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While plasmids are very commonly associated with the majority of the lactic acid bacteria, they are only very
rarely associated with Lactobacillus delbrueckii, with only four characterized to date. In this study, the complete
sequence of a native plasmid, pDOJ1, from a strain of Lactobacillus delbrueckii subsp. bulgaricus was deter-
mined. It consisted of a circular DNA molecule of 6,220 bp with a G+C content of 44.6% and a characteristic
ori and encoded six open reading frames (ORFs), of which functions could be predicted for three—a mobili-
zation (Mob) protein, a transposase, and a fused primase-helicase replication protein. Comparative analysis
of pDOJ1 and the other available L. delbrueckii plasmids (pLBB1, pJBL2, pN42, and pLL1212) revealed a very
similar organization and amino acid identities between 85 and 98% for the putative proteins of all six predicted
ORFs from pDOJ1, reflecting a common origin for L. delbrueckii plasmids. Analysis of the fused primase-
helicase replication gene found a similar fused organization only in the theta replicating group B plasmids
from Streptococcus thermophilus. This observation and the ability of the replicon to function in S. thermophilus
support the idea that the origin of plasmids in L. delbrueckii was likely from S. thermophilus. This may reflect
the close association of these two species in dairy fermentations, particularly yogurt production. As no vector
based on plasmid replicons from L. delbrueckii has previously been constructed, an Escherichia coli-L.
delbrueckii shuttle cloning vector, pDOJ4, was constructed from pDOJ1, the p15A ori, the chloramphenicol
resistance gene of pCI372, and the lacZ polylinker from pUC18. This cloning vector was successfully introduced
into E. coli, L. delbrueckii subsp. bulgaricus, S. thermophilus, and Lactococcus lactis. This shuttle cloning vector

provides a new tool for molecular analysis of Lactobacillus delbrueckii and other lactic acid bacteria.

Bacteria of the genus Lactobacillus are gram-positive rods
and constitute a major genus of the lactic acid bacteria, a group
of economically important microorganisms that produce lactic
acid as a major metabolite and are used in many fermentation
processes as well as for probiotic purposes (20, 25, 32). Lacto-
bacillus delbrueckii subsp. bulgaricus is used extensively in food
fermentations, but especially in the production of yogurt. The
organism was the original probiotic culture proposed by
Metchnikoff (22), but its limited acid tolerance subsequently
decreased its probiotic relevance. While the complete genome
sequence of this bacterium has recently been published (18),
molecular studies of this important organism have been few
due to very limited tools for its genetic manipulation. Cloning
vectors have been constructed for several different Lactobacil-
lus species, such as L. acidophilus (17), L. curvatus (14), Lac-
tobacillus delbrueckii subsp. lactis (42), L. plantarum (7), L.
pentosus (29), and L. reuteri (16). Electroporation procedures
have been developed for a number of Lactobacillus species,
including L. acidophilus (41), L. casei (10, 29), L. delbrueckii
subsp. lactis (42), and L. helveticus (5, 11).

Unlike the majority of Lactobacillus species, plasmids are
extremely rare for L. delbrueckii (21). In a study of 48 strains of
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L. delbrueckii subsp. bulgaricus, a small cryptic plasmid was
observed for only one strain, suggesting a frequency of <2%
for these bacteria (3). To date, only one L. delbrueckii subsp.
bulgaricus plasmid, pLBB1, has been isolated and sequenced
(3). The plasmids pJBL2 and pN42 (6) and pLL1212 (GenBank
accession number AF109691) have also been isolated and se-
quenced from the closely related L. delbrueckii subsp. lactis.
While the origin of replication from pLBB1 has been cloned
(3), cloning vectors based on replicons from L. delbrueckii
subsp. bulgaricus or subsp. lactis plasmids have not been de-
veloped. The objective of this study was to conduct a compar-
ative analysis of a native plasmid (pDOJ1) from L. delbrueckii
subsp. bulgaricus B36 and the available four published plasmids
from L. delbrueckii and to develop pDOJ1 into a functional
shuttle cloning vector for this industrially relevant organism.

MATERIALS AND METHODS

Bacteria and growth conditions. The bacterial strains used in this study are
listed in Table 1. Lactobacillus delbrueckii subsp. bulgaricus strains and Propi-
onibacterium freudenreichii subsp. shermanii were cultured in lactobacillus MRS
medium (Difco, Detroit, MI) under anaerobic conditions at 37°C. Escherichia
coli was grown in Luria-Bertani (LB) medium (30) at 37°C. Lactococcus lactis
and Streptococcus thermophilus were cultured in M17 medium (Difco) supple-
mented with 0.5% D-glucose at 30°C and 42°C, respectively. Agar plates were
made by adding 1.5% agar (Difco) to broth medium. The antibiotic chloram-
phenicol was added at a concentration of 20 wg/ml for E. coli; 3.0 pg/ml for L.
delbrueckii subsp. bulgaricus, P. freudenreichii subsp. shermanii, and S. thermo-
philus; and 5.0 pg/ml for Lactococcus lactis. Isopropylthio-B-p-galactoside
(IPTG; Sigma, St. Louis, MO) and 5-bromo-4-chloro-3-indolyl-B-p-galactoside
(X-Gal; Sigma) were added to LB medium plates for blue/white color selection
of colonies at final concentrations of 0.1 mM and 40 pg/ml, respectively.
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TABLE 1. Bacterial strains and plasmids used in this study

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

Bacterial strains
Lactobacillus delbrueckii subsp. bulgaricus

B36 Wild-type dairy isolate, host of pDOJ1 Dairy culture collection, UMN
449 Electroporation host Dairy culture collection, UMN
ATCC 11842 Electroporation host ATCC
E. coli HB101 Cloning host Promega
Lactococcus lactis LM0230 Electroporation host Dairy culture collection, UMN
Streptococcus thermophilus ST403 Electroporation host Dairy culture collection, UMN
Propionibacterium freudenreichii subsp. Electroporation host ATCC
shermanii ATCC 9614
Plasmids
pDOJ1 6.2-kb wild-type plasmid from L. delbrueckii B36 This study
pDOJ2 E. coli-L. delbrueckii shuttle cloning vector; Tc" This study
pDOJ3 E. coli-L. delbrueckii shuttle cloning vector; Cm" This study
pDOJ4 E. coli-L. delbrueckii shuttle cloning vector; Cm"; This study
lacZ; MCS
pACYC184 E. coli cloning vector, source of p15A ori 9
pCI372 E. coli-Lactococcus lactis shuttle cloning vector; Cm" 12
pUC18 E. coli cloning vector, source of lacZ and MCS 23

“T¢, tetracycline resistance; Cm", chloramphenicol resistance; ori, origin of replication; MCS, multiple cloning site.

> UMN, University of Minnesota; ATCC, American Type Culture Collection.

General DNA techniques. Plasmid DNA was isolated from E. coli by alkaline
lysis and purified using affinity columns from QIAGEN (Valencia, CA). Mini-
prep isolation of Lactobacillus, Lactococcus, and S. thermophilus plasmids was
performed using the method of O’Sullivan and Klaenhammer (27). Restriction
endonuclease digestions were conducted according to the supplier’s instructions
(Promega, Madison, WI). Agarose gel electrophoresis was performed using
standard methods (30). DNA ligation was performed using the Fast-Link DNA
Ligation Kit (Epicenter, Madison, WI) according to the manufacturer’s instruc-
tions.

Plasmid isolation from Lactobacillus delbrueckii subsp. bulgaricus. A native L.
delbrueckii subsp. bulgaricus plasmid designated pDOJ1 (6.2 kb) was isolated
using the following procedure. One hundred milliliters of an 18-h culture was
pelleted by centrifugation at 10,000 rpm in a Beckman J2-21 centrifuge using a
JA-14 rotor (15,344 X g) for 15 min. The pellet was washed with TES buffer (50
mM Tris, pH 7.0, 20 mM EDTA, 0.2 mM sucrose) and resuspended in 2 ml of
a solution containing 20% (wt/vol) sucrose and 30 mg/ml lysozyme. After 1 h
incubation at 37°C with periodic mixing, it was quickly frozen in a —70°C freezer
for 10 min and then thawed for 10 min at 37°C. A 4-ml aliquot of an alkaline
sodium dodecyl sulfate solution (3% sodium dodecyl sulfate, 0.2 N NaOH) was
added and quickly mixed, and the mixture was incubated at room temperature
for 7 min. Three milliliters of a 3.0 M sodium acetate solution (pH 4.8) was
added, mixed, and centrifuged at 10,000 rpm in a Beckman J2-21 centrifuge using
a JA-14 rotor for 25 min. The supernatant was transferred to a new tube, and an
equal volume of isopropanol (room temperature) was added, mixed, and cen-
trifuged at 10,000 rpm for 25 min. The pellet was dried and resuspended in 9.4
ml of molecular water. Six milliliters of a 7.5 M ammonium acetate solution was
added, prior to extraction with an equal volume of phenol-chloroform-isoamyl
alcohol (25:24:1) solution. The mixture was centrifuged at 10,000 rpm for 20 min,
and the top layer was transferred into a new tube with 2 volumes of ice-cold
absolute ethanol and centrifuged at 10,000 rpm for 25 min. The pellet was rinsed
with ice-cold 70% ethanol and centrifuged at 10,000 rpm for 5 min. The DNA
pellet was dried and resuspended in 250 pl of TE buffer with 0.1 mg/ml RNase
A and incubated at 37°C for 1 h.

DNA sequencing and bioinformatic analysis. To conduct a random shotgun
sequencing of pDOJ1, its plasmid DNA was randomly sheared using a Hydro-
Shear DNA shearing machine (Genomic Solutions, Ann Arbor, MI) and the
sheared fragments were randomly cloned into pSTBlue-1 (Invitrogen, Carlsbad,
CA) to construct a library of random pDOJ1 fragments. Sequencing of library
clones was performed at the Biomedical Genomics Center (BMGC), University
of Minnesota, using an ABI Prism 3100 automatic sequencer. To assemble
contigs, DNASTAR (DNASTAR, Inc., Madison, WI) was utilized and primer
walking was used to fill in gaps in the plasmid sequence. Primers were designed
based on the ends of the shotgun sequences and used to sequence directly from
the purified plasmid. The DNA and amino acid sequences were analyzed using

both DNASTAR and OMIGA (Accelrys, San Diego, CA) software programs.
Prediction of open reading frames (ORFs) was conducted with GeneMark (4)
and the FgenesB (Softberry, Inc., Mount Kisco, NY) programs. Sequence anno-
tation and database searches for similar sequences were performed using the
BLAST suite of programs at the National Center for Biotechnology Information
(1). The functional protein domain analysis of predicted ORFs was performed by
the InterProScan program at the European Bioinformatics Institute (http://www
.ebi.ac.uk/InterProScan/) and the NCBI Conserved Protein Domain Database
program (19). Multiple sequence alignments were performed using the
BLAST2SEQ (33) and CLUSTAL X (34) programs.

Plasmid transformation and electroporation. Plasmids were introduced into
E. coli HB101 using standard heat shock transformation (30), and electropora-
tion was used for plasmid transfer into Lactococcus lactis (26), Streptococcus
thermophilus (28), Propionibacterium freudenreichii subsp. shermanii (13),
and Lactobacillus delbrueckii subsp. bulgaricus. Electrocompetent cells of L.
delbrueckii subsp. bulgaricus were prepared based on modifications to a previous
procedure (41) as follows. An overnight culture in MRS broth was used to
inoculate 500 ml of MRS broth containing 3.0% glycine. The culture was grown
to an optical density at 600 nm of ~0.30. The cells were collected by centrifu-
gation and washed four times with an equal volume of ice-cold electroporation
buffer (0.1 mM HEPES, 0.5 M sucrose) and resuspended in the minimum
amount of buffer possible, generally 1 ml or less. For electroporation, 50 pl of the
competent cells and 0.5 pg of plasmid DNA were electroporated in a 2-mm
ice-cold cuvette at 2.45 kV per cm using the default settings of an Eppendorf
Electroporator 2510 (Eppendorf, Madison, WI). The recovery medium (MRS
broth containing 0.5 M sucrose and 10 mM CaCl,) was added to a 1-ml volume
and incubated at 37°C for 3 h under anaerobic conditions. Transformants were
selected using MRS agar containing 10 mM CacCl, and 3.0 pg/ml chloramphen-
icol for 2 days at 37°C.

Plasmid segregational stability. The segregational stability of pDOJ4 in L.
delbrueckii subsp. bulgaricus ATCC 11842 without antibiotic selection was mon-
itored as described previously (15).

Nucleotide sequence accession numbers. Sequence data from this article have
been deposited with the GenBank Data Library under the accession numbers
EF196093 (pDOJ1) and EF196094 (pDOJ4).

RESULTS

Sequence analysis of pDOJ1. One plasmid was detected in
Lactobacillus delbrueckii subsp. bulgaricus B36 using agarose
gel electrophoresis. The identity of this isolate was confirmed
by sequencing of the 16S gene, and its subspecies classification
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FIG. 1. ORF and restriction enzyme map of pDOJ1 from Lacto-
bacillus delbrueckii subsp. bulgaricus B36. ori, origin of replication.
Ncol was chosen arbitrarily as the sequence start point.

was confirmed by the size of its proline iminopeptidase gene as
indicated by Torriani et al. (35). The linearization of the plas-
mid by Ncol digestion revealed a single DNA band of ~6.2 kb,
and the plasmid was designated pDOJ1 (data not shown). The
complete DNA sequence of pDOJ1 was obtained using a shot-
gun sequencing strategy and completed using primer walking.
This resulted in sequence coverage of ~9.0-fold, and the se-
quence was checked manually to correct for any errors. The
complete plasmid sequence of pDOJ1 consists of 6,220 bp with
a G+C content of 44.6%, which is lower than that of Lacto-
bacillus delbrueckii chromosomal DNA (49.7%) (39) (Fig. 1).
Six putative ORFs containing one mobilization gene, one
transposase gene, and one primase-helicase fusion gene, likely
involved in its replication, were predicted by gene prediction
programs (Table 2).

The predicted protein from ORF1 (putative mobilization
protein) is very similar to ORFB of pLBB1 (3), ORF4 of
pJBL2 (6), ORF4 of pN42 (6), and ORFG of pLL1212 (3)
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(Fig. 2). Interestingly, this putative mobilization protein has
very low identity with other mobilization proteins predicted
from the BLASTP database but is highly conserved in all the
reported L. delbrueckii plasmids. Protein conserved domain
analysis by InterProScan revealed that ORF1 has a conserved
DNA binding domain which is consistent with a mobilization
protein (Table 3). However, an oriT similar to those of other
plasmids with mobilization genes was not detected.

The predicted protein from ORF2 (putative transposase)
exhibits 94 to 98% identity with ORFC of pLBB1, ORF5 of
pJBL2, and ORF5 of pN42. A protein domain analysis indi-
cated that ORF2 has a homeodomain-like conserved DNA
binding domain which is consistent with transposase functions
(Table 3).

The predicted proteins of the short ORF3 and ORF4 have
no significant database similarities other than those to the
corresponding short ORFA and ORFB in pLL1212. Interest-
ingly, reannotation of pLBB1, pJBL2, and pN42 revealed that
they also have conserved homologs to both these ORFs at
>90% identity at the amino acid level in all cases (Fig. 2). They
are preceded by ribosome binding sites which substantiate
their role as genes, and ORF3 has a lambda repressor-like
DNA binding domain (Table 3).

The predicted protein of ORFS shares similarity with ORF3
of pJBL2, ORF3 of pN42, and ORFD of pLL1212. Interest-
ingly, there are no conserved domains or homolog sequences
in the database, indicating that this is a unique, hypothetical
protein. While the published annotation of pLBB1 does not
include a homolog for ORFS, reannotation of this plasmid
sequence shows that one is present with 88% amino acid se-
quence identity (Fig. 2).

The predicted protein from ORF6 is quite unique, as it is
predicted to be a fusion of both a primase and a helicase
protein. Its location, directly following the ori region, is con-
sistent with a role in plasmid replication. This ORF is very
highly conserved in all the reported Lactobacillus delbrueckii
plasmids (Fig. 2) with E values of 0.0 using BLASTP. A protein
conserved domain analysis by InterProScan showed that this
gene has three different protein conserved domains: a zinc-
beta ribbon domain believed to be involved in binding Zn**, a
DNA primase core, and the C-terminal end of a DnaB-like

TABLE 2. ORF analysis of pDOJ1 from Lactobacillus delbrueckii subsp. bulgaricus

ORF Function Position (size”) MW? pI° % ldentity” Best BLAST match GenBank accession no.

ORF1 Mobilization 278-856 (192) 21,833 925 97 over 192 aa  Putative mobilization protein NC_002191
(ORFB) of pLBB2, L. delbrueckii

ORF2 Transposase 1,157-1,678 (173) 19,475 6.62 98 over 171 aa  Hypothetical protein (ORF5) of NC_004850
pN42, L. delbrueckii

ORF3  Unknown 2,333-2,527 (64) 7,059 9.53 94 over 39 aa  Hypothetical protein (ORFA) of NC_004937
pLL1212, L. delbrueckii

ORF4  Unknown 2,527-2,754 (75) 8,708 5.00 94 over 75 aa  Hypothetical protein (ORFB) of NC_004937
pLL1212, L. delbrueckii

ORF5  Unknown 2,769-3,740 (323) 36,326 9.51 85 over 323 aa  Hypothetical protein (ORF3) of NC_004850
pN42, L. delbrueckii

ORF6  Primase-helicase  4,035-6,101 (688) 78,068 6.31 90 over 687 aa  Primase-helicase (ORFA) of pLBB2, NC_002191

L. delbrueckii

“ Number of amino acids.

> MW, molecular weight.

¢ pL, predicted isoelectric point.

4 Amino acid (aa) sequence identity.
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FIG. 2. Comparative sequence analysis of pDOJ1 and the other Lactobacillus delbrueckii plasmids and the group B plasmids from Streptococcus
thermophilus. The amino acid identities with the predicted protein sequences from the six ORFs from pDOIJ1 are indicated. The amino acid
identities for the AsdS gene products are compared to pJBL2. The gene annotations are as originally published for each plasmid, except for the
open arrows, which reflect ORFs that were annotated in this study. ori, origin of replication; HsdS, specificity subunit for a type I R-M system; Mob,

mobilization protein.

helicase. This latter helicase motif at the carboxy-terminal end
has a P loop containing a purine nucleoside triphosphate DNA
binding motif, which is frequently found in DNA and RNA
helicases and is a common DNA binding motif (40). As the
N-terminal part of the DnaB helicase is missing in ORF®6, it
suggests that other replication initiator proteins (possibly
ORF3 to ORF5) may be involved, suggesting a novel replica-
tion mechanism of Lactobacillus delbrueckii plasmids com-
pared to most other plasmids from gram-positive bacteria. This

unusual fusion organization of the ORF6 predicted protein of
pDOJ1 and its corresponding homologs in pLBB1, pJBL2,
pN42, and pLL1212 has been observed elsewhere only in the
group B plasmids from Streptococcus thermophilus (37).
Predicted origin of replication. The predicted origin of rep-
lication (ori) sequence upstream from ORF6 consists of three
contiguous 21-bp direct repeats, consistent with an iteron
structure, and is preceded by three short direct repeats, two
inverted repeats, and one palindrome structure and directly

TABLE 3. Conserved domains of predicted proteins from pDOJ1

ORF Function Position E value Conserved domain Database accession no.“
ORF1 Mobilization 290-622 6.3e-09 Putative DNA binding domain SSF46955
ORF2 Transposase 1160-1291 0.00017 Homeodomain-like SSF46689
ORF3 Unknown 2336-2443 0.0089 Lambda repressor-like DNA binding domain SSF47413
ORF6 Primase-helicase 4035-4382 8.4e-14 Zinc-beta ribbon SSF57783

4455-5042 1.2e-27 DNA primase core SSF56731
45004562 9.4e-05 DNA primase catalytic core, N terminal PF08275
4707-4940 2.4e-06 TOPRIM? subdomain SM00493
4707-4964 5.8e-07 TOPRIM PF01751
5046-5801 1.2e-08 P loop containing NTP” hydrolase SSF52540
5097-5681 3.6e-11 DnaB-like helicase, C terminal PS51199

“ TOPRIM, topoisomerase primase.
® NTP, nucleoside triphosphate.

¢ SSF, Superfamily database; PF, HMMPfam database; SM, HMMSmart database; PS, ProfileScan database.
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FIG. 3. Structure of the predicted origin of replication in pDOJ1. It consists of contiguous conserved 21-bp direct repeats (iteron structure)
surrounded by three short direct repeats (DR), two inverted repeats (IR), and two palindrome structures (PD). RBS, ribosome binding site.

followed by a single palindrome structure (Fig. 3). A compar-
ative analysis of other putative ori regions in L. delbrueckii
plasmids as well as of the confirmed ori region from pLBB1
revealed highly conserved iteron structures and a palindrome
structure directly following the iteron structure (Fig. 4). The
first 16 bp of the iteron direct repeat is 100% conserved be-
tween the five plasmids, but the remaining sequence is less
conserved, both in nucleotide identity and in length. This or-
ganization of the direct repeats in iteron structures is consis-

tent with other characterized iteron regions and is believed to
be involved in recognition and binding to replication proteins
(15). Unlike ori regions of other plasmids that contain iteron
structures, all the ori regions of L. delbrueckii plasmids lack
AT-rich regions and DnaA box motifs preceding the iteron
structure, further substantiating a likely novel mechanism of
replication.

Construction of a shuttle cloning vector. Plasmid pDOJ1
was linearized by Ncol digestion and cloned into the E. coli

e —] pDOJ1
ORF5 IR IR1_ Iteron structure B2 ORF6
: — = pLBB1
ORFN4 e 2 Iteron structure BD- IR-3 ORFA

- * -

' : =5F= ——Sr—WE  pJBL2
ORES Iteron structure PD-1 BD-2  ORFs
[ 2 —— | pN42
PRES Iteron structure ED1 ORFS
\ : == = pLL1212
oRED Iteron structure £ ED-2  oRFE

FIG. 4. Comparison of the predicted origins of replication in Lactobacillus delbrueckii plasmids. An iteron structure and a palindrome sequence
(5'-TTTTTAAAAA-3") are highly conserved in all L. delbrueckii plasmids. DR, direct repeat; IR, inverted repeat; PD, palindrome. A conserved
palindrome sequence between all the plasmids is underlined. Stars indicate nonconserved nucleotides in the iteron repeat.
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FIG. 5. Construction of the Lactobacillus delbrueckii subsp. bulgaricus
shuttle cloning vector, pDOJ4.

vector pACYC184, forming the recombinant plasmid pDOJ2
(Fig. 5). A chloramphenicol resistance gene from pCI372 was
chosen as the selection marker as it has been previously used
in the construction of various Lactobacillus, Lactococcus, and
Bifidobacterium vectors (8, 12, 14, 15, 42). As this chloram-
phenicol-resistant vector, pDOJ3, contained only three unique
restriction enzyme sites, a lacZ polylinker was cloned into a
BamHI site to provide multiple cloning sites and blue/white
colony screening capability in E. coli (Fig. 5).
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Electroporation of pDOJ4 into Lactobacillus delbrueckii
subsp. bulgaricus and other hosts. An electroporation protocol
was developed for L. delbrueckii subsp. bulgaricus, which was
primarily based on a procedure developed for L. acidophilus
(41), and was optimized to increase efficiency. The optimiza-
tions included a reduced optical density at 600 nm, an increase
in glycine concentration, and different electroporator parame-
ters. The pDOJ4 shuttle vector was introduced into L.
delbrueckii subsp. bulgaricus 449 at a frequency of 1.4 X 10°
CFU/ng. Plasmids pDOJ3 and pDOJ4 were successfully intro-
duced into another strain of L. delbrueckii subsp. bulgaricus
(ATCC 11842) at frequencies of 2.4 X 10° and 1.2 X 10°
CFU/pg of DNA, respectively. Both plasmids were also trans-
formed into Lactococcus lactis LM0230 at frequencies of 5.0 X
10% and 1.9 X 10* CFU/ug, respectively, demonstrating that
the Lactobacillus delbrueckii subsp. bulgaricus native plasmid
pDOJ1 replicon also functions in Lactococcus lactis and may
also be used as a cloning vector for this host. As restriction and
modification (R-M) systems can reduce transformation fre-
quencies (2, 38), pDOJ3 was reisolated from an L. lactis
LMO0230 transformant and electroporated again into L. lactis
LLM0230. This resulted in a similar frequency, 4.6 X 10> CFU/
ng, showing that the lower transformation frequency in L.
lactis was not due to R-M systems. The pDOJ4 vector was also
introduced into Streptococcus thermophilus at a frequency
similar to that of L. lactis (6.6 X 10> CFU/pg) but could not
be introduced into Propionibacterium freudenreichii subsp.
shermanii.

Segregational stability of pDOJ4 in Lactobacillus delbrueckii
subsp. bulgaricus. The stability of pDOJ4 in L. delbrueckii
subsp. bulgaricus without antibiotic selection was monitored
over 93 generations of growth in MRS broth medium. No loss
of the plasmid was observed over this time, indicating a very
high stability, consistent with other theta replicating plasmids.

DISCUSSION

Unlike most Lactobacillus species, and indeed the majority
of lactic acid bacteria, plasmids are extremely rare for Lacto-
bacillus delbrueckii subsp. bulgaricus (3). This is reflected in the
low number of sequenced plasmids from L. delbrueckii that are
deposited in GenBank, which is now five, including pDOJ1
from this study. A comparative analysis of the sequence of
pDOJ1 with the four other sequenced plasmids from L.
delbrueckii (pLBB1, pJBL2, pN42, and pLL1212) revealed a
highly conserved organization. All the predicted proteins from
the six ORFs of pDOJ1 had homologs in each of the other four
plasmids with amino acid identities ranging from 85 to 98%
(Fig. 2). This is strong evidence of a common ancestor for all
five plasmids. It is noteworthy that the two plasmids isolated
from L. delbrueckii subsp. bulgaricus (pDOJ1 and pLBB1) are
cryptic plasmids (based on the available annotation) while the
three plasmids isolated from L. delbrueckii subsp. lactis all
carry genes for an HsdS protein, which is the specificity protein
for type I R-M systems. The inclusion of 4sdS genes on plas-
mids has previously been described for Lactococcus lactis (24)
and Streptococcus thermophilus (31) and was proposed to be
the result of selective pressure for greater R-M diversity due to
the prevalence of bacteriophage in the cheese production en-
vironment. As Lactobacillus delbrueckii subsp. lactis is also
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predominantly from a cheese environment, this supports this
hypothesis.

It is interesting that all five plasmids from L. delbrueckii
carry a conserved mobilization gene, but no oriT is evident on
either of the plasmids. As an oriT is needed for plasmid mo-
bilization, it may suggest that this has been lost from the
plasmid or alternatively that a different class of ori7 may be
present. Given the lower G+C content (<45%) of all five L.
delbrueckii plasmids compared to the chromosomal G+C con-
tent for this species, 49.7%, it suggests that these plasmids were
acquired via horizontal transfer in a recent evolutionary event.
It is plausible that the mobilization gene had a direct role in
this event. Further evidence for this hypothesis comes from the
analysis of the fusion primase-helicase protein in all five plas-
mids. As this has previously been seen only in two plasmids
from Streptococcus thermophilus, pSMQ308 and pSMQ316
(37), it may suggest a common ancestor. This is further sub-
stantiated by the ability of this L. delbrueckii subsp. bulgaricus
replicon to function in S. thermophilus and by the finding that
the amino acid identity between both of these fusion primase-
helicase proteins encoded on S. thermophilus plasmids and
the five L. delbrueckii plasmids is >30% in all cases. As S.
thermophilus and L. delbrueckii subsp. bulgaricus are intimately
connected by their role in yogurt manufacture, which likely
dates to prehistoric times, it is intriguing to speculate that the
emergence of plasmids in L. delbrueckii resulted from this
association.

Recently, two complete genome sequences of two strains of
L. delbrueckii subsp. bulgaricus were reported, and they are
now available in GenBank (18). To functionally characterize
the genomes of these commercially important bacteria, there is
a need for different molecular tools that can be used in these
bacteria. While tools developed for other lactic acid bacteria
will likely be useful, vectors based on L. delbrueckii plasmid
replicons will enhance this endeavor. As there are currently
none developed, the cloning vector pDOJ4 was constructed
based on the L. delbrueckii subsp. bulgaricus plasmid charac-
terized in this study. The construction of pDOJ4 from pDOJ1,
PACYC184, pCI372, and pUCI18 represents the first E. coli-L.
delbrueckii shuttle cloning vector. While the mode of replica-
tion of pDOJ4 has not been established, previous studies with
the L. delbrueckii plasmids pLBB1, pJBL2, and pN42 and the
S. thermophilus group B plasmids suggest that the most likely
mode of replication is through theta replication (3, 6, 36). This
would suggest that the vector pDOJ4 may be a useful and
stable plasmid vector for L. delbrueckii and other lactic acid
bacteria as it was successfully introduced into L. delbrueckii
subsp. bulgaricus, E. coli, Lactococcus lactis, and Streptococcus
thermophilus.

In summary, the comparative sequence analysis of pDOJ1
and the other four identified L. delbrueckii plasmids points to
a common origin for plasmids from this genus, and the homol-
ogy with the fusion primase-helicase replication protein from
the theta replicating group B plasmids from S. thermophilus
suggests that they may have been acquired via horizontal gene
transfer. This hypothesis is substantiated by the close associa-
tion of these two species during yogurt manufacture and the
ability of the plasmid to replicate in S. thermophilus. The de-
velopment of the shuttle cloning vector pDOJ4 will facilitate
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the functional analysis of the genome of this important bacte-
rium for dairy food fermentations.
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