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ARTICLE INFO ABSTRACT

Keywords: Lysogeny is widespread among Lactobacillus strains of the casei group (L. casei, L. paracasei and L. rhamnosus),
PCR and prophages account for most strain-specific DNA. Numerous PCR based methods have been developed to
Bacteriophages detect free phages of lactic acid bacteria, but they do not take in consideration prophages. In this study, a new
Dairy . PCR method for the detection of lysogeny was developed using genome sequences of L. casei group strains
Lactf)baanus (including BL23) and bacteriophages. Nine pairs of primers were designed to selectively amplify the highly
Rapid methods conserved prophage iA2 (pairs #1-#3) and fragments of two groups phages of temperate origin: C;1/C;2/
iLp1308/iLp84 (pairs #4 and #5) and Lrm1/J-1/PL-1/A2/AT3/Lc-Nu (pairs #6 to #9). Forty-nine strains of the
casei group were subjected to PCR. Strains containing remnants of lytic phages outnumbered those containing
iA2-related prophages. The combination of pair #2, annealing on the terminase large subunit (TLS), and pair #3,
annealing on the helicase (forward) and a non-coding region (reverse), showed the best diagnostic performance
for iA2-like prophages. For the assessment of remnants of phages C;1/C;2/iLp1308/iLp84, pair #4 (annealing on
the TLS) was preferred over pair #5 (portal protein). Detection of phages Lrm1/J-1/PL-1/A2/AT3/Lc-Nu was
optimal with primers of pair #6, designed on non-coding regions of phage genomes; pair #6 also evidenced a
high conservation of certain prophage remnants. Overall, our PCR-based method successfully detected and

discriminated groups of prophages or remnants in L. casei group strains.

1. Introduction

Bacteriophages (phages) of lactic acid bacteria (LAB) are ubiquitous
in dairies (Capra et al., 2009; Guglielmotti et al., 2012). Phages have
been extensively studied and numerous strategies have been developed
in order to control their infections (Everson, 1991), including strain
rotation schemes, use of physical and chemical treatments, and devel-
opment or isolation of bacteriophage insensitive mutants (BIMs)
(Briggiler Marcé et al., 2011; Mercanti et al., 2012; Moineau and
Levesque, 2005; Samson and Moineau, 2013). However, phages cannot
be completely eradicated and represent a major risk on the manufacture
of dairy products, especially in large scale plants with intensive fer-
mentation processes, causing economic losses not only due to fermen-
tation arrest, but also to a negative impact on product taste and texture
(Capra et al., 2009; Mahony et al., 2014; Samson and Moineau, 2013).

Most probiotic strains commercially exploited today belong to the
casei group of Lactobacillus (L. casei, L. paracasei and L. rhamnosus)
(Desai et al., 2006; Mercanti et al., 2011; Mercanti et al., 2016), in
which a high percentage of strains are lysogenic or even polylysogenic

* Corresponding author.

(Canchaya et al., 2003; Mercanti et al., 2011). Prophages and prophage
remnants are prone to recombine with DNA from the host or from an-
other invading phage, greatly contributing to horizontal gene transfer
(HGT) and leading to phage and host diversity. Although at low rate,
HGT might allow phages to cross the species barrier (Baugher et al.,
2014; Canchaya et al., 2003; Mercanti et al., 2011; Mercanti et al.,
2016). Several published PCR methods have resulted in successful de-
tection and discrimination of LAB phages (Binetti et al., 2008; Binetti
et al., 2005; del Rio et al., 2007; del Rio et al., 2008; Dupont et al.,
2005; Labrie and Moineau, 2000; Zago et al., 2006; Zago et al., 2008).
In addition, lysogenic Lactococcus lactis strains have been identified
using a PCR strategy (Martin et al., 2006), but the presence of pro-
phages has not been assessed by similar approaches in strains of the
casei group.

L. casei BL23, a broadly used laboratory strain (Maze et al., 2010),
contains a prophage highly similar (nucleotide identity > 99.9%) to
iA2 present in the commercial strain L. paracasei A (Mercanti et al.,
2016), and to other prophages found in the related L. casei strains BD-II
(Ai et al., 2011), LC2W (Chen et al., 2011) and W56 (Hochwind et al.,
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Table 1

PCR assay for all the strains and primers tested.
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Bacterial group® Strain” Origin Phage group 1 Phage group 2 Phage group 3
iA2-like prophages Ci1, .2, iLp84, iLp1308 A2, Lrm1, PL-1, J-1, AT3
Pair1 Pair2 Pair3 Pair 4° Pair 5° Pair 6 Pair 7° Pair 8 Pair 9°
55°c’ 60°C' 55°C' 55°C! 50 °c* 55°c s5°Cc'  55°C' 60°C
A Lactobacillus casei BL23® Commercial + + + + + + +(2) + +(2)
Lactobacillus paracasei A Commercial + + + + + + +(2) + +(2)
Lactobacillus paracasei Dn” Commercial + + + + + + +©2) + +©2)
Lactobacillus paracasei Hn® Commercial + + + + +(2) + +(2)
Lactobacillus paracasei Al 3 Commercial + + + + + +(2) + +(2)
Lactobacillus paracasei A14® Commercial + + + + + + +(2) + +(2)
Lactobacillus paracasei ATCC 27092 ATCC Collection + + + + + +(2) + +(2)
Lactobacillus paracasei Bio® Commercial + + + +(2) + +(2)
Lactobacillus paracasei L26 Commercial + + + + + +(2) + +(2)
Lactobacillus paracasei SA Commercial +(#) + + +(2,#)
Lactobacillus rhamnosus CNRZ 1224 CNRZ Collection
Lactobacillus paracasei CNRZ 1308 CNRZ Collection + + + +
Lactobacillus paracasei CNRZ 318 CNRZ Collection + + + +(2) + +(2)
Lactobacillus rhamnosus CNRZ 1976 CNRZ Collection + + + +(2)
Lactobacillus paracasei Jp-1 INLAIN Collection + + + +(2) + +(2)
Lactobacillus rhamnosus PR Commercial +(#) + +(#) + +(#)
Lactobacillus paracasei ATCC 27139®®  ATCC Collection + + + + + + +(2) + +(2)
Lactobacillus paracasei INL3® INLAIN Collection + + + + +(2) + +(2)
Lactobacillus casei CNRZ 1874 CNRZ Collection + +
Lactobacillus paracasei 72 INLAIN Collection + + +
Lactobacillus paracasei 81 INLAIN Collection + + + + +
Lactobacillus paracasei 84 INLAIN Collection + + + +(2,#) + +(#)
Lactobacillus paracasei 85 INLAIN Collection + + + + +(2)
Lactobacillus paracasei 86 INLAIN Collection + + + + +(2)
Lactobacillus paracasei 88 INLAIN Collection + + + + +(2)
Lactobacillus rhamnosus 90 INLAIN Collection +(#)
Lactobacillus rhamnosus INL1 INLAIN Collection +(#) + + + +
Lactobacillus rhamnosus INL2 INLAIN Collection + + +
Lactobacillus casei SA Commercial + + +
B Lactobacillus casei INL 20 INLAIN Collection  + + + + + +
Lactobacillus casei INL 23 INLAIN Collection  + + + + +(#)
Lactobacillus casei INL 43 INLAIN Collection + + +(2) + +(2)
Lactobacillus casei INL 46 INLAIN Collection + + + +
Lactobacillus casei INL 47 INLAIN Collection + +(2) + +(2)
Lactobacillus casei INL 136 INLAIN Collection + + +(2) + +(2)
Lactobacillus casei INL 241 INLAIN Collection + + + + + + +
Lactobacillus casei INL 264 INLAIN Collection + + +(2) +
Lactobacillus casei INL 274 INLAIN Collection — + + + + + + + +
Lactobacillus casei INL 276 INLAIN Collection + + + +(2) + +(2)
Lactobacillus casei INL 17 INLAIN Collection + + + +(2) + +(2)
Lactobacillus casei INL 279 INLAIN Collection + + + +(2) + +(2)
Lactobacillus casei YOL-G Commercial + +(2) + +(3)
Lactobacillus casei YOL-CH Commercial + +(2) + +@3)
Lactobacillus paracasei ATCC 25302 ATCC Collection + + +(3)
Lactobacillus rhamnosus ATCC 7469 ATCC Collection
Lactobacillus rhamnosus GG ATCC Collection
Lactobacillus paracasei 906 INLAIN Collection  + + + +(#) + +(#)
Lactobacillus casei 17051 Commercial
Lactobacillus casei 17052 Commercial + + + + + + +(2,#) + +(2,#)

Negative controls

Lactobacillus plantarum ATCC 8014

ATCC Collection

Leuconostoc mesenteroides R707 Commercial
Lactococcus lactis Mo9 Commercial
Lactobacillus delbrueckii Abl INLAIN Collection
Escherichia coli Dh5a Commercial

Leuconostoc mesenteroides MB1
Leuconostoc mesenteroides D11

INLAIN Collection
INLAIN Collection

@ Strains of group A were previously tested for the presence of MMC inducible prophages (Capra et al., 2010; Mercanti et al., 2011), and strains of group B were not. Strains on the
group C do not belong to the casei group and were used as negative controls in PCR assays.

b Strains of group A with MMC-inducible prophages sharing restriction profiles are indicated:ViA2-like;®non iA2-like.

¢ Brackets indicate the amplification of the expected fragment plus one (2) or two (3) fragments of different size, or the amplification of only one (#) or two (2,#) fragments of different
than expected size.

4 Annealing temperature used in the PCR assay.

2012). With lower but still high nucleotide identity to iA2, prophages
have been also found in L. casei LOCK919 (Koryszewska-Baginska et al.,
2013), L. paracasei N1115 (Wang et al., 2014) and L. paracasei 8700:2
(unpublished). On the other hand, related temperate phages C;1, C;2,
iLp84 and iLp1308 have been recently sequenced (Mercanti et al.,

2016). As it was observed for other reported phages of the casei group
(Alemayehu et al., 2009; Dieterle et al., 2014; Durmaz et al., 2008;
Garcia et al., 2003; Lo et al., 2005; Proux et al., 2002; Tuohimaa et al.,
2006; Ventura et al., 2006), large fragments of the genomes of these
phages have been found in bacterial strains.



D. Zaburlin et al.

Taking advantage of the currently growing number of genome se-
quences publicly available, the aim of this study was to design a simple
and economic PCR-based assay to classify strains of the casei group
according to prophage profiles, using diverse sets of primers to selective
identify prophages grouped by homology.

2. Materials and methods
2.1. Bacterial strains

The bacterial strains used in this study are detailed in Table 1.
Strains of Lactobacillus of the casei group were divided into groups A
and B. Strains of group A had been assessed in a previous study
(Mercanti et al., 2011) for the presence of mitomycin C (MMC)-in-
ducible prophages in their genomes. The genome sequence of strain L.
casei BL23 was primarily used for primer design and, consequently, as
positive control for PCR tests. Group B includes 20 lactobacilli strains of
the casei group not previously tested for the presence of MMC-inducible
prophages. Diverse strains that do not belong to the casei group were
used as negative control in PCR assays (Table 1). Strains were main-
tained as frozen stocks at —80 °C in de Man, Rogosa, and Sharpe (MRS;
Biokar, Beauvais, France) (Lactobacillus and Leuconostoc), M17 (Biokar,
Beauvais, France) (Lactococcus) or Hershey (Difco, Detroit, MI, USA)
(Escherichia coli) broths supplemented with 15% (v/v) glycerol (Cicar-
elli, San Lorenzo, Argentina). The strains were reactivated and routi-
nely cultured in their corresponding broth without glycerol.

2.2. Design of primers for PCR

Bacterial and phage genome sequences used to design PCR primers
are listed in Table 2; they were either obtained from GenBank (http://
www.ncbi.nlm.nih.gov/genbank/) or extracted from bacterial genome
sequences using PHAST (Phage Search Tool; http://phast.wishartlab.
com/). Multiple sequence alignments were carried out with the pro-
gram Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) to
determine conserved sequences present in most phages. Primers were
designed on zones of those conserved phage sequences which were also
present in bacterial genomes, using the tools Primer BLAST (http://
www.ncbi.nlm.nih.gov/tools/primer-blast/) and GEMI (Sobhy and
Colson, 2012). Perfect matches between selected primers and the
genome of the strain L. casei BL23 were confirmed using the program
BioEdit v7.2.5 (Hall, 1999). Oligonucleotide primer pairs were checked
for the potential generation of secondary structures and homo or het-
erodimers.

2.3. Nucleic acids extraction

Bacterial DNA was extracted by differential elution using the com-
mercial kit GenElute™ Bacterial Genomic DNA (Sigma Aldrich,
Argentina), following manufacturer instructions for Gram-positive
bacteria. DNA was quantified by electrophoresis on 0.8% (w/v) agarose
gels in 1X Tris-acetate EDTA (1X TAE: 40 mM Tris acetate, 1 mM EDTA,
pH 8.0) buffer, using GelRed™ (Biotium, Inc., California, USA) as nu-
cleic acid binding dye. DNA was diluted in sterile distilled water
(GIBCO™, Invitrogen, USA) and stored at —18 °C.

Prophage DNA extraction was carried out starting from 50 ml of
filtered supernatants of cultures induced with mitomycin C (MMCQ),
following a previously described procedure (Mercanti et al., 2011).
DNA pellets were dissolved in 50 pl of sterile distilled water (GIBCO™,
Invitrogen, USA) and stored at —18 °C. DNA was quantified by agarose
gel electrophoresis likewise bacterial DNA.

2.4. Prophage analysis

The presence of inducible prophages on the strains of group B was
tested by MMC treatment, following a previous protocol (Mercanti
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et al., 2011). DNA from induced prophages was extracted as described
and digested with BgIII restriction enzyme according to manufacturer's
recommendations (GE Healthcare Life Sciences, Bucks, UK). Restriction
patterns were visualized after electrophoresis on 0.8% (w/v) agarose
gels in 1X TAE buffer, using GelRed™ (Biotium, Inc., California, USA) as
nucleic acid binding dye. Images were processed with the analysis
software package BioNumerics™ (version 5.0; Applied Maths BVBA,
Sint-Martens-Latem, Belgium).

2.5. PCR conditions

PCR reactions were carried out in a Veriti 96-Wells thermal cycler
(Thermo Fisher Scientific), in a final reaction volume of 20 ul con-
taining 2 pl of 10x Taq reaction Buffer (Sigma Aldrich, Argentina),
0.5 pl of a mix of dATP, dCTP, dGTP and dTTP (200 mM each), direct
and reverse primers (0.5mM each), 0.5U of Taq DNA Polimerase
(Sigma Aldrich, Argentina) and 1 pl of extracted bacterial DNA. The
cycling program consisted of an initial heating at 94 °C for 3 min (de-
naturation), followed by 35 cycles of 1 min at 94 °C, 2 min at 50, 55 or
60 °C, and 2 min at 72 °C, and a final elongation step at 72 °C for 7 min.
The temperature of annealing was variable according to the pair of
primers utilized and the obtained results. PCR products were resolved
by electrophoresis on 1.8% (w/v) agarose gels in 1x TAE buffer, using
GelRed™ (Biotium, Inc., California, USA) as nucleic acid binding dye.

3. Results
3.1. Selection of phages

A set of phage genomes classified into three groups (1-3) was used
for the design of the assay, in order to maximize the number and di-
versity of phages to be detected. Primers were separately designed to
amplify groups 1, 2 and 3 (Table 2). Prophage iA2 and other related
prophages (group 1, referred here as “iA2-like”) were found to be highly
conserved in several strains (Mercanti et al., 2016). In the same study,
phages C.1, C;2, iLp1308 and iLp84 (group 2) were classified in a new
cluster based on amino acid identity for predicted proteins and termi-
nase phylogeny. Prophages PLE1 and PLE2 of L. casei BL23 (Dieterle
et al., 2016) are the same previously reported as L. casei BL23—pro-
phages 1 and 2 (respectively) (Mercanti et al., 2016). Dieterle et al.
(2016) reported also a third complete prophage (PLE3), highly similar
to temperate phage iLp84. The rest of L. casei phages with genome se-
quences available in databases, namely Lrm1, J-1, PL-1, A2, AT3 and
Le-Nu (group 3), were used to design the third group of primers.

3.2. PCR assay for the detection of iA2-like prophages

Group 1 contains prophages that possess many ORFs with very high
amino acid identity (> 99%) (Mercanti et al., 2016) and they are
present almost intact on bacterial genomes. Moreover, several related
strains contain two prophages (identified as subgroups I and II), which
could be discriminated with primers specific for either one or another
subgroup. Consequently, three pairs of primers were designed
(Table 3). Primers of pair #1 were designed on the ORFs encoding HNH
endonuclease (forward) and terminase large subunit (TLS) (reverse).
TLS was selected because it is one of the most conserved genes in this
group, and it had been used for phylogenetic classification (Casjens
et al., 2005; Mercanti et al., 2016). The HNH endonuclease is involved
in phage DNA replication, and the region of this ORF selected for
primer design was, likewise for TLS, common to all the prophages of
group 1. Pair #2 amplifies internal fragments of TLS; it was specifically
designed to amplify all iA2-like prophages except subgroup II.

Primers of pair #3 anneal on a helicase (forward) and a non-coding
DNA region (reverse); contrary to pair #2, pair #3 amplifies only
subgroup II of iA2-like prophages. A BLAST search (blastn, adjusted for
a short sequence) of the eight primers designed for the group 1 of
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Table 2
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DNA sequences used for the design of PCR primers (Douillard et al., 2013; Ai et al., 2011; Maze et al, 2010; Chen et al., 2011; Zhang et al., 2010b; Hochwind et al., 2012; Koryszewska-
Baginska et al., 2013; Wang et al., 2014; Aleksandrzak-Piekarczyk et al., 2013; Kankainen et al., 2009; Mercanti et al., 2016; Durmaz et al., 2008; Dieterle et al., 2014; Lo et al., 2005;

Garcia et al., 2003; Tuohimaa et al., 2006).

Reference

Strains Accession number
Lactobacillus casei LcA CM001861
Lactobacillus casei BD-I NC_017474.1
Lactobacillus casei BL23 NC_010999.1
Lactobacillus casei LC2W NC_017473.1

Lactobacillus casei LcY

NZ_CM001848.2

Lactobacillus casei LOCK919 NC_021721.1
Lactobacillus casei Zhang NC_014334.2
Lactobacillus casei W56 NC_018641.1
Lactobacillus paracasei 8700:2 NC_022112.1
Lactobacillus paracasei N1115 CP007122

Lactobacillus rhamnosus LOCK900 NC_021723.1
Lactobacillus rhamnosus GG (ATCC 53103) NC_013198.1

Douillard et al. (2013)

Ai et al. (2011)

Maze et al. (2010)

Chen et al. (2011)

Douillard et al. (2013)
Koryszewska-Baginska et al. (2013)
Zhang et al. (2010b)

Hochwind et al. (2012)
Unpublished

Wang et al. (2014)
Aleksandrzak-Piekarczyk et al.(2013)
Kankainen et al. (2009)

Group Phages Accession number  Reference
1 iA2 KR905068.1 Mercanti et al. (2016)
1 L. casei BD-l, prophages | and II” ] NC_017474.1" Mercanti et al. (2016)
1 L. casei BL23, prophages | and II” NC_010999.1" Mercanti et al. (2016)
1 L. casei LC2W, prophages land II" | NC_017473.1" Mercanti et al. (2016)
1 L. casei LOCK919 prophage nelike NC_021721.1" Mercanti et al. (2016)
prophages
1 L. casei W56, prophages | and II” NC_018641.1" Mercanti et al. (2016)
1 L. casei 8700:2 prophage NC_022112.1" Mercanti et al. (2016)
1 L. casei N1115 prophage - CP007122" Mercanti et al. (2016)
2 Gl KR905066 Mercanti et al. (2016)
2 C2 KR905067 Mercanti et al. (2016)
2 iLp84 KR905069 Mercanti et al. (2016)
2 iLp1308 KR905070 Mercanti et al. (2016)
3 Lrm1 EU246945 Durmaz et al. (2008)
3 J-1 KC171646 Dieterle et al. (2014)
3 PL-1 KC171647 Dieterle et al. (2014)
3 A2 AJ251789 Garcia et al. (2003)
3 AT3 AY605066 Lo et al. (2005)
3 Lc-Nu AY131267 Tuohimaa et al. (2006)

“The strain contains complete prophages of subgroups I and II, detectable with PHAST.

"The accession number corresponds to the genomic sequence of the bacterial strain that contains the prophage(s) extracted with PHAST.

phages (Table 3) rendered exact matches only to phages and bacteria of
the casei group.

All PCR reactions were carried out with the annealing temperature
set to both 60 and 55 °C. Table 1 shows the best results (at optimal
temperature for each primer set) obtained for all the strains. Amplifi-
cation of primers pairs #1 to #3 on the strain L. casei BL23 (positive
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control) is shown in Fig. 1. Pair #1 did not amplify from two strains of
the group A (L. paracasei strains A13 and INL3) that produced ampli-
fications using pair #2. When the test was applied to group B, six strains
amplified when using pair #2, but only one of them (a commercial
strain) was positive to pair #3.
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Table 3
Primers designed in this study.
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Phage group Pair(s) # Primers Amplicon size (kb) Sequence (5" — 3') Genomic target
1 (iA2-like prophages) 1 plF 960 TGTCGGTGGATTGTGTGAGC HNH endonuclease
pl1R CAAGCACGTGATTACCACGAC TLS
2 p2F 651 CATGCAGATTGCCGATGGTG TLS
P2R AAAGGTCAGCCACGACTCAG TLS
3 p3F 668 CGCGAACGACCAACGAATAC Helicase
p3.R TGGTTGCGGCTCTATGTGTT NCR
2 (Ci1, Ci2, iLp84, iLp1308) 4 p4F 287 GGCCCGTATCACTGGTTCAA TLS
P4R GTGGGGTTCTGTGTGCCATA TLS
5 p5_F 117 GCAGCTCATACGTTCAAGAACAC Portal protein
P5_R TCATCAGTCGGGAAAATAAACAC Portal protein
3 (A2, Lrm1l, PL-1, J-1, AT3) 6° p6_F 565 AAACAATTGAAAACGCCAAAGAG Unknown ORF
pP6_R ATCGAACCCGCCTGACTA Unknown ORF/NCR”
7° p6_F 764 AAACAATTGAAAACGCCAAAGAG Unknown ORF
P9 R CAAGCTGTGTCCGGTCG Unknown ORF/NCR”
8* poOF 545 GAGGTCTTGGGGAACTAC Unknown ORF
pP6_R ATCGAACCCGCCTGACTA Unknown ORF/NCR”
9° p9F 744 GAGGTCTTGGGGAACTAC Unknown ORF
P9R CAAGCTGTGTCCGGTCG Unknown ORF/NCR”

TLS: terminase large subunit; NCR: non-coding region.

2 Note that pairs 6, 7, 8 and 9 result from the combinations of two forward (p6_F, p9_F) with two reverse (p6_R, p9_R) primers; amplicon size varies according to the pairing selected.
b The sequence corresponds to an ORF of unknown function in the genome of phage A2, but is found outside predicted ORFs in the genomes of other phages.

3.3. PCR assay for the detection of remnant of phages C;1, C;2, iLp1308
and iLp84

Phages of group 2 share the indicator strain (L. paracasei A), but
their ORFs share very low amino acid identity with prophage iA2,
harbored by that strain. Also, these four phages have particular features
that distinguished them from the rest of the phages of L. casei group
reported previously (Mercanti et al., 2016). Particularly, large frag-
ments covering most of their genomes can be found in bacterial strains.
For group 2, primer pairs #4 and #5 (Table 3) were designed within the
ORFs encoding TLS and portal protein, respectively. Both enzymes,
involved in DNA packaging, are encoded by the largest ORFs within the
most conserved module of these phages genomes. Several pairs of

primers were designed on each zone, but only few fulfilled the re-
quirement of matching both forward and reverse primers the genome of
L. casei BL23.

For pair #4, PCR reactions were carried out using annealing tem-
peratures of 60 and 55 °C, and best amplifications were achieved at the
lower value. For pair #5, a drop to 50 °C in the annealing temperature
was necessary to achieve good amplifications. Fig. 1 shows amplifica-
tion of both primers pairs on the strain L. casei BL23. Most strains of
group A were positive for both primers pairs (Table 1), with no clear
correlation to the presence of MMC-inducible prophages. However,
commercial strains with prophages detected using primers of group 1
also amplified when using primers #5 and/or #6, except L. paracasei
Hn. Pair #4 amplified an additional, larger fragment on L. paracasei SA,

Fig. 1. Agarose gel electrophoresis of PCR products
amplified from DNA of L. casei BL23 using all the
primers designed in the present study. Numbers in-
dicate the pair of primers used; M: molecular weight
marker 100 bp DNA ladder (GE Healthcare Life
Sciences, Bucks, UK).
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while a similar result was observed on three out of six L. rhamnosus
strains in group A. About half of the strains in group B were positive to
the assay.

3.4. PCR assay for the detection of remnant of phages Lrm1, J-1, PL-1, A2,
AT3 and Lc-Nu

A multi-alignment of entire phage genomes indicated that there
were just few, small regions showing consensus for all the phages in
group 3. To avoid making extra phage subgroups, and consequently too
many PCR primers, those circumscribed consensus regions were used,
even if they corresponded to ORFs of unknown function or non-coding
sequences. Besides, phage sequences found in bacterial genomes have
in this case a higher degree of fragmentation, thus making difficult to
find suitable pairs of primers matching also the genome of L. casei BL23.
The software GEMI rendered several primers, of which two forward and
two reverse were manually selected, checked and eventually combined
into pairs #6, #7, #8 and #9 (Table 3). Only pairs #6 and #7 amplified
phage Le-Nu.

Amplification of primers pairs #6 to #9 on the strain L. casei BL23 is
shown in Fig. 1. Pairs #6 and #8 amplified one fragment of expected
size in almost all the strains of the casei group tested, either from groups
A or B. Some L. rhamnosus strains were noticeable exceptions (Table 1).
The high percentage of positive cases was somewhat unexpected, con-
sidering the process followed for primer design in this case. Pairs #7
and #9 showed a similar pattern of positive cases, but an extra, smaller
fragment was observed for most strains. In a few cases, either a unique
smaller fragment or two (for pair #9 only) or even three fragments of
wrong size were observed (Table 1). Primer p9_R, the only one con-
stituting both pairs #7 and #9 (Table 3) would be responsible of the
extra amplifications observed. In view of the high percentage of posi-
tive strains within the casei group, it is worth remarking that the assay
was negative for all other tested bacteria (group C), even for non-casei
species of Lactobacillus (Table 1).

3.5. Correlation between PCR results and presence of inducible prophages

The presence of inducible prophages was determined for strains of
group B. Induction with MMC led to either total (13 strains) or partial
(5 strains) lysis, but prophage DNA could be extracted only in 10 cases
(Table 4), including strains with partial lysis, as it was observed in a

Table 4
Prophage induction of Group B strains.

Strain Lysis after MMC

Induction?

Phage DNA

presence in the
supernatans of
MMC induction

Lactobacillus casei INL 20 Yes, partial

Lactobacillus casei INL 23 Yes, complete +
Lactobacillus casei INL 43 Yes, complete +
Lactobacillus casei INL 46 Yes, complete -
Lactobacillus casei INL 47 Yes, complete +
Lactobacillus casei INL 136 Yes, partial -
Lactobacillus casei INL 241 Yes, complete +
Lactobacillus casei INL 264 Yes, partial -
Lactobacillus casei INL 274 Yes, complete +
Lactobacillus casei INL 276 Yes, complete -
Lactobacillus casei INL 17 Yes, partial +
Lactobacillus casei INL 279 Yes, complete +
Lactobacillus casei YOL-G Yes, complete -
Lactobacillus casei YOL-CH Yes, complete

Lactobacillus paracasei ATCC 25302 Yes, complete

Lactobacillus rhamnosus ATCC 7469 Yes, partial -
Lactobacillus rhamnosus GG No -
Lactobacillus paracasei 906 Yes, complete +
Lactobacillus casei 17051 No -
Lactobacillus casei 17052 Yes, complete +
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previous study (Mercanti et al., 2011). For the remaining eight strains,
there was probably a low frequency of induction, phage DNA de-
gradation, or inhibition of bacterial growth without actual prophage
induction. At least eight different BgIII restriction profiles were evi-
denced for group B strains (Fig. 2). The commercial strain L. casei
17052 was the only one in this group containing a prophage with an
iA2-like BgIII profile (Fig. 2). Similar to L. casei BL23, L. casei 17052
produced amplifications with all the primers tested in this study
(Table 1).

4. Discussion

Regarding LAB, PCR-based methods reported in the past success-
fully detected phages infecting Streptococcus thermophilus (del Rio et al.,
2008) and Lactobacillus of the casei group (Binetti et al., 2008). Other
methods allowed also discrimination between dairy lactococcal phage
groups (Labrie and Moineau, 2000), or specific detection of phages of
Lc. lactis, S. thermophilus and L. delbrueckii using a single multiplex PCR
reaction (del Rio et al., 2007). From a different perspective, the present
study presents a simple PCR method focused on the classification of
strains of the casei group based on their prophage content. The assay
comprises the selective detection of prophages or remnants unrelated
from the viewpoint of DNA homology, with a main division established
between complete prophages and fragments of lytic phages.

For the amplification of iA2-like prophages, primers pairs #1 and #2
were designed on well conserved ORFs. Although reverse primer of pair
#3 was designed on a non-coding DNA region instead of a functional
OREF, this region is however well conserved throughout the subgroup
(II) of phages to be selectively detected. Given the high degree of
conservation throughout genomes, the design was relatively easy to
carry out and good results were obtained with three out of four pairs of
primers tested. It is important to highlight that all the primers se-
quences in this study have total or partial identity only to reported
bacterial strains of the casei group, and no amplification existed for
strains of group C, indicating that no false positives would occur when
using these PCR assays. Pairs #2 and #3, used separately to detect
subgroups I and II, were preferred over pair #1 alone, because the latter
did not amplify on some strains. Anyway, most strains harboring iA2-
like prophages will be positive in case of using only pair #1 for sim-
plicity. The fact that more strains of group B were positive to pair #2
than to pair #3 indicates that prophages of subgroup II would be less
widespread than prophages of subgroup I. With one exception (L.
paracasei Bio), commercial strains known to harbor iA2-like prophages
(Mercanti et al., 2011) were positive for at least two of the three pri-
mers. Four other commercial strains containing a prophage with a re-
striction profile common but different to iA2 (Mercanti et al., 2011)
were also positive. Nevertheless, according to RAPD-PCR fingerprinting
both groups of commercial strains are closely related, and likewise
could be their prophages (Mercanti et al., 2011). The rest of the strains
containing diverse MMC-inducible prophages were negative for this
assay, probably indicating that none of those prophages (except that of
L. paracasei L.26) are related to iA2.

In the case of phages C;1/C;2/iLp1308/iLp84 (group 2), only frag-
ments of their genomes were found in lysogenic strains. Hence, DNA
sequences available for primer design were circumscribed to certain
areas. In spite of this hurdle, two pairs of primers could be designed
within conserved genes. According to the high percentage (> 50%) of
positive results observed, sequences amplified with these primers have
a broader distribution than iA2-like prophages. Pairs #4 and #5 dis-
played a similar pattern of amplification, but three strains were am-
plified only with pair #4, which was consequently considered better for
the assay.

The PCR methodology developed by Binetti et al. (2008) success-
fully detected phages A2, AT3, Lc-Nu (the only three casei group phages
fully sequenced at that time), and some other phages recently se-
quenced (PL-1, J-1), using two pairs of primers. However, the purpose
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of that study was to detect lytic phages instead of lysogenic bacteria. In
fact, according to a BLAST search, that method would amplify bacterial
DNA of strains L. casei ATCC 393 (harboring phage AT3) (Toh et al.,
2013), L. rhamnosus M1 (harboring prophage Lrm1) (Durmaz et al.,
2008), L. paracasei KL1 and L. paracasei JCM 8130 (Toh et al., 2013),
but would not detect unrelated phages also infecting the casei group
(iA2, C;1/C;2/iLp84/iLp1308). In our study, the design of primers for
the detection of the same phages studied by Binetti et al. (2008) (group
3) took into account regions of phage genomes usually present in
bacterial DNA, and consequently match many additional casei group
strains: L. casei strains W56, BD-II, LC2W, BL23, ATCC 334, LcA, LcY
and LOCK919, L. paracasei strains N1115, 8700:8, CAUH35 and L9, and
L. rhamnosus strains BPL5 and Lc 705. The genomes of L. casei 12A and
L. rhamnosus strains LOCK900, LOCK908 and GG (ATCC 53103) contain
the sequence of primer p6_R (though not those of forward primers p6_F
and p9_F, resulting in no amplification). This spectrum covers most of
the casei group strains sequenced so far, being exceptions L. casei strain
Zhang and some L. rhamnosus strains. The genome of probiotic L. casei
Zhang contains less transposases genes than L. casei ATCC 334 and
BL23. Therefore, genome diversification mediated by prophages and
insertion elements would be less common (Zhang et al., 2010b). In fact
only one non-functional prophage remnant, Lcazh1, has been identified
in the genome of L. casei Zhang, sharing similarities with a prophage
present in Lactobacillus plantarum WCSF1 rather than with other casei
group strains, probably originated on a genetic exchange between dif-
ferent species of Lactobacillus (Zhang et al., 2010a; Zhang et al., 2010b).
In concordance, none of the other primers designed in our study (pairs
#1 to #5) matched the genome of L. casei Zhang. Interestingly, our PCR
assay would help detecting the seemingly low percentage of strains
lacking prophages.

What is more, it was found that the genomes of all the phages of
group 2 (Cp1/C12/iLp84/iLp1308) are amplified by pair #6. This
pair amplified almost all the tested strains of the casei group, in-
cluding all of those positive to primer pairs #4 and #5 (phages of
group 2), and could be consequently regarded as of “broad--
spectrum”. The fact that many strains share this region raises the
question of why it is not eliminated from bacterial genomes. As
reviewed by Mills et al. (2013), phages exert a great influence in the
composition of human gut microbiota, and lysogeny seems to be the
prevailing life cycle within this ecosystem. These authors discussed
the relationship between prophage induction in probiotic bacteria
and gut microbiota composition. Ideally, probiotics must possess
phage resistance mechanisms to avoid phage evolution on the in-
testinal ecosystem but, on the other hand, phage-resistant deriva-
tives might loss probiotic attributes of the parent strain (Mills et al.,
2013). Our results point out once more the extensive occurrence of
prophages and their remnants in probiotic bacteria, suggesting that
some conserved sequences of phage origin and undetermined
function seem to be of high value for the strains. This trend favors
phage diversification instead of blocking phage attacks, but cer-
tainly justifies more research on this matter.
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Fig. 2. BglII restriction patterns of prophages for
which DNA could be directly isolated from super-
natants of MMC induction of group B strains. The
names of the corresponding lysogenic strains are
indicated at the right. Gel lanes were processed with
the software package BioNumerics™ (version 5.0;
Applied Maths BVBA, Sint-Martens-Latem, Belgium).

L. casei INL279
L. paracasei 906
L. casei INL23

L. paracasei ATCC 25302
L. casei INL17

L. casei INL47

L. casei INL43

L. casei INL241
L. casei INL274
L. casei 17052

L. casei BL23

5. Conclusions

The PCR method developed in the present study is fast, economic,
and able to assess lysogeny in strains of this group, allowing their
classification from the viewpoint of prophage content and diversity. In
this study, a few primers allowed the detection of diverse, seemingly
unrelated prophages or phage remnants. Pairs #2 and #3 (used to-
gether), pair # 4 and pair #6 detected the three main groups of tem-
perate phages of L. casei group known to date. This assay would also
help identifying the seemingly low percentage of strains lacking pro-
phages within this bacterial group.
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