one.	[A]	and	[E]:	
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Survival	 percentage	 and	 health	 condition,	 respectively,	 of	 the	 mice	 treated	 with	 ΦPan70	 at	 the	 same	 time	 as	 bacterial	

inoculation	[0	min].	[B]	and	[F]:	Survival	percentage	and	health	condition,	respectively,	of	the	mice	treated	with	ΦPan70	45	

min	after	bacterial	inoculation.	[C]	and	[G]:	Survival	percentage	and	health	condition,	respectively,	of	the	mice	treated	with	

ΦPan70	24	h	after	bacterial	inoculation.	[D]	and	[H]:	Survival	percentage	and	health	condition,	respectively,	of	the	mice	treated	

with	ΦPan70	48	h	after	bacterial	inoculation.	

	

	

Genome	Sequencing,	Assembly	and	Annotation	

The	 genome	 assembly	 of	 phage	ΦPan70	 resulted	 in	 one	 38.8	 kb	 scaffold,	which	

correlated	 closely	 to	 the	 preliminary	 PFGE	 estimation	 of	 35.9	 kb.	 This	 scaffold	

contained	three	contigs	separated	by	a	gap	of	1190	bp	between	the	 first	and	the	

second	 contig,	 and	a	115	bp	gap	between	 the	 second	and	 third	 contig.	 From	 the	

alignment	 against	 database	 sequences	 we	 identified	 possible	 missing	 coding	

sequences	 [CDSs];	 appropriate	 primers	were	 designed	 to	 PCR	 amplify	 them	 and	

the	 amplified	 products	 were	 sequenced.	When	 these	 amplicons	 sequences	were	

assembled,	 the	 ΦPan70	 genome	 size	 was	 increased	 to	 39,673bp.	 However,	 we	

reported	it	to	the	NCBI	as	a	draft	genome	[accession	number	KJ959591]	because:	

[a]	 there	 is	 an	 incomplete	 CDS	 at	 the	 right	 end,	 corresponding	 to	 a	 putative	

chitinase	[CDS	putative	chitinase	gb|KJ959591|:39092->39673	PAN70_gp062];	and	

[b]	 there	 are	 two	 proteins	 that	 appear	 to	 have	 frame-shifts.	 In	 the	 first	 one	

[encoded	by	gene	PAN70_gp005],	we	found	that	a	single	nucleotide	is	missing	and	

it	caused	a	division	of	the	protein	 in	two	CDS.	 In	the	second	protein	[encoded	by	

gene	PAN70_gp013],	 there	were	 two	nucleotides	missing	 in	 the	sequence;	one	of	

the	 deletions	 is	 located	 within	 a	 low	 quality	 region,	 so	 this	 deletion	 could	 be	 a	

sequencing	error.	In	both	cases,	the	missing	nucleotides	belong	to	a	homopolymer.	

It	is	known	that	the	homopolymer	resolution	is	one	of	the	most	common	errors	in	

the	Ion	Torrent	and	454	sequencing	technologies.	Hence,	these	regions	are	under	

revision.	

The	phage	draft	genome	has	a	GC	content	of	62%,	similar	to	its	P.	aeruginosa	host	

[66.6%].	While	no	tRNA	coding	genes	were	found,	62	CDSs	were	identified,	47	of	

which	are	encoded	on	the	positive	strand	[Figure	5A].	The	putative	function	of	18	

of	those	CDSs	was	defined	based	on	the	similarity	of	the	sequence	of	their	protein	
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products	 to	 proteins	 found	 in	 the	 NCBI	 protein	 database	 [for	 17	 CDSs],	 and	 the	

annotation	 of	 the	 CDS	 number	 18,	 gp45,	 was	 supported	 by	 the	 identification	 of	

conserved	 domains	 characteristic	 of	 previously	 defined	 protein	 families	 [Figure	

5B,C].	Overall	71%	of	the	protein	products	encoded	in	the	genome	of	ΦPan70	were	

designated	 as	 hypothetical	 proteins,	 while	 the	 remaining	 had	 putative	 functions	

that	 were	 classified	 in	 the	 following	 groups:	 Virion	 structural	 proteins	 [8.1%],	

lysogeny-establishment	 proteins	 [4.8%],	 DNA	 replication	 proteins	 [3.2%],	 host	

lysis	 proteins	 [3.2%]	 and	 proteins	 with	 other	 function	 [9.7%].	 This	 last	 group	

comprises	gp005,	 gp028,	gp040,	 gp043,	 gp052	 and	gp058,	whose	 functions	 could	

not	 be	 classified	 into	 any	 of	 the	 functional	 modules	 typically	 found	 in	 phage	

genomes.	 No	 bacterial	 virulence	 proteins	were	 found	 in	 the	 genome	 of	ΦPan70.	

After	scanning	the	protein	products	for	the	presence	of	conserved	domains,	it	was	

found	that	gp44	has	a	DNA	binding	domain	and	a	peptidase	S24/S26A/S26B/S26C	

domain	[pfam	e-values	2.8E–11	and	1.4E–4,	respectively]	that	are	characteristics	of	

the	 C1-like	 repressors	 found	 in	 different	 types	 of	 temperate	 phages.	 Also,	 in	 the	

predicted	 amino	 acid	 sequence	 of	 gp45,	 a	 domain	 characteristic	 of	 the	 lambda	

phage	 Cro	 repressor	 was	 detected	 [pfam	 e-value	 4.8E–8].	 This	 suggested	 that	

ΦPan70	is	likely	to	be	a	temperate	phage	that	might	be	able	to	integrate	into	the	

genome	of	particular	host	bacteria	and	form	a	prophage.	After	doing	a	progressive	

genome	alignment	of	 the	genome	sequence	of	ΦPan70	to	that	of	 the	P.	aeruginosa	

temperate	 phage	 F10,	 a	 nucleotide	 identity	 of	 64%	was	 found	 between	 the	 two	

sequences	[Figure	S3].	In	addition,	the	genome	of	ΦPan70	was	significantly	similar	

to	 the	sequences	of	prophages	 found	 in	different	strains	of	P.	aeruginosa,	 such	as	

the	LESB58	strain	 [Figure	5C].	Within	 the	LESB58	genome,	Prophage	1	and	2	had	

DNA	sequences	that	were	55%	and	46%	identical	to	ΦPan70,	respectively,	and	both	

prophage	 regions	 had	 integrase	 genes.	 In	 a	 previous	 study	 [31],	 PCR	 assays	

indicated	 that	 the	Prophage	1	region	was	defective	 for	excision	while	Prophage	2	

was	 capable	 of	 making	 viable	 phage	 particles	 under	 particular	 conditions.	

Therefore,	 ΦPan70	 is	 similar	 to	 a	 number	 of	 previously	 sequence	 temperate	 P.	

aeruginosa	phages	and	is	possibly	a	temperate	phage.	
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Figure	 5.	 Genome	map	 of	Pseudomonas	 aeruginosa	phage	ΦPan70	 and	 predicted	 gene	 functions.	 Bacteriophage	ΦPan70	

genome	map	[A];	 functions	distribution	pie	chart	[B];	and	protein	functions	predicted	[C].	In	[A,C],*	denotes	disrupted	ORF,	

potentially	due	to	sequencing	errors	associated	to	the	presence	of	homopolymeric	segments.	The	pie	chart	in	[B]	shows	the	

percentage	of	ORFs	assigned	to	each	functional	group;	“other	functions”	group	contains	predicted	proteins	unrelated	to	phage	

proteins.	Coverage	and	e-values	for	predictions	in	[C]	are	shown	in	the	Supplementary	Material	Table	S5.	

	

Discussion	

In	 this	 study	 we	 presented	 a	 new	 P.	 aeruginosa	 phage	 that	 showed	 an	 efficient	

bacterial	 control	 activity	 in	 the	 different	 assays.	 We	 will	 discuss	 first	 the	

experimental	results	that	led	to	the	selection	of	ΦPan70,	followed	by	the	genome	

findings	that	suggested	it	is	a	temperate	phage,	therefore	making	it	unsuitable	for	

phage	therapy	.	

Several	 lines	 of	 experimental	 evidence	 drove	 us	 to	 consider	 ΦPan70	 as	 a	 good	

candidate	to	control	P.	aeruginosa	infections:	Clear	plaque	morphology,	infections	

curves	producing	a	high	titer	progeny,	broad	host	range,	and	the	results	from	the	

activity	 assay	 of	 ΦPan70	 against	 planktonic	 cells	 that	 showed	 a	 significant	

reduction	in	the	CFU·mL−1	compared	to	the	control	without	phage.	Within	the	span	

of	 18.3	h	 [1,100	min],	 a	 single	 starting	phage	dose	of	 6.5	×	107	PFU·mL−1,	 and	 a	
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bacterial	concentration	of	~108	CFU·mL−1,	we	observed	different	reductions	in	the	

bacterial	counts,	depending	on	strain,	between	three	to	five	logarithmic	units.	This	

result	 represents	 a	 significant	 reduction	 in	 the	 bacterial	 population;	 for	

comparison,	an	 in	vitro	study	developed	with	a	 last-generation	antibiotic	using	P.	

aeruginosa	 PA01,	 required	 high	 concentrations	 [ranging	 from	1	 to	 2	mg·mL−1	 in	

one	dose]	 to	achieve	a	similar	reduction	of	5	orders	of	magnitude;	however,	 this	

antibiotic	 concentration	 resulted	 in	 cell	 toxicity	 [32].	 The	 three	 P.	 aeruginosa	

strains	responded	differently	to	the	addition	of	the	phage,	 in	terms	of	the	factor	of	

population	reduction.	There	are	previous	reports	supporting	that	the	phage-bacteria	

interaction	 is	 highly	 dependent	 on	 both	 the	 particular	 strain	 and	 the	 phage.	 For	

instance,	Kay	et	al.	detected	no	significant	reduction	with	two	lytic	phages	against	

P.	 aeruginosa	 and	E.	 coli	 [33].	 Sillankorva	 et	 al.	 [34]	 showed	 an	 85%	 of	 bacterial	

biomass	reduction	using	a	P.	aeruginosa	close	relative,	P.	 fluorescens,	and	its	 lytic	

bacteriophage	 ΦS1.	 Transformed	 to	 percentage,	 ΦPan70	 produced	 a	 reduction	

between	99.9%	to	~99.999%	depending	on	the	strain.	

	

The	response	of	the	biofilms	to	the	phage	challenge	also	differed	from	one	strain	to	

another.	Results	showed	a	significant	reduction	 for	P.	aeruginosa	P1	when	phage	

was	added	at	0	min	and	at	48	h;	for	P.	aeruginosa	P3,	the	reduction	was	significant	

at	 0	min,	 24	 and	48	h;	 for	P.	 aeruginosa	P4	 a	 significant	 reduction	was	 observed	

when	 the	 phage	 was	 added	 at	 0	 min.	 It	 is	 important	 to	 note	 that	 the	 strains	

exhibited	different	biofilm	kinetics;	P.	aeruginosa	P1	has	a	rapid	biofilm	formation,	

producing	higher	biomass	than	P.	aeruginosa	P3	and	P.	aeruginosa	P4	at	24	h,	but	

also	a	rapid	disaggregation	phase	evidenced	by	an	important	biomass	reduction	at	

48	 h	 and	 72	 h	 of	 biofilm	 age.	 P.	 aeruginosa	 P3	 and	 P.	 aeruginosa	 P4	 had	more	

biomass	than	P.	aeruginosa	P1	at	48	h	of	biofilm	age.	Similarly,	Phee	et	al.	in	their	

biofilms	 assays	 established	 that	 phage	 activity	 could	 vary	 according	 to	 the	

circumstances	of	the	biofilm,	including	the	amount	of	exopolysaccharide	produced	

[35].	In	summary,	as	well	as	with	planktonic	cells,	the	response	of	the	biofilm	to	the	

phage	was	strain-dependent.	
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In	vitro	results	were	promising	and	justified	testing	ΦPan70	performance	 in	vivo.	

P.	 aeruginosa	 P4	 was	 chosen	 among	 the	 three	 strains	 to	 proceed	 with	 in	 vivo	

assays,	based	on	 the	efficacy	of	ΦPan70	with	 this	strain	 in	 the	planktonic	assays	

and	the	initial	reduction	in	the	biofilm	assays.	Although	it	is	usually	referred	as	the	

burned	mouse	model,	this	animal	model	develops	into	a	bacteremia	as	a	result	of	a	

wound	 infection.	Results	 from	 the	burned	mouse	model	 for	 the	 control	 group	of	

mice	administered	only	with	phages,	showed	that	phage	ΦPan70	has	no	toxicity	or	

side	 effects;	 all	mice	 survived,	 their	 general	 health	 conditions	over	 time	were	 as	

good	as	the	control	animals	inoculated	with	saline	solution.	Previous	studies	have	

shown	 the	 same	results;	 a	phage	 therapy	 	 study	 subjected	 immunocompromised	

mice	to	Staphylococcus	aureus	and	no	negative	side	effects	were	observed;	instead,	

the	animals	did	experience	a	beneficial	 immune-function	replacement	effect	[36].	

Another	study	using	purified	capsid	proteins	from	T4,	one	of	the	most	well	studied	

phage,	showed	stimulation	of	immune	responses	in	both	mice	[in	vivo]	and	human	

blood	[in	vitro],	such	as	reactive	oxygen	species	formation,	inflammatory	mediators	or	

significant	cytokine	production	[37].	Any	negative	side	effects	of	the	 in	vivo	phage	

therapy	 	has	been	so	 far	associated	with	insufficient	purification	protocols	[11]	as	

well	as	cell	 lysis,	potentially	releasing	endotoxins	and/or	other	superantigens	that	

simulate	immune	responses	[38].	

	

Phage	 treatments	 in	 the	 burned	 mouse	 model,	 with	 no	 exceptions,	 showed	

outstanding	outcomes.	All	 the	phage	 treatments	resulted	 in	a	dramatic	reduction	

in	the	mortality,	ranging	between	0	and	20%;	instead,	the	mortality	of	the	control	

mice	 infected	with	P.	aeruginosa	was	100%.	Kumari	et	al.,	using	the	same	mouse	

model,	 described	 how	 bacteria	 spread	 from	 the	 burned	 wound	 to	 the	 blood	

becoming	 a	 systemic	 infection,	 and	 causing	 the	 death	 of	 the	 animal	 [39].	 In	

addition,	Siebenhaar	et	al.	showed	the	importance	of	the	mast	cells	and	the	tumor	

necrosis	 factor	 in	 the	 immune	 control	 of	P.	 aeruginosa	 [40].	 In	 a	previous	 study,	

Golkar	et	al.	 showed	the	effectiveness	of	a	 lytic	phage	to	control	P.	aeruginosa	 in	

mice	model	of	wound	infection	[41].	In	the	present	study	the	phage	was	also	able	

to	rescue	all	mice	in	the	burned	model	but	the	skin	lesion	appeared	only	in	the	0	
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and	45	min	experimental	groups	after	the	bacterial	challenge.	The	animals	did	not	

recover	 from	 the	 skin	 lesion	 despite	 other	 health	 indicators	 being	 positive.	 We	

speculated	that	phages	were	able	to	prevent	the	bacteria	spreading	into	the	blood	

but	 a	 high	 concentration	 of	 bacteria	 remained	 confined	 at	 the	 inoculation	 site,	

causing	 a	 strong	 immunological	 response	 and	 cutaneous	 mastocytosis.	 In	 the	

treatments	 at	 24	 and	 48	 h	 after	 bacterial	 challenge,	 the	 infection	 advanced	

systematically,	so	the	phages	possibly	could	kill	bacteria	in	the	blood.	

	

The	 draft	 genome	 of	ΦPan70	 is	 a	 dsDNA,	 small	 genome	 of	 around	 39,673	 bp	 in	

size,	with	a	GC	content	of	62%,	similar	to	the	P.	aeruginosa	host	[66.6%].	Overall,	

71%	of	the	protein	products	encoded	in	the	genome	of	ΦPan70	were	designated	as	

hypothetical	proteins.	The	progressive	genome	alignment	of	the	genome	sequence	

of	 ΦPan70	 to	 that	 of	 the	 P.	 aeruginosa	 temperate	 phage	 F10	 resulted	 in	 64%	

identity	 between	 the	 two	 sequences,	 showing	 that	 both	 genomes	 have	 a	 similar	

arrangement	with	two	blocks	of	coding	sequences	located	in	one	strand,	separated	

by	 another	 set	 of	 coding	 sequences	 encoded	 in	 the	 opposite	 strand	 [Figure	 S3].	

Among	the	two	regions	containing	coding	sequences	on	the	same	strand	in	ΦPan70,	

one	displays	synteny	 from	gp001	 to	gp027	when	compared	to	 the	corresponding	

block	 on	 phage	 F10,	while	 the	 other	 block	 from	gp045	 to	gp061	 shows	 synteny	

only	 for	 a	 subset	 of	 genes	 that	 encompasses	 gp055	 to	 gp060.	 Among	 the	 genes	

found	 in	 syntenic	 segments	 there	 are	 the	 structural	 genes	 identified,	 those	

associated	 to	 DNA	 replication	 and	 the	 putative	 metallophosphoesterase.	 The	

genomic	region	which	contains	CDS	encoded	on	the	opposite	strand	is	where	most	

of	 the	sequence	divergence	between	 the	genomes	of	ΦPan70	and	F10	 is	 located,	

nonetheless	there	are	two	sets	of	three	syntenic	genes	located	in	that	segment,	one	

of	them	includes	gp031	 to	gp033	while	the	other	 is	comprised	of	gp036	 to	gp038	

[all	 encode	 for	 hypothetical	 proteins].	 None	 of	 the	 proteins	 encoded	 in	ΦPan70	

that	 can	 be	 associated	 to	 lysogeny	 establishment	 functions	 seem	 to	 have	 a	

homologous	counterpart	 in	phage	F10,	even	 though	proteins	with	high	sequence	

identity	were	 found	 in	genomes	of	different	P.	aeruginosa	 strains	 [Figure	5].	The	

genome	 of	ΦPan70	was	 also	 significantly	 similar	 to	 the	 sequences	 of	 prophages	
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found	in	different	strains	of	P.	aeruginosa,	such	as	the	LESB58	strain.	Taking	all	the	

genomic	data	 in	consideration,	ΦPan70	results	similar	to	a	number	of	previously	

sequenced	temperate	P.	aeruginosa	phages	and,	based	on	that	evidence,	we	regard	

it	as	a	possible	temperate	phage.	

	

Around	 71%	of	 the	ΦPan70	 genome	 codes	 for	 hypothetical	 proteins.	 This	 results	

agree	with	previously	 reported	 findings	 [42],	where	 it	was	described	 that	 it	was	

not	possible	 to	assign	a	 function	 to	nearly	82%	of	 the	CDSs	 in	 the	genomes	of	P.	

aeruginosa	phages	isolated	at	the	time.	No	known	virulence	proteins	were	found	in	

the	ΦPan70	genome,	which	suggests	that	using	this	phage	therapeutically	should	

not	 lead	 to	 the	 delivery	 of	 new	 virulence	 determinants	 into	 the	 target	 bacteria.	

However,	three	lysogeny-related	proteins	were	found:	A	site-specific	recombinase	

[gp029],	a	C1-like	repressor	[gp044]	and	a	cro-like	repressor	[gp045].	In	addition,	

the	 genome	 of	 ΦPan70	 showed	 high	 sequence	 identity	 and	 similar	 genomic	

structure	 to	 the	P.	 aeruginosa	 temperate	 phage	 F10,	 as	well	 to	 the	 sequences	 of	

two	 prophages	 in	 P.	 aeruginosa	 LESB58	 and	 similar	 prophages	 in	 P.	 aeruginosa	

PACS458	and	PACS171b.	Phage	F10	had	been	an	“orphan”	phage	and	hasn’t	been	

classified	within	any	of	the	well-defined	groups,	which	suggests	that,	together	with	

ΦPan70,	 they	 could	 form	 a	 new	 Pseudomonas	 temperate	 phage	 group.	 An	

interesting	fact	is	that	F10	has	been	reported	as	a	siphovirus	[available	at	The	Félix	

d´Hérelle	 Reference	 Center	 for	 Bacterial	 Viruses	 [43]],	 while	 ΦPan70	 has	

morphological	 features	 characteristic	 of	 the	 myoviruses.	 Therefore,	 the	

relatedness	 in	 terms	 of	 genome	 sequence	 coupled	 with	 the	 unrelated	 virion	

morphology	could	be	a	consequence	of	a	recombination	event	that	resulted	in	the	

exchange	of	 virion	 structural	 proteins,	 a	 phenomenon	widely	 reported	 for	phage	

genomes	 known	 as	mosaicism	 [44].	 The	ΦPan70	 region	 containing	 the	 lysogeny-

related	 genes	 differs	 the	 most	 from	 the	 genome	 of	 F10.	 However,	 the	 proteins	

encoded	by	 these	genes	 [gp029,	gp043	and	gp044]	 are	highly	 related	 to	proteins	

encoded	 in	 prophages	 from	 different	 P.	 aeruginosa	 strains	 [P.	 aeruginosa	 ATCC	

700888	and	P.	aeruginosa	LESB58].	ΦPan70	genome	sequence	was	 iterated	using	

PHACTS	software	[version	0.3;	Department	of	Computer	Science,	San	Diego	State	
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University	 [45]]	 in	order	 to	 assess	 its	 lifestyle	 likelihood;	 the	 results	predicted	a	

temperate	lifestyle	with	a	0.540022	probability	[0.038966	standard	deviation;	200	

replicates]	 [Table	S6];	according	to	McNair	et	al.	 [46],	prediction	is	99%	precise	if	

the	averaged	probability	score	of	the	predicted	lifestyle	is	two	standard	deviations	

away	from	the	averaged	probability	score	of	the	other	lifestyle,	which	was	the	case	

for	ΦPan70	genome	analysis.	Additionally,	 the	absence	of	 tRNA	genes	 supports	 the	

hypothesis	of	a	temperate	life	style	for	ΦPan70	[47].	

	

To	the	best	of	our	knowledge,	 there	are	no	studies	with	temperate	phages	 in	the	

burned	mice	model	to	compare	with	the	results	obtained	here.	Chung	et	al.	proved	

that	 the	 presence	 of	 a	 temperate	 phage	 inhibits	 the	 twitching	 motility	 of	 P.	

aeruginosa	becoming	an	effective	means	to	control	P.	aeruginosa	infections	[48].	It	

is	possible	that	ΦPan70	inhibited	an	essential	bacterial	function	and,	by	doing	so,	

controlled	the	infection	but	the	actual	mechanism	was	not	explored.	

	

This	work	highlights	the	importance	of	phage	genome	sequencing	for	its	use	as	an	

alternative	therapy,	prior	to	further	experiments.	ΦPan70,	which	seemed	to	be	an	

ideal	 candidate	 for	 controlling	 P.	 aeruginosa	 MDR	 infections,	 appears	 to	 be	 a	

temperate	phage	according	to	its	genome	annotation.	Temperate	phages	should	be	

avoided	as	therapeutic	agents	due	to	a	variety	of	disadvantageous	traits	that	could	

compromise	the	safety	and	health	of	a	patient.	For	example,	their	ability	to	induce	

lysogeny	rather	than	be	obligatorily	lytic	potentially	enhances	the	success	of	their	

bacterial	 host,	making	 them	 resistant	 to	 related	 phages.	 Furthermore,	 they	 have	

the	potential	 to	 introduce	 genes	 to	 the	bacterial	 host	 in	 the	process	of	 lysogenic	

conversion	 [11].	 Inversely,	 Krylov	 et	 al.	 have	 proposed	 using	 vir	 mutants	 of	

temperate	 phages	 that	 are	 both	 incapable	 of	 entering	 lysogeny	 and	 are	 able	 to	

effectively	kill	host	cells	 that	have	been	 lysogenized	by	related	temperate	phages	

[49].	 Isolation	 or	 engineering	 of	 vir	 mutants	 adds	 an	 additional	 step	 to	 the	

development	 of	 a	 phage	 therapeutic	 that	 would	 not	 be	 necessary	 if	 obligatorily	

lytic	 phages	 are	 selected.	 Besides,	 it	 would	 create	 another	 drawback	 since	

engineered	phages	will	be	considered	as	genetically	modified	organisms	 [GMOs],	
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making	 the	 appropriate	 selection	 of	 phages	 the	 best	 alternative	 for	 the	

development	of	phage	therapy	.	

In	summary,	ΦPan70	 is	presented	here	as	a	bacteriophage	effective	 to	control	P.	

aeruginosa	 infections	 in	 planktonic,	 biofilms	 and	 in	 an	 animal	model,	 but	 having	

potential	 genes	 for	 lysogenization	 in	 its	 genome.	 Based	 in	 our	 experience,	 the	

genome	 analysis	 should	 be	 an	 early	 step	 in	 the	 selection	 of	 candidate	 phages	 for	

application	 in	 phage	 therapy	 ,	 after	 the	 host	 range	 and	 growth	 parameters	

determinations,	 and	 before	more	 laborious	 tests	 such	 as	 biofilm,	 TEM	or	 in	 vivo	

assays.	 Advances	 in	 sequencing	 technologies	 make	 sequencing	 readily	 available	

and	more	 affordable,	 allowing	 the	 early	 selection	 of	 better	 candidates	 for	 phage	

therapy		,	saving	time	and	resources.	Also,	to	the	best	of	our	knowledge,	this	is	the	

first	 report	 of	 a	 phage	 isolated	 from	 tropical	 regions	 in	 America;	 the	 genome	

analysis	suggests	ΦPan70	as	a	new	phage,	opening	the	possibilities	for	discovery	

of	new	genetic	resources.	
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Abstract		

Bacterial	infections	are	the	second	largest	cause	of	mortality	in	shrimp	hatcheries.	

Among	them,	bacteria	from	the	genus	Vibrio	constitute	a	major	threat.	As	the	use	

of	antibiotics	may	be	ineffective	and	banned	from	the	food	sector,	alternatives	are	

required.	 Historically,	 phage	 therapy	 ,	 which	 is	 the	 use	 of	 bacteriophages,	 is	

thought	to	be	a	promising	option	to	fight	against	bacterial	infections.	However,	as	

for	 antibiotics,	 resistance	 can	 be	 rapidly	 developed.	 Since	 the	 emergence	 of	

resistance	 is	 highly	 undesirable,	 a	 formal	 characterization	 of	 the	 dynamics	 of	 its	

acquisition	 is	 mandatory.	 Here,	 we	 explored	 the	 co-evolutionary	 dynamics	 of	

resistance	 between	 the	 bacteria	 Vibrio	 sp.	 CV1	 and	 the	 phages	 V1G,	 V1P1,	 and	

V1P2.	Single	phage	treatments	as	well	as	a	cocktail	composed	of	the	three	phages	

were	considered.	We	found	that	in	the	presence	of	a	single	phage,	bacteria	rapidly	

evolved	 resistance,	 and	 the	 phages	 decreased	 their	 infectivity,	 suggesting	 that	

monotherapy	may	be	an	 inefficient	 treatment	 to	 fight	against	Vibrio	 infections	 in	

shrimp	 hatcheries.	 On	 the	 contrary,	 the	 use	 of	 a	 phage	 cocktail	 considerably	

delayed	the	evolution	of	resistance	and	sustained	phage	 infectivity	 for	periods	 in	

which	 shrimp	 larvae	 are	most	 susceptible	 to	 bacterial	 infections,	 suggesting	 the	

simultaneous	 use	 of	 multiple	 phages	 as	 a	 serious	 strategy	 for	 the	 control	 of	
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vibriosis.	 These	 findings	 are	 very	 promising	 in	 terms	 of	 their	 consequences	 to	

different	industrial	and	medical	scenarios	where	bacterial	infections	are	present.			

	

Introduction		

Aquaculture	in	marine	environments	is	one	of	the	fastest	growing	food	production	

sectors	worldwide	[1].	However,	the	marine	environment	supports	a	broad	variety	

of	 bacterial	 pathogens	 threatening	 the	 survival	 of	 marine	 animals	 and	 thus	

negatively	 influencing	 food	 production	 [2].	 To	 prevent	 such	 bacterial	 infections,	

the	prophylactic	use	of	antibiotics	 [AB]	 is	widespread,	but	several	concerns	arise	

from	 this	 practice.	 First,	 while	 laboratory	 trials	 have	 demonstrated	 the	

effectiveness	of	AB	against	bacterial	infections,	field	studies	show	less	satisfactory	

results	[3,	4].	Second,	there	is	evidence	regarding	the	emergence	of	AB	resistance	

[2,	 5,	 6],	 and	 third,	 the	 presence	 of	 AB	 residuals	 on	 animal	 tissue	 that	 will	

eventually	 reach	 human	 consumers	 may	 help	 develop	 AB	 resistance	 among	

opportunistic	human	pathogens	 [2,	4].	These	considerations	have	 lead	 the	use	of	

AB	to	be	unsuitable	and	restricted	from	aquaculture	systems,	generating	the	need	

for	developing	new	alternatives	to	control	bacterial	infections.		

	

Over	 the	 last	decade,	 the	use	of	bacteriophages	 [phages],	viruses	 that	specifically	

infect	 bacteria	 and	 act	 as	 their	 natural	 predators	 [7–9],	 has	 reemerged	 as	 an	

alternative	 method	 to	 fight	 against	 bacterial	 infections	 in	 diverse	 industrial	

contexts	[10–16].	However,	as	for	antibiotics,	bacteria	may	evolve	resistance	[17].	

Thus,	 in	 order	 to	 use	 phage	 therapy	 	 as	 an	 efficient	 method	 for	 the	 control	 of	

bacterial	 infections,	 a	 detailed	 evaluation	 of	 the	 dynamics	 of	 resistance	 and	

infectivity	 is	 needed	 [18,	 19].	 Controlled	 laboratory	 experiments	 have	 revealed	

that	the	long-term	interaction	between	bacteria	and	phage	may	result	in	a	dynamic	

process	 of	 infection	 and	 the	 development	 of	 resistance	 [20–26],	 forcing	 both	

organisms	to	rapidly	evolve	and	allowing	them	to	stably	co-exist.	Those	dynamics	

of	 co-existence	 have	 been	 described	 as	 a	 model	 of	 antagonistic	 co-evolution	 in	

which	a	permanent	evolutionary	arms	race	takes	place	[22,	23,	25,	26].	Susceptible	

bacteria	 generate	 or	 activate	 a	 resistance	 mechanism	 and	 grow	 in	 spite	 of	 the	



	
	

116	

pressure	 exerted	 by	 the	 phage.	 As	 the	 resistance	 spreads	 through	 the	 bacterial	

population,	 the	 susceptibility	 diminishes;	 meanwhile,	 newly	 evolved	 phages	

emerge	 and	 overcome	 the	 resistance	 barrier.	 The	 antagonistic	 co-evolutionary	

theory	suggests	that	bacterial	populations	may	be	less	susceptible	to	phages	they	

have	met	in	the	past	while	more	susceptible	to	those	they	have	not	yet	meet	[22,	

23].	 In	 other	 cases,	 if	 phages	 evolve	 faster	 than	 their	 host	 bacteria,	 they	 can	 get	

specialized	 on	 their	 contemporary	 hosts	 and	 be	 better	 adapted	 to	 their	

contemporary	 hosts	 compared	 to	 past	 and	 future	 hosts	 [27].	 Alternatively,	 the	

long-term	 co-existence	 of	 phage	 and	 bacteria	may	 not	 be	 possible	 if	 all	 bacteria	

become	resistant	or	all	bacteria	are	susceptible	[28].	Thus,	the	experimental	study	

of	 the	 long-term	 dynamics	 of	 resistance	 is	 not	 only	 necessary	 for	 the	 formal	

characterization	 of	 the	 bacteria/phage	 interaction;	 it	 may	 also	 provide	 valuable	

information	to	the	advantage	of	phage	therapy			[29].		

	

In	 shrimp	 hatcheries	 [Penaeus	 monodon	 and	 Litopenaeus	 vannamei],	 one	 of	 the	

most	 common	 bacterial	 infections	 is	 caused	 by	 luminescent	 bacteria	 from	 the	

genus	Vibrio	 [i.e.,	Vibrio	harveyi,	Vibrio	 campbellii,	 and	Vibrio	 parahaemolyticus]	

that	 produces	 a	 significant	 increase	 in	 shrimp	mortality	 especially	 during	 larval	

stages	 [14,	 30–32].	 While	 phage	 therapy	 	 represents	 a	 promising	 strategy	 for	

controlling	 bacterial	 infections	 in	 shrimp	hatcheries	 [4,	 13,	 reviewed	 by	 14,	 33],	

the	long-term	dynamics	between	bacteria	and	phages	has	not	been	elucidated,	and	

not	much	is	known	on	the	acquisition	of	resistance.	For	phage	therapy		purposes,	

the	characterization	of	the	evolutionary	dynamics	is	crucial	to	find	how	quickly	the	

resistance	 appears	 and,	 given	 the	 case,	 how	 long	 it	 takes	 the	 phage	 to	 regain	

infectivity.	Moreover,	as	a	strategy	 to	 increase	 the	success	of	phage	 therapy	 ,	 the	

simultaneous	 incorporation	 of	 multiple	 phages	 [cocktail]	 has	 been	 recently	

implemented	[16,	17,	34–39].	The	use	of	phage	cocktails	may	not	only	augment	the	

spectrum	of	antimicrobial	activity	but	may	also	decrease	or	delay	the	evolution	to	

resistance	 [34,	 36,	 38].	 The	 rationale	 is	 that	 the	 probability	 of	 multiple	

independent	resistance	mutations	to	occur	is	lower	than	that	of	a	single	mutation.	
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Additionally,	the	development	of	multi-resistance	may	be	accompanied	by	a	higher	

cost	for	the	bacteria.		

	

The	main	 goal	 of	 this	 study	was	 to	 experimentally	 evaluate	 the	 co-evolutionary	

dynamics	of	Vibrio	sp.	CV1	and	three	lytic	phages	V1G,	V1P1,	and	V1P2	in	order	to	

characterize	the	emergence	of	resistance	and	explore	the	most	suitable	conditions	

to	increase	phage	therapy		success.	We	also	explored	the	co-evolutionary	response	

of	bacterial	resistance	to	a	phage	cocktail	composed	of	the	three	phages.		

	

Materials	and	Methods		

Microorganisms		

Researchers	at	the	Research	Center	for	the	Aquaculture	in	Colombia	[CENIACUA]	

[Cartagena,	Colombia]	isolated	the	Vibrio	sp.	strain	CV1	from	infected	larvae	of	the	

white	 shrimp	 Litopenaeus	 setiferus	 that	 was	 reported	 to	 be	 lethal	 for	 the	

crustacean	 [communication	 from	 CENIACUA].	 Taxonomic	 confirmation	 of	 the	

bacterial	 isolate	 was	 done	 through	 the	 amplification	 and	 sequencing	 of	 the	 16S	

rRNA	 gene	 [MACROGEN	 Inc.,	 #60-24,	 Gasan-dong,	 Geumchen-gu,	 Seoul,	 South	

Korea].	 Isolation	 of	 phages	 was	 carried	 out	 by	 selective	 enrichment	 of	 the	

sediment	samples	from	CENIACUA's	shrimp	hatcheries	in	30	ml	LB	broth	in	which	

the	Vibrio	sp.	CV1	was	previously	inoculated	and	statically	incubated	for	24	h	at	30	

°C.	After	incubation,	the	enriched	culture	was	centrifuged	[8,500	rpm	for	30	min]	

and	 filtered	 [0.22-μm	pore	size]	 for	serial	plating	and	 incubation	[24	h	at	30	°C].	

Three	 phages	 [hereafter	 named	 V1G,	 V1P1,	 and	 V1P2]	 were	 isolated	 based	 in	

plaque	size	and	morphology	only	[no	electron	microscopy	or	host	range	tests	were	

performed]	and	purified	until	pure	single	plaques	were	obtained.	Each	phage	was	

able	to	significantly	reduce	Vibrio	sp.	CV1	counts.	Each	phage	was	concentrated	by	

ultracentrifugation	[20,000Å~g	for	1	h],	and	high	titer	stocks	were	stored	at	4	°C	in	

SM	buffer	 [for	1,000	ml	50mMTris–HCl,	100mMNaCl,	8mMMgSOÅ~	7H2O,	and	5	

ml	gelatin	2	%]	until	used.			

	

Individual	Phage	Co-Evolution	Experiment	
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In	 this	experiment,	phages	V1G,	V1P1,	and	V1P2	were	 individually	cultured	with	

the	 bacteria	 Vibrio	 sp.	 CV1	 and	 propagated	 together	 for	 12	 days,	 allowing	 both	

organisms	to	coevolve.	It	has	been	shown	that	this	 is	the	period	of	time	in	which	

Vibrio	 counts	 increase	 the	 most	 and	 reach	 a	 steady	 state	 in	 infected	 tanks	

containing	 shrimp	 larvae	 [14].	 Prior	 to	 the	 experiment,	 Vibrio	 sp.	 CV1	 was	

activated	 in	 Luria–Bertani	 [LB]	 broth	 for	 20	 h	 at	 30	 °C,	 and	 the	 phages	 were	

suspended	 in	 a	 highly	 concentrated	 stock.	 To	 initiate	 the	 experiment,	 six	 25-ml	

glass	vials	containing	6	ml	of	LB	broth	were	inoculated	with	106	cells	of	Vibrio	sp.	

CV1	and	107	viral	particles	of	each	phage	separately	as	described	in	Buckling	and	

Rainey	 [22].	 The	 six	 replicates	 of	 each	bacteria–phage	 cultures	were	propagated	

into	 fresh	 broth	 [hereafter	 transfer]	 every	 48	 h	 for	 a	 total	 of	 12	 days	 [five	

transfers].	At	each	transfer	and	at	the	end	of	the	experiment,	five	bacterial	isolates	

were	randomly	picked	from	each	replicate	culture	after	plating	in	the	LB	agar,	and	

one	phage	 isolate	was	collected	after	centrifugation	[8,500	rpm	for	30	min]	with	

0.1	 vol	 chloroform	 and	 filtered	 through	 a	 0.22-μm	 disposable	 filter.	 Overall,	 for	

each	 bacteria–	 phage	 culture	 replicate,	 we	 collected	 30	 bacterial	 and	 6	 phage	

isolates	per	transfer	and	stored	them	at	−80	and	4	°C,	respectively,	until	the	end	of	

the	 experiment	 to	 perform	 resistance/infection	 tests	 [described	 below].	 In	 total,	

540	bacteria	 isolates	 and	108	phage	 isolates	were	 collected	 along	 the	 individual	

phage	co-evolution	experiment.		

	

Individual	Phage	Evolution	Experiment		

In	this	experiment,	the	evolving	phages	V1G,	V1P1,	and	V1P2	were	cultured	with	a	

non-evolving	 Vibrio	 sp.	 CV1.	 As	 for	 the	 co-evolution	 experiment,	 six	 replicated	

microcosms	 [25-ml	 glass	 vials	 containing	 6	 ml	 of	 LB	 broth]	 were	 initially	

inoculated	with	106	 cells	of	Vibrio	 sp.	CV1	and	107	viral	particles	of	 each	phage	

separately	 and	 statically	 incubated	 at	 30	 °C	 for	 a	 total	 period	 of	 12	 days.	 In	

opposition	to	the	coevolution	experiment,	at	each	transfer	[after	48	h	of	growth],	

the	 evolving	 phages	were	 isolated	 from	 its	 contemporary	 bacteria,	 and	 60	 μl	 of	

phage	culture	was	transferred	into	fresh	media	containing	the	ancestral	bacterial	

host	 [Vibrio	 sp.	 CV1,	 from	 the	 beginning	 of	 the	 experiment],	 thus	 preventing	
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coevolution	 to	 happen.	 This	 experiment	 would	 allow	 obtaining	 distinct	 evolved	

phages	 to	 evaluate	 their	 infectivity	 relative	 to	 the	 co-evolution	 experiment,	

therefore	controlling	for	the	confounding	effects	of	the	evolution	of	infectivity	due	

either	 by	 drift	 or	 by	 adaptation	 to	 the	 abiotic	 conditions	 from	 changes	 actually	

driven	by	co-evolution	[i.e.,	presence	of	an	evolving	host	[23]].	Bacteria	and	phages	

were	isolated	at	each	transfer	and	preserved	as	for	the	co-evolutionary	experiment	

to	perform	resistance/infection	tests	[described	below].		

	

Measuring	Bacterial	Resistance	and	Phage	Infectivity		

In	 order	 to	 evaluate	 the	 resistance	 of	 bacteria	 against	 phages	 [which	 is	 the	

opposite	of	 the	 infectivity	of	 the	phage],	 a	 spot	plaque	 technique	was	performed	

[22].	 Agar	 plates	were	 incubated	 for	 18	 h	 at	 30	 °C,	 after	which	 the	 presence	 or	

absence	 of	 phage	 plaques	 was	 recorded;	 the	 presence	 of	 plaques	 indicated	

bacterial	 susceptibility	 [phage	 infectivity],	 whereas	 the	 absence	 of	 plaques	

indicated	resistance.	For	the	three	bacteria–	phage	treatments,	at	each	transfer	and	

for	each	replicate,	bacterial	resistance	was	determined	as	a	ratio	of	the	number	of	

resistant	isolates	to	the	total	number	of	isolates	tested	[n	=5].		

	

Measuring	Co-Evolution	of	Phage	and	Bacteria		

For	 each	 bacterial	 isolate	 from	 the	 co-evolution	 experiment,	 we	 assayed	 the	

resistance	 against	 phages	 from	 the	 same	 transfer	 [contemporary,	 e.g.,	 bacteria	

from	 transfer	 #3	 against	 phages	 from	 transfer	 #3],	 from	 phages	 isolated	 two	

transfers	back	in	time	[past	phages,	e.g.,	bacteria	from	transfer	#3	against	phages	

from	 transfer	 #1],	 and	 against	 phages	 from	 two	 transfers	 ahead	 in	 time	 [future	

phages,	e.g.,	bacteria	from	transfer	#3	against	phages	from	transfer	#5].	Under	the	

influence	 of	 antagonistic	 co-evolution,	 the	 bacteria	 should	 be	 more	 resistant	 to	

phages	 they	 have	 already	 met	 [past	 phages]	 than	 to	 contemporary	 phages	 and	

should	 be	more	 resistant	 to	 contemporary	 phages	 than	 to	 phages	 they	 have	 not	

encountered	 yet	 [future	 phages]	 [22,	 23].	 The	 opposite	 is	 expected	 for	 phage	

infectivity.	 To	 establish	 if	 antagonistic	 co-evolution	 occurred,	 we	 performed	 for	

every	 transfer	 an	 analysis	 of	 the	 slope	 of	 bacterial	 resistance	 against	 time	
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[resistance-to-time]	[39].	In	order	to	test	for	significance,	a	randomization	test	[n	

=18,	 m	 =100,000]	 for	 each	 transfer	 was	 performed	 using	 the	 R	 platform,	

considering	 the	 pairwise	 analysis	 of	 the	 timeversus-	 resistance	 slope	 as	 a	

dependent	variable.		

	

Resistance	to	Ancestral	Phage		

We	also	 assayed	 the	 susceptibility	of	 the	bacteria	 from	each	 transfer	 against	 the	

ancestral	 phage	 to	 test	 whether	 resistance	 against	 it	 evolved	 during	 the	

experiment.	 This	 would	 help	 evaluate	 how	 resistant	 the	 co-evolving	 bacterial	

clones	were	in	relation	to	the	initial	phage.		

	

Phage	Cocktail	Evaluation		

We	performed	the	same	set	of	experiments	and	analysis	previously	described,	but	

instead	of	using	individual	phages,	we	used	a	cocktail	containing	the	three	of	them	

simultaneously	[V1G,	V1P2,	and	V1P1].			

	

Results		

Resistance	to	Contemporary	Phages		

At	 the	 first	 transfer,	 resistance	 of	 Vibrio	 sp.	 CV1	 against	 contemporary	 phages	

depended	 on	 the	 phage	 considered	 [Fig.	 1a],	 showing	 low	 resistance	 to	

contemporary	 V1G,	 intermediate	 resistance	 to	 contemporary	 V1P1,	 and	 high	

resistance	 to	 contemporary	 V1P2.	 At	 transfer	 #2,	 after	 a	 slight	 reduction	 in	

resistance	 against	 contemporary	 V1P2	 and	 important	 increases	 in	 resistance	

against	 V1G	 and	 V1P1	 relative	 to	 transfer	 #1,	 the	 resistance	 of	 Vibrio	 sp.	 CV1	

against	the	three	contemporary	phages	reached	similarly	high	levels.	Despite	one	

exception	 at	 transfer	 #4	 [phages	 V1G	 and	 V1P1],	 the	 resistance	 of	 co-evolving	

Vibrio	 sp.	 CV1	 to	 all	 contemporary	 phages	 remained	 high	 for	 the	 rest	 of	 the	

experiment	reaching	levels	of	complete	resistance	at	transfers	#5	and	#6.		

	

Co-Evolutionary	Dynamics		
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Evidence	 of	 antagonistic	 co-evolutionary	 patterns	when	 using	 individual	 phages	

was	 rather	 scarce	 [resistance-to-time	 slopes	not	different	 from	zero,	 Fig.	 1a].	No	

evidence	 of	 arms	 race	 patterns	 was	 observed	 for	 phages	 V1P1	 and	 V1G	 at	 any	

stage	 of	 the	 experiment.	 The	 only	 evidence	 of	 antagonistic	 co-evolutionary	

dynamics	came	from	the	first	three	transfers	when	using	phage	V1P2	for	which	we	

observed	 a	 negative	 resistance-to-time	 slope	 at	 transfer	 #1	 [bacteria	 more	

resistant	 to	 contemporary	 than	 to	 future	 phage].	 A	 positive	 resistance-to-time	

slope	[bacteria	more	resistant	to	future	than	to	contemporary	or	past	phage]	was	

observed	at	transfers	#2	and	#3	when	using	phage	V1P2.		

	
	

Resistance	to	Ancestral	Phages		

When	tested	against	the	ancestral	strains	of	V1G,	V1P1,	and	V1P2,	we	found	that	at	

the	 first	 transfer,	 the	 resistance	of	 co-evolved	Vibrio	 sp.	CV1	 ranged	 from	 low	 to	

intermediate,	 depending	 on	 the	 phage	 [Fig.	 1b].	 Resistance	 to	 all	 three	 ancestral	

phages	 increased	 during	 the	 co-evolution	 experiment	 and	 reached	 100	 %	
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resistance	 levels	 at	 the	 fourth	 transfer	 [8	 days	 of	 co-evolution,	 Fig.	 1b],	 though	

increase	 of	 resistance	 over	 time	 against	 ancestral	 V1P2	 was	more	 gradual	 than	

resistance	against	ancestral	V1P1	and	specially	V1G,	which	abruptly	 increased	at	

transfer	#2.		

	

Evolutionary	Dynamics		

When	confronted	to	non-evolving	bacteria,	the	temporal	dynamics	of	infectivity	of	

the	 three	 individual	 phages	 presented	 rather	 similar	 patterns	 [Fig.	 2].	 After	 an	

initial	 increase	 in	 infectivity	 that	 lasted	 either	 only	 one	 [V1P1]	 or	 two	 transfers	

[V1G	 and	 V1P2],	 the	 infectivity	 of	 all	 the	 three	 evolving	 phages	 decreased.	 The	

infectivity	 of	 V1P1	 abruptly	 decreased	 at	 transfer	 #3	 and	 maintained	 very	 low	

values	 for	 the	 rest	 of	 the	 experiment.	 The	 infectivity	 of	 evolving	 V1G	 and	 V1P2	

against	 non-evolving	bacteria	 also	decreased	over	 time,	 but	was	higher	 than	 the	

infectivity	of	V1P1	by	the	end	of	the	experiment.			

	

Resistance	to	the	Phage	Cocktail		

When	the	bacteria	Vibrio	sp.	CV1	co-evolved	with	the	phage	cocktail	that	included	

the	three	phages,	 its	resistance	against	contemporary	phages	remained	relatively	

low	and	stable	during	all	the	experiment	[Fig.	3a].	Co-evolving	bacteria	were	often	

more	susceptible	[less	resistant]	to	future	phages	than	to	phages	from	the	past	[i.e.,	

transfers	 #1,	 #3,	 and	 #5	 show	 a	 negative	 slope,	 significantly	 different	 from	 0,	 p	

<0.05,	Fig.	3a],	revealing	the	signature	pattern	of	antagonistic	co-evolution.	The	co-

evolved	 bacteria	 remained	 a	 low	 resistance	 against	 any	 of	 the	 three	 ancestral	

phages	 along	 all	 the	 experiments	 [Fig.	 3b].	 When	 only	 the	 phages	 but	 not	 the	

bacteria	 were	 allowed	 to	 evolve,	 infectivity	 levels	 of	 the	 cocktail	 remained	 high	

during	all	the	experiment	[low	bacterial	resistance,	Fig.	4].		

	

Discussion		

This	 study	was	designed	 to	 evaluate	 the	 co-evolutionary	 interactions	of	 the	 lytic	

phages	V1G,	V1P1,	 and	V1P2,	 and	 their	natural	host,	 the	bacteria	Vibrio	 sp.	 CV1.	

Despite	some	slight	differences	in	the	temporal	dynamics	of	infectivity	among	the	
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phages,	 our	 experiments	 revealed	 a	 rapid	 increase	 in	 the	 frequency	 of	 resistant	

bacteria	 to	 all	 three	 individual	 phages	 [Fig.	 1a].	 The	 bacteria	 that	 evolved	

resistance	 during	 the	 coevolution	 experiment	 remained	 resistant	 against	 the	

ancestral	 phage	 strains,	 suggesting	 that	 resistance	 to	 the	 co-evolving	 phage	

population	 also	 conferred	 resistance	 to	 the	 ancestral	 phage	 [Fig.	 1b].	 The	 data	

collected	from	the	evolution	experiment,	in	which	the	bacteria	were	not	allowed	to	

evolve,	 revealed	that	 the	 infectivity	of	 the	 individual	phages	decreased	over	 time	

[Fig.	2].	This	suggests	that	in	addition	to	the	rapid	evolution	of	bacterial	resistance	

observed	in	the	co-evolution	treatment,	co-evolved	phages	may	have	also	evolved	

low	 infectivity	 throughout	 the	 experiment.	 Therefore,	 the	 evolution	 of	 bacterial	

resistance	and	 lower	phage	 infectivity	 together	contributed	 to	 the	absence	of	co-

evolutionary	 patterns	 observed	 here	 [Fig.	 1a].	 Under	 the	 evolution	 of	 bacterial	

resistance	alone,	one	would	expect	that	the	bacteria	will	be	more	resistant	to	the	

past	 than	 to	 the	 future	 phages	 [negative	 resistance-to-time	 slopes].	 Under	 the	

evolution	 of	 lower	 infectivity	 alone,	 one	 would	 expect	 that	 the	 bacteria	 will	 be	

more	 resistant	 to	 the	 phages	 from	 the	 future	 than	 to	 the	 phages	 from	 the	 past	

[positive	resistance-to-time	slopes].		

	

The	 emergence	 of	 resistance	 against	 single	 phages	 has	 already	been	 reported	 in	

other	 aquaculture	 systems	 [41,	 42]	 including	 for	 the	 genus	Vibrio	 [43].	 Bacterial	

resistance	 mechanisms	 against	 bacteriophages	 aim	 to	 disrupt	 a	 crucial	 step	 of	

infection.	 These	 include	 [1]	 receptor	 modifications	 to	 prevent	 adsorption,	 [2]	

superinfection	 systems	 which	 inhibit	 DNA	 entry,	 [3]	 restriction–modification	

complexes	 to	 block	 invading	 genetic	 material,	 [4]	 the	 CRISPR-Cas	 loci	 which	

specifically	 target	 a	 sequence	 of	 the	 invading	 genetic	 material	 by	 activating	 a	

complex	repertoire	of	small	RNA	fragments,	and	[5]	abortive	systems	that	destroy	

an	infected	cell	after	infection	is	successful	[28,	44–46]	[reviewed	by	47].	While	we	

have	 no	 information	 allowing	 us	 to	 directly	 contrast	 these	mechanisms,	 the	 fact	

that	none	of	 the	phages	 regained	 infectivity	 suggests	 that	 resistant	bacteria	may	

modify	or	even	dispose	 the	 receptor	 involved	 in	 the	 interaction	with	each	phage	

alone.	Additionally,	the	fact	that	the	evolution	of	resistance	against	contemporary	



	
	

124	

phages	was	not	accompanied	by	a	cost	against	the	ancestral	phage	is	in	accordance	

with	 this	 hypothesis.	Noteworthy,	 having	 a	 CRISPR-Cas	 locus	would	 also	 explain	

the	dynamics	we	observed	in	our	data.				

	

We	were	somehow	surprised	by	the	incapacity	of	the	phages	to	re-infect	their	host,	

considering	previous	reports	of	an	 increase	of	 infectivity	over	short	evolutionary	

scales	against	a	single	host	[23,	40,	47].	However,	the	fact	that	infectivity	decreased	

over	time	in	the	evolution	treatment	suggests	that	lower	infectivity	may	have	also	

been	 selected	 and	 would	 help	 explain	 the	 incapacity	 of	 the	 phages	 to	 regain	

infectivity	 in	the	co-evolution	treatment.	 It	has	been	suggested	that	the	evolution	

of	 phage	 infectivity	 is	 shaped	 by	 the	 presence	 of	 a	 strong	 trade-off	 between	

virulence	[e.g.,	infectivity]	and	reproduction	[47].	Viruses	with	low	virulence	as	the	

ones	 observed	 here	 may	 be	 stably	 maintained	 by	 having	 high	 reproductive	

capacity.	Furthermore,	a	mathematical	model	suggests	that	the	evolutionary	stable	

[ES]	level	of	parasite	virulence	is	also	affected	by	the	proportion	of	resistant	host	

present	 [48].	As	 the	resistant	population	remains	high,	 the	ES	of	 the	pathogen	 is	

significantly	reduced.	Noteworthy,	in	the	case	where	host	resistance	is	allowed	to	

co-evolve	with	parasite	virulence,	 it	has	been	observed	that	parasite	infectivity	is	

even	further	reduced	[48].		

	

Previous	 studies	 have	 revealed	 the	 importance	 of	 coevolution	 in	 terms	 of	 co-

existence,	population	differentiation,	and	molecular	evolution	[21–25,	27,	49–51].	

For	instance,	Buckling	and	Rainey	[22]	observed	a	time-lagged	co-	evolution	when	

Pseudomonas	 fluorescens	 SBW25	was	 confronted	 to	 its	 lytic	 phage	 SBW25Φ2.	 In	

that	 system,	 several	 cycles	 of	 resistant	 and	 susceptible	 bacteria	 were	 obtained	

followed	by	different	infectious	and	non-infectious	phages,	allowing	the	long-term	

co-existence	 of	 the	 phage	 and	 its	 host	 bacteria.	 In	 accordance	 with	 our	 results,	

resistance	to	contemporary	phages	reached	high	levels	after	only	a	few	transfers;	

but	contrary	to	our	findings,	phages	were	able	to	regain	infectivity.	The	observed	

incapacity	 of	 the	mentioned	 phages	 to	maintain	 or	 regain	 infectivity	 supposes	 a	

strong	 limitation	 for	 their	 persistence	 [49,	 52].	 A	 possible	 explanation	 for	 the	
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persistence	 of	 the	 phages	 despite	 their	 extremely	 low	 infectivity	 is	 that	 some	

sensitive	 bacteria	 were	 still	 present	 in	 low	 frequencies,	 allowing	 the	 phage	 to	

reproduce	[52,	53].	In	fact,	this	has	been	shown	in	long-term	experiments	for	the	

coevolutionary	dynamics	of	Escherichia	coli	with	the	T4	[28]	and	the	RNA	Qβ	lytic	

phages	 [54].	 Stable	 co-existence	 was	 observed	 between	 resistant	 and	 sensitive	

populations	 of	 the	 host,	 as	 well	 as	 for	 T4.	 Mainly,	 when	 spontaneous	 resistant	

mutants	rose,	both	the	susceptible	and	resistant	populations	co-existed	at	similar	

levels,	while	phages	increased	their	numbers	only	after	prolonged	seasons	at	low	

densities	[28].	Co-existence	was	also	observed	in	long-term	evolution	with	Qβ	[54].	

In	this	case,	E.	coli	showed	partial	resistance	followed	by	stepwise	improvements	

in	 growth	 rate.	 Conversely,	 Qβ	 counter-adapted	 by	 increasing	 release	 efficiency	

and	 decreasing	 virulence	 [54].	 Furthermore,	 whole-genome	 analysis	 showed	

accelerated	 evolution,	 despite	 differences	 in	 genome	 size	 and	mutation	 rates,	 in	

both	host	and	the	phage,	allowing	co-existence	[54].		

	

In	opposition	to	monophage	treatments,	the	use	of	a	phage	cocktail	avoided	Vibrio	

sp.	 CV1	 to	 evolve	 resistance,	 and	 average	 resistance	 levels	 against	 the	 phage	

cocktail	were	much	lower	compared	to	any	of	the	monophage	treatments	[Fig.	1a	

vs.	Fig.	3a].	Additionally,	in	the	presence	of	three	phages,	the	co-evolving	bacteria	

did	not	become	resistant	against	the	ancestral	phages	[Fig.	3b].	These	results	are	in	

accordance	with	the	mounting	evidence	of	phage	cocktails	delaying	the	emergence	

of	resistance	compared	to	monophage	therapy	 	 in	E.	coli	 [16,	34],	Vibrio	cholerae	

[43],	Pseudomonas	aeruginosa	[39],	Salmonella	sp.	[37],	and	Klebsiella	pneumoniae	

[17].	Although	some	resistant	bacteria	may	also	evolve	when	a	cocktail	 is	used,	a	

much	 longer	 time	 is	 needed	 to	 accumulate	 enough	 mutations	 to	 develop	

resistance.	 Reductions	 in	 bacterial	 cell	 densities	 using	 a	 cocktail	 may	 result	 in	

lower	mutation	rates,	thus	limiting	the	potential	for	bacterial	resistance	evolution.	

Altogether,	our	results	indicate	that	the	incapacity	of	bacteria	to	evolve	resistance	

in	presence	of	the	phage	cocktail	is	in	fact	due	to	the	diversity	of	the	phages	since	

none	of	them	could	individually	account	for	the	observed	high	infectivity	levels	by	

itself.	 Perhaps	 the	 most	 original	 finding	 of	 our	 study	 is	 that	 the	 presence	 of	
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multiple	phages	resulted	 in	a	pattern	of	antagonistic	co-evolution,	with	Vibrio	sp.	

CV1	 being	 more	 sensitive	 to	 phages	 never	 encountered	 before	 than	 to	 past	 or	

contemporary	 phages.	 This	 pattern	 contrasted	 with	 the	 three	 monophage	

treatments	in	which	antagonistic	co-evolution	patterns	were	absent	and	suggested	

a	permanent	arms	race	between	the	bacteria	developing	resistance	and	the	phage	

cocktail	overcoming	those	defenses.	In	a	recent	effort	to	overcome	the	emergence	

of	bacterial	resistance	against	phages,	Gu	and	colleagues	[17]	performed	what	they	

called	 a	 “step-by-step”	 approach	 to	 isolate	 three	 phages	 that	 together	 formed	 a	

very	effective	phage	cocktail	to	fight	against	K.	pneumoniae	infections	in	mice.	The	

principle	of	this	method	was	to	track	the	emergence	of	resistant	bacteria	over	time	

and	 to	 isolate	 infectious	 phage	 for	 each	 newly	 emerged	 resistant	 bacteria.	 As	 a	

result,	 because	 the	 three	 phages	 targeted	 different	 hosts,	 the	 phage	 cocktail	

delayed	 the	 emergence	 of	 resistance	 and	 increased	mice	 survival.	 In	 accordance	

with	the	observed	delay	in	the	emergence	of	resistance	when	a	cocktail	was	used,	

it	 is	 possible	 that	 our	 three	 phages	 are	 targeting	 different	 bacterial	 genotypes	

present	 in	 the	 culture.	 This	 suggests	 that	 the	 emergence	 of	 resistance	 in	 the	

presence	 of	 multiple	 phages,	 which	 requires	 the	 modification	 of	 multiple	

receptors,	may	represent	a	higher	cost	than	developing	resistance	against	a	single	

phage	[40,	55].		

	

We	acknowledge	some	limitations	in	the	present	work.	First,	our	study	was	limited	

to	the	exploration	of	the	outcome	of	co-evolution.	We	did	not	consider	the	genetic	

aspects	of	resistance	acquisition	or	of	infectivity.	Future	research	should	not	only	

focus	on	the	trends,	such	as	the	ones	mentioned	here,	but	should	also	explore	the	

underlying	mechanisms.	We	 also	 believe	 that	 the	 results	 presented	here	 require	

validation	 under	 natural	 conditions.	 For	 instance,	 experiments	 need	 to	 be	

performed	in	the	field,	where	the	influence	of	other	biotic	and	abiotic	factors	may	

modify	the	resistance	of	bacteria	or	the	infectivity	of	the	phages	and	hence	alters	

the	success	of	phage	therapy		in	terms	of	shrimp	survival,	though,	we	still	believe	

our	results	are	promising	in	terms	of	their	consequences	to	different	industrial	or	

medical	 scenarios.	 At	 present,	 the	 design	 of	 phage	 cocktails	 with	 antimicrobial	
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purposes	 is	 entering	 a	 new	 era	 on	 its	 development	 by	 incorporating	 different	

methods	 of	 phage	 isolation	 [17]	 and	 exposition	 [39].	 Our	 data	 underline	 the	

importance	 of	 also	 exploring	 the	 dynamics	 of	 co-evolution	 when	 considering	

phages	for	bacterial	control,	in	particular	because	the	acquisition	of	resistance	may	

be	 accompanied	 by	 the	 incapacity	 of	 phage	 to	 regain	 infectivity.	 An	 important	

conclusion	 from	 our	 study	 is	 that	 due	 to	 the	 rapid	 emergence	 of	 bacterial	

resistance	and	the	incapacity	of	phages	to	regain	infectivity,	phage	therapy		using	a	

single	phage	may	be	an	inefficient	treatment	against	vibriosis	in	shrimp	hatcheries.	

As	 an	 interesting	 perspective,	 given	 the	 limited	 capacity	 of	 bacteria	 to	 develop	

resistance	 against	 a	 phage	 cocktail	 [17,	 37–40],	 simultaneously	 using	 multiple	

phages	 may	 represent	 a	 more	 effective	 strategy	 for	 the	 control	 of	 bacterial	

infections.	 Our	 study	 provides	 valuable	 information	 corroborating	 the	 recent	

evidence	in	favor	of	the	utilization	of	phage	cocktails.			
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Abstract	

Salmonella	Paratyphi	B	dTz	variant	[also	termed	Salmonella	 Java]	and	Salmonella	

Heidelberg	are	pathogens	of	public	health	importance	that	are	frequently	isolated	

from	poultry.	As	a	 step	 toward	 implementing	 the	Colombian	 Integrated	Program	

for	Antimicrobial	 Resistant	 Surveillance,	 this	 study	 characterized	 molecular	

patterns	 of	 Salmonella	 Paratyphi	 B	 dTz	 and	 Salmonella	Heidelberg	 isolated	 from	

poultry	 farms,	 fecal	 samples,	 and	 retail	 chicken	 meat	 using	 pulsed-field	 gel	

electrophoresis	 [PFGE].	 The	objective	 of	 this	 study	was	 to	 determine	 the	 genetic	

relationship	 among	 isolates	 and	 to	 determine	 potential	

geographically	predominant	 genotypes.	 Based	 on	 PFGE	 analysis,	 both	 serovars	

exhibited	high	heterogeneity:	the	chromosomal	DNA	fingerprints	of	82	Salmonella	

Paratyphi	 B	 dTz	 isolates	 revealed	 42	 PFGE	 patterns,	 whereas	 the	 21	 isolates	 of	

Salmonella	Heidelberg	 revealed	 10	 patterns.	 Similar	 genotypes	 of	 both	 serovars	
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were	 demonstrated	 to	 be	 present	 on	 farms	 and	 in	 retail	outlets.	 For	 Salmonella	

Paratyphi	 B	 dTz,	 closely	 genetically	 related	 strains	 were	 found	 among	 isolates	

coming	 from	 different	farms	 and	 different	 integrated	 poultry	 companies	 within	

two	 departments	 [Santander	 and	 Cundinamarca]	 and	 also	 from	 farms	located	 in	

the	 two	 geographically	 distant	 departments.	 For	 Salmonella	 Heidelberg,	 there	

were	fewer	farms	with	genetically	related	isolates	than	for	Salmonella	Paratyphi	B	

dTz.	 A	 possible	 dissemination	 of	 similar	 genotypes	 of	 both	 serovars	 along	 the	

poultry	production	chain	is	hypothesized,	and	some	facilitating	factors	existing	in	

Colombia	are	reviewed.	

	

	

Introduction	

Salmonella	Paratyphi	B	d-tartrate-fermenting	[dTz]	variant	[also	called	Salmonella	

Java]	 and	 Salmonella	Heidelberg	 are	 foodborne	 pathogens	 associated	

worldwide	with	 human	 salmonellosis	 	 [21,	 26].	 Risks	 associated	 with	these	 two	

human	 pathogens	 are	 twofold:	 their	 specific	pathogenicity	 in	 humans	 and	 their	

resistance	to	two	or	more	antimicrobial	agents,	namely	multidrug	resistance.	Both	

of	these	factors	have	generated	interest	in	implementing	longitudinal	surveillance	

programs.		Salmonella	Paratyphi	B	dTz	is	an	emerging	public	health	problem	that	

causes	enteric	fever	and	self-limiting	gastroenteritis	in	humans		[9,	41].	Salmonella	

Paratyphi	 B	dTz	 has	 animal	 reservoirs	 and	 has	 caused	 significant	outbreaks	 in	

several	countries	as	a	result	of	food	product	contamination		[41].	The	organism	has	

been	 reported	 in	poultry	 worldwide	 	 [4,	 22,	 38]	 and	 is	 thought	 to	 be	 the	

most	important	 human	 pathogen	 at	 the	 end	 of	 the	 broiler	 growing	period	 	 [38].	

Strains	 of	 Salmonella	 Paratyphi	 B	 dTz	 are	often	 multidrug	 resistant	 to	

antimicrobials	 such	 as	 ampicillin,	chloramphenicol,	 streptomycin,	 spectomycin,	

sulphonamides,	and	tetracyclines		[12].	Salmonella	Heidelberg	was	among	the	top	

four	serotypes	isolated	in	2006	in	the	United	States	from	human	salmonellosis		[8]	

and	 was	 associated	 with	 approximately	7%	 of	 Salmonella-related	 deaths.		

Salmonella	 Heidelberg	 is	mainly	 derived	 from	 poultry,	 is	 notable	 for	

multidrug	resistance,	and	 is	of	great	concern	because	 it	can	cause	septicemia	and	
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myocarditis	 [28].	 Antimicrobial-resistant	Salmonella	 Paratyphi	 B,	 as	 well	 as	

antimicrobial-resistant	 Salmonella	 Heidelberg,	 can	 spread	 through	 the	 food	

chain	from	 primary	 production	 to	 retail	 chicken	meat,	 posing	significant	 risks	 to	

human	 health.	To	 monitor	 foodborne	 pathogens	 and	 to	 conduct	antimicrobial	

resistance	 surveillance,	 the	 World	 Health	Organization	 has	 recommended	 a	

threefold	 approach,	 to	 include	 human	 clinical	 cases,	 food	 animals,	 and	 retail	

meats	[42].		Countries	such	as	Canada	[5],	the	United	States	[27],	and	Denmark	[1]	

have	 established	 integrated	 and	 unified	programs	 for	 the	 surveillance	 of	

antimicrobial	 resistance.	These	 programs	 integrate	 data	 along	 the	 food	 chain	

to	monitor	 foodborne	 pathogens	 and	 to	 prevent	 the	 spread	 of	antimicrobial-

resistant	 bacteria	 from	 animals	 to	 humans.	The	 current	 study	 is	 part	 of	 a	 pilot	

initiative	 to	implement	an	 integrated	 system	 in	Colombia,	namely,	 the	Colombian	

Integrated	 Program	 for	 Antimicrobial	 Resistance	Surveillance.	 In	 the	 first	 phase,	

the	 prevalence	 of	 Salmonella	isolates	 and	 Salmonella	 serovars,	 along	 with	 their	

antimicrobial	resistance	patterns,	were	defined	in	chickens	on	70	farms,	including	

350	 houses	 from	 the	 two	 main	 poultry	production	 departments	 of	 Colombia,	

Santander	and	Cundinamarca	[15].	 	That	study	was	followed	by	a	second	study	of	

retail	 poultry	meat	 from	 100	 independent	 stores	 and	the	main	 chain	 distributor	

center	in	Bogota	District	Capital	[DC]	[14].		Results	from	these	preliminary	studies	

showed	a	prevalence	of	41%	of	Salmonella	 isolates	on	farms	[65%	at	house	level]	

and	 26%	 in	 retail	 meat	 samples.	 Salmonella	Paratyphi	 B	 dTz	 was	 the	 most	

prevalent	 serovar	 on	 farms	[76%]	 and	 in	 retail	 meat	 samples	 [49%],	 followed	

by	Salmonella	Heidelberg	with	23	and	16%	prevalence	on	farms	and	in	retail	meat	

samples,	 respectively.	 Both	 serovars	exhibited	 multidrug	 resistant	 profiles	 to	

antibiotics.	The	 objectives	 of	 this	 study	were	 to	 assess	 the	 genetic	relatedness	 of	

isolates	and	to	determine	whether	there	were	geographically	predominant	clones	

of	Salmonella	Paratyphi	B	dTz	and	Salmonella	Heidelberg	in	the	Colombian	poultry	

and	 poultry	 products	 tested.	 Isolates	 were	 obtained	from	 poultry	 farms	 from	

Santander	 and	 Cundinamarca,	 as	well	 as	 from	 independent	 stores	 and	 the	main	

retailer	distribution	 center	 of	 Bogota	 DC.	 Pulsed-field	 gel	 electrophoresis	[PFGE]	

was	 used	 for	 molecular	 characterization	because	 it	 is	 considered	 a	 highly	
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discriminatory	 and	reproducible	 typing	 method	 to	 detect	 high	 degrees	 of	DNA	

polymorphism	for	epidemiological	purposes	[16,	31,	44].		Our	hypothesis	was	that	

more	 than	50%	of	 the	 isolates	from	 farms	 from	 the	 two	departments,	 Santander	

and	Cundinamarca,	shared	the	same	PFGE	pattern.	

	

Materials	and	methods		

Salmonella	strain	sources.		

A	 total	 of	 114	 serotyped	[Kauffman-White	 scheme]	 Salmonella	 isolates	 were	

included	 in	this	 study.	 Salmonella	 serovars	were	 isolated	 from	 samples	collected	

during	2008	and	2009	on	poultry	 farms	 from	 the	departments	of	 Santander	 and	

Cundinamarca	 [15]	 and	 from	independent	 retail	 stores	 and	 a	 main	 chain	 meat	

distributor	 center	in	 Bogota	 [13].	 The	 isolation	 of	 Salmonella	 followed	

World	Organization	 of	 Animal	 Health	 recommendations	 [43].	 Briefly,	following	

preenrichment	in	brain	heart	infusion	broth	[all	media	from	Difco,	BD,	Sparks,	MD,	

unless	 otherwise	 indicated],	 drag	swabs	 and	 fecal	 samples	 were	 subcultured	 in	

tetrathionate	 broth	and	 Rappaport-Vassiliadis	 broth.	 Then	 Salmonella	 was	

cultured	on	MacConkey	agar	and	on	the	selective	medium	xylose	lactose	Tergitol	4.	

Three	presumptive	Salmonella	colonies	per	plate	were	screened	using	biochemical	

tests:	 lysine	 iron	 agar,	 triple	 sugar	 iron	agar,	 citrate	 agar,	 sulfur	 indole	 motility	

medium,	and	urea	agar	test.	Identification	was	confirmed	by	the	use	of	direct	slide	

agglutination	with	 Salmonella	 O	 Antiserum	 Poly	 A-I	 &	 Vi.	 Three	 to	 five	suspect	

colonies	 from	each	Salmonella-positive	plate	were	 streaked	on	nutrient	 agar	 and	

incubated	for	18	to	24	h	at	37uC,	with	reconfirmation	of	Salmonella	done	on	one	of	

these	 colonies	 by	 the	automated	 Phoenix	 system	 [7].	Salmonella	 Paratyphi	 B	

dTzisolates	 [n~85]	 were	 obtained	from	 three	 different	 sources:	 38	 drag	 swab	

samples	 and	 16	 fecal	samples	 from	 29	 poultry	 farms,	 6	 cecal	 content	 samples	

from	processing	plants,	and	25	retail	chicken	meat	samples	 from	10	independent	

stores	and	one	main	chain	center	in	Bogota	DC.	Salmonella	Heidelberg	isolates	[n	~	

29]	 came	 from	 16	 drag	swabs,	 5	 fecal	 samples	 from	 poultry	 farms,	 and	 8	 retail	

store	samples.		
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PFGE	

PFGE	 was	 used	 to	 assess	 the	 genetic	 relatedness	among	 isolates	 following	 the	

protocol	 of	 the	 Centers	 for	 Disease	Control	 and	 Prevention	 [33]	 with	 minor	

modifications.	 Cell	suspensions	 were	 made	 using	 the	 procedure	 of	 the	 National	

Health	Institute	of	Colombia,	which	consisted	of	suspending	the	cells	in	2	ml	of	cell	

suspension	buffer	[100	mM	Tris–100	mM	EDTA,	pH	8.0]	and	then	a	dilution	of	1:10	

of	 the	 initial	 suspension	[1,900	 ml	 of	 cell	 suspension	 buffer	 plus	 100	 ml	 of	 the	

initial	suspension]	was	made.	 Next,	 the	 concentration	 of	 the	 cell	suspension	was	

adjusted	to	an	optical	density	of	1.35	at	610	nm	in	the	spectrophotometer.	Finally,	

the	concentration	of	the	cell	suspension	was	adjusted	using	the	formula	200/[OD	|	

10],	where	200	is	the	final	volume	in	microliters,	OD	is	the	optical	density,	and	10	

is	 the	dilution	 factor.	Ten	microliters	of	proteinase	K	solution	[20	mg/ml;	Sigma-

Aldrich,	Baltimore,	MD]	was	added	to	the	suspension.	Casting	plugs	were	made	by	

adding	200	ml	of	1%	Seakem	Gold	agarose	[Cambrex,	Cambridge,	MD]	to	200	ml	of	

the	cell	suspension.	Restriction	endonuclease	digestion	of	DNA	was	performed	by	

incubating	 a	 quarter	 of	 each	 casting	 plug	 in	 XbaI	 [30	U	 per	 sample]	 [Fermentas,	

Burlington,	Ontario,	Canada].	Gel	electrophoresis	was	carried	out	using	a	CHEF	DR-

III	 unit	 [Bio-Rad	Laboratories,	 Hercules,	 CA]	 with	 initial	 and	 final	 switch	 times	

of	2.2	and	63.8	s,	respectively.	The	included	angle	was	120u	at	14uC,	and	the	run	

time	was	18	h.	Salmonella	Braenderup	H9812	was	used	as	the	reference	strain	on	

each	 gel.	 Gels	 were	 stained	 with	ethidium	 bromide	 [10	 mg/ml]	 and	 were	

photographed	 in	 Universal	Hood	 II	 [BioRad,	 Milan,	 Italy].	Genotypes	 were	

compared	 [Molecular	 Analysis	 Fingerprinting	Software,	 version	 1.6,	 Bio-Rad	

Laboratories]	 using	 the	 Dice	coefficient	 of	 similarity	 with	 the	 unweighted	 pair	

group	 technique	using	 arithmetic	 averages	 to	 prepare	 the	 dendrograms.	 To	

evaluate	banding	 patterns,	 a	 demarcation	 system	 based	 on	 the	 concepts	

of	Tenover	 et	 al.	 [37]	 was	 used:	 $93%	 band	 pattern	 similarity	 was	classified	 as	

‘‘probably	the	same	isolate’’;	85	to	92%	similarity	was	considered	 ‘‘very	similar’’;	

80	to	84%	was	‘‘similar’’;	75	to	79%	was	‘‘somewhat	similar’’;	and	#74%	was	‘‘not	

similar.’’	These	criteria	state	that	if	an	isolate	varies	from	a	main	type	by	three	or	

fewer	bands,	it	will	be	considered	a	subtype.		
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Results			

The	 PFGE	 fingerprints	were	 analyzed	 separately	 by	Salmonella	 serovar	 category,	

and	 dendrograms	 were	constructed	 for	 Salmonella	 Paratyphi	 B	 dTz	 	 [Fig.	 1]	

and	Salmonella	 Heidelberg	 [Fig.	 2].	 Both	 serovars	 exhibited	extensive	

heterogeneity.	 Of	 the	 114	 isolates,	 103	 were	characterized	 with	 PFGE,	 and	 11	

isolates	 were	 not	 included	in	 the	 analysis,	 either	 because	 they	 were	 untypeable	

due	 to	DNA	 degradation	 [35]	 or	 because	 they	 had	 insufficient	DNA	 loading	 in	

repeated	trials.		Salmonella	Paratyphi	B	dT«.	The	chromosomal	DNA	fingerprinting	

by	PFGE	of	the	82	isolates	revealed	42	patterns:	19	patterns	among	the	37	isolates	

from	farms	in	the	department	of	Santander,	9	patterns	among	the	20	isolates	from	

farms	in	Cundinamarca,	and	20	patterns	among	the	25	isolates	from	retail	stores	in	

Bogota	DC.		

	

The	similarity	dendrogram	of	Salmonella	Paratyphi	B	dTz	genotypes	showed	three	

clusters:	 C1	 [n	 ~	 30],	 C2	 [n	 ~	 27],	 and	 C3	[n	 ~	 5],	 with	 a	 percent	 similarity	

coefficient	of	.85%	within	each	cluster.	Within	the	C1	cluster,	50%	of	isolates	were	

from	 farms	 of	 three	 different	 integrated	 companies	operating	 in	 Santander	

department,	27%	were	isolates	from	farms	of	one	integrated	company	operating	in	

Cundinamarca,	and	23%	of	the	isolates	were	from	retail	stores	and	the	main	chain	

center	in	Bogota	DC.	Within	the	C2	cluster,	56,	26,	and	18%	of	isolates	were	from	

farms	 in	 Santander	 department	 [belonging	 to	 four	 different	 integrated	

companies],	farms	 in	 Cundinamarca	 [belonging	 to	 three	 integrated	companies],	

and	retail	stores	and	the	main	chain	center	of	Bogota	DC,	respectively.	Within	the	

C3	 cluster,	 all	 isolates	were	 from	 retail	 market	 chicken	 collected	 in	 Bogota	

DC.	Groups	of	9	and	22	indistinguishable	isolates	were	identified	within	C1	and	C2	

clusters,	 respectively.	 In	both	groups,	 isolates	were	 from	 farms	 in	Santander	and	

in	Cundinamarca,	 as	 well	 as	 from	 retail	 chicken	 meat	 from	Bogota.	Salmonella	

Heidelberg.		The	DNA	fingerprints	of	21	Salmonella	Heidelberg	isolates	revealed	10	

patterns:	 8	patterns	 among	 the	 13	 isolates	 from	 farms	 in	 the	 department	of	
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Santander,	 3	 patterns	 from	 farms	 in	 Cundinamarca,	 and	 4	patterns	 among	 the	

retail	 isolates	 from	 Bogota	 DC	 [Fig.	 2].	The	 similarity	 dendrogram	 of	 Salmonella	

Heidelberg	genotypes	 showed	 one	 cluster	 of	 eight	 isolates	 with	 a	percent	

similarity	 coefficient	 of	 85%.	 All	 the	 isolates	 were	from	 farms	 in	 Santander	

belonging	 to	 two	 integrated	companies.	 Within	 the	 cluster,	 five	 isolates	 coming	

from	farms	of	one	integrated	company	were	indistinguishable.	

	

	

Discussion	

The	 present	 study	 showed	 that	 Salmonella	 Paratyphi	 B	dTz	 and	 Salmonella	

Heidelberg	 isolates	 obtained	 from	 the	two	 most	 important	 poultry	 producing	

departments,	 as	 well	as	 from	 retail	 meat	 from	 the	 area	 with	 the	 greatest	

chicken	consumption	in	Colombia,	exhibited	high	genetic	heterogeneity.	This	study	

is	important	because	Salmonella	Paratyphi	B	dTz	and	Salmonella	Heidelberg,	with	

potential	 dissemination	along	 the	 Colombian	 poultry	 production	 chain,	

may	represent	 a	 public	 health	 risk	 for	 human	 outbreaks,	 as	 has	been	 seen	 in	

Europe	and	the	United	States	[2,	8].			

	

For	 Salmonella	 Paratyphi	 B	 dTz	 ,	 this	 situation	 of	 high	genetic	 heterogeneity	

appears	 to	 be	 different	 from	 the	 one	reported	 in	 Germany,	 where	 one	 clonal	

lineage	 of	Salmonella	 	 Paratyphi	 B	 dTz	 	 successfully	 displaced	 the	others	 after	 a	

period	of	 time	 [29].	 	With	 respect	 to	Salmonella	Heidelberg,	 the	genetic	diversity	

found	 in	 this	study	 is	 consistent	 with	 results	 reported	 by	 Lynne	 et	 al.	 [26]	 in	 a	

study	 of	 Salmonella	 Heidelberg	 isolates	 from	 food	animals	 in	 the	 United	 States,	

which	showed	30	patterns	among	58	Salmonella	Heidelberg	isolates	using	the	Xba	

I	restriction	 enzyme.	The	 presence	 of	 closely	 genetically	 related	 Salmonella	

Paratyphi	B	dTz	 isolates	 in	 this	study,	some	of	 them	with	indistinguishable	PFGE	

patterns,	among	poultry	farms	in	the	two	departments	and	the	retail	stores,	among	

farms	within	 the	 same	 department,	 and	 among	 farms	 located	 in	 the	two	 distant	

departments,	 led	us	 to	hypothesize	about	potential	dissemination	of	clones	along	

the	poultry	chain	in	Colombia.		
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Possible	 causes	 of	 the	 dissemination	 of	Salmonella	 Paratyphi	 B	 dTz	 could	 be	

related	to	[i]	fecal	contamination	and	transmission	through	the	environment	[11],		

[ii]	 the	 findings	 that	 hygiene	 measures	 may	 be	 less	effective	 for	 Salmonella	

Paratyphi	 B	 dTz	 than	 for	 other	Salmonella	 	 serovars	 [Enteritidis,	 Infantis,	 and	

Virchow]	[40],	 	 and	 [iii]	 the	ability	of	 this	 serovar	 to	 colonize	and	rapidly	 spread	

within	a	group	of	chickens,	with	persistence	until	slaughter	[39].		Various	poultry	

industry	 practices	 in	 Colombia	 could	facilitate	 dissemination	 of	 Salmonella	

Paratyphi	 B	 dTz.	For	 example,	 birds	 are	 transported	 to	 the	 abattoirs	 in	

open	trucks,	using	the	same	plastic	boxes	for	different	farms,	which	could	facilitate	

farm-to-farm	 contamination	 [30].		 Additionally,	 using	 the	 same	 feed	 trucks	 for	

many	 farms	 of	the	 same	 poultry	 producer	 could	 be	 a	 cause	 of	 cross-

contamination	among	 farms	 [34].	 	 Also,	 most	 of	 the	 farms	have	 soil	 floors	 that	

readily	 allow	 for	 the	 development	 and	persistence	 of	 rodent	 and	 beetle	

populations	 that	 can	transmit	 Salmonella	 among	 farms	 [36].	 	 Similarly,	

farms	belonging	 to	 different	 integrated	 companies	 are	 geographically	mixed,	 and	

the	short	distances	between	 farms	and	between	sources	of	water,	along	with	 the	

use	of	poor	isolation	measures,	make	effective	Salmonella	 control	challenging	[3].		

Lastly,	poultry	manure	 is	 transported	and	commercialized	across	 the	country	 for	

use	as	fertilizer	and	as	a	feed	component	for	other	animal	production	[32],	which	

could	contribute	to	the	movement	of	pathogens.		

	

For	 Salmonella	 Heidelberg,	 the	 presence	 of	 closely	genetically	 related	 isolates,	

some	 with	 indistinguishable	PFGE	 patterns,	 has	 been	 shown	 to	 exist	 on	 poultry	

farms	 of	the	 two	 departments	 and	 the	 retail	 stores,	 mainly	 among	farms	 within	

Santander	 department.	 The	 possible	 dissemination	within	 a	 department	 appears	

to	be	less	than	for	Salmonella	Paratyphi	B	dTz.	Almost	90%	of	the	isolates	from	the	

Salmonella	 Heidelberg	 cluster	 came	 from	 the	 same	integrated	 company.	 Besides	

the	 possible	 horizontal	 transmission,	this	 result	 could	 be	 correlated	 to	 the	

demonstrated	vertical	 transmission	 of	Salmonella	 Heidelberg	 from	 layers	to	 eggs	

[18–20],	making	the	hatchery	of	an	integrated	company	a	possible	potential	source	
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of	 contamination	 [24].		 Contamination	 of	 the	 integrated	 feed	 mill	 [10,	 25]	 and	

the	Salmonella	status	of	the	previous	flock	also	could	play	a	role	[6].			

	

The	demonstrated	dynamic	evolution	of	a	clonal	population	of	these	serovars,	such	

as	 the	 reported	 case	 for	Salmonella	 Paratyphi	 B	 dTz	 in	 Europe	 [29],	 suggests	

the	need	 for	 implementing	 longitudinal	 studies	 in	 the	 poultry	chain	 in	 Colombia,	

including	hatcheries,	farms,	slaughterhouses,	and	retail	stores.	 The	 ‘‘gold	

standard’’	 of	molecular	 typing	 techniques	has	 been	 PFGE	 since	 its	 promotion	 by	

the	Centers	for	Disease	Control	and	Prevention	in	1995	[2,	17].	 	This	technique	is	

used	 worldwide	 for	 outbreak	 investigations	because	 of	 its	 reproducibility,	 its	

discriminatory	 power,	 and	its	 relatively	 simple	 procedure	 [2	 to	 4	 days].	

Some	Salmonella	 serotypes	 such	 as	 Enteritidis	 are	 highly	 clonal,	and	 the	

discriminatory	power	of	PFGE	is	decreased	because	mutation	events	outside	of	the	

enzyme	 restriction	 areas	 may	not	 be	 identified	 as	 different	 genotypes	 [17,	 23].		

Therefore,	we	 recommend,	 for	 these	 longitudinal	 studies,	 the	 use	 of	other	

complementary	molecular	typing	tools	such	as	MLST,	MLVA,	and	rep	PCR	[23].		
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Abstract		

Salmonellosis	 causes	 3	million	 deaths	 per	 year	 and	 1	 billion	 people	 are	 affected	

worldwide.	This	disease	is	caused	by	Salmonella	Enteritidis,	and	it	is	an	important	

issue	for	the	poultry	and	eggs	industry.	The	problem	increases	with	the	bacterial	

resistance	 towards	 the	 allowed	 antibiotics.	 In	 Colombia,	 the	 government	 invests	

USD	1,3	billion	per	year	to	control	salmonellosis,	obtaining	limited	success.	In	this	

sense,	 bacteriophages	 are	 an	 alternative	 solution	 to	 control	 bacterial	

contamination	and	 infections.	Bacteriophages	have	been	used	as	 treatment	 since	

their	 discovery;	 however,	 deep	 investigation	 efforts	 are	 needed	 in	 order	 to	 use	

them	for	therapy.	One	key	part	is	the	study	and	understanding	of	the	host-parasite	

interaction.	 Nevertheless,	 there	 are	 just	 few	 studies	 on	 this	 topic.	 This	 work	

presents	 the	assessment	of	 the	evolutionary	 interaction	of	bacteriophage	φSan23	

with	 its	Salmonella	host.	 The	model	 used	 consisted	of	 a	microcosms	 set	 up	with	

107CFU/ml	 bacteria	 and	106PFU/ml	 phages	 in	 6	ml	 of	 LB	 broth.	 After	 48	 hours,	

samples	were	taken,	bacteria	and	phage	were	isolated,	and	6ul	of	the	culture	were	

transferred	 to	 new	 media;	 this	 was	 repeated	 until	 the	 12th	 day.	 Once	 all	 the	

samples	were	 collected,	 isolated	 bacteria	 from	 each	 time	 point	 were	 challenged	

against	isolated	phages	from	the	previous,	contemporary	and	posterior	time	point.	

The	 results	 showed	 a	mutational	 asymmetry	 dynamic	 instead	 of	 an	 antagonistic	

relationship.	 Then,	 we	 performed	 a	 genomic	 analysis	 of	 selected	 bacteria	 and	
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phages	 obtained	 from	 the	 microcosms.	 Using	 Next	 Generation	 Sequencing,	 we	

sequenced	 the	bacteria	and	phages	genomes	 from	 the	different	 time	points.	This	

information	 allowed	 us	 to	 detect	 the	 changes	 in	 the	 genomes,	 and	 identify	 the	

differences	 in	 coding	 sequences	 related	 to	 the	 bacterial	 resistance	 mechanisms.	

Among	 others,	 we	 found	 that	 a	 resistance	 mechanism	 probably	 used	 against	

φSan23	 is	 a	mutation	 at	 the	 receptor	 that	 binds	 the	 phage	 fibbers;	 base	 on	 this	

finding,	we	analysed	the	responses	in	the	phage	population.	Taken	together,	these	

data	 provide	 a	 deep	 insight	 into	 the	 phage-host	 interaction	 and	 can	 serve	 as	 an	

additional,	important	criteria	to	select	phages	for	phage	therapy.	

	

Key	 words:	 Phage	 therapy,	 Salmonella	 Enteritidis,	 bacteria-phage	 co-evolution,	

NGS	

	

Introduction		

Salmonella	 enterica	 subesp.	 enterica	 sv.	 Enteritidis	 [from	 now:	 S.	 Enteritidis]	

causes	salmonellosis,	a	food	poisoning	in	humans.	S.	Enteritidis	can	live	in	chickens	

without	causing	disease	and	pass	through	them	to	humans	[Donado	et	al.,	2015].	

Others	 Salmonella	 serovars	 of	 importance	 as	 etiological	 agents	 are:	 Salmonella	

enterica	 subesp.	 enterica	 serovar	 Typhi,	 Salmonella	 enterica	 subesp.	 enterica	

serovar	Paratyphi,	Salmonella	enterica	subesp.	enterica	serovar	Typhimurium	and	

Salmonella	 enterica	 subesp.	 enterica	 sv.	 Gallinarum.	 Salmonellosis	 has	 been	 a	

health	problem	around	 the	world.	 In	2015,	 the	 incidence	of	Salmonella	 infection	

was	15.2	illnesses	per	100,000	individuals;	1.2	billion	illness	and	450	deaths	were	

reported	to	occur	due	to	non-typhoidal	Salmonella	 in	the	United	States,	based	on	

the	 CDC	 annual	 report	 [http://www.cdc.gov/salmonella/general/technical.html].	

Salmonellosis	 is	ususally	acquired	 from	poultry	and	eggs.	 In	Colombia,	 strains	of	

Salmonella	 sp.	 have	 been	 found	 in	 poultry	 farms	 in	 the	main	 productions	 zones	

[Donado	et	al.,	2015].	The	problem	increases	with	the	restriction	to	the	antibiotic	

usage	in	food	production	and	with	the	bacterial	resistance	to	these	antibiotics.		
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In	this	study,	we	created	a	bank	of	bacteriophages	against	Salmonella	Enteritidis.	

We	 characterized	 them,	 and	 we	 chose	 the	 most	 suitable	 ones	 to	 test	 in	

evolutionary	 models,	 in	 order	 to	 understand	 the	 interaction	 between	 host	 and	

parasite.	 Buckling	 and	 Rainey	 [2002]	 described	 antagonist	 coevolution	 in	 a	

Pseudomonas	 fluorescens-phage	 model	 [Buckling	 and	 Rainey,	 2002].	 In	 contrast,	

Barbosa	 described	 that	 a	 non	 co-evolutionary	 interaction	 took	 place	 between	

Vibrio	 sp.	 and	 three	 different	 individual	 phages;	 instead,	 the	 bacteria	 showed	

resistance	in	the	early	stages	of	the	experiment.	Based	on	previous,	similar	results	

in	 Escherichia	 coli,	 Lenski	 proposed	 a	 mutational	 asymmetry	 as	 an	 alternative	

hypothesis	 for	 the	 bacteria-phage	 interaction.	 This	 suggests	 that,	 even	 when	

bacteria	and	phages	coexist,	bacteria	have	an	advantage	over	phages,	because	it	is	

easier	for	the	bacteria	to	mutate	the	phage	receptor	than	for	the	phage	to	find	the	

exact	mutation	 for	 the	new	 receptor	 [Lenski	et	 al,	 1985].	We	were	 interested	 in	

test	 these	 co-evolutionary	 and	 evolutionary	 models	 in	 other	 bacteria	 such	 as	

Salmonella	 sp.	 for	 two	 main	 reasons:	 first,	 to	 study	 the	 co-evolutionary	

experiments	in	a	new	bacterial	model	and	gain	insight	in	the	bacterial	response	to	

the	 phage	 pressure;	 second,	 because	 of	 the	 importance	 of	 this	 species	 as	 a	

pathogen,	 to	understand	the	 interaction	 in	order	 to	optimize	 the	potential	use	of	

phage	therapy	.	

	

Methods		

Microorganisms	

Ten	strains	of	Salmonella	Enteritidis	and	eight	strains	of	Salmonella	Typhimurium,	

were	previously	isolated	and	characterized	by	the	COIPARS	CORPOICA	group.	The	

strains	 were	 kindly	 provided	 by	 the	 director	 of	 COIPARS	 group	 Pilar	 Donado.	

Salmonella	Enteritidis	s25pp	was	selected	for	subsequent	experiments	because	of:	

a.	its	rapid	growth;	b.	previous	studies	showed	it	was	an	efficient	host	to	propagate	

different	 phages;	 c.	 the	 UV	 tests	 performed	 to	 induce	 prophage	 activation	 were	

negative	[data	not	shown].		

	

The	source	for	the	isolation	of	bacteriophages	was	sewage.	For	this,	25	ml	of	 	the	
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sample	 were	 centrifuged	 at	 4500	 rpm	 for	 20	 minutes,	 the	 supernatant	 was	

separated	from	the	pellet	and	filtered	through	0.22	um	membrane.	Serial	dilutions	

[a	 stepwise	 dilution	with	 a	 dilution	 factor	 of	 1:10]	 in	 SM	 buffer	 [NaCl	 100	mM,	

MgSO4•7H2O	8	mM,	Tris-Cl	[1	M,	pH	7.5],	gelatine	2%.]	were	prepared	and	plated	

on	solid	medium	by	using	the	double	layer	agar	technique,	and	incubated	at	37	°	C	

for	 24	 hours.	 Lysis	 plaques	 were	 taken	 separately	 and	 suspended	 in	 SM	 buffer.	

These	suspensions	were	serially	diluted	and	plated	again	to	assure	the	presence	of	

unique	phages,	 based	on	 the	uniform	plaque	morphology.	 Purified	plaques	were	

stored	in	1	ml	SM	buffer	[Clokie	&	Kropinski,	2008].	

	

Lysates	preparation	

Purified	 plaques	 were	 resuspended	 in	 SM	 buffer	 overnight	 at	 4ºC	 and	 then,	

centrifugated	at	4500	rpm,	20	min	at	4ºC.		Afterwards,	supernatant	was	placed	in	a	

new	tube	and	serial	dilutions	were	performed,	using	SM	buffer	as	 the	diluent	 [to	

1x10-5].	 Each	 dilution	 was	 plated	 into	 solid	 medium	 by	 using	 double	 agar	

technique:	100	uL	of	each	dilution	with	100	uL	of	overnight	culture	of	the	bacteria	

were	 placed	 together	 in	 a	melted	 top	 agar	 [tubes	 filled	with	 nutrient	 broth	 and	

0,4%	 bacteriological	 agar]	 and	 incubated	 at	 37	 °C	 overnight.	 Top	 agar	 was	

removed	 the	 next	 day	 from	 plates	 with	 near-confluent	 lysis,	 using	 a	 glass	

microscope	 slide.	Plates	were	 rinsed	with	3	ml	 SM	buffer,	 and	 transfer	 to	 a	new	

tube;	 0.5	 ml	 of	 chloroform	 were	 added,	 tubes	 were	 vortexed	 for	 1	 -2	 min,	 and	

centrifuged	for	20	min,	4,500	rpm,	at	4°C.	Then,	supernatant	was	placed	in	a	new	

tube	with	100	uL	of	chloroform.	Finally,	the	concentration	of	each	phage	solution	

was	determined	using	the	double	agar	method,	counting	the	plaque	forming	units	

per	milliliter	[PFU/ml]	[Petty,	2006].	

	

Characterization	

For	 phage	 characterization	 plaque	 morphology,	 host	 range,	 efficiency	 of	 plating	

[EOP],	 Pulsed	 Field	 Gel	 Electrophoresis	 [PFGE],	 enzymatic	 restriction,	

transmission	 electron	 microscopy	 [TEM]	 and	 genome	 sequencing	 analysis	 were	

performed	[Holguín	et	al,	2015].	
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Evolution	and	co-evolution	experiments				

We	 performed	 co-evolutionary	 experiments	 following	 Buckling	 and	 Rainy	

methodology	[Buckling	and	Rainy,	2002].	Six	microcosms	[25	ml	Erlenmeyer	with	

6	ml	of	Luria–Bertani	–LB	broth]	were	carried	out	by	co-cultivating	bacteria	and	

phage,	 at	 a	MOI	of	10	 [1x107	PFU/ml	and	1x106	CFU/ml].	The	microcosms	were	

incubated	at	37ºC	for	48	hours.	After	this	 time,	samples	were	taken	to	 isolate	10	

bacterial	 colonies	 and	 a	 phage	 suspension	 per	 microcosm.	 These	 samples	 were	

named	transfer	number	1,	and	6ul	of	each	microcosm	were	transfer	to	a	new	flask	

with	 fresh	media.	 The	 second	 set	 of	microcosms	were	 incubated	 at	 37ºC	 for	 48	

hours	and,	again,	10	bacterial	colonies	and	a	phage	suspension	were	isolated	per	

microcosm,	and	6ul	of	each	one	were	transfer	to	fresh	media.	This	procedure	was	

repeated	 until	 transfer	 number	 6.	 Six	 replicates	 of	 the	 whole	 experiment	 were	

performed.	 Each	 bacterial	 clone	 from	 each	 transfer	 was	 challenged	 against	 the	

phages	 samples	 from	 two	 transfers	 forward	 (future	 phages),	 from	 the	 same	

transfer	 (contemporary	 phages)	 and	 from	 two	 previous	 transfers	 (past	 phages).	

Additionally,	 all	 bacterial	 clones	 from	 each	 transfer	were	 challenged	 against	 the	

ancestral	 phage,	 and	 the	 phage	 suspensions	 from	 each	 transfer	were	 challenged	

against	the	ancestral	bacteria	[Barbosa,	2013]	[Buckling,	2002].	

	

Control	 experiments	 consisted	 of	 the	 bacterial	 evolutionary	 control	 (the	 same	

experiment	explained	above	but	only	allowing	bacteria	to	evolve,	without	phages);	

and	 the	 phages	 control	 (only	 phage	 without	 bacteria).	 The	 latter	 serves	 to	

determine	if	the	phage	by	itself	loses	infectivity	over	the	time.		

	

Genomic	analyses	

In	 order	 to	 identify	 the	 changes	 in	 the	 bacterial	 genome	 that	 could	 confer	

resistance	against	phages,	we	sequenced	60	bacterial	genomes	(10	selected	clones	

per	 transfer,	 and	 6	 transfers=	 60	 bacterial	 genomes	 in	 total)	 and	 6	 phages	

metagenomes	(1	phage	suspension	per	transfer=	6	phages	metagenomes),	plus	the	

ancestral	bacteria	and	the	ancestral	phage,	by	Next	Generation	Sequencing.		
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DNA	 extraction	 for	 sequencing.	 The	 genome	of	 the	 phages	was	 extracted	 from	a	

phage	 suspension	 with	 a	 titer	 >1x1011	 PFU/ml	 using	 the	 phenol-chloroform	

method:	 700	 uL	 phenol:chloroform:isoamil	 alcohol	 [25:24:1]	were	 added	 to	 700	

uL	of	phage.	This	mix	was	centrifuged	at	13,000	rpm	for	4	minutes.	The	aqueous	

phase	 was	 transferred	 to	 a	 new	 tube	 and	 350	 uL	 of	 chloroform	 and	 350	 uL	 of	

isoamil	alcohol	were	added	to	it;	the	mixture	was	centrifuged	at	13,000	rpm	for	4	

minutes.	The	aqueous	phase	was	taken	and	transferred	to	a	new	eppenddorf	tube,	

and	the	last	step	was	repeated.	The	aqueous	phase	was	transferred	to	a	fresh	tube,	

and	 a	 tenth	 of	 the	 volume	 of	 sodium	 acetate	was	 added,	 as	well	 as	 twice	 of	 the	

volume	of	100%	ethanol.	The	tubes	were	stored	at	-20°C	overnight.	The	next	day,	

the	samples	were	centrifuged	at	13,000	rpm	for	30	minutes,	the	supernatant	was	

discarded	and	the	pellet	was	washed	with	300	uL	of	70%	ethanol,	and	centrifuged	

for	 5	 minutes;	 the	 supernatant	 was	 discarded,	 and	 the	 pellet	 was	 dried	 and	

resuspended	in	60	uL	of	10	mM	TrisHCl	[Ritcher	et	al,	2012].	On	the	other	hand,	

bacterial	 DNA	 was	 extracted	 using	 the	 Easy-DNATM	 kit	 (invitrogenTM	 by	 life	

technologiesTM)		

	

Bioinformatics	 analyses	 started	 with	 a	 quality	 assessment	 using	 FastQC	

[http://www.bioinformatics.babraham.ac.uk/projects/fastqc/],	 followed	 by	 the	

sequences	 trimming	 with	 Trimmomatic	

[http://www.usadellab.org/cms/index.php?page=trimmomatic].	 The	 genomes	

assembly	was	performed	using	different	softwares	to	complete	the	best	assembly:	

Assembler	 1.0	 [https://cge.cbs.dtu.dk/services/Assembler/],	 Spades	

[http://spades.bioinf.spbau.ru/release3.5.0/manual.html],	 and	 Bowtie2	

[http://bowtie-bio.sourceforge.net/bowtie2/index.shtml].	 Gene	 prediction	 was	

performed	 using	 Glimmer	 [https://ccb.jhu.edu/software/glimmer/],	 Rast	

[http://rast.nmpdr.org],	 Blast2go	 [https://www.blast2go.com]	 and	 Prodigal	

[http://prodigal.ornl.gov].	 We	 determined	 the	 phage	 lifestyle	 using	 PHACTS	

software	[http://prodigal.ornl.gov].		
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Bacterial	and	phage	genomic	data	were	studied	separately.	For	both	of	 them,	we	

performed	 a	 SNP	 calling	 using	 CSIphylogeny	 software	

[https://cge.cbs.dtu.dk/services/CSIPhylogeny/].	 Then	 we	 aligned	 the	 mutants	

against	 the	 ancestral	 to	 determine	 the	 difference	 between	 them	 using	 MAUVE	

[darlinglab.org/mauve/mauve.html]	 and	 BRIG	

[https://sourceforge.net/projects/brig/].	Based	on	the	results,	we	selected	the	key	

genes	 related	 in	 the	 bacterial	 resistant	 mechanisms	 and	 we	 modeled	 the	

interaction	of	candidate	receptors	and	fiber	tails	proteins	by	using	DockingServer	

software	[https://sourceforge.net/projects/brig/].		

	

Results			

Characterization	

Bacteriophage	ΦSan23	was	chosen	among	20	bacteriophages,	based	on	host	range	

and	 characterization,	 to	 be	 tested	 in	 co-evolutionary	models.	 The	 twenty	phages	

shown	 to	 be	 different	 to	 each	 other	 in	 the	 plaque	morphology.	 Pulsed	 Field	 Gel	

Electrophoresis	 indicated	 that	all	 the	bacteriophages	have	a	genome	size	around	

90	 Kb.	 Transmission	 Electron	Microscopy	 suggested	 that	 ΦSan23	 is	 Myoviridae	

[Fig.	 1]	 and	 have	 a	 broad	 host	 range	 within	 the	 tested	 bacteria	 being	 effective	

against	them.		

	

Evolution	and	co-evolution	experiments				

In	the	co-evolutionary	models	there	was	no	evidence	of	antagonistic	co-evolution	

when	 using	 phage	 ΦSan23	 [Fig.	 2].	 No	 evidence	 of	 arms	 race	 patterns	 was	

observed.	 The	 resistance	 of	 the	 bacteria	 appeared	 at	 the	 very	 first	 transference	

keeping	 this	 characteristic	 over	 the	 time.	 In	 addition,	 when	 bacteria	 from	 all	

transfer	 where	 challenged	 against	 ancestral	 phage,	 this	 showed	 to	 be	 also	

resistance	to	it.	The	evolutionary	control	with	just	phage	was	infective	against	the	

ancestral	 bacteria	 over	 the	 time,	 as	 well	 the	 control	 just	 with	 the	 bacteria	 was	

sensitive	against	the	ancestral	phage.		

	

Genomic	analyses	
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The	first	analyses	after	the	genome	assembly	was	the	annotation.	Here,	we	wanted	

to	identify	key	proteins	related	with	both	bacterial	resistance	and	phage	infection.	

In	 the	 Salmonela	 Enteritidis	 s25pp	 genome	 annotation	 [Fig.	 3]	 we	 found	 two	

interesting	data:	first,	a	prophage	and	second,	a	CRISPR/cas	system.	On	the	other	

hand,	we	 could	have	 a	35%	of	ORF	prediction	 in	 the	phage	 genome	but	most	 of	

them	 encoding	 for	 hypothetical	 proteins.	 Subsequently,	 the	 lifestyle	 analyses	

suggested	ΦSan23	as	a	virulent	phage.	

	

The	 next	 step	 aimed	 to	 found	 changes	 in	 the	mutants	 compare	 to	 the	 ancestral	

bacteria	 or	 phage,	 according	 to	 the	 case,	 related	 to	 bacterial	 resistance	 and	 the	

phage	 infection.	 	For	 this,	we	aligned	the	whole	genomes	and	we	performed	SNP	

calling	 [Fig.	 4].	 Results	 for	 bacteria,	 shown	 three	 interesting	 points.	 First,	 there	

were	no	variations	in	the	CRISPR/cas	system.	Second,	the	prophage	changes	over	

the	mutants.	Lastly,	we	found	the	majority	of	the	mutations	were	found	in	cell	wall	

and	capsule	proteins.	And	mutations	were	found	in	the	integral	membrane	protein	

BtuB	[phage	receptor].	On	the	other	hand,	the	results	for	phages	showed	random	

SNPs	over	the	mutants	with	no	biological	significance.		

Fig.	1	TEM	of	ɸSan23		

	
Fig.	2	Proportion	of	Bacterial	resistance	against	ɸSan23	over	the	tranfers	
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	Fig.	3	Bacteria	Annotation	
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Fig.	4	Bacterial	comparison:	Ancestral	bacterial	and	mutants	
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Discussion		

We	have	 isolated	a	bank	of	20	phages	against	Salmonella	Enteritidis.	There	were	

characterized	 in	detail	and	ɸSan23	showed	to	be	a	promise	as	biocontrol	agents	

against	 Salmonella	 Enteritidis.	 This	 phage,	 according	 with	 the	 characterization,	

seemed	to	be	a	virulent	phage,	clear	plaque,	no	bacterial	grow	inside	 the	plaque,	

broad	host	range	with	the	desire	Salmonella	sp.	strains,	stability	at	4°C.	Therefore,	

phage	ɸSan23	was	chosen	to	be	tested	in	co-evolutionary	models.	This	study	was	

designed	 to	 evaluate	 the	 co-evolutionary	 interactions	 of	 the	 lytic	 phage	ɸSan23	

and	their	natural	host	the	bacteria	Salmonella	Enteritidis.		
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Our	experiments	revealed	a	rapid	 increase	 in	 the	 frequency	of	resistant	bacteria.	

Bacteria	 that	 evolved	 resistance	 during	 the	 co-evolution	 experiment	 remained	

resistant	 against	 the	 ancestral	 phage	 strains.	 Data	 collected	 from	 the	 evolution	

experiment,	 in	 which	 bacteria	 were	 not	 allowed	 to	 evolve,	 revealed	 that	 the	

infectivity	 of	 individual	 phages	 decreased	 drastically	 over	 the	 first	 day.	 This	

suggests	that	in	addition	to	the	rapid	evolution	of	bacterial	resistance,	phages	may	

have	also	evolved	low	infectivity	in	the	co-evolution	treatment.		

	

This	results	differ	 from	what	has	been	reported	by	Buckling	and	Rainy	[Buckling	

and	 Rainy,	 2002]	 in	 where	 they	 suggest	 an	 antagonistic	 co-evolution	 between	

bacteria	 and	 phages.	 The	 results	 from	 ɸSan23	 did	 not	 show	 an	 arms	 race	

interaction	or	antagonistic	co-evolution,	same	results	from	a	previous	work	where	

we	 tested	 the	 another	 phage	 against	 the	 same	 bacterial	 strain.	 Barbosa	 et	 al,	

performed	the	same	methodology	using	Vibrio	harveyi	as	 the	model.	 In	 this	case,	

they	tested	3	individual	phages	and	a	cocktail	of	them,	the	results	from	individual	

phages	did	not	 show	an	 antagonistic	 co-evolution,	 but	 it	was	when	phages	were	

tested	 together.	 In	 contrast,	 Pseudomonas	 fluorescens	 was	 used	 as	 a	 model	 by	

Buckling	 and	 Rainy	 in	 2002	 showing	 a	 very	 strong	 trend,	 demonstrating	 an	

antagonistic	co-evolution	[Buckling	and	Rainy,	2002].	These	data,	suggest	there	is	

no	a	determined	dynamic	interaction	between	phages	and	their	host;	it	depends	on	

the	bacterial	model,	at	least	in	controlled	lab	experiments.		

	

Our	results	from	ɸSan23	encouraged	us	to	sequence	bacteria	and	phage	genomes	

and	analyze	the	changes	over	the	time.	For	the	bacteria	analyses,	three	interesting	

candidates	were	 detected.	 First,	 CRISPR/cas	 system	was	 the	 first	 hypothesis	we	

propose	for	the	explanation	to	the	bacterial	resistance.	As	the	concept	of	bacterial	

immunology,	 drive	 by	 CRISPRs,	 is	 quite	 new	 and	 is	 one	 of	 the	 strongest	

explanations	for	the	molecular	mechanisms	that	bacteria	uses	against	foreign	DNA,	

it	was	very	obvious	to	think	this	is	the	mechanism	is	given	the	bacterial	resistance	

to	the	phage.	Nevertheless,	once	we	performed	the	alignment	of	this	region	with	all	

mutants	 and	ancestral	bacteria,	no	 changes	over	 the	 sequence	was	 shown.	 Same	
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wise,	we	performed	an	alignment	between	this	sequences	and	the	phage	genome	

in	 order	 to	 confirm	 no	 phage	 DNA	 is	 found	 into	 the	 CRIPR	 spaces.	 Second,	 the	

major	change	[the	longest	region	that	 is	different]	 in	the	mutants	compare	to	the	

ancestral	bacteria,	was	located	in	the	prophage	found	in	the	bacteria.	The	second	

hypothesis	was	 that	might	 be	 a	 satellite	 phage	 induced	 to	 lytic	 cycle	 by	ɸSan23	

genome	integration.	However,	ɸSan23	should	be	a	temperate	phage	and	should	be	

inserted	 into	 the	bacterial	mutant’s	 genomes,	 and	either	 the	ancestral	bacteria	o	

mutants	 have	 any	 sequence	 from	ɸSan23;	 additional,	 the	phage	 genome	did	not	

present	 any	 gene	 that	 encode	 for	 a	 protein	 related	 to	 lysogenic	 cycle.	 Finally,	

mutations	 were	 found	 in	 membrane	 proteins,	 specific	 in	 integral	 membrane	

protein	 BtuB,	 reporter	 as	 a	 phage	 receptor.	We	 performed	 a	 docking	molecular	

interaction	modeling	using	 the	BtuB	 sequence	and	 the	 tail	proteins	annotated	 in	

the	phage	genome	[Fig.	5].	Interestingly,	we	found	that	this	receptor	is	used	by	the	

phage	 in	 order	 to	 infect	 the	 bacteria.	 These	 results	 suggest	 the	 resistance	

mechanism	 the	 bacteria	 are	 using	 to	 defend	 themselves	 against	 the	 phage	 is	 a	

functional	 mutation	 in	 the	 receptor	 that	 binds	 with	 the	 phage[Rakhuba	 et	 al,	

2010].	

	

In	contrast,	phage	genome	analyses	did	not	show	a	palpable	intent	to	overcome	the	

bacterial	 resistance.	Random	SNPs	were	 found	over	 the	genome	and	not	of	 them	

showing	 a	 functional	 change.	 The	 mutations	 establish	 in	 the	 genes	 sequence	

encoding	for	tail	proteins	did	not	represent	a	functional	change,	so	it	is	not	a	clear	

fight	 against	 bacterial	 resistance.	 It	 seems	 that	 an	 small	 proportion	 from	 the	

bacteria	 population	 remains	 sensitive	 to	 the	 phage	 and	 this	 is	 what	 allows	 the	

phage	 to	 survive	 along	 the	 time;	 however,	 the	 bacteria	 population	 is	 always	

predominant	in	the	microcosm.	

	

There	three	important	and	interesting	conclusions	from	this	work.	Initially,	in	the	

controlled	lab	experiments	of	co-evolution	there	is	not	a	pattern	in	the	interaction	

between	 phage	 and	 bacteria;	 This	 interaction	 depends	 on	 the	 bacterial	 model.	

Then,	 in	 the	 Salmonella	 Enteritidis	 model,	 the	 bacteria	 respond	 to	 the	 phage	
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pressure	with	parsimony;	It	is	less	energy	consuming	to	mutate	the	phage	receptor	

rather	 than	 using	 the	 complex	 machinery	 of	 CRISPR/cas	 system.	 Lastly,	 one	

individual	phage	does	not	seem	to	battle	the	molecular	machinery	that	Salmonella	

Enteritidis	 use	 to	 defend	 themselves.	 Our	 results	 strongly	 suggest,	 that	 this	

mutational	asymmetry	gives	an	evolutive	advantage	to	the	bacteria	since	is	easier	

for	the	bacteria	to	mutate	a	phage	receptor	rather	than	the	phage	to	fin	the	exact	

mutation	to	overcome	the	functional	change	in	the	receptor.		
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7	 Connecting	Science	and	Industry	

	
Article	type:	unpublished	manuscript	submitted	to	the	University	

of	St.	Gallen	

	

It	received	the	prize	Academic	Club:	Advancement	Award	to	honor	

the	work	of	a	member	of	a	partner	university	of	the	University	of	St.	

Gallen	[AC-AA]	[see	Appendix	3].	

	
Angela	Victoria	Holguín-Moreno.	

	
We	 misunderstood	 the	 concept	 “Innovation”	 and	 “Entrepreneur”.	 Many	 people	

believe	 that	 innovation	 is	entrepreneur	and	vice	versa.	But	 these	concepts	go	 far	

away	 that	 idea;	 when	 we	 talk	 about	 Innovation,	 we	 are	 not	 just	 talking	 about	

entrepreneurship.	 Innovation	 goes	 beyond	 that,	 is	 research	 and	 knowledge,	 in	

many	 cases	 technological	 changes.	 Entrepreneurship	 is	 related	 to	 economy,	 feat,	

generating	income	through	a	company.	So,	when	we	talk	about	entrepreneurship	

and	 innovation	 we	 are	 talking	 about	 development,	 social	 impact,	 economic	

movement,	 enterprise-based	 research.	 Therefore,	 this	 is	 where	 we	 raised	 the	

importance	 of	 entrepreneur	 as	 the	 base	 of	 research	 for	 the	 growth	 of	 a	 country	

[Poh	Kam	Wong	et	al,	2005].	

		

In	 economic	 and	 development	 issues,	 technological	 changes	 and	 innovation	

processes	 have	 been	 gaining	 strength	 over	 recent	 times.	 These	 changes	 have	

enabled	 rapid	 growth	 in	 industrialized	 countries.	Opposite	what	 is	 happening	 in	

developing	 countries,	 where	 the	 innovation	 progress	 is	 slower.	 This	 innovation	

and	 progress	 are	 lagging	 behind	 in	 developing	 countries	 by	 political	 problems,	
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corruption,	 lack	 of	 funding,	 and	 no	 connection	 between	 academia	 and	 business.	

For	 innovation	 to	have	an	 impact	on	society	and	economy,	 it	 takes	going	 further	

than	the	inventor	and	inventions	itself,	it	needs	to	exploit	it	[Zoltan	et	al,	2008].	

	

There	are	two	related	issues:	technological	changes	and	innovation.	it	is	necessary	

to	 make	 a	 difference	 between	 these	 two	 concepts.	 When	 we	 talk	 about	

technological	 changes,	we	 are	 referring	 to	 purely	 technical	 terms	 in	 engineering	

and	 science.	When	we	 talk	 about	 innovation	we	 are	 referring	 to	make	 a	 change	

either	 industry,	 political,	 science,	 etc.	 Different	 definitions	 have	 revolved	 around	

this	concept;	in	the	economic	sense	is	understood	as	a	new	product	on	the	market,	

according	 to	 the	 dictionary	 of	 the	 Royal	 Academy	 "The	 difference	 between	

technological	 change	 and	 innovation"	 [Castro	Martinez	 et	 al,	 2001].	 Schumpeter	

raises	 the	 term	 innovation	 market	 where	 references	 innovation	 at	 the	 level	 of	

nations	and	global	markets	[Schumpeter	et	al,	1935].	

	

Throughout	history	 it	has	been	possible	to	see	an	evolution	of	 innovation	and	its	

impact	on	society.	In	medieval	times,	innovation	could	be	taken	from	the	religious	

point	 and	 implement	 new	 systems	 in	 different	 societies.	 In	 the	 Renaissance	 and	

throughout	 the	 Golden	 Age	 was	 determined	 innovation	 in	 the	 arts,	 creativity,	

inspiration	of	artists	to	seek	new	branches,	which	reflect	his	works.	In	times	of	war	

weapons	design	and	defense	mechanisms	was	 the	 target	of	 innovation.	 In	 recent	

decades	 the	 engineering	 and	 science	 are	 the	 pattern	 of	 it.	 Since	 the	 industrial	

revolution,	 technological	 changes	 took	 speed	 and	 exponential	 growth	 that	 have	

allowed	 and	 have	 opened	 doors	 never	 before	 explored	 markets	 that	 has	 led	 to	

white	products	and	services	 is	not	nationally	but	globally.	Also	as	 innovation	has	

evolved	over	the	time,	the	enterprise	has	undergone	significant	changes,	and	today	

entrepreneurship	 and	 innovation	 are	 essential	 to	 each	 other.	 To	 speak	 of	

development	based	on	innovation,	we	must	speak	of	a	venture	that	allows	exploit	

this	innovation.	In	current	models	of	entrepreneurship,	knowledge,	inventors	and	

research	 are	 essential	 elements	 for	 success.	 Speak	 in	 such	 competitive	 markets	

innovation	 is	 research	 and	 knowledge.	 Once	 an	 innovation	 is	 tangible,	 it	 is	
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essential	to	study	and	locate	this	innovation	in	a	potential	market,	make	a	detailed	

test	 design,	 reinvestigate	 to	 an	 improved	 redesign	 and	 once	 it	 has	 clear	 that	

innovation	covers	the	desired	market,	it	is	performed	production,	distribution	and	

sales	of	the	product	[Cerdan,	2002].	

	

As	 previously	 seen,	 innovation	 is	 a	 key	 element	 to	 entrepreneurship	 and	 vice	

versa.	In	this	context	it	is	valid	begin	to	see	what	skills	are	required	to	undertake,	

which	to	innovate	and	to	succeed	in	both	of	them.	It	is	clear	that	an	entrepreneur	

has	skills	that	can	be	opposite	characteristics	to	those	of	an	inventor.	The	question	

is	what	features	must	have	an	inventor	to	be	an	entrepreneur,	and	if	is	necessary	

for	an	inventor	to	have	entrepreneurial	skills.	

	

We	can	answer	this	with	one	word:	team.	Nowadays,	is	not	only	an	individual	who	

begins	an	entrepreneurial	 life,	 but	 a	whole	 team.	This	 team	 is	 the	one	 that	must	

meet	skills	characteristics	all	together.	The	formation	of	an	entrepreneurial	team	is	

critical	to	the	success.	And	yes,	we	talk	about	a	based-research	idea;	so,	the	team	

should	 consist	 of	 individuals	 with	 technical	 skills	 and	 entrepreneurial	

characteristics.	 Therefore,	 it	 is	 not	 necessary	 that	 a	 single	 individual	 possesses	

skills	 of	 inventor	 and	 entrepreneur	 at	 the	 same	 time,	 but	 the	whole	 team	must	

meet	these	characteristics.	

	

As	we	have	been	saying,	 the	development	of	 a	 country	 is	 closely	 linked	with	 the	

innovation	of	it,	and	how	this	innovation	is	brought	to	market	successfully.	So,	look	

for	 indicators	to	determine	the	level	of	 innovation	in	a	country	and	how	much	of	

this	innovation	is	exploited	becomes	indispensable.	A	good	indicator	is	directed	to	

patents	 issued	 by	 universities.	 Innovation	 in	 Universities	 or	 in	 a	 region	 can	 be	

measured	 by	 the	 number	 of	 publications	 as	 well	 as	 the	 amount	 of	 protected	

products.	 Once	 innovation	 is	 published,	 it	 is	 clear	 that	 the	 product	 will	 not	 be	

brought	to	market.	Conversely,	when	an	innovation	is	protected	it	is	in	the	process	

of	reaching	the	market.	Thus,	the	number	of	patents	issued	by	a	university	gives	an	
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insight	 into	how	directed	the	University	to	generate	entrepreneurs,	products	and	

services.	

	

The	 impact	of	a	university	 in	 terms	of	entrepreneurship	and	 innovation	 factor	 is	

not	 easy	 to	 quantify.	 Depending	 on	 the	 angle	 analyze	 different	 variables	 can	 be	

found	 measurable	 but	 do	 not	 give	 an	 overall	 vision	 or	 may	 not	 be	 comparable	

between	several	universities.	 It	 is	 therefore	essential	 to	understand	 the	different	

innovation	indicators	to	measure	and	analyze	if	extrapolated	to	the	dynamics	of	a	

university,	 region	 or	 country.	 It	 is	 not	 easy	 to	 measure	 innovation	 and	

entrepreneurship	together,	and	that	innovations	do	not	always	end	in	a	successful	

case	of	venture	or	just	remain	as	knowledge	generation	and	non-cash	generation.	

For	 example,	 patents	 or	 patent	 applications	 indicate	 some	 kind	 of	 technological	

progress	 but	 patents	 are	 rarely	 transformed	 into	 tangible	 products.	 90	 to	 95	

percent	of	all	patents	lack	any	relevance	to	the	market	and	99	percent	cannot	bring	

any	 benefit	 to	 the	 company	 [Stevens	 and	 Burley,	 1997].	 Still,	 patents	 are	 often	

necessary	 for	many	companies	 to	maintain	 their	competitive	edge,	patent	clearly	

indicate	something	about	the	innovativeness	of	an	enterprise	[Stevens	and	Burley,	

1997].	

	

Fang	 Zhao	 in	 2005	 with	 a	 study,	 which	 analyzes	 the	 synergy	 between	

entrepreneurship	 and	 innovation.	 In	 this	 empirical	 study	 among	 several	

organizations	 find	 that	 sustainability,	 development	 and	 market	 impact	

organizations	 largely	 due	 to	 the	 way	 to	 surprise	 the	 user	 through	 constant	

renewal.	 To	 reach	 this	 point	 it	 is	 important	 that	 the	 R	 &	 D	 of	 each	 of	 the	

organizations	is	of	quality	to	the	extent	that	at	the	time	of	design	or	development	

of	an	innovation	the	importance	of	bringing	this	market	will	be	clear.	In	this	paper	

we	reaffirm	what	has	been	talked	about:	innovation	needs	to	be	taken	on	the	road	

and	 on	 methods	 of	 entrepreneurship	 if	 it	 is	 to	 have	 an	 economic	 and	

developmental	impact	[Fang	Zhao,	2005].	
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Finally,	 at	 this	 time	 it	 is	 important	 to	 consider	 the	 enterprise	 with	 a	 research	

foundation	 of	 innovation.	 It	 is	 clear	 that	 a	 great	 effort,	 as	 well	 as	 an	 integrated	

team	 formed	 with	 entrepreneurial	 skills	 and	 research	 techniques,	 a	 team	 of	

entrepreneurs	and	inventors	who	have	the	ability	not	only	to	generate	technology,	

but	 are	 able	 to	 bring	 that	 innovation	 successfully	 to	 be	 requires	 a	 untapped	

market.	 This	 is	what	 a	 country	 like	 Colombia	 needs	 to	 accelerate	 economic	 and	

social	development.	
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8	 Concluding	remarks	
	

This	work	 aimed	 to	 explore,	 recognize	 and	 address	 some	 of	 the	 challenges	 that	

phage	therapy		faces,	and	take	advantage	of	the	actual	opportunities.		

	

Important	 contributions	on	phages	genome	 information	were	made,	 represented	

in	 the	 several	genome	sequences	 reports	of	phages	 from	New	Zealand	against	P.	

syringae	 pv.	 actinidiae,	 a	 new,	 different	 Colombian	 phage	 for	 Pseudomonas	

aeruginosa,	 and	 six	 new	 native	 Salmonella	 phages.	 These	 works	 evidenced	 the	

humongous	 genetic	 diversity	 and	potential	 hidden	 in	 the	phage	 genomes.	 It	was	

also	revealed	the	biofilm	and	in	vivo	P.	aeruginosa	infection	controlling	capacity	of	

phage	 phiPAN70,	 but	 also	 the	 analysis	 strongly	 suggested	 this	 is	 a	 temperate	

phage,	 disabling	 it	 for	 its	use	 in	phage	 therapy.	 From	 this,	we	 concluded	 that	 an	

early	 step	 in	 the	 selection	 of	 phages	 for	 phage	 therapy	 must	 be	 the	 genomic	

sequencing	and	annotation.	

	

It	 was	 described	 the	 interaction	 dynamics	 of	 a	 Vibrio	 harveyi	 strain	 with	 three	

native	phages,	showing	the	importance	of	the	utilization	of	phage	cocktails	in	order	

to	avoid	the	rapid	evolution	of	bacterial	resistance	against	phages.	It	revealed	a	co-

evolutionary	pattern	when	the	cocktail	is	applied,	and	no	co-evolutionary	evidence	

when	 individual	 phages	 are	 used.	 Confirming	 this	 finding,	 the	 analysis	 at	 the	

genomic	 level	of	 the	evolutionary	dynamics	of	 a	Salmonella	strain	and	 its	phage,	

demonstrated	the	mutational	assimetry	in	the	interaction	

	

Products	 from	 a	 different	 nature	 were	 also	 developed.	 A	 patent	 solicited	 and	 a	

spin-off	were	the	results	from	the	attempts	to	connect	Science	and	Industry,	as	an	

essential	effort	for	the	development	of	the	Country.	During	this	process,	we	were	

able	 to	 define	 the	 budget,	 understand	 the	 regulations,	 and	 the	 path	 to	

commercialisation	 of	 a	 product	 ready	 to	 market,	 ending	 up	 with	 an	 industrial	

secret	developed	to	select	the	optimal	phage	cocktails.		
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Finally,	with	the	knowledge	in	phage	characterization,	manipulation,	selection	and	

analysis	 of	 the	 phage-bacteria	 interaction,	we	were	 able	 to	 consolidate	 a	 line	 of	

research	 in	phage	therapy	 	 that	 is	expected	to	 impact	 in	several	positive	ways	 in	

Colombia.	
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9	 Appendixes	
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Appendix	1	

Patent		
File	number	15281747,	November	25,	2015.	
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Appendix	2	
Spin-off	Ciencia	y	Tecnología	de	Fagos	SciPhage	S.A.S.	
Founding	 members:	 Angela	 Holguín,	 Ana	 P.	 Jiménez,	 Catalina	 Prada,	 Jaime	
Gutiérrez,	Martha	Vives.	
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Appendix	3	
Advancement	Award	to	honor	the	work	of	a	member	of	a	partner	university	of	the	

University	of	St.	Gallen	[AC-AA].	

	


