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Discovery of a Conjugative Megaplasmid in Bifidobacterium breve
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Bifidobacterium breve is a common and sometimes very abundant inhabitant of the human gut. Genome sequencing of B. breve
JCM 7017 revealed the presence of an extrachromosomal element, designated pMP7017 consisting of >190 kb, thus representing
the first reported bifidobacterial megaplasmid. In silico characterization of this element revealed several genomic features sup-
porting a stable establishment of the megaplasmid in its host, illustrated by predicted CRISPR-Cas functions that are known to
protect the host against intrusion of foreign DNA. Interestingly, pMP7017 is also predicted to encode a conjugative DNA trans-
fer apparatus and, consistent with this notion, we demonstrate here the conjugal transfer of pMP7017 to representative strains of
B. breve and B. longum subsp. longum. We also demonstrate the presence of a megaplasmid with homology to pMP7017 in three

B. longum subsp. longum strains.

Biﬁdabacterium breve is a common inhabitant of the infant gut,
in addition to Bifidobacterium longum subsp. longum, Bifido-
bacterium longum subsp. infantis, Bifidobacterium pseudocatenu-
latum, Bifidobacterium Dbifidum (1), and the less frequently
encountered Bifidobacterium kashiwanohense (2). Furthermore,
representatives of this species have been isolated in other environ-
ments, including human milk, the adult gut, and human vagina
(3). The presence of bifidobacteria (being members of the Actino-
bacteria phylum) in the gut has been correlated with particular
health-promoting effects, such as enforcement of the intestinal
barrier, activation/modulation of the host’s immune response and
protection against particular infections (4), and for this reason
representatives of this genus have been included as active ingredi-
ents in functional foods (5).

Since the first genome sequence of B. longum subsp. longum
NCC2705 was released in 2002, further sequencing endeavors
have produced additional bifidobacterial genome sequences in an
effort to elucidate the mode of action of their beneficial effects. In
this respect genome sequencing and subsequent functional anal-
yses have revealed that members of this genus possess genetic fea-
tures that support the process of colonization and adhesion to the
intestinal mucosa (6), evasion/stimulation of the host’s immune
system (7), and a metabolic ability to use host-derived glycans, all
of which are believed to contribute to competitive exclusion of
pathogens (4) and perhaps other beneficial activities.

The presence of plasmids among representatives of the ge-
nus Bifidobacterium has been reported for certain bifidobacte-
rial species (e.g., Bifidobacterium pseudolongum subsp. globosum,
Bifidobacterium indicum, Bifidobacterium asteroides, Bifidobacte-
rium bifidum, Bifidobacterium catenulatum, Bifidobacterium
pseudocatenulatum, Bifidobacterium kashiwanohense, Bifidobacte-
rium breve, Bifidobacterium longum subsp. longum, and Bifidobac-
terium longum subsp. infantis) (8—11). Typically, when plasmids
are found, just a single plasmid per isolate is present, with some
notable exceptions: B. kashiwanohense JCM 15439, B. longum
subsp. longum DJO10A, B. longum subsp. infantis 157F, and B.
longum subsp. longum KACC 91563, which each harbor two such
genetic elements (2, 8). Among the identified bifidobacterial plas-
mids, most have been isolated from strains of B. longum subsp.
longum (8). The bifidobacterial plasmids that have been charac-
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terized thus far exhibit a size not exceeding 10.5 kb and the possi-
ble presence of extrachromosomal genetic elements larger than
100 kb, which are designated megaplasmids (12), in Bifidobacte-
rium has only been suggested for two porcine cecal isolates (13).

Bacterial conjugation is one of the possible means of horizontal
transfer of genetic material and it has been intensively studied in
Gram-negative bacteria, in particular in the plant pathogen Agro-
bacterium tumefaciens due to its pathogenic and biotechnological
relevance (e.g., tumor-inducing plasmid Ti) (14-16). Conjuga-
tion has been described for Gram-positive bacteria, with the dif-
ference that a somewhat simpler conjugative machinery appears
to be required due to the fact that DNA traverses just a single
membrane layer (17). With regard to bifidobacteria, recent ge-
nome analyses for members of this genus has indeed provided
evidence of horizontal transfer events (3, 6, 18-20), where pro-
phages are believed to be one of the principal vehicles of such DNA
transfer phenomena (21).

The presence of (conjugative) megaplasmids in representatives
of the phylum Actinobacteria has thus far only been observed for
members of the Gordonia, Rhodococcus, Brevibacterium, Nocardi-
opsis, and Mycobacterium spp. (with sizes ranging between 100
and 700 kb) (12, 22), of which p1CP from Rhodococcus opacus
PD630 (23), pREA400, pREA250, and pREA100 from Rhodococ-
cus erythropolis AN12 (24), and pKB1 from Gordonia westfalica
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Kbl (25) have conclusively been shown to be conjugative. With
regard to conjugative transfer in bifidobacteria, only a recent
study proposed a new shuttle vector pPDOJHR-WD2 based on the
conjugative machinery of Escherichia coli WM3064(pBB109),
which was successfully used for DNA transfer between E. coli and
different Bifidobacterium species (26); however, no functional, na-
tive bifidobacterial conjugation system has as yet been identified.

In this study we present the sequence and in silico annotation of
amegaplasmid present in B. breve JCM 7017. This 190.17-kb plas-
mid, designated pMP7017, the first and largest megaplasmid to be
identified among a member of the genus Bifidobacterium and ac-
tinobacterial gut commensals in general, is able to transfer to
other bifidobacteria by an apparent conjugative mechanism. In-
terestingly, and consistent with the horizontal transfer ability of
pMP7017, we also detected homologs of this megaplasmid in
three representatives of B. longum subsp. longum.

MATERIALS AND METHODS

Sequencing and annotation. DNA sequencing of pMP7017 was per-
formed using protocols developed by the sequencing provider Macrogen
(Seoul, Republic of Korea) and employing a combination of two next-
generation sequencing (NGS) platforms (see below). An initial 454 run
using a Roche genome sequencer FLX Titanium instrument employing a
long-tag, paired-end library (average read length of 400 bp) resulted in the
construction of an initial scaffold, which was subsequently improved with
an additional Illumina Hiseq 2000 paired-end sequencing run with an
average read length of 101 bp.

The resulting sequences were then assembled in a hybrid 454-Illumina
approach using a combination of Newbler v2.9 (98.83% of aligned reads
and 0.04% inferred read error) (454 Sequencing; Roche) for long reads
and Abyss v1.3.4 (http://www.bcgsc.ca/) for short reads, resulting in a
high-quality and ungapped final consensus sequence, where the average
sequence coverage of each base pair was >200-fold.

Replicon analyses and bioinformatic analysis. Open reading frame
(ORF) prediction was performed with a combined approach of the tool
Prodigal v2.0 (http://prodigal.ornl.gov). Functional assignment of the
predicted ORFs was first performed on the basis of BLASTP v2.2.26 (27)
searches against the nonredundant protein database curated by the Na-
tional Centre for Biotechnology Information (ftp://ftp.ncbi.nih.gov/blast
/db/) and further refined, when necessary, employing BLASTX v2.2.26
searches (27).

Artemis v.14 (http://www.sanger.ac.uk/resources/software/artemis/)
was used to inspect the results of the ORF prediction and used for manual
editing, if necessary, of the start codon of a predicted gene. Gene annota-
tions were further integrated with the information retrieved from alter-
native databases, e.g., protein family (Pfam) (http://pfam.sanger.ac.uk).

TRNA genes were identified using tRNAscan-SE v1.4 (28) and the
presence of Restriction-Modification (R-M) systems was investigated us-
ing BLASTP (27) alignments against the downloaded REBASE database
(http://rebase.neb.com/rebase/rebase.html; cutoff E value of 0.0001 and
showing at least 30% similarity across at least 80% of the complete length
of the deduced amino acid sequence).

The presence of CRISPR loci was inspected using the CRISPR finder
tool (http://crispr.u-psud.fr), while codon usage and amino acid fre-
quency were computed using the GCUA (29) tool and visualized with
scatter3D module of the statistical package R (http://www.r-project.org/).
Sequence comparisons at the protein level were performed using an bidi-
rectional BLASTP alignment (27) (cutoff E value of 0.0001, with at least
50% identity across at least 50% of either protein sequence).

Bacterial strains, plasmids, and culture conditions. Bacterial strains
and plasmids used in the present study are listed in Table 1. Bifidobacterial
strains were routinely cultured in reinforced clostridial medium (RCM
[Oxoid, Ltd., Basingstoke, Hampshire, United Kingdom]) or modified de
Man, Rogosa, and Sharpe medium (mMRS) prepared from first princi-
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TABLE 1 Bacterial strains and plasmids used in this study®

Source or
Strain or plasmid Relevant feature(s)” reference
Strains
Escherichia coli
E. coli EC101 Cloning host, repA™ Km" 53
Bifidobacterium breve
JCM 7017 Isolate from human feces JCM
JCM 7017-199 pORI19-tet-0199 insertion mutant This study
of pMP7017 in JCM7017
UCC2003 Isolate from nursling stool 19
JCM 7019 Isolate from infant feces JCM
NCFB 2258 Isolate from infant intestine NCFB
UCC2003-TC B. breve UCC2003 transconjugant  This study
harboring pMP7017_199
JCM 7019-TC B. breve JCM7019 transconjugant  This study
harboring pMP7017_199
NCFB 2258-TC B. breve NCFB 2258 This study
transconjugant harboring
pMP7017_199
B. longum subsp. longum
NCIMB 8809 Isolate from nursling stool NCIMB
1-6B Isolate from 6-year-old child 51
2-2B Isolate from 6-year-old child 51
44B Isolate from infant at 1 year 51
35B Isolate from infant at 1 year 51
NCIMB 8809-TC B. longum NCIMB 8809-TC This study
transconjugant harboring
pMP7017_199
Plasmids
pAMS5 pBC1-puC19-Tc" 54
pORI19 Em’; ArepA; ori*, cloning vector 53

pORI19-tet-0199 Internal 937-bp fragment of
pl_0199 and tetW cloned in

pORI19
“JCM, Japan Collection of Microorganisms; NCFB, National Collection of Food

Bacteria; NCIMB, National Collection of Industrial and Marine Bacteria.
b Em", erythromycin resistance.

This study

ples (30). Prior to inoculation, mMRS was supplemented with cysteine-
HCI (0.05% [wt/vol]) and lactose (1.0% [wt/vol]) (Sigma). Bifidobacte-
rial cultures were incubated at 37°C under anaerobic conditions, which
were maintained using an anaerobic hood (Davidson and Hardy, Belfast,
Ireland). E. coli was cultured in Luria-Bertani (LB) broth (31) at 37°C with
agitation. Where appropriate, growth media contained tetracycline (10
pg ml 1Y), ampicillin (100 wg ml ™" for E. coli), erythromycin (100 pg
ml ™" for E. coli), or kanamycin (50 wg ml~" for E. coli). Recombinant E.
coli cells containing pORI19 were selected on LB agar containing erythro-
mycin and supplemented with X-Gal (5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside) at 40 pg ml~ ' and 1 mM IPTG (isopropyl-B-p-galac-
topyranoside).

DNA manipulations. Chromosomal DNA was isolated from B. breve
JCM 7017 as previously described (32). Minipreparation of plasmid DNA
from E. coli was achieved using a QIAprep spin plasmid miniprep kit
(Qiagen GmBH, Hilden, Germany). Single-stranded oligonucleotide
primers (see Table S1 in the supplemental material) used in the present
study were synthesized by Eurofins (Ebersberg, Germany). Standard
PCRs were performed using TagPCR mastermix (Qiagen), whereas high-
fidelity PCR was achieved using KOD polymerase (Novagen, Darmstadt,
Germany). B. breve colony PCRs were performed as described previously
(33). PCR fragments were purified using the Qiagen PCR purification kit.
Electroporation of plasmid DNA into E. coli was performed as described
by Sambrook et al. (31), and into B. breve JCM 7017 as described by Maze
etal. (34).

aem.asm.org 167


http://www.bcgsc.ca/
http://prodigal.ornl.gov
ftp://ftp.ncbi.nih.gov/blast/db/
ftp://ftp.ncbi.nih.gov/blast/db/
http://www.sanger.ac.uk/resources/software/artemis/
http://pfam.sanger.ac.uk
http://rebase.neb.com/rebase/rebase.html
http://crispr.u-psud.fr
http://www.r-project.org/
http://aem.asm.org

Bottacini et al.

TABLE 2 Conjugation between B. breve JCM 7017 and representative B. breve and B. longum subsp. longum strains

Carbohydrate Carbohydrate Conjugation
Donor selection for donor Recipient selection for recipient efficiency”
B. breve JCM 7017_199 Sorbitol B. breve UCC2003 Ribose 51x107°
B. breve JCM 7017_199 Sorbitol B. breve NCFB 2258 Ribose 13X 1078
B. breve JCM 7017_199 Cellobiose B. breve JCM 7019 Melezitose 1.33 X 10°°
B. breve JCM 7017_199 Sorbitol B. longum NCIMB 8809 Arabinose 47 X 1078

@ Expressed as the average number of transconjugants per recipient from triplicate conjugation experiments.

Antibiotic marking of pMP7017 through creation of an insertion
mutant of pMP7017_0199. An internal 937-bp fragment of ORF
pMP7017_0199 was amplified by PCR using B. breve JCM 7017 chromo-
somal DNA as a template and primer pairs IM199F and IM199R (see
Table S1 in the supplemental material). The insertion mutation in B. breve
JCM 7017 was generated essentially as described previously (35) to pro-
duce B. breve JCM 7017-199. Site-specific recombination in tetracyclin-
resistant isolates was confirmed by colony PCR using the primer combi-
nation tetWFw and tetWRv to verify fetW gene integration and the primer
combination 0199-FW (positioned upstream of the selected internal frag-
ment of pMP7017_0199) and pORI19For to confirm integration at the
correct genetic location.

Conjugal matings. Conjugations were performed by inoculating
overnight cultures of donor and recipient at 1% into mMRS broth sup-
plemented with cysteine-HCI (0.05% [wt/vol]) and lactose (1.0% [wt/
vol]) and growing at 37°C under anaerobic conditions for 7 h to late log
phase. Next, 1 ml of each culture (donor and recipient) was mixed and
concentrated by centrifugation, and the resultant pellet was resuspended
in 200 pl of RCM prior to spread plating on reinforced clostridial agar
(RCA) plates. RCA plates were incubated overnight at 37°C under anaer-
obic conditions. Subsequently, the conjugation mixture was recovered
from the plates and resuspended in 2 ml of phosphate-buffered saline and
serially diluted. Donor and recipient cells in each conjugation mixture
were enumerated based on selective carbohydrate utilization by the donor
or recipient strain on mMRS agar, whereas transconjugants were isolated
by adopting the appropriate carbohydrate to select for recipient cells in
combination with tetracycline (10 pg ml™") (Table 2).

PFGE plug preparation. Agarose gel plugs of high-molecular-weight
DNA for pulsed-field gel electrophoresis (PFGE) were prepared according
to previously described protocols (36, 37), with minor modifications, as
outlined below. All bifidobacterial strains were grown in mMRS broth
supplemented with 0.05% cysteine and 1% (wt/vol) lactose to early sta-
tionary phase. A volume of culture containing ~10° bacteria (equivalent
to an optical density at 600 nm of 2.0) was centrifuged (5,000 X g for 1
min), washed once with 1 ml of NT buffer (1 M NaCl, 10 mM Tris-HCl
[pH 7.6]), and repelleted (5,000 X g for 1 min). The cell pellet was resus-
pended in 300 pl of NT buffer, to which an equal volume of melted 2%
(wt/vol) low-melting-point (LMP) agarose, prepared in 0.125 M EDTA
(pH 7.6) and maintained at 50°C, was added. The cell suspension and
LMP agarose were mixed carefully without introducing bubbles. Gel plugs
were formed by pipetting 300-pl volumes into plug molds and allowed to
solidify at 4°C for 20 min. Subsequently, two plugs per strain were added
to 2 ml of EC buffer (1 M NaCl, 6 mM Tris-HCI, 100 mM EDTA [pH 7.6])
containing 1% (wt/vol) Sarkosyl, 10 mg ml™" lysozyme, and 40 U ml ™'
mutanolysin, followed by incubation at 37°C for 24 h. The lysozyme so-
lution was replaced with 5 ml of 0.5 M EDTA (pH 8.0) containing 1%
(wt/vol) Sarkosyl and 0.5 mg/ml proteinase K and then incubated at 37°C
for 24 h. Plugs were then washed with 5 ml of TE buffer (10 mM Tris-HCl,
1 mM EDTA [pH 8.0]) containing I mM PMSF (phenylmethylsulfonyl
fluoride; freshly prepared) at 37°C for 1 h to inactivate the proteinase K.
This was followed by three 30-min incubations in 5 ml of TE buffer at
room temperature to remove the PMSF. Plugs were stored in 10 mM
Tris-HCI-100 mM EDTA (pH 8.0) at 4°C.

Treatment with S1 nuclease or restriction endonucleases. Single
slices (2 mm by 2 mm) were soaked in either 200 pl of S1 buffer (50 mM
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NaCl, 30 mM sodium acetate [pH 4.5], 5 mM ZnSO,) or an appropriate
restriction buffer at room temperature for 30 min. The S1 buffer was
replaced with another 200 pl of S1 buffer containing 1 unit of Aspergillus
oryzae S1 nuclease and then incubated at 37°C for 45 min. The restriction
buffer was replaced with fresh restriction buffer containing 15 U of the
appropriate restriction enzyme (Spel and Ascl), followed by incubation at
37°C for 16 h. Reactions were stopped by suspending the treated plugs in
200 wl of 0.5 M EDTA (pH 8.0) and held at room temperature for 10 min.
The 0.5 M EDTA was replaced with 200 .l of TE and left at room temper-
ature for at least 30 min before loading onto a gel.

PFGE. Plug slices were loaded directly into the wells of a 1% (wt/vol)
PFGE agarose gel melted in 0.5X TBE (89 mM Tris-borate, 2 mM EDTA
[pH 8.3]) buffer. The wells were sealed with molten agarose in 0.5 TBE
buffer. DNA fragments were resolved using a CHEF-DR III pulsed-field
system (Bio-Rad Laboratories, Hercules, CA) at 6 V/cm for 18 h with 0.5X
TBE running buffer maintained at 14°C. Linear ramped pulse times were
selected depending on the size of DNA fragments to be resolved; for the S1
nuclease-treated samples, a linear ramped pulse time of 3 to 50 s was used;
for Spel- and AscI-digested samples, a linear ramped pulse time of 1 to 15
s was used. A molecular size Chef DNA lambda ladder was included in
each gel (number 170-3635; Bio-Rad Laboratories). The gels were stained
in distilled water containing ethidium bromide for 120 min under light-
limited conditions and destained in distilled water for 60 min. The gels
were visualized, and images were captured under UV light.

Nucleotide sequence accession numbers. The sequences generated in
this study have been submitted to GenBank database with the accession
number (GenBank accession no. KM406416). All of the sequences used
for our analysis have been retrieved from NCBI database with the follow-
ing accession numbers: B. breve UCC2003 (GenBank accession no.
NC_020517), B. breve JCM 7017 (GenBank accession no. CP006712), B.
breve NCFB 2258 (GenBank accession no. CP006714)], B. breve JCM 7019
(GenBank accession no. CP006713), B. longum subsp longum 1-6B
(GenBank accession no. AJTF00000000), B. longum subsp. longum
2-2B (GenBank accession no. AJTJ00000000), B. longum subsp. longum
35B (GenBank accession no. AJTI00000000), and B. longum subsp.
longum 44B (GenBank accession no. AJTM00000000).

RESULTS AND DISCUSSION

Sequence analysis and general features of pMP7017. During the
genome sequencing and assembly of the Bifidobacterium breve
strain JCM 7017 (3), a sequence scaffold of 190,178 bp was de-
tected, corresponding to a DNA element that was not part of the
chromosome, thereby providing preliminary evidence for the
presence of a megaplasmid in this strain. Sequence analysis of this
pMP7017 replicon showed an overall G+C mol% of 57.43, com-
parable with the G+C content of its host (58.65 G+C mol%) and
of bifidobacterial genomes in general (9). However, the fact thata
slightly different G+C content was observed for about half of its
sequence, roughly corresponding to nucleotide coordinates
22,000 to 125,000 (Fig. 1), suggests that this megaplasmid is the
result of cointegration of two originally separate modules (having
a G+C mol% of either 60.1 or 55.3) (Fig. 1). The pMP7017 plas-
mid harbors 228 ORFs, of which 70% do not have significant hits
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FIG 1 pMP7017 general features. Genome atlas representing the circular sequence of the magaplasmid pMP7017 with the relative ORFs organization is shown.
Highlighted are the four main functional regions (REG1 to -4) with relative genetic features. A green line also divides pMP7017 into two putative cointegrates.

in database searches, thus representing hypothetical genes which
is a common genetic feature of plasmids, while the remaining
OREFs are associated with predicted functions that are principally
involved in DNA replication, DNA methylation, partitioning,
DNA transfer, and colonization (Fig. 1).

The first (arbitrary) half of the pMP7017 sequence (corre-
sponding to locus tag names pMP7017_0001 through to
pMP7017_0100) contains ORFs which, among others, represent a
sortase-dependent pilus cluster (cluster I) encoding a predicted
sortase (pMP7017_0021) and three putative surface-anchored
proteins (pMP7017_0022-24). Interestingly, this cluster shows
significant homology (above 50% of similarity in a BLASTP align-
ment) with predicted pilus clusters of particular B. longum strains,
though it is not significantly similar to those identified in other
bifidobacteria (19, 38, 39). This portion of pMP7017 also contains
two genes encoding a potential type II R/M system (pMP7017_
0033-34), followed by genetic functions putatively involved in
plasmid segregation and DNA transfer, encompassing a predicted
chromosome partitioning genes parA (pMP7017_0053), as well as
adjacent genes predicted to encode a mating-pair formation com-
plex (Mpf) for DNA translocation represented by two VirD4-B4
ATPases (pMP7017_0059 and pMP7017_0062, respectively) and
a transmembrane pore-forming VirB6 (pMP7017_0056) (Table
3). The VirD4-B4 and VirB6 proteins in the plant pathogen Agro-
bacterium tumefaciens are known to form the structural scaffold
and motor of a type IV secretion system (T4SS) that acts asa DNA
secretion channel (40—42). The observed similarity may thus in-
dicate a similar role in the conjugal transmission of pMP7017
between bifidobacterial species (see below). Finally, two adjacent
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CRISPR/Cas loci (corresponding to locus tags pMP7017_0080-85
and pMP7017_0086-90) are present in this section of the mega-
plasmid, which are known to provide immunity against invading
phages and plasmids in bacteria (43, 44). Further discussion on
these CRISPR/Cas systems will follow below.

The second half of the replicon (locus tags pMP7017_0101
through to pMP7017_0146) encodes the presumed replicative ap-
paratus consisting of a possible relaxase (pMP7017_0124) and a
predicted replication protein (pMP7017_0146) (Pfam PF04796.5),
as well as several genes that specify coupling proteins (CP) of a
type IV secretion system associated with the Mpf complex direct-
ing DNA translocation (40—42): FtsK/SpollIE family proteins
(pMP7017_0114-0116 and pMP7010_0125-26) and a DivIVA do-
main-containing protein (pMP7017_0134) (Table 3). This second
portion of the megaplasmid also specifies biosynthetic functions
for a putative adhesion locus encoding two predicted surface pro-
teins (pMP7017_0199-0200), of which the corresponding genes
are located in the vicinity of a sortase-encoding gene (pMP7017_
0184), as well as two genes that each encode a putative methyl-
transferase (pMP7017_0174/0197); this region also harbors the
largest density of hypothetical genes.

Interestingly, the pMP7017 replicon also specifies three
predicted toxin-antitoxin (T-A) systems (pMP7017_0014-15,
pMP7017_101-102 and pMP7017_164-165), as well as a putative
antidote protein (pMP7017_0019). Such T-A systems are known
to be involved in ensuring plasmid maintenance (45).

Finally, downstream of the gene encoding the predicted repli-
cation protein (pMP7017_0146), a cluster of 14 tRNA genes (base
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TABLE 3 Segregation and conjugal transfer genes in pMP7017

Cellular process

ORF

Segregation
DNA translocation

Conjugal transfer coupling
proteins (CP)

Replication and DNA
processing

pMP7017_0053
pMP7017_0062
pMP7017_0056
pMP7017_0059
pMP7017_0136
pMP7017_0138

pMP7017_0114
pMP7017_0115
pMP7017_0116
pMP7017_0125
pMP7017_0126
pMP7017_0127

pMP7017_0134

pMP7017_0124
pMP7017_0073
pMP7017_0108
pMP7017_0146

Annotation Pfam no.
Chromosome partitioning protein parA PF01656
VirB4 PF01656
VirB6 PF04610
VirD4 PF10412
Protein translocase subunit secE PF00584
Protein translocase subunit secG PF03840
Ftsk/SpolIIE family protein PF01580
CHAP possible extracellular subunit

Hypothetical protein with CHAP domain PF05257
Ftsk/SpolIIE family protein PF01580
Ftsk/SpollIE family protein PF01580
Hypothetical protein with flagellar basal body-associated domain PF03739

(putative VirB10)

DivIVA domain containing protein (putative VirCl) PF05103
Putative relaxase PF04796
Replicative DNA helicase dnaB PF03796
Dna polymerase III alpha subunit dnaE PF00929
Predicted repA replicase protein PF04796

positions 121532 to 125960) is present, and their possible role will
be discussed below.

Host adaptation: codon usage and amino acid frequency.
The evolutionary process that drives codon usage bias across a
genome and indirectly determines the overall tRNA abundance in
a given organism is believed to be mediated by natural selection in
favor of those codons for which sufficient cognate tRNA is present
in order to optimize protein translation efficiency (46, 47).

In order to explore the possible relationship between the B.
breve JCM 7017 chromosome and its coexisting megaplasmid
pMP7017 a multivariate analysis on codon usage by plasmid and
chromosome-encoded proteins was performed (see Fig. S1a in the
supplemental material). The resulting tridimensional plot dem-
onstrated that the pMP7017 replicon possesses a codon bias that is
compatible with that of the chromosome, while it also revealed
that plasmid-borne ORFs with a deviating codon bias mostly spec-
ify hypothetical proteins (see Table S2 in the supplemental mate-
rial). This result indicates that pMP7017 and its host DNA cur-
rently coexist following convergent evolution that has led to
optimal production of chromosome- and plasmid-encoded func-
tions.

The presence of 14 clustered tRNA genes on pMP7017 suggests
a correspondence between codon usage and tRNA abundance. In
order to investigate this notion, amino acid frequencies for
pMP7017 and B. breve JCM 7017-encoded ORFs were computed
and the resulting heatmap, based on hierarchical clustering,
showed that concordance exists between frequently used codons
in the plasmid and the host and that this is consistent with the
tRNA genes present in the plasmid (Fig. 2a and b). For this reason
is tempting to argue that pMP7017 followed an evolutionary pro-
cess which made its codon usage fitting the one of the host allow-
ing efficient protein translation, but also that its maintenance and
expression is supported by a selected set of tRNA genes that pro-
vides translational backup to the host.

Protection against DNA invasion: CRISPRs. Plasmid pMP7017
is predicted to encode several methyltransferases (pMP7017_0033-
34, pMP7017_0174, and pMP7017_0197) which may be part of R-M
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systems, while it also encompasses two adjacent CRISPR/Cas systems
(pMP7017_0080-85 and pMP7017_0086-90) (Fig. 1). These features
may promote the exclusion of (other) invading genetic elements in
concert with the chromosomally encoded protection systems (con-
stituted by two R-M systems and a CRISPR/Cas locus) (3), thus pro-
viding mutual benefit.

Comparative analysis of the three type CRISPR/Cas systems
encoded by B. breve JCM 7017 revealed a subtype I-C system pres-
ent on the JCM 7017 chromosome and two subtype I-E systems
harbored by pMP7017, and named B7017-CRISPR1, pMP7017-
CRISPR1, and pMP7017-CRISPR2, respectively. In silico analysis
of these three type I CRISPR/Cas systems allowed the identifica-
tion of 74 nonredundant spacer sequences (Fig. 3a and b), which
together are believed to constitute a genetic memory of previous
challenges by phages (or other invading DNA elements) mounted
against this B. breve strain or against previous hosts of the conju-
gative pMP7017 megaplasmid.

Of these three systems, B7017-CRISPR1 located on the B. breve
JCM 7017 chromosome (~18 kb in size with gene coordinates
1632794 to 1650595) possesses a total of 49 nonredundant spac-
ers, of which the distal end (spacers 27 to 49) returned several hits
with CRISPR-associated regions of other B. breve representatives
(in particular B. breve S27, B. breve ACS-071-V-Sch8b, and B.
breve NCFB 2258), while the proximal end (spacers 1 to 26) ap-
pears to be more variable, suggesting that this CRISPR/Cas system
was originally acquired by certain representatives of B. breve and
diversified over time as a result of subsequent phage infections and
consequent spacer acquisition events (Fig. 3b).

The presence of at least one cas-1 and cas-2 gene couple in the
B7017_CRISPR1 and pMP7017_CRISPR2, being a signature of an
active CRISPR/Cas system (48), suggests that they constitute fully
functional CRISPR systems with proto-spacer processing/acqui-
sition activity, as a crucial part of the adaptation stage. In contrast,
the pMP7017_CRISPR1 locus only appears to encode endonu-
clease activity and may therefore be active solely in the CRISPR/
Cas-mediated immunity phase (49, 50) or rely on the cas-1 and
cas-2 activities of the other two systems. Interestingly, BLASTN-
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based searches of the identified spacer sequences against the Na-
tional Center for Biotechnology Information (NCBI) nonredun-
dant (nr) database returned a number of significant hits against
phage-related sequences (i.e., located in predicted bifidobacterial
prophage regions) and other CRISPR-associated spacers, as well
as against sequences that are associated with horizontal gene
transfer (HGT) (such as portions of putative integrative conjuga-
tive elements or integrated plasmids) of various bifidobacteria,
mostly those that are commonly found in the infant gut (e.g., B.
breve, B. longum subsp. longum, B. longum subsp. infantis, and B.
bifidum) (48) (Fig. 3b). These results support the notion that
CRISPR/Cas systems not only constitute a barrier to phage infec-
tion but also to other DNA invasion events that promote HGT
mediated by mobilizable elements (44).

Presence of a megaplasmid in B. breve JCM 7017 and strains
of B. longum subsp. longum. The process of gene annotation,
followed by an in silico comparative analysis conducted on the
ORFeome of pMP7017, allowed the identification of 90 to 100 kb
of homologous sequences in the draft genomes (deposited as a
varying number of contigs) of B. longum subsp. longum strains
1-6B, 2-2B, and 44B (51). These homologous sequences (when
translated) display an overall conservation of BLASTP similarity
between 60 and 100%, whereas at nucleotide level (BLASTN),
high levels of identity (80 to 100%) were only observed for por-
tions of these contigs. In order to investigate synteny between the
pMP7017 plasmid sequence and the above-mentioned B. longum
subsp. longum contigs, a dot plot alignment was performed, show-
ing that a degree of synteny is observed for the pMP7017 region

January 2015 Volume 81 Number 1

Applied and Environmental Microbiology

corresponding to the approximate nucleotide coordinates 20,000
to 125,000 (Fig. 4a), which also specifies the predicted conjugative
apparatus (Fig. 1) and which supports the above-mentioned no-
tion that this megaplasmid represents a cointegrate of two plas-
mids.

The comparative analysis at protein level showed that ca. 70%
of the pMP7017 ORFs returned significant similarities to proteins
encoded by B. longum subsp. longum (Fig. 4b). The ORFs that
were shown to be similar between pMP7017 and the draft genome
sequence of one or more of these three B. longum subsp. longum
strains include those that encode sortase-dependent pilus clusters
Iand II, the ORFs predicted to be involved in plasmid replication
and conjugation, and the characteristic 14 clustered tRNA genes
and CRISPR/cas genes, the latter showing 80 to 100% similarity at
amino acid level (see Fig. S2 in the supplemental material) and
identical repeats (see Table S3 in the supplemental material),
while the spacers appeared different. However, the draft nature of
these B. longum subsp. longum sequences prevented a full-length
alignment of these contigs with pMP7017, while it was also not
clear whether these sequences were associated with a megaplas-
mid. For this reason, in order to not only verify the presence of
pMP7017 in B. breve JCM 7017 but also evaluate the presence of a
megaplasmid in the three aforementioned strains of B. longum
subsp. longum, S1 nuclease PEGE was performed (Fig. 4c). This
indeed confirmed the presence of pMP7017 in B. breve JCM 7017
and also revealed the presence of a megaplasmid, of equivalent
size, in B. longum subsp longum 1-6B, B. longum subsp. longum
2-2B and B. longum subsp. longum 44B. In contrast, the negative
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FIG 3 CRISPR/Cas systems. (a) Locus map showing the organization of the CRISPR/cas locus in B. breve JCM 7017 chromosome and in the megaplasmid. (b)
Heatmap showing the BLASTP analysis of the 74 spacer regions found in the CRISPR/cas systems of the B. breve JCM 7017 chromosome and relative
megaplasmid, aligned against NCBI nonredundant (nr) database. A green line also indicates matches within representatives of B. breve species.

controls, B. breve UCC2003 and B. longum subsp longum 35B, did
not appear to contain a megaplasmid, concordant with what was
expected from the in silico comparative analysis (Fig. 4b).

Conjugal transfer of pMP7017 to representative B. breve and
B. longum strains. In silico characterization of pMP7017 (see
above) suggests that this plasmid specifies a DNA conjugation
mechanism involving the concerted action of an indigenous par-
titioning, replication, membrane fusion and DNA translocation
system, not previously described for bifidobacteria (Table 3).

In order to establish if pMP7017 is able to transfer to other
strains by conjugation, a derivative strain, designated B. breve JCM
7017-199, was constructed which carries the megaplasmid in
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which pMP7017_0199, encoding a predicted surface protein
(with no predicted function in conjugation), was interrupted by
site-specific homologous recombination, with the resultant mega-
plasmid being marked with a gene that confers tetracycline resis-
tance. Conjugation experiments were performed using B. breve
JCM 7017-199 as a donor and strains B. breve UCC2003, B. breve
JCM 7019, B. breve NCFB 2258, B. longum subsp. longum NCIMB
8809 as recipients with selection of transconjugants based on se-
lective carbohydrate utilization by each recipient strain and tetra-
cycline resistance (see Materials and Methods and Table 2).
Transconjugants were obtained for each recipient strain at fre-
quencies ranging from approximately 10~° to 10°. The presence
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longum 35B and B. breve UCC2003 as a negative control.

of pMP7017_199 in the transconjugants was confirmed by PCR
targeting genes on the megaplasmid and, for each recipient strain,
genes for selective carbohydrate utilization. Furthermore, addi-
tional primer pairs based on B. breve JCM 7017 chromosomal
genes were also included and as expected, these gave no PCR prod-
uct for the transconjugant strains (see Fig. S3 in the supplemental
material). To further verify conjugative transfer of pMP7017_199
to B. breve and B. longum PFGE of restricted total DNA was per-
formed on representative B. breve UCC2003_pMP7017_199 and
B. longum NCIMB 8809_pMP7017_199 transconjugants. Adopt-
ing the restriction enzymes Ascl for B. breve UCC2003 and Spel
for B. longum subsp. longum NCIMB 8809, we clearly demonstrate
the presence of expected pMP7017_199 restriction fragments in
the presumed transconjugants and also the correct recipient strain
restriction profile thereby confirming the conjugal transfer of
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pMP7017_199 from B. breve JCM 7017_199 to strains of B. breve
and B. longum (Fig. 5).

Conclusions. The presence of plasmids does not represent a
typical feature of B. breve and B. longum genomes and all currently
available bifidobacterial plasmids are considered cryptic as their
encoded functions (besides, in some cases, those involved in rep-
lication) are unknown. In this respect the pMP7017 megaplasmid,
identified in B. breve JCM 7017, represents an exceptional bifido-
bacterial plasmid, which not only represents the largest reported
conjugative plasmid identified thus far in the genus Bifidobacte-
rium and actinobacterial gut commensals (at >190 kb) but also
possesses a number of genomic features indicating the presence of
parasite-benefactor balance reached over time through conver-
gent evolution with the host. In addition, it also provides two
CRISPR/Cas systems to counter phage infections and other invad-
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FIG 5 Conjugal transfer of pMP7017. PFGE experiments for B. breve UCC2003 or B. longum NCIMB 8809 transconjugants conducted with Ascl (a) and Spel
(b) enzymes, respectively. The presence of megaplasmid in the parent strain, B. breve JCM 7017, and the donor strain, B. breve JCM 7017_199, is depicted in each
panel. The presence of pMP7017 in B. breve UCC2003 trasconjugants is evidenced by a 111-kb fragment in total DNA digests with Ascl, while the megaplasmid
presence in B. longum NCIMB 8809 transconjugants is verified by the presence of a 196-kb fragment.

ing DNA elements. Plasmid pMP7017 also possesses a number of
genes whose products are similar to proteins that are known to be
part of a conjugative machinery present in both Gram-positive
and Gram-negative bacteria (40-42).

The capacity of this element of being horizontally transferable
between different species was first suspected due to the finding
that elements similar to pMP7017 of B. breve JCM 7017 were also
present in several members of the B. longum subsp. longum taxon.

Plasmid-mediated conjugation in other bacteria is known to
involve the transfer of a protein-single-strand DNA complex
(called the relaxosome) pumped through an aqueous pore of a
type IV secretion system from the donor to the recipient cell (40—
42). In bifidobacteria, a gene specifying a protein similar to the
type IV secretion protein has been observed in the chromosome of
B. bifidum MIMBb75 (52). The structural scaffold of such DNA
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transfer system in pMP7017 is believed to be represented by a
VirB6 structural scaffold, which is coupled to aVirD4-B4 ATPases,
to provide the energy for DNA translocation. The functionality of
the predicted conjugative machinery in pMP7017 megaplasmid
was conclusively demonstrated by conjugation experiments
showing that this element is capable to spread and persist in dif-
ferent bifidobacterial strains and species.

One of the conditions for initiating a conjugative transfer is
the establishment of cell-to-cell contact, which in Gram-nega-
tive bacteria is accomplished by proteinaceous filaments called
sex pili, while in Gram-positive bacteria such structures have
not yet been clearly identified. The fact that pMP7017 is
predicted to encode two different sortase-dependent pili
(pMP7017_0021 to pMP7017_0024 and pMP7017_0184-
pMP7017_0199-pMP7017_0200) which have been shown to
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promote bifidobacterial coaggregation (39) suggests a role in
bacterial conjugation.

B. breve and B. longum subsp. longum both represent common
inhabitants of the infant gut (1), which supports the hypothesis
that the cooccurrence of apparent homologs of this conjugative
element in both of these species may be a result of previous DNA
exchanges, followed by diversification and stable maintenance of
this element over generations. The fact that pMP7017 represents
the first native plasmid capable of conjugal transmission between
bifidobacterial species is highly relevant as it may confer this rep-
licon a relevant biotechnological potential for improving the fu-
ture genetic manipulation of members of this genus.
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