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Bifidobacterium longum DJO10A is a recent human isolate with probiotic characteristics and contains two
plasmids, designated pDOJH10L and pDOJH10S. The complete sequences of both these plasmids have now
been determined and consist of two circular DNA molecules of 10,073 and 3,661 bp, with G�C contents of
62.2% and 66.2%, respectively. Plasmid pDOJH10L is a cointegrate plasmid consisting of DNA regions
exhibiting very high sequence identity to two other B. longum plasmids, pNAC2 (98%) and pKJ50 (96%),
together with another region. Interestingly, the rolling circular replication (RCR) regions of both the pNAC2-
and pKJ50-like plasmids were disrupted during the recombination event leading to a further recombination
event to acquire a functional replicon. This consists of a new fused rep gene and an RCR-type ori consisting of
a conserved DnaA box in an AT-rich region followed by four contiguous repeated sequences consistent with an
iteron structure and an inverted repeat. The smaller pDOJH10S had no sequence similarity to any other
characterized plasmid from bifidobacteria. In addition, it did not contain any features consistent with RCR,
which is the replication mechanism proposed for all the bifidobacteria plasmids characterized to date. It did
exhibit sequence similarity with several theta replication-related replication proteins from other gram-positive,
high-G�C bacteria, with the closest match from a Rhodococcus rhodochrous plasmid, suggesting a theta
mechanism of replication. S1 nuclease analysis of both plasmids in B. longum DJO10A revealed single-strand
DNA intermediates for pDOJH10L, which is consistent for RCR, but none were detected for pDOJH10S. As the
G�C content of pDOJH10S is similar to that of Rhodococcus rhodochrous (67%) and significantly higher than
that of B. longum (60.1%), it may have been acquired through horizontal gene transfer from a Rhodococcus
species, as both genera are members of the Actinomycetes and are intestinal inhabitants. An Escherichia coli-B.
longum shuttle cloning vector was constructed from pDOJH10S and the E. coli ori region of p15A, a lacZ gene
with a multiple cloning site of pUC18, and a chloramphenicol resistance gene (CAT) of pCI372 and was
transformed successfully into E. coli and B. longum. It could not be introduced into lactic acid bacteria
(Lactococcus and Lactobacillus), showing it was not very promiscuous. It was stably maintained in B. longum in
the absence of antibiotic pressure for 92 generations, which is consistent with the segregational stability of
theta-replicating plasmids in gram-positive bacteria. This is the first cloning vector for bifidobacteria that does
not utilize RCR and should be useful for the stable introduction of heterologous genes into these dominant
inhabitants of the large intestine.

Bifidobacteria are gram-positive, non-spore-forming, non-
motile, irregular rod-shaped bacteria that often resemble Y or
V shapes (32). While they are generally classified as obligate
anaerobes, some isolates, particularly in the species Bifidobac-
terium lactis, can exhibit significant tolerance to oxygen. They
are strictly fermentative organisms that utilize glucose by a very
characteristic shunt pathway typified by the enzyme fructose-
6-phosphate phosphoketolase and produce primarily acetic
and lactic acids. While they are a lactic acid-producing bacte-
ria, they are genetically distinct from the typical lactic acid
bacteria, having a higher G�C content of 55 to 67%, and they
group in the Actinomycete branch of gram-positive bacteria.
The natural habitat for bifidobacteria is the intestines of hu-
mans, some animals, and insects. In this habitat they are con-
sidered a beneficial organism for the host, with a large number
of potential health benefits attributed to them. These include
prevention and treatment of diarrhea, establishment of a

healthy flora in premature infants, alleviation of constipation
and the symptoms of lactose intolerance, enhancement of im-
mune function, suppression of tumorigenesis, and cholesterol
reduction (25).

The wide probiotic activities of bifidobacteria point to their
vast potential for improving human health. Because of this
potential they are frequently included in fermented dairy prod-
ucts as probiotic adjuncts. However, the lack of molecular tools
for studying this group of high-G�C gram-positive bacteria
has limited our ability to understand what characteristics of
these bacteria are important for probiotic activities. Recently,
the complete genome sequence of a strain of B. longum was
deciphered, shedding light onto their genetic makeup (33).
While genome sequences do reveal the gene complement of
bacteria, the functional analysis of those genes requires mo-
lecular tools for cloning, gene knockout, gene expression, etc.
There is also broad interest in using bifidobacteria as potential
hosts for the construction of oral vaccines and for the cloning
of genes encoding detoxifying activities, such as cholesterol
oxidase and bile salt hydrolase (29). Currently there are very
few cloning vectors for gene transfer in this genus. A recent E.
coli-Bifidobacterium shuttle cloning vector was used to express
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several tumor-suppressing genes in bifidobacteria for possible
treatment of hypoxic tumors (15, 18, 43). This novel approach
to gene delivery for cancer therapy via bifidobacteria is an
example of the many potential innovative uses for gene cloning
and gene expression in these bacteria. To facilitate these po-
tential uses of bifidobacteria, there is a need for development
and improvement of cloning vectors and gene transfer systems
for these bacteria.

To date, plasmids have only been detected in five species of
bifidobacteria: B. longum and B. breve (human inhabitants), B.
globosum (pig isolate), and B. indicum and B. asteroides (honey-
bee isolates) (14, 35, 36, 37). Some plasmids have been char-
acterized at the sequence level (8, 20, 24, 27, 41), and two
plasmids were reported to replicate via a rolling circle replica-
tion (RCR) mechanism (24, 27). A number of cloning vectors
have been constructed with plasmids from Bifidobacterium and
E. coli and transformed into both of them by electroporation
(19, 20, 21, 27, 29, 30). In all cases, electroporation efficiency in
Bifidobacterium was very low, and attempts have been made to
optimize it (2, 28).

In this study, we isolated and analyzed two plasmids from
the probiotic bacterium B. longum DJO10A, which was iso-
lated in this laboratory. Prior to sequencing the complete ge-
nome for this bacterium, the plasmids were sequenced using a
shotgun sequencing and contig alignment approach. Following
analysis of the plasmid sequences, the smallest plasmid,
pDOJH10S, was chosen for the construction of a shuttle clon-
ing vector, and an electroporation procedure was refined for
introduction of the vector into bifidobacteria.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. Bifidobacteria were routinely
cultivated at 37°C in Trypticase-peptone-yeast extract (32) or de Man-Rogosa-
Sharpe (MRS; Difco, Detroit, MI) broth supplemented with 0.05% (final con-
centration) L-cysteine · HCl (Sigma, St. Louis, MO) under anaerobic conditions
generated using the BBL Anaerobic system (Cockeysville, MD). E. coli was

grown aerobically at 37°C in Luria-Bertani broth. Chloramphenicol was used at
a concentration of 20 �g/ml and 2 �g/ml for selection in E. coli and B. longum,
respectively.

Plasmid isolation and purification. Plasmids were isolated from bifidobacteria
using the following optimized procedure: 250 ml of cells was harvested and
resuspended in 10 ml of TES buffer (30 mM Tris · HCl, pH 8.0, 50 mM NaCl, 5
mM EDTA, pH 8.0, final concentration). Five milliliters of a sucrose-lysozyme
solution (30 mg/ml lysozyme in 25% sucrose, 50 mM Tris · HCl, pH 8.0, and 1
mM EDTA, pH 8.0, final concentration) for 1 h at 37°C. After treatment with 10
ml of sodium dodecyl sulfate (SDS) (3% SDS in 0.2 N NaOH, final concentra-
tion), the suspension was left to clear for 7 min at room temperature before
adding 7.5 ml of ice-cold 3 M sodium acetate, pH 4.8. Following centrifugation,
the supernatant was mixed with an equal volume of isopropanol and centrifuged
to pellet plasmid DNA. To purify the DNA, the pellet was resuspended in 9.4 ml
of water and extracted once with saturated phenol-chloroform/isoamyl alcohol
and finally precipitated with �20°C ethanol and resuspended in 250 �l of TER
(10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0, 0.1 mg/ml RNase A). Small and
large plasmid DNA preparations from E. coli were carried out using Mini-
prep and Midi-prep kits according to the manufacturer’s recommendations
(QIAGEN, Valencia, CA).

Molecular techniques. DNA was recovered from agarose gels using a GELase
kit (Epicenter, Madison, WI). DNA ligations were performed using a Fast-Link
Ligation kit (Epicenter). Restriction enzyme digestions were carried out accord-
ing to standard laboratory procedures (31).

Southern hybridization and single-stranded DNA detection. Southern hybrid-
ization was performed using a DIG DNA Labeling and Detection kit (Roche,
Indianapolis, IN) according to the manufacturer’s instructions. The accumula-
tion of single-stranded DNA intermediates, indicative of rolling circle replica-
tion, was evaluated by the effect of S1 nuclease digestion on B. longum DJO10A
plasmids, as previously described (24, 27).

DNA sequencing and analysis. A HydroShear DNA shearing machine
(Genomic Solutions, Ann Arbor, MI) was used to randomly shear plasmid DNA
for library construction. Sequencing of library clones was performed using a
Big-Dye terminator and an ABI Prism 3100 Auto sequencer (Applied Biosys-
tems, Foster City, CA). DNASTAR (DNASTAR, Inc., Madison, WI) was used
for assembly of contigs, and primer walking was used to fill in gaps in the plasmid
sequences. Basic DNA and amino acid sequence analyses were performed using
DNASTAR and OMIGA (Accelrys, San Diego, CA) software programs. The
BLAST server at the National Center for Biotechnology Information was used
for sequence similarity searches (1). The GENEMARK server at University of
Washington was used for open reading frame (ORF) predictions. The PFAM
database at the Sanger Institute (3) and PROSITE at the SWISS-PROT server
(4) were used for conserved domain searches. The TMHMM server was used for

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s)a Source or reference

Bacterial strains
Bifidobacterium longum

DJO10A Wild-type human isolate; host of pDOJH10L and pDOJH10S A. Islam, D. D. O’Sullivan, and
D. J. O’Sullivan (unpublished)

VMK44 Electroporation host J. Steeleb

Lactobacillus delbrueckii
subsp. bulgaricus

Electroporation host L. L. McKay culture collection

E. coli
XL1-Blue thi recA1 hsdR17 relA1 gyrA94 �-lacZ complementation; Tcr 5

Plasmids
pDOJH10L 10-kb wild-type plasmid from B. longum DJO10A This study
pDOJH10S 3.6-kb wild-type plasmid from B. longum DJO10A This study
pDOJHR E. coli-bifidobacterium shuttle cloning vector; Cmr This study
pUC18 E. coli cloning vector; source of lacZ and MCS 23
pACYC184 E. coli cloning vector; source of p15A ori 6
pCI372 E. coli-Lactococcus lactis shuttle cloning vector; Cmr 12
pDOJ4 E. coli-Lactobacillus bulgaricus shuttle-cloning vector; Cmr J. Halgerson, J. H. Kim, J. H. Lee, and

D. J. O’Sullivan (unpublished)

a Tcr, tetracycline resistance; Cmr, chloramphenicol resistance; ori, origin of replication; MCS, multiple cloning site.
b Department of Food Science, University of Wisconsin.
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trans-membrane predictions (38), and multiple sequence alignments were per-
formed using CLUSTAL X (42).

PCR. All PCRs were performed using a Robocycler (Stratagene, La Jolla,
CA). The reaction mixtures (final volume, 50 �l) contained 2 �l of template, 1
�l of each primer (30 �M), 1 �l of deoxynucleoside triphosphates (each at a
concentration of 10 mM), and 0.5 �l of Pfu turbo DNA polymerase (Stratagene,
La Jolla, CA). The amplification conditions were as follows: 1 cycle of 92°C for
4 min, 30 cycles of 92°C for 1 min, 30 cycles of 52°C for 5 min, 30 cycles of 72°C
for 1 min, and 1 cycle of 72°C for 10 min.

Plasmid transfer. Plasmids were introduced into E. coli using standard heat-
shock transformation (31), and electroporation was used for plasmid transfer
into bifidobacteria and Lactobacillus. Electrocompetent cells of B. longum
VMK44 and Lactobacillus bulgaricus were prepared as follows. Cultures were
incubated anaerobically in 250 ml of MRS broth supplemented with 0.5 M
sucrose until an optical density at 600 nm of 0.35. Cells were then pelleted by
centrifugation and washed four times with 500 ml of 0.5 M sucrose containing
10% glycerol. Pellets were then resuspended in 400 �l of 0.5 M sucrose contain-
ing 10% glycerol. Electroporation was performed with a Gene-Pulser (Bio-Rad,
Hercules, CA) using 0.2-mm cuvettes with the pulser settings 2.2 kV/cm, 200 �,
and 25 �F. Plasmids were selected using MRS agar containing 2 �g/ml chlor-
amphenicol.

Segregation stability of vector in bifidobacteria. B. longum VMK44 containing
pDOJHR was first cultured in MRS broth containing 2 �g/ml chloramphenicol.
Cells were then subinoculated in fresh MRS broth without antibiotic selection
every 12 h for a total of 92 generations. To monitor vector segregation stability,
the culture was periodically plated out for isolated colonies and 20 were spot
inoculated onto fresh MRS agar plates with and without 2 �g/ml chloramphen-
icol and incubated at 37°C for 24 h.

Nucleotide sequence accession numbers. GenBank accession numbers for the
sequences of pDOJH10L, pDOJH10S, and pDOJHR are NC004252, NC004253,
and DQ123820, respectively.

RESULTS

Plasmid analysis of Bifidobacterium longum DJO10A. Two
plasmids were detected in B. longum DJO10A by agarose gel

FIG. 1. Agarose gel electrophoresis of plasmids isolated from B.
longum DJO10A (lane 2). Lane 1, ScaI digestion of the large plasmid,
pDOJH10L; lane 3, ScaI digestion of the small plasmid, pDOJH10S.
M, 1-kb DNA ladder (Invitrogen).

FIG. 2. Verification of predicted restriction enzyme sites in plasmids pDOJH10L and pDOJH10S. Lanes: UL, uncut pDOJH10L; 1, EcoRV plus ScaI
(5 kb, 5 kb, respectively); 2, EcoRV plus SphI (3.5 kb, 6.5 kb); 3, ScaI plus SphI (1.6 kb, 8.4 kb); 4, ScaI plus SacII (1 kb, 8.8 kb, 0.2 kb); 5, SphI plus
SacII (9.5 kb, 0.3 kb, 0.2 kb); 6, EcoRV plus SacII (3.9 kb, 5.9 kb, 0.2 kb); M, 1-kb DNA ladder (Invitrogen); US, uncut pDOJH10S; 7, ScaI plus HindIII
(3.5 kb, 0.2 kb); 8, ScaI plus NruI (2.7 kb, 0.8 kb, 0.2 kb); 9, HindIII plus NruI (2.7 kb, 1 kb); 10, ScaI plus SphI (1.8 kb, 1.6 kb, 0.3 kb); 11, HindIII plus
SphI (2 kb, 1.4 kb, 0.3 kb); 12, NruI plus SphI (1.3 kb, 1.1 kb, 0.9 kb, 0.4 kb); 13, NruI plus SacII (2.6 kb, 0.5 kb, 0.5 kb, 0.1 kb); 14, SphI plus ScaII (1.4
kb, 1.2 kb, 0.6 kb, 0.4 kb); 15, HindIII plus SacII (3 kb, 0.5 kb, 0.2 kb); 16, ScaI plus SacII (3.1 kb, 0.3 kb, 0.3 kb).
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electrophoresis (Fig. 1). Both plasmids were linearized using
ScaI digestion to estimate their size, revealing a large plasmid
designated pDOJH10L (10 kb) and a smaller one, pDOJH10S
(3.6 kb). The complete sequence of the two plasmids was
obtained using shotgun sequencing and primer walking strat-
egies. This resulted in a sequence coverage of 9.2�, and the
sequences were manually checked to eliminate errors. Further-
more, restriction enzyme digestion was used to verify the pre-
dicted sequences of both plasmids (Fig. 2). Restriction maps of
the plasmids revealed several unique sites in both plasmids,
with ScaI, BamHI, SphI, BglII, NruI, EcoRV, XhoI, and PstI
unique to pDOJH10L and ScaI, XbaI, BamHI, HindIII, SmaI,
and SalI unique to pDOJH10S (Fig. 3).

Sequence analysis of pDOJH10L. The complete plasmid
sequence of pDOJH10L consisted of 10,073 bp, with a G�C
content of 62.2%. It was predicted to encode 10 putative
(ORFs), 3 involved in replication (Rep), 2 with transmem-
brane domains, 2 of mobilization genes, and 3 of unknown

function (Table 2). DNA sequence comparisons suggest it was
formed via a cointegration involving plasmids very similar to
those from two other B. longum strains, pKJ50 (96% identity)
from B. longum KJ (27) and pNAC2 (98% identity) from B.
longum RW041 (8) (Fig. 3). While pDOJH10L contains three
genes encoding Rep proteins, only one appears to be func-
tional, as repB is truncated and the ori sequences for repA are
not present. The repC gene is a fusion of a rep gene from
another source (the closest database match was a distant rela-
tionship to a replicase gene on pAP1 from B. asteroides [P.
Kaufmann, A. Pfefferkorn, M. Teuber, and L. Meile, GenBank
accession number Y11549]), with the 3� end of repB that oc-
curred during the cointegration event leading to the formation
of pDOJH10L (Fig. 3). The ori sequences upstream from repB
consist of all the features necessary for functional plasmid
replication based on Rep proteins (9) (Fig. 4A). All the fea-
tures are capable of functioning based on the proposed model
for iteron plasmid replication (26) (Fig. 4B). The ori region
from the pKJ50-like plasmid got separated from repA during
the cointegration event that likely occurred, resulting in the
loss of one of the four iteron repeats and also the AT-rich
region. It is likely that pDOJH10L replicates via rolling circle
replication (RCR) utilizing RepC and the complete ori struc-
ture positioned upstream from repB (Fig. 4B). To verify that
pDOJH10L replicates via RCR, plasmids from B. longum
DJO10A were subjected to S1 nuclease, and, following South-
ern hybridization with a pDOJH10L probe, a single-stranded
DNA band disappeared, which is consistent with RCR (Fig. 5).

The plasmid pDOJH10L encodes two Mob proteins and
contains a putative oriT structure upstream of MobB. The
putative oriT consists of an inverted repeat and a conserved
DNA sequence (5�-TAAGTGCGCCCT-3�), consistent with
several other mobilizable plasmids (7) (Fig. 6). The other mob
gene on pDOJH10L is contained on the region with sequence
similarity to pKJ50. However, this mob gene does not have a
cognate oriT. Interestingly, this mob gene in pKJ50 does have
a putative oriT, but this DNA region is not present in
pDOJH10L even though DNA regions on both sides of it are
present. Each predicted Mob protein has a highly conserved
motif (xPHuHuuuxxu) that contains one proline and two his-
tidine residues (in boldface) embedded in a highly hydropho-
bic sequence. This motif is believed to be involved in the
nicking of oriT as a metal center (13).

The two genes encoding putative transmembrane proteins
on pDOJH10L, memA and memB, are also on the respective
homologous regions from pKJ50 and pNAC2. They are pre-
dicted to encode transmembrane proteins based on sequence
similarity to other known transmembrane proteins. However,
while MemA has a low pI, consistent with transmembrane
proteins, MemB has a very high pI value (Table 2). The other
three ORFs on the plasmid contained similarities to hypothet-
ical genes from other sequenced B. longum plasmids (Table 2).

Sequence analysis of pDOJH10S. Plasmid pDOJH10S con-
sists of 3,661 bp with an average G�C content of 66.2%.
Unlike pDOJH10L, its DNA sequence exhibits very low ho-
mology to other characterized bifidobacteria plasmids. The
Rep protein in pDOJH10S has significant sequence identity to
theta replication-related Rep proteins, with the highest iden-
tity (61%) to a Rep protein from a plasmid in Rhodococcus
rhodochrous (Table 2). This would suggest that the plasmid

FIG. 3. ORF and restriction enzyme maps of plasmids pDOJH10L
(A) and pDOJH10S (B). Outer arrows indicate regions of high se-
quence identity between pDOJH10L and two other bifidobacterial
plasmids, pKJ50 (27) and pNAC2 (8).
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likely replicates via theta replication. In addition, the plasmid
does not have structures normally found on plasmids that rep-
licate by rolling circular replication (RCR), such as an AT-rich
region with a DnaA box and iteron structures, further support-
ing that it most likely replicates by theta replication. To verify
that no single-strand intermediates were present, plasmids

from B. longum DJO10A were subjected to S1 nuclease and
compared to undigested plasmids using Southern hybridization
with a probe from pDOJH10S. No single-stranded intermedi-
ates were detected, supporting that the plasmid did not repli-
cate via RCR (Fig. 6).

Sequence analysis of the mob region on pDOJH10S suggests

FIG. 4. (A) Proposed functional ori region of pDOJH10L containing all the required components for rolling circular replication, which are an
AT-rich region (underlined) containing a DnaA box, an iteron structure composed of four direct repeats (single arrow) with the proposed RepC
binding site boxed, and an inverted repeat (double arrow). (B) Model for replication initiation and copy number control for pDOJH10L based on
the proposed model for RCR plasmids (17).

TABLE 2. ORF analysis of the two native plasmids from B. longum DJO10A

Plasmid and
protein or ORF Position MWa pIb Identityc

(%) Best BLAST match GenBank
accession no.

pDOJH10L
RepA 10,053–890 34,216 8.88 99 RepA of pKJ50, B. longum U76614
RepB 8,278–9,171 34,002 9.06 99 RepB of pMG1, B. longum AY210701
RepC 4,427–5,485 40,343 9.35 54 Replicase of pAP1, B. asteroids Y11549
MobA 3,481–2,369 41,997 9.84 93 MobA of pKJ50, B. longum U76614
MobB 7,150–6,668 17,502 12.58 99 MobA of pTB6, B. longum AB187597
MemA 1,802–2,305 17,322 4.19 99 MemA of pKJ50, B. longum U76614
MemB 5,708–6,235 18,404 11.05 99 Unknown ORF of pB44, B. longum AY066026
ORF I 3,573–3,941 13,557 4.18 82 Orf3 of pNAC2, B. longum NC004769
ORF II 7,468–7,980 19,303 4.98 98 Orf3 of pNAC2, B. longum NC004769
ORF III 9,373–9,792 16,083 10.13 99 Unknown ORF of pKJ50, B. longum U76614

pDOJH10S
Rep 3,626–878 34,618 6.10 61 RepA (theta replicase) of pRC4,

Rhodococcus rhodochrous
AB040101

Mob 2,743–1,265 54,863 9.77 63 MobB of pKJ36, B. longum NC002635
ORF IV 3,103–3,558 16,907 10.49 36 Orf3 of pNAC2, B. longum NC004769

a MW, molecular weight.
b pI, isoelectric point.
c Amino acid sequence identity.
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that this is a mobilizable plasmid. It contains all the relevant
motifs for Mob proteins and a putative oriT (Fig. 6). Interest-
ingly, the Mob protein exhibits very low sequence similarity to
other Mob proteins encoded on plasmids from bifidobacteria.
A third ORF on the plasmid encoded a hypothetical protein
with some sequence identity (36%) to another hypothetical
protein from another B. longum plasmid (8).

Construction of a shuttle cloning vector. Plasmid pDOJH10S
was chosen as the basis for a cloning vector for bifidobac-
teria, as its likely theta replication is more desirable for struc-
tural stability than RCR. The E. coli replicon used was from
pACYC184, which is termed p15A, and was obtained on a 4.9-kb
region from an E. coli-Lactobacillus bulgaricus shuttle cloning
vector, pDOJ4 (J. S. Halgerson, J. H. Kim, J. H. Lee, and D. J.
O’Sullivan, unpublished data) and also included a multiple-
cloning site from pUC18 and a chloramphenicol resistance
gene (CAT) from pCI372. This region was amplified by PCR
using the primers pDOJ4-F (5�-GTGGCAGGAGAAAAA
AGG-3�, positions 647 to 664) and pDOJ4-R (5�-GGAGGC
AGACAAGGTATAGG-3�, positions 5,577 to 5,558). This
fragment was then cloned into a blunted XbaI site of
pDOJH10S to construct the shuttle cloning vector pDOJHR
(Fig. 7). To confirm that the final plasmid construction oc-
curred as anticipated, the cojoined regions were sequenced
using primers SHUT-F (5�-ATTTCCACCTTTCTCTGTCC-
3�, positions 1,075 to 1,094 in pDOJH10S) and SHUT-R
(5�-CAGCAAACAGCTCAAACG-3�, positions 1,397 to
1,380 in pDOJH10S).

This shuttle vector was successfully introduced into B. lon-
gum strain VMK44 by electroporation, albeit at a low transfer
efficiency of 2.0 � 101 CFU/�g DNA. Plasmid analysis of B.
longum VMK44 transformants confirmed that it was intro-
duced without any structural rearrangements occurring (Fig. 8).
It could not be electroporated into a Lactobacillus bulgaricus
strain using a protocol previously devised for this strain, sug-
gesting it is not a very broad-host-range vector. In another
study, the plasmid was successfully introduced into B. longum
DJO10A but could not be introduced into Lactococcus lactis,
further substantiating the limited host range (J. Yang and D. J.
O’Sullivan, unpublished data).

Segragational stability of pDOJHR in B. longum VMK44.
Evaluation of the segregational stability of pDOJHR in B.
longum VMK44 was monitored over 92 generations without
chloramphenicol selection. No plasmid loss was detected in
this time, indicating that the vector was very stable without
antibiotic selection.

DISCUSSION

Bifidobacterium longum DJO10A is a dominant human iso-
late with broad-spectrum antimicrobial capabilities (A. Islam,
D. D. O’Sullivan, and D. J. O’Sullivan, unpublished data). As
this strain has potentially very interesting characteristics, it was
chosen for an in-depth analysis. Functional analysis of its char-
acteristics requires molecular tools, and these are not plentiful
for bifidobacteria. It was therefore the objective of this study to
analyze the two native plasmids of this strain and construct a
shuttle cloning vector for bifidobacteria.

The mode of replication of the large plasmid in B. longum
DJO10A, pDOJH10L, was predicted to be rolling circular repli-
cation. This plasmid contains DNA iterons, which have been
shown to be involved in plasmid replication and copy number
(22). It also contains a DnaA box that is involved in the initiation
of replication in rolling circular plasmids (26, 39). To replicate in
bifidobacteria, it is likely that the host DnaA protein binds to the
DnaA box region, causing an open complex formation of duplex
DNA at the AT-rich region, thus enhancing the unwinding of the

FIG. 5. S1 nuclease analysis of plasmids from B. longum DJO10A
to investigate the existence of single-stranded DNA intermediates.
(A) Agarose gel electrophoresis of plasmids from B. longum DJO10A.
(B) Southern hybridization of the plasmids from panel A with probes
from pDOJH10L and pDOJH10S. S�, not treated with S1 nuclease;
S�, treated with S1 nuclease; CC, closed circular plasmid DNA; OC,
open circular plasmid DNA; SS, single-stranded DNA intermediates.

FIG. 6. Alignment of the putative oriT regions of pDOJH10L and
pDOJH10S with the predicted oriT regions of other mobile plasmids.
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origin for initiation of replication. Replication initiation also in-
volves a Rep protein encoded by pDOJH10L. Interestingly, this
plasmid contains three rep genes, but repB became truncated
during the cointegration event, leading to the formation of
pDOJH10L, and the iteron structures corresponding to RepA are
incomplete. RepC, which originated from a gene fusion event
during the formation of pDOJH10L, is likely the functional Rep
gene of this plasmid. This Rep protein likely functions with the

complete replication region (iteron structure, DnaA box, and
AT-rich region) located upstream from the truncated repB gene
during the replication of this plasmid. Mechanistic studies have
shown that Rep proteins function as initiators of replication when
in a monomer formation and as repressors when in a dimer
formation (17). The RepC protein of pDOJH10L would there-
fore likely have a central role in initiating its replication and
controlling its copy number.

FIG. 7. Construction strategy and restriction enzyme map of the E. coli-B. longum shuttle vector, pDOJHR.
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All sequenced plasmids from bifidobacteria to date have
been proposed to replicate by rolling circular replication. In-
terestingly, the small plasmid from B. longum DJO10A repli-
cates via a different mechanism, having all the characteristics
of a theta replicating plasmid. In addition, the DNA sequence
of pDOJH10S did not show any significant homology to pre-
viously sequenced bifidobacterial plasmids, suggesting it may
be a novel plasmid type for bifidobacteria. The Rep protein
of pDOJH10S has high homology to several known Rep pro-
teins, with the highest homology to the theta replicase from
Rhodococcus rhodochrous. Interestingly, the G�C content of
pDOJH10S (66.2%) is significantly higher than that of the
genome of B. longum DJO10A (60.1%), further substantiating
a recent acquisition of this plasmid in bifidobacteria by hori-
zontal gene transfer. As its G�C content is similar to that of
Rhodococcus rhodochrous, which is listed as 67 to 70% (11), it
is likely that Rhodococcus is the original origin of the plasmid.
Both Rhodococcus and Bifidobacterium are closely related, be-
ing members of the Actinomycetes. The opportunity for hori-
zontal gene transfer from Rhodococcus also exists as members
of this genus are frequently found in the feces of animals (40).

A probable mechanism for the transfer of this plasmid from
Rhodococcus into Bifidobacterium is via conjugation. Plasmid
pDOJH10S contains a Mob and a putative oriT region that
contain all the components necessary for plasmid mobilization.
While neither pDOJH10S nor pDOJH10L contain tra genes,
Tra functions can be supplied in trans to facilitate plasmid
mobilization. Plasmid pDOJH10L has two Mob proteins, but it
has only one putative oriT upstream of MobB. The lack of a
putative oriT upstream of MobA is most likely the result of a
cointegration event during the formation of pDOJH10L from
at least two other bifidobacterial plasmids.

The evidence for a cointegration event during the formation
of pDOJH10L is very convincing, given the more than 96 and
98% identity with two other plasmids from another B. longum
strain (Fig. 3). To date, this is the first cointegration event

reported for a plasmid in bifidobacteria, suggesting it may not
be a very frequent event. Analysis of the cointegration event
indicates that it involved at least one other plasmid during
pDOJH10L formation, as an extra rep gene is also present. The
selective pressure for obtaining this third rep gene appears to
be the disruption of both the RepA and RepB replication
regions during the formation of pDOJH10L. Thus, RepC is
likely involved in replicating the plasmid via the complete
replication region upstream of the truncated repB gene.

Several Bifidobacterium-E. coli shuttle vectors have been
constructed, and all are based on RCR plasmids from bi-
fidobacteria (19, 20, 21, 27, 29, 30). However, plasmids that
utilize RCR display both structural and segregational instabil-
ities in gram-positive bacteria, while theta replicating plasmids
display much greater stabilities (10, 16, 34). In this study, the
theta replicating pDOJH10S plasmid was used as the basis for
a shuttle cloning vector, as this would likely lead to a more
stable cloning vector. It was successfully electroporated into B.
longum and E. coli but could not be introduced into Lactoba-
cillus bulgaricus. It also does not replicate in Lactococcus lactis
(J. Yang and D. J. O’Sullivan, unpublished data), illustrating
the limited hosts capable of replicating this vector. This is
consistent with other studies on plasmid replication origins
from bifidobacteria, as they have not been able to replicate in
lactic acid bacteria (19, 21, 27, 29, 30). The availability of a
theta-replicating vector for stable gene cloning in bifidobacte-
ria will facilitate functional genomic analysis of this gut-
friendly inhabitant.
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FIG. 8. Confirmation of vector introduction into B. longum VMK44 using agarose gel electrophoresis. (A) Uncut plasmids; (B) EcoRI-digested
plasmids. Lane 1, pDOJHR; lane 2, B. longum VMK44(pDOJHR); lane 3, B. longum VMK44; M, 1-kb DNA ladder (Invitrogen).
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