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1  |  INTRODUC TION

Prophages, also known as temperate phages, are viral genomes 
that are integrated into the bacterial genome. Prophages can 
shape bacterial populations1 and can influence bacterial evolution 
through horizontal gene transfer, promotion of gene transduction, 
or potential disruptive effect caused by integration. Prophages 

can also influence the bacterium's biological behaviors, including 
pathogenesis, environmental adaptation, virulence, and antibiotic 
resistance.2,3 Recently, an increasing number of reports have re-
vealed the presence of prophages in Helicobacter pylori.4-13 H. py-
lori is a bacterium that colonizes the stomachs of approximately 
half of the world's population,14 reaching prevalence rates up to 
90% in developing countries,15 reaching 80% in Colombia.16 H. 
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Abstract
Background: Helicobacter pylori is a human gastric carcinogen that is highly preva-
lent	in	Latin	American.	The	prophages	of	H. pylori show a structured population and 
contribute to the diversity of this bacterium. However, H. pylori prophages present in 
American	strains	have	not	been	described	to	date.	In	this	study,	we	identified,	charac-
terized, and present the phylogenetic analysis of the prophages present in Colombian 
H. pylori strains.
Methods: To characterize Colombian H. pylori strains and their prophages, a Multilocus 
Sequences	Typing	 (MLST)	and	a	Prophage	Sequences	Typing	 (PST),	using	 the	 inte-
grase and holin genes, were performed. Furthermore, five Colombian H. pylori had 
their	 full	 genome	sequenced,	and	six	Colombian	H.pylori retrieved from databases, 
allowing to determine the prophage complete genome and insertion site.
Results: The	integrase	gene	frequency	was	12.6%	(27/213),	while	both	integrase	and	
holin	genes	were	present	 in	4.2%	 (9/213)	of	 the	samples	analyzed.	The	PST	analy-
sis showed that Colombian prophages belong to different populations, including hp-
SWEurope,	hpNEurope,	hpAfrica1,	and	a	new	population,	named	hpColombia.	The	
MLST	analysis	classified	most	of	the	Colombia	strains	in	the	hpEurope	population.
Conclusions: The new H. pylori prophage population revealed that Colombian 
prophages	follow	a	unique	evolutionary	trajectory,	contributing	to	bacterial	diversity.	
The global H. pylori prophage phylogeny highlighted five phylogenetic groups, one 
more	than	previously	reported.	After	the	arrival	of	Europeans,	the	Colombian	H. pylori 
bacteria and their prophages formed an independent evolutionary line to adapt to the 
new environment and new human hosts.
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pylori is recognized as the causative agent of chronic gastritis and 
peptic and duodenal ulcers and as the etiologic agent of gastric 
cancer.17

From the first H. pylori	 prophage	 report,	 in	 2011	 by	 Lehours	
et al.,5 studies have demonstrated that H. pylori strains carry full or 
partial	 prophage	 sequences,	 and	analyze	 integrase	 and	holin	 gene	
sequences	 allows	 for	 geographical	 differentiation	 of	 strains.5-7 
These studies have shown that H. pylori display extensive intraspe-
cies diversity18 and that this diversity appears to be influenced by 
the presence of mobile genomic elements, including prophages.9

The	Prophage	Sequence	Typing	or	PST	method	was	reported	
by Vale et al. in 20157 and is based on determining the presence 
of integrase and holin genes to predict the presence of prophages 
in H. pylori strains. These genes have been used because they are 
found at both ends of the prophage. Therefore, they allow infer-
ring about the presence of complete prophages. The integrase 
gene is responsible for the integration of the phage genome into 
the	bacterial	chromosome.	It	is	usually	placed	at	the	5’	end,	while	
the holin gene is involved in cell lysis when a lytic cycle occurs 
and	 is	 generally	 placed	 on	 the	 3’	 end.2	 Some	 strains	may	 have	
only one of these genes when they carry remnants or incomplete 
prophages.

The phylogenetic analysis of integrase and holin genes is a useful 
strategy to characterize the structure population prophage. To date, 
four H. pylori	prophage	populations	have	been	described:	hpAfrica1,	
hpEastAsia,	 hpNEurope,	 and	 hpSWEurope,	which	 are	 comparable	
to	 those	 identified	 in	 bacteria	 using	 Multilocus	 Sequence	 Typing	
(MLST)	analysis.7

However, these studies did not include strains from the 
American	 continent.	 Recent	 reviews	 of	H. pylori genomes from 
Latin	 America	 reported	 the	 separation	 of	 American	 strains	
from	 those	 of	 European,	 African,	 Asian,	 and	 Amerindian	 ori-
gin.	 Moreover,	 frequent	 and	 recent	 recombination	 events	 have	
been detected in groups of exclusively Colombian, Mexican, and 
Nicaraguan	 strains.19,20 H. pylori	 from	 American	 isolates	 results	
of genetic drift and admixture between H. pylori of European and 
African	origin,	rather	than	of	Amerindian	origin.21 Currently, it is 
mostly	unknown	whether	prophages	occur	in	American	strains,	if	
prophage elements contribute to events that generate high lev-
els of genetic diversity, to what prophage population they belong 
and if prophages share with the host bacteria the same ancestral 
origin.

In	this	study,	we	screened	213	H. pylori strains isolated from 
175 Colombian patients to determine the prevalence of the inte-
grase and holin prophage genes and identify the corresponding 
prophage	 population.	 Additionally,	 we	 characterized	 the	 com-
plete prophage genome from Colombia H. pylori	strains.	We	also	
searched for prophages in Colombian H. pylori genomes avail-
able in public databases to enrich our collection for phylogenetic 
analysis of the bacterial isolates and their prophages. These 
data are valuable to understand the prevalence of prophages 
in Colombian strains, their population structure, and ancestral 
origin.

2  |  METHODS

2.1  |  H. pylori strains

The presence of prophage holin and integrase genes was detected 
by	PCR.	DNA	samples	from	213	H. pylori strains isolated from 175 
patients with functional dyspepsia and living in Bogotá, Colombia 
were used. The strains were obtained from previous studies per-
formed	 in	 the	 Infectious	Diseases	 research	group	at	 the	Pontificia	
Universidad	Javeriana	 in	Bogotá,	Colombia.	Different	 strains	were	
isolated from the same patient because they were obtained from bi-
opsies taken on the same day but from different stomach locations.

Of the 175 patients from whom the strains were isolated, 72% 
(126)	were	women,	and	28%	(49)	were	men.	They	had	an	average	age	
of	48	years	(range:	18–79).	Additionally,	due	to	the	histology	result,	
69.1%	(121)	of	these	patients	were	diagnosed	with	chronic	non-atro-
phic	gastritis,	20.6%	(36)	with	chronic	atrophic	gastritis,	and	10.3%	
had no information related.

From	the	213	strains,	total	DNA	was	extracted	following	stan-
dard protocols,22	 using	 DNAzol®	 kits	 (Invitrogen,	 Carlsbad,	 CA,	
USA).	The	DNA	samples	were	stored	at	−20	°	C	until	use	for	 inte-
grase and holin genes PCR.

For the characterization of complete prophages, the positive 
strains	for	the	integrase	and/or	holin	genes	(Table	1)	were	cultured	
again	 for	 DNA	 extraction	 and	 sequencing	 using	 next-generation	
sequencing	 (NGS)	 technology.	 Following	 standard	 protocols,23 we 
were	able	to	recover	by	culture	eight	positive	strains	(Col-2PUJ,	Col-
5PUJ, Col-6PUJ, Col-7PUJ, Col-16PUJ, Col-17PUJ, Col-22PUJ, and 
Col	 23-PUJ).	 Total	DNA	was	 extracted	 from	 these	 strains	 using	 a	
DNeasy	Blood	&	Tissue	Kit	(QIAGEN,	Hilden,	Germany)	following	the	
manufacturer's	instructions.	Fluorimetric	assay	DNA	quantification	
was	 performed	 using	 a	Qubit	 2.0	 Fluorometer	 (Life	 Technologies,	
Carlsbad,	California,	US).	Each	sample	(1	μl)	was	examined	using	the	
Qubit	 dsDNA	HS	Assay	Kit	0.2–100	ng/μl following the manufac-
turer's	 instructions.	DNA	samples	were	stored	at	−20	°	C	until	 re-
quired	for	NGS.	Genomic	DNA	from	the	eight	selected	strains	was	
sequenced	using	Illumina	MiSeq	(Illumina,	San	Diego,	CA)	NGS;	DNA	
libraries	were	prepared	using	a	Nextera	XT	DNA	Library	Preparation	
Kit	(Illumina),	followed	by	2	×	300	paired-end	sequencing	runs	with	
∼80 times coverage. The reads were used for de novo genome as-
sembly	with	SPAdes	v13.3.24

Additionally,	H. pylori strains carrying integrase and holin genes 
were	searched	in	the	National	Center	for	Biotechnology	Information	
(NCBI)	public	database.	For	this,	a	BLASTn	analysis	was	performed	
on the H. pylori	whole-genome	shotgun	(WGS)	available	at	NCBI.	A	
threshold limit of <1e −6 was considered positive, and the genomes 
carrying	these	genes	were	selected	(Table	2).

2.2  |  H. pylori prophages search

All	 213	 genomic	 DNA	 samples	 were	 tested	 by	 PCR	 using	
GoTaq®	 Green	 Master	 Mix	 kit	 (Promega,	 Madison,	 WI)	 to	
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detect integrase and holin genes using the approach previ-
ously described by Vale et al.7 Briefly, the degenerate primers 
used	 were	 for	 integrase,	 F1-	 AAGYTTTTTAGMGTTTTGYG,	 and	
R1-	 CGCCCTGGCTTAGCATC	 (Invitrogen,	 Carlsbad,	 CA),	 and	
for	 holin	 gene	 hol-F-	 CCATCCCGTATTTGTTGGTG	 and	 hol-R-	
ACCCAATGCCTCCACTAATC	 (Invitrogen,	 Carlsbad,	 CA).	 The	 ex-
pected PCR products sizes were 529 and 225 bp for integrase and 
holin, respectively. PCR was performed using the following condi-
tions:	 initial	 denaturation	 at	 95 °C	 for	 4 minutes;	 followed	by	35	
cycles	 at	 95 °C	 for	 30 seconds,	 58 °C	 for	 30 seconds	 and	 72 °C	
for	1 minute,	and	a	final	extension	at	72 °C	for	7 minutes.	A	DNA	
sample from the H. pylori	B45	strain	 (first	reported	as	carrying	a	
prophage)5	was	donated	by	the	Centre	National	de	Référence	des	
Campylobacters	et	Hélicobacters,	Bordeaux,	France	and	was	used	
as a positive control.

The PCR products of strains positive for integrase and holin 
genes	 were	 purified	 and	 bidirectionally	 sequenced	 using	 an	 ABI	

PRISM	3500®	analyzer	DNA	sequencer	(Applied	Biosystems,	Foster	
City,	CA).

To identify homology with other previously identified H. py-
lori phages, the genomes were subjected to analysis using the 
MEGABLAST	 strict	 search	 program	 (http://blast.ncbi.nlm.nih.
gov/Blast.cgi),	 using	 KHP30	 (accession	 number:	 NC_019928.1)	 or	
phiHP33	(NC_016568.1)	phages	as	a	reference.	Prophage	genomes	
were	manually	put	together	by	mapping	contigs	with	either	KHP30	
or phiHP33 genomes.

The	 complete	 phiHP33	 phage	 sequence	 and	 some	 (fifteen)	
phages previously described by Vale et al.8 were used as the ref-
erence for alignment and comparison with the phages found in 
the Colombian strains. phiHP33 was selected as a reference be-
cause it was the first H. pylori phage completely characterized. 
Additionally,	by	PST	is	classified	in	the	hpAfrica1	population,	mak-
ing it closer to the Colombian prophages. The other phages that 
can	be	used	(KHP30,	KHP40,	and	1961P)	belong	to	the	hpEastAsia	

TA B L E  1 Data	from	the	present	study	Colombian	strains	presenting	prophages.

N° Strain Integrase Holin Prophage determined by NGS PST MLST

1 Col 2- PUJ† POS NEG Incomplete hpColombia hpEurope

2 Col 3- PUJ POS NEG No	NGS hpSWEurope ND

3 Col 4- PUJ POS NEG No	NGS hpAfrica1 hpEurope

4 Col 5- PUJ† POS POS Phage hpAfrica1 hpEurope

5 Col 6- PUJ† POS POS Phage hpAfrica1 hpEurope

6 Col 7- PUJ† POS POS Phage hpAfrica1 hpEurope

7 Col 16- PUJ† POS NEG Incomplete hpColombia hpEurope

8 Col 17- PUJ† POS NEG Incomplete hpColombia hpEurope

9 Col 22- PUJ† POS POS Phage hpAfrica1 hpEurope

10 Col 23- PUJ† POS POS Phage hpAfrica1 hpEurope

11 Col 32- PUJ POS POS No	NGS hpColombia ND

12 Col 33- PUJ POS POS No	NGS hpAfrica1 ND

13 Col 34- PUJ POS NEG No	NGS hpColombia ND

14 Col 35- PUJ POS NEG No	NGS hpSWEurope ND

15 Col 36- PUJ POS NEG No	NGS hpSWEurope ND

16 Col 37- PUJ POS NEG No	NGS hpColombia ND

17 Col 38- PUJ POS NEG No	NGS hpSWEurope ND

18 Col 39- PUJ POS POS No	NGS hpAfrica1 ND

19 Col 40- PUJ POS NEG No	NGS hpSWEurope ND

20 Col 41- PUJ POS NEG No	NGS hpSWEurope ND

21 Col 42- PUJ POS POS No	NGS hpAfrica1 ND

22 Col 43- PUJ POS NEG No	NGS hpAfrica1 ND

23 Col 44- PUJ POS NEG No	NGS hpColombia ND

24 Col 45- PUJ POS NEG No	NGS hpSWEurope ND

25 Col 46- PUJ POS NEG No	NGS hpAfrica1 ND

26 Col 47- PUJ POS NEG No	NGS hpColombia ND

27 Col 48- PUJ POS NEG No	NGS hpColombia ND

Note: Positive	strains	for	Integrase	and/or	holin	genes.	Eight	(8)	isolates	of	these	were	NGS	sequenced;	these	strains	were	highlighted	with	†.	The	
table	shows	the	result	for	PST	and	MLST	analysis.
NGS=Next-Generation	Sequences,	POS=Positive,	NEG=Negative,	ND=No	data

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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population, and previous studies been described that this popula-
tion has been replaced in Colombia.25	According	 to	PST	analysis	
and genome alignment, the other fifteen phages were selected be-
cause they have negligible signs of introgression from other phage 
populations	 (Table	S1).	 The	MAUVE	software	was	used	 for	mul-
tiple	alignment	of	 the	prophage	genomes.	Additionally,	phiHP33	
prophage	 and	 one	 (1)	 another	 prophage	 for	 each	 population	
(hpNEurope,	 hpSWEurope,	 hpEastAsia,	 and	 hpAfrica1)	 were	 se-
lected	to	construct	a	comparison	chart	using	BLASTn	and	Easyfig	
software.

2.3  |  Data analysis of Prophage Sequence Typing 
(PST)

Integrase	 and	 holin	 gene	 sequences	 of	 Colombian	 strains,	 NCBI	
strains selected, and 95 previously characterized H. pylori se-
quences6,8	 (totaling	167	prophage	sequences)	were	used	 to	deter-
mine	the	population	structure	of	prophages	using	PST.

Briefly,	 integrase	and	holin	gene	sequences	were	aligned	using	
MAFFT	(version	7).26 The multi-fasta alignment file of these genes 
sequences	was	converted	to	the	Structure	2.3.427-29 program input 
file	using	xmfa2struct	by	X.	Didelot	and	D.	Falush	(http://www.xavie	
rdide	lot.xtree	mhost.com/clona	lframe.htm).	 The	 Structure	 program	
was	 used	 to	 study	 the	 number	 of	K	 populations	 using	 the	 admix-
ture	model,	performing	duplicate	runs.	In	each	run,	a	Markov	Chain	
Monte	Carlo	 (MCMC)	of	10,000	iterations	and	a	burn-in	period	of	
10,000 iterations were chosen. The highest mean value of ln like-
lihood	was	 compared	 for	multiple	 runs	 of	 2	 ≤	 K	 ≤	 6.	 To	 evaluate	
the	 PST	 analysis	 results	 generated	 and	 visualize	 likelihood	 values	
across	multiple	 values	 of	 K,	 the	 Evanno	method	 of	 the	 Structure	
Harvester30 tool was used, namely to detect the number of popula-
tions that best fit the data.

Using concatenated integrase and holin gene nucleotide align-
ments, together or individually, a neighbor-joining statistical phy-
logenetic	 tree	was	constructed	using	 the	Kimura	 two-parameter31 
substitution	model	 in	the	Molecular	Evolutionary	Genetic	Analysis	
Software,	Version	7.0	 (MEGA	7).32 The number of bootstrap repli-
cations	was	 set	 at	 1000.	Another	 neighbor-joining	 statistical	 phy-
logenetic tree was constructed, following the same guidelines but 
using	the	genome	of	the	prophages	found	in	Colombian	strains	(from	
this	study	and	databases),	as	well	as	the	reference	phages,	PhiHp33,	
KHP30,	 India7	 (accession	number	CP002331),	Cuz20	 (CP002076),	
1961P	 (NC_019512.1),	 KHP40	 (NC_019931.1),	 and	 20	 previously	
described prophages,8 totaling 40 prophage genomes.

2.4  |  H. pylori MLST data analysis

Seven	H. pylori	 housekeeping	 genes	 (atp	 A,	efp, trp C, ppa, mut	 Y,	
yph C, and urel)	 were	 analyzed	 in	 the	 eight	 (8)	 carried	 prophages	
strains	 obtained	 in	 this	 study,	 45	 database	 strains	 (16	 Colombian	
and	29	from	others	countries)	(Table	2),	and	741	strains	available	at	

PubMLST	 (http://pubml	st.org/helic	obact	er/)	 initially	 described	 by	
Falush et al.33	and	Linz	et al.34 These strains were used to perform 
phylogenetic	analysis	using	software	Structure	2.3.4	and	MEGA	7.0	
software, as described above.

3  |  RESULTS

3.1  |  Identification of H. pylori prophages.

The presence of prophages in Colombian H. pylori strains was initially 
determined	by	detecting	integrase	and	holin	genes.	Among	the	213	
H. pylori	DNAs,	27	strains	(12.6%)	were	positive	for	integrase,	and	9	
(4.2%)	were	positive	 for	both	genes.	The	prophage	sequences	ob-
tained in the present study from Colombian strains are available at 
GenBank	(No:	MW160241	to	MW160271).	The	27	positive	strains	
for the integrase gene came from 24 patients, and the nine positive 
strains	 for	 the	holin	gene	came	from	7	patients.	The	frequency	of	
these genes, not in strains but patients, was 13.7% for integrase and 
4%	for	holin.	All	prophage	carriers’	strains	came	from	patients	diag-
nosed with non-atrophic chronic gastritis.

For complete genome analysis, a prophage was considered intact 
if its size was at least 20 kb, as described by others.5	We	sequenced	
by	NGS	eight	strains	and	found	complete	prophages	in	five	strains	
(Col-5PUJ,	 Col-6PUJ,	 Col-7PUJ,	 Col-22PUJ,	 and	 Col-23PUJ)	 and	
incomplete	 prophages	 in	 three	 strains	 (Col-2PUJ,	 Col-16PUJ,	 and	
Col-17PUJ).	 (Table	1).	Some	of	 the	analyzed	strains	 (Col-6PUJ	and	
Col-7PUJ,	 Col-22PUJ	 and	 Col-23PUJ,	 Col-16PUJ,	 and	 Col-17PUJ)	
had	been	isolated	from	the	same	patient	and	were	identical	(identity	
percentages	greater	than	99%).	For	these	strains,	it	was	found	that	
the prophages were present in all the isolates from the same patient. 
The	 percentage	 of	 identity	 for	 the	 prophage	 sequences	 present	
in each patient was greater than 99%. Thus, one strain from each 
identical	pair	was	withdrawn	from	subsequent	analyzes.	Genomes	
of	strains	included	in	the	study	were	submitted	to	NCBI	under	the	
BioProject	 number	 PRJNA656306	 and	 the	 Colombian	 H. pylori 
prophages described here are available under the access number 
MW247143	to	MW247147.

Intact	prophages	had	an	average	of	33	predicted	genes,	28.6	kb	
in	 length,	 and	 37%	GC.	 BLASTn	 and	 Easyfig	 results	 showed	 syn-
teny between previously described phages and those found in 
Colombian	 strains.	 Indeed,	 the	multiple	 alignment	 results	 showed	
that Colombian phages have lengths and gene organization like 
those	previously	described	(Figure	1).	In	the	incomplete	prophages,	
specific open reading frames were likely missed in the genome as-
sembly,	 leading	 to	 less	 than	20	 kb	 genomes.	 In	 all	 prophages,	 the	
missing part was the final part of the prophage.

The annotation and alignment procedures used allowed the 
identification	of	an	insertion	sequence	(IS)	in	Col	23-PUJ	phage.	This	
IS	encodes	a	transposase	enzyme,	was	identified	as	ISCco1,	corre-
sponds	to	an	IS606	(tnpA),	and	is	a	member	of	the	IS200/IS605	fam-
ily transposases.35,36	BLASTp	analysis	revealed	that	this	IS	usually	is	
found in different H. pylori strains and H. pylori prophages.8

http://www.xavierdidelot.xtreemhost.com/clonalframe.htm
http://www.xavierdidelot.xtreemhost.com/clonalframe.htm
http://pubmlst.org/helicobacter/
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For the Colombian H. pylori	prophages,	the	insertion	site	(Table	
S4)	could	be	determined	only	at	the	5’	end.	In	all	prophages,	at	the	
3’	 end,	 the	 contig	 ended	 with	 prophage	 sequences.	 For	 the	 Col	

2-PUJ incomplete prophage, it was not possible to determine the 
insertion site at either end. The complete phages, Col 5-PUJ and 
Col	6-PUJ,	were	inserted	contiguous	to	the	gene	encoding	a	Type	II	

F I G U R E  1 Synteny	in	genome	organization	of	prophages	from	different	populations.	Using	the	BLASTn	and	Easyfig	software,	a	phage	
comparison	chart	was	constructed.	The	three	complete	Colombian	prophages	were	used,	and	as	a	reference,	phiHP33	and	some	phages	(one	
for	each	population	group)	previously	described	by	Vale	et	al.	In	2017	were	used.	The	chart	shows	synteny	between	the	different	phages	
and that the phages of Colombian origin conserve most of the soft-core genes.

F I G U R E  2 H.	pylori	prophage	populations.	Bayesian	population	assignments	using	Structure	2.3.4	software	and	the	admixture	model	to	
analyze	integrase	and	holin	genes	sequences.	The	plot	shows	five	colored	segments	(K)	representing	the	membership	coefficients	in	each	
cluster. The fifth population was named hpColombia.
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DNA	modification	enzyme,	the	Col	23-PUJ	phage	was	inserted	con-
tiguous	to	the	Holliday	junction	ATP-dependent	DNA	helicase	RuvA	
gene, and the incomplete Col 16-PUJ phage was inserted adjacent 
to	 the	membrane-associated	 phospholipid	 phosphatase	 gene.	We	
determined the insertion site for the Colombian prophages obtained 
from	the	NCBI	strains	at	the	5’	end	in	five	prophages.	Four	of	them	
(HP3076,	 CM22388,	 NQ4044,	 and	 HP3133)	 were	 inserted	 next	
to	 the	 S-adenosylmethionine	 synthetase	 gene;	 and	 PZ5019-3A3	
prophage was located next to the gene coding for Trigger factor. The 
insertion	sites	at	the	3’	end	only	were	determined	in	two	prophages,	
Hp3076,	 and	 NQ4044;	 in	 both	 prophages,	 the	 insertion	 site	 was	
next	to	the	gene	coding	for	UDP-3-O-	[3-hydroxymyristoyl]	glucos-
amine	N-acyltransferase.

3.2  |  H. pylori and prophage population structure

STRUCTURE	 2.3.4	 analysis	 for	 PST,	 surprisingly,	 revealed	 that	
K	=	5	had	the	best	probability	value,	indicating	the	presence	of	five	
populations.	The	five	populations	identified	by	PST	are	hpEastAsia,	

hpAfrica1,	 hpSWEurope,	 hpNEurope,	 and	 the	 fifth	 new	 popula-
tion, containing only Colombian strains, was named hpColombia 
(Figure	2,	Table	S1).	Evaluation	of	these	results	using	the	Structure	
Harvester tool and the Evanno method30	confirmed	that	K	=	5	was	
the	best	value	(Table	S2).

The neighbor-joining phylogenetic trees for concatenated in-
tegrase and holin genes and the prophage's complete genome also 
showed	a	new	clustering	with	prophage	sequences	from	Colombia	
strains,	supporting	the	assignment	of	a	new	population	 (Figure	3A	
and	3B).	In	the	tree	with	the	complete	genomes	(Figure	3B),	we	ob-
served that most of the prophages gathered by the phylogeographic 
group clustering accordingly to their population assigned by the 
PST	analysis.	However,	some	exceptions	were	found,	namely	for	Pt-
4472-G,	Fr-G12-G,	Fr-CG43-A,	Pt-21299R-U,	and	Cuz20	(Figure	3B)	
that cluster with another prophage population.

MLST	analysis,	performed	using	Structure	(Figure	S1,	Table	S3),	
showed	 that	 K	 =	 6	 was	 the	 best	 value.	 The	 populations	 defined	
were consistent with the prior assignment of major populations, and 
these were used to classify the new strains included in this study. 
For	 the	 Colombian	 strains,	 MLST	 analysis	 revealed	 that	 most	 of	

F I G U R E  3 Phylogenetic	distribution	of	the	H.	pylori	prophages.	A.	Neighbor-joining	phylogenetic	tree	topology	(using	the	Kimura	two-
parameter	model,	running	1000	bootstrapping	replications)	of	nucleotide	alignments	of	the	concatenated	integrase	and	holin	genes	from	
167	prophage	sequences	(27	Colombian	sequences	obtained	in	this	study,	45	sequences	from	NCBI	selected	strains,	and	95	sequences	from	
previously	characterized	prophages	H.	pylori).	B.	A	neighbor-joining	phylogenetic	tree	topology	(using	the	Kimura	two-parameter	model,	
running	1000	bootstrapping	replications)	of	40	prophages	complete	genomes.	Eight	Colombian	prophages	found	in	this	study,	six	Colombian	
prophages	recovered	from	databases,	20	previously	described	prophages,	and	six	reference	prophages	(PhiHp33,	KHP30,	India7,	Cuz20,	
1961P,	KHP40)	were	used	to	build	this	tree.
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the Colombia strains belonged to the hpEurope population, while a 
few	belonged	to	the	HpAfrica1	population.	The	phylogenetic	tree,	
constructed	 using	 the	 seven	housekeeping	 genes	 (Figure	 S2),	was	
consistent	with	the	Structure	findings.	Taken	together,	these	results	
support the presence of the six major H. pylori populations based on 
the	assigned	population	available	at	PubMLST.

4  |  DISCUSSION

Here, we have described the identification of prophages in 
Colombian H. pylori	strains.	While	increasing	numbers	of	studies	re-
port the presence of these prophages, this is the first description of 
these	elements	in	isolates	of	American	origin.

The	frequency	for	 integrase	and	holin	genes	was	calculated	on	
the strains and the patients in which these strains were obtained. 
However,	 even	 considering	 both	 scenarios,	 both	 genes’	 observed	
prevalence was not in line with those previously determined. 
Previous reports indicate that prophages are present in about 20% 
of H. pylori strains.37	We	found	that	only	12.6%	of	Colombian	strains	
were positive for integrase, and only 4.2% were positive for both 
genes. This is similar to what we observed for H. pylori Colombian 
genomes present in public databases. Thus, of the 186 Patric da-
tabase38	Colombian	 strains	 analyzed,	only	17	 (9.1%)	were	positive	
for	 the	 integrase	gene,	and	6	 (3.2%)	 for	both	genes.	These	results	
suggest	a	decreased	prevalence	of	prophage	sequences	in	American	
isolates, which may have been due to a bottleneck of H. pylori ge-
nomes	 poor	 in	 prophage	 sequences	 that	 arrived	 in	 America	 from	
Europe	and	Africa	after	the	continent	discovery	(discussed	below).	
Alternatively,	the	H. pylori strains that adapt better to the Colombian 
population may have been those without prophages.

The prophages identified in Colombian H. pylori strains are con-
sistent with the sizes and characteristics estimated for the previously 
reported H. pylori phages used in this study for comparison, point-
ing	to	a	common	origin.	Indeed,	the	Colombian	prophages	showed	
genetic synteny among themselves and with phiHP33 phage.5	 As	
described for other H. pylori phages, the prophages ORFs described 
here were mostly in the same direction, many ORFs were annotated 
as hypothetical proteins or with no known function, and no virulence 
genes	were	identified.	All	prophage	soft-core	genes37 were present 
in Colombian prophages, though the holin gene presented a smaller 
percent	 identity	 (72%).	 Taken	 together,	 these	 results	 support	 that	
the Colombia prophages have the same origin as the rest of the H. 
pylori prophages.

In	this	study,	all	H. pylori strains carriers of prophages came from 
patients diagnosed with non-atrophic chronic gastritis. Therefore, 
we cannot infer that prophages could be related to specific disease 
patterns. However, previous reports5,7 suggest that there is no di-
rect association between the presence of prophages and the gen-
eration	of	disease.	Despite	this,	prophages	can	play	critical	roles	in	
bacterial	populations.	Likewise,	many	prophages	contain	genes	that	
contribute to bacterial fitness and colonization capacity in a partic-
ular niche.2	Genes	 present	 in	 prophages	 increase	 bacterial	 fitness	

through a wide range of mechanisms and play an essential role in 
bacterial diseases.39	 In	 the	 case	 of	 H. pylori, phage orthologous 
genes have been found in the genomes of strains that also carry 
cagA and/or vacA virulence genes.40	Studies	have	suggested	that	H. 
pylori prophages could represent an essential element for H. pylori 
adaptation to a hostile environment, such as the human stomach.8,9 
However,	 additional	 studies	 are	 required	 to	 elucidate	 the	 specific	
functions of prophages found in H. pylori and these prophages role 
in establishing H. pylori-related disease.8

A	previous	report	about	H. pylori	prophages	revealed	that	 IS	 is	
present in around 39% of prophages.8	In	the	Colombian	isolates,	we	
identified	 an	 IS	 in	only	one	prophage	 (1/11,	9%	of	 the	Colombian	
prophages)	(prophage	Col	23-PUJ).	Previously,	IS606	was	also	iden-
tified	at	the	3’	end	of	a	prophage	remnant	(Sw-C388-G),	belonging	
to	the	hpNEurope	prophage	population.8

A	relationship	between	the	prophage's	insertion	site	and	the	phy-
logenetic	classification	by	PST	had	previously	been	described.8	In	this	
study,	we	found	that	 the	Colombian	prophages’	 insertion	sites	were	
mostly	related	to	those	that	had	been	described	for	the	hpNEurope	
and	hpAfrica1	populations,	which	 is	consistent	with	 the	populations	
described here. However, in three prophages, novel insertion sites 
at	 the	 5’	 end	 are	 described.	 In	 fact,	 the	 Col	 5-PUJ	 and	 Col	 6-PUJ	
prophages	(from	hpAfrica1	population)	were	inserted	next	to	the	Type	
II	 DNA	 modification	 enzyme	 gene.	 Curiously,	 the	 enzyme	 product	
corresponds to a restriction endonuclease, a component of the re-
striction-modification system that protects the bacteria against the 
invasion	of	foreign	DNA.41	The	Col	23-PUJ	prophage	(from	hpAfrica1	
population)	was	inserted	next	to	the	Holliday	junction	ATP-dependent	
DNA	helicase	RuvA	gene,	which	codes	 for	a	hexameric	protein	 that	
is part of the homologous recombination machinery in bacteria42; fi-
nally,	the	prophage	present	in	the	strain	PZ5019	(available	from	NCBI)	
(from	hpAfrica1	population)	was	inserted	next	to	the	gene	coding	for	
a	Trigger	factor	for	which	there	is	not	much	information.	In	these	last	
three prophages, the insertion site could correspond to random loca-
tions.	Gene	expression	studies	would	be	needed	to	evaluate	the	im-
pact of the prophage insertion site on the bacteria.

There are seven well established different H. pylori populations: 
hpEurope,	 hpNEAfrica,	 hpAfrica1,	 hpAfrica2,	 hpAsia2,	 hpSahul,	
and	 hpEastAsia,	 reflecting	 H. pylori and man have co-evolved to-
gether.33,34,43,44	Particularly,	the	hpEastAsia	population	is	divided	into	
three	subpopulations,	hspEAsia,	hspMaori,	and	hspAmerind.33,34,43-46 
The	 hspAmerind	 subpopulation	 reflects	 the	migration	 from	 Asia	 to	
the	Americas	across	the	Bering	Strait	that	began	12,000	years	ago.47 
However,	 this	population	group	was	 replaced	 in	 the	American	mes-
tizo population due to the entry of new pathogens, including H. py-
lori,	500	years	ago,	during	the	Spanish	colonization	migratory	process	
and	 the	 arrival	 of	 African	 slaves.48	 Accordingly,	 of	 the	 strains	 ana-
lyzed	 in	 this	study	by	MLST,	none	belonged	to	the	hpAmerind	pop-
ulation.	 Indeed,	 our	MLST	 results	 showed	 that	 the	 analyzed	 strains	
mainly	belong	to	hpEurope	and,	to	a	 lesser	extent,	hpAfrica	popula-
tions	(Table	S3).	These	results	are	similar	to	those	of	the	first	studies	
of the Colombian strains and agree with the expected results based 
on	 migration	 involved	 in	 Spanish	 colonization.48,49	 It	 was	 recently	
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demonstrated	by	studies	that	used	the	whole-genome	sequences,	the	
existence of a specific population component in strains isolated from 
the Colombian mestizo population,19-21,25 suggesting that the H. pylori 
Colombian	strains	have	followed	unique	evolutionary	pathways19 and 
have formed new subpopulations from a European source,21 localized 
at	the	 Iberian	Peninsula.	Thus,	 this	Colombian	subpopulation	named	
hspSWEuropeColombia	(previously	reported	as	hspSEuropeColombia)	
showed	 hspSWEurope	 predominance.20	 Interestingly	 and	 opposing,	
for	a	new	cluster	of	Colombia	prophages	(presented	below),	the	closer	
population	has	hpNEurope	predominance	and	not	hpSWEurope,	sup-
porting	that	hpColombia	diverges	from	hpNEurope	population,	whose	
prevalence is residual. Our findings agree with the observation that 
a new subpopulation of European origin is evolving in Colombia and 
confirm that most Colombian strains are definitely of European origin.

Using	 the	 technique	 known	 as	 PST,	 Vale	 et	 al.	 identified	 four	
prophage populations, differentiating two European populations, 
mainly	present	 in	north	Europe	 (hpNEurope)	and	the	southwest	of	
Europe	(hpSWEurope).7 Recently, using the entire H. pylori genome, 
two subpopulations of hpEurope were also observed.21	 Our	 PST	
analysis revealed five phylogenetic groups, one more than previ-
ously	reported,	confirming	the	high-resolution	level	of	PST	analysis	
in discriminating H. pylori prophage populations. Considering the 
Colombian	prophages,	25.0%	(10	prophages)	of	were	assigned	to	hp-
SWEurope	population,	5.0%	(2	prophages)	to	hpNEurope,	42.5%	(17	
prophages)	to	hpAfrica1,	and	27.5%	(11	prophages)	to	a	new	popula-
tion. The fifth new population was composed only of prophages with 
Colombian	origin	for	which	it	was	named	hpColombia.	None	of	the	
Colombian	prophages	were	classified	in	the	hpEastAsia	population.	
The diversity of the populations of the Colombian prophages reflects 
the complex colonization history of Colombia. Possible recombina-
tion events and introgression between strains may have led to the 
generation of a novel lineage. The hybrid nature of the Colombian 
prophage	 populations	 is	 also	 evident	 in	 another	 strain	 from	 Latin	
America,	 Cuz20,	 which	 corresponds	 to	 an	 isolate	 from	 Peru	 (dis-
cussed	below).	These	findings	should	be	related	to	the	recent	history	
of	human	migration	waves	to	Colombia,	by	Europeans	and	Africans.

The phylogenetic trees place hpColombia population closer 
to	 the	hpNEurope	population.	As	 referred	 above,	 this	 new	pop-
ulation	may	have	diverged	from	hpNEurope	prophages	arriving	in	
the	Americas	due	to	the	close	phylogenetic	clustering	(Figure	3A	
and	3B)	between	the	Colombian	prophages	and	those	belonging	
to	 the	hpNEurope	population.	The	 identification	of	a	new	popu-
lation	of	prophages	from	the	Americas	is	in	agreement	with	other	
studies pointing to the existence of H. pylori subpopulations in 
Colombia.20,21	We	 cannot	 affirm	 that	 the	 new	 subpopulation	 of	
prophages	 (hpColombia)	described	here	 is	associated	 in	 the	new	
subpopulation of Colombian strains, previously described. The 
same	strains	were	not	analyzed.	In	previous	studies,	no	prophage	
carriers’	strains	were	included.	However,	the	findings	demonstrate	
that in Colombia, there has been genomic variation in the H. pylori 
subpopulations and their prophages, which show the adaptation 
and	admixture	between	strains	originating	from	the	Americas	and	
Europe.

The prophage insertion sites of the hpColombia population also 
match	the	ones	most	frequently	found	for	the	hpNEurope	popula-
tions, reinforcing that these two prophages populations are closely 
related.	The	genome	phylogenetic	tree	(Figure	3B)	showed	that	few	
prophages displayed discrepant phylogeographic segregation from 
their	PST	classification,	suggesting	the	existence	of	putative	recom-
bination events, as previously reported.8 This finding suggests that 
these prophages have a genomic mosaic composed of both popu-
lations.	For	instance,	the	Cuz20	prophage	(genome	available	at	the	
NCBI)	was	assigned	to	hpNEurope	population,	but	the	PST	result	in-
dicated	some	introgression	from	hpColombia	and	hpEastAsia.	(Table	
S1).	In	agreement,	the	Cuz20	prophage	clusters	together	with	hpCo-
lombia	prophages	in	the	phylogenetic	tree	(Figure	3B),	suggesting	an	
introgression from the novel hpColombia population. This strain was 
isolated	from	Peru,	which	supports	the	theory	about	the	American	
strains’	hybrid	nature.

Our results highlight the relationship between H. pylori genetic 
diversity and tracking of human migrations and verify the H. py-
lori prophage coevolution, leading to the development of a novel 
prophage lineage in the new world.

5  |  CONCLUSIONS

Our results showed the existence of a new population of H. pylori 
prophages, hpColombia, corresponding to a population composed 
exclusively	of	strains	of	Colombian	origin.	Our	results	verify	that	PST	
can differentiate individual populations and that prophages affect 
H. pylori genetic diversity, which is strongly related to geography. 
Performing additional studies with a higher number of Colombian 
strains	and	other	strains	from	the	Americas	using	the	entire	genome	
could allow for in-depth characterization of the prophage population 
structure at a more exceptional level.
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