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Lactobacillus delbrueckii subsp. bulgaricus (L. bulgaricus) is widely used as a starter for yogurt and cheese 
worldwide. Despite the economic importance of this bacterium in the dairy industry, there have been few genetic 
studies involving knockout or overexpression mutants to identify the functions of L. bulgaricus genes. One of the 
main reasons for this gap is the low transformation efficiency of available L. bulgaricus chromosome-integrating 
vectors upon performing conventional electroporation. We previously proposed the conjugal plasmid pAMβ1 as 
an integration vector for L. bulgaricus, as conjugation could avert the need for a restriction modification system; 
pAMβ1 does not replicate and integrate into the chromosome of L. bulgaricus. Here, we describe an effective 
chromosomal manipulation system involving a novel shuttle vector pGMβ1, which could improve the operability 
of the broad host-range conjugal plasmid pAMβ1. We further developed an enhanced filter-mating method for 
conjugation. To validate this system, the effectiveness of conversion of the lactate dehydrogenase gene D-ldh of 
L. bulgaricus to the L-ldh form of Streptococcus thermophilus was examined. As pGMβ1 and pAMβ1 are unable 
to replicate in L. delbrueckii subsp. delbrueckii, they were chromosomally integrated. However, these plasmids 
could replicate in L. delbrueckii subsp. indicus and sunkii. This integration system could unearth important gene 
functions in L. bulgaricus and thus improve its applications in the dairy industry. Moreover, this conjugation 
system could be used as a stable vector for the transformation of long cluster genes in several species of lactic acid 
bacteria.
Key words: Lactobacillus delbrueckii subsp. bulgaricus, recalcitrant strains, chromosomal manipulation, 
conjugal shuttle vector, lactic acid bacteria

INTRODUCTION

Lactobacillus delbrueckii subsp. bulgaricus (L. bulgaricus) is 
used in the dairy industry worldwide as a starter to produce yogurt 
and cheese. This has led to high demand for in-depth genetic 
studies on L. bulgaricus to maximize its usefulness. Currently, 
complete genome sequence data are available for four strains of 
L. bulgaricus in the Kyoto Encyclopedia of Genes and Genomes 
database [1–4]. However, few genetic studies have used knockout 
or overexpression mutants; thus, the specific functions of this so-
called “recalcitrant” bacterium remain poorly understood. The 
primary cause for the limited genetic work on L. bulgaricus is 
the lack of effective and reproducible methods for chromosome 
manipulation [5].

One of the difficulties in performing chromosome 
manipulations in L. bulgaricus is the lack of an appropriate 
vector with high transformation efficiency. The majority of L. 
bulgaricus strains do not harbor plasmids, with only four such 
plasmids reported to date: pDOJ1, 6.2 kb [6]; pLBB1, 6.1 kb [7]; 

pBUL1, 7.9 kb [8]; and LDBND_P, 6.2 kb [9]. It is also difficult 
to transform L. bulgaricus with plasmid DNA by conventional 
electroporation protocols as its elongated shape makes it highly 
sensitive to electrical pulses. Moreover, throughout its long 
history of use in the dairy industry, the industrial strains of L. 
bulgaricus have shown high restriction enzyme activity, primarily 
to confer protection against phages [10]. Therefore, targeting 
the genes coding for restriction enzymes could help overcome 
this limitation. Indeed, Sasaki’s research group obtained 
transformants of pX3, derived from pBUL1, by electroporation 
into the T11 strain [5, 11, 12], which is a mutant deficient in 
restriction modification genes. Serror et al. [8] also succeeded in 
transforming several plasmids in L. bulgaricus VI104, with 104 
transformants/µg DNA reported as the highest transformation 
efficiency obtained with the pLEM415 plasmid.

High transformation efficiencies are required to ensure 
chromosomal integration as it generally occurs at a low frequency. 
There are both replicative and non-replicative mechanisms for 
chromosomal integration. Using the non-replicative plasmid 
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pJC4, Jang et al. [13] obtained the chromosomal integrant of 
L. bulgaricus ATCC11842T with cellulase screening. Li et al. 
[4] reported ccpA disruption in L. bulgaricus ATCC11842T by 
homologous recombination using a linear DNA fragment (CcpA-
Tet-CcpA) and the pCT vector. Unfortunately, there have been no 
follow-up reports on disruption mutations using these methods.

With respect to the replicative approach, pG+host [14] is an 
effective replicative and thermosensitive plasmid, which is 
derived from pWVO1 with a thermosensitive replicon (ts) and 
has been used in many lactococci [15, 16], streptococci [17, 18], 
and lactobacilli [19] to date. Sasaki and colleagues were only 
able to achieve successful integration in the chromosome of the 
T11 mutant strain (R−M−) using pSG+E2, which contained a ts 
replicon of the pG+host, whereas integration was not successful 
in the chromosomes of other industrial strains (personal 
communication). As the lower transfer frequency made it 
difficult to manipulate the chromosomal genes of L. bulgaricus, 
direct manipulation systems were explored. The plasmid pMC1, 
containing an attP site and the integrase (int) gene of the L. 
bulgaricus mv4 bacteriophage, was integrated in a site-specific 
manner into the tRNASer gene of L. bulgaricus [8]. Subsequently, 
Serror et al. [5] developed a transposition mutagenesis system 
for L. bulgaricus using a pIP501 derivative as a delivery vector 
with IS1223 or IS1201. Additionally, Licandro-Seraut et al. 
[20] developed an in vivo random mutagenesis system (Pjunc-
TpaseIS1223) in Lacticaseibacillus casei and L. bulgaricus, 
which was found to be particularly efficient in L. casei; however, 
more than 80% of the sequenced targets were located in intergenic 
regions in L. bulgaricus.

We previously proposed a gene-targeting chromosomal 
integration method involving the conjugation of pAMβ1 [21] for 
targeted gene disruption and gene replacement in L. bulgaricus 
[22, 23]. Conjugation [22] is a specific system that mediates the 
transfer of DNA in a wide range of bacterial genera. Intergeneric 
transfer has also been reported in some cases. pAMβ1 is a 
conjugative, broad-host-range plasmid that is isolated from 
Enterococcus faecalis and is capable of autonomously replicating 
in many lactic acid bacteria, including Lactococcus lactis  
(Lc. lactis) [24], streptococci [25], and several genera of the 
order Lactobacillales such as L. casei [26], Lactiplantibacillus 
plantarum, Lactobacillus acidophilus, and Ligilactobacillus 
salivarius [27], as well as in other gram-positive bacteria such 
as Bacillus thuringiensis [28] and Clostridium acetobutylicum 
[29]. Although pAMβ1 can replicate in many gram-positive 
bacteria, our previous study showed that it was unable to do 
so in L. bulgaricus and that it integrated into the chromosome. 
Intergeneric transfer of pAMβ1 was achieved using an improved 
filter-mating method under erythromycin (Em) selective pressure; 
however, the transfer frequency was markedly reduced, reaching 
only approximately 10−9 per recipient compared with a transfer 
frequency of 10−4 per recipient from E. faecalis to L. plantarum 
[30]. This chromosomal integration of pAMβ1 was observed 
not only in L. bulgaricus but also in two other subspecies of L. 
delbrueckii subsp. delbrueckii and L. delbrueckii subsp. lactis. 
However, insertion of a 1.0 kb homologous fragment of the L. 
bulgaricus chromosome into pAMβ1 increased the conjugal 
transfer frequency by more than 100-fold, resulting in successful 
gene conversion in L. bulgaricus.

Although the use of conjugation as a gene-transforming tool is 
a classical method, gene transfer via a single strand can avert the 

use of restriction enzymes that generally break double-stranded 
DNA [31]. However, a significant issue arises when preparing 
the theta-type plasmid pAMβ1 in Lc. lactis or Streptococcus 
thermophilus, due to its large size (27,815 bp; National Center 
for Biotechnology Information accession no. NC_013514) and 
varying copy number (one or two) [21]. To overcome these 
limitations, we developed a new method using the shuttle 
vector pGMβ1 to manipulate chromosomal genes. We then used 
this system to examine the replication of pAMβ1 in two other 
subspecies of Lactobacillus delbrueckii: subsp. indicus [32] and 
subsp. sunkii [33].

Notably, the shuttle vector pGMβ1 enabled the efficient and 
convenient construction of an integration plasmid in Escherichia 
coli DH5a. We could not determine the adequate conditions 
required for selection of the plasmid transfer conjugant of 
L. bulgaricus when E. coli was used as the donor, although 
E. coli showed higher tolerance than L. bulgaricus under all 
tested conditions (temperature, salt, antibiotic resistance, and 
nutrition). Lc. lactis IL1403 was selected as the donor for two 
reasons: (1) the transfer conjugant of L. bulgaricus could be 
differentiated from Lc. lactis at a specific temperature (45°C) 
and by resistance to erythromycin (EmR), and (2) IL1403 showed 
a high transfer frequency and low restriction ability when the 
plasmid constructed in E. coli was electroporated into it. The 
combination of the improved filter-mating method [30] and gene 
targeting using a homologous region could help to overcome the 
extremely low chromosomal integration frequency. To further 
validate this conjugal intergenic integration method with pGMβ1, 
in the present study, we tested the conversion of the lactate 
dehydrogenase gene D-ldh of L. bulgaricus to the L-ldh form of 
S. thermophilus. This method of integration could facilitate the 
discovery of important gene functions in L. bulgaricus and thus 
improve its applications in dairy production.

MATERIALS AND METHODS

Bacterial strains and growth conditions
Table 1 shows the strains and plasmids used in this study. Lc. 

lactis [34] and S. thermophilus [35] were cultured on GM17 and 
LM17 media, which were comprised of M17 (Becton, Dickinson 
and Company) supplemented with 5 g/L glucose or lactose for 
16 to 18 hr at 32°C or 37°C, respectively, without shaking. 
SMY medium contained 10% skim milk with 0.1% yeast extract 
(Thermo Scientific™ Oxoid™ Yeast Extract Powder).

Lactobacillus strains (Table 1) were inoculated at 1% (vol/
vol) on de Man, Rogosa and Sharpe (MRS) medium (Becton, 
Dickinson and Company) and cultured at 42°C without shaking. 
Before the main culture, the precultures were performed at 37°C 
for 16 to 18 hr. The E. coli strain was grown on Luria–Bertani 
(LB) medium at 37°C with shaking.

Construction of pGMβ1
The schematic for construction of the shuttle vector pGMβ1 

is shown in Fig. 1A. Table 2 shows the primers used in this 
study. The fragment containing the whole length of the pGEM-T 
Easy vector (the replication origin, f1 ori and ampicillin-
resistance gene) was amplified with the primers LAB184 and 
LAB185C, which contained the AvaI (BmeT110I, Takara Bio) 
site (underlined in Table 2), using the pGEM-T Easy vector as 
a template for polymerase chain reaction (PCR; Gflex DNA 
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Table 1. Strains and plasmids

Strain Reference
Escherichia coli DH5-alpha Takara Bio Inc.
Lactococcus lactis IL1403 [12]
Streptococcus thermophilus ST1131 [18]
Lactobacillus delbrueckii

subsp. bulgaricus LB2038 [18]
subsp. bulgaricus LB600 [35]
subsp. indicus JCM15610T Japan Collection of Microorganisms
subsp. indicus SAK This study; Laboratory collection
subsp. sunkii JCM17838T Japan Collection of Microorganisms
subsp. lactis JCM1248T Japan Collection of Microorganisms
subsp. delbrueckii JCM1012T Japan Collection of Microorganisms

Plasmid Reference
pGEM-T easy 3,015 bp Promega Co.
pAMβ1 27,815 bp [30]
pGMβ1 30,831 bp This study
pβL−Int1 30,943 bp [37]
pGMβint1 32,778 bp This study
pGMβint2 32,708 bp This study

Fig. 1. (A) Construction of the conjugative shuttle plasmid pGMβ1. (A) The 3016 bp fragment containing the replication origin and ampicillin 
resistance gene of the pGEM-T Easy vector was inserted at the AvaI site of pAMβ1.
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polymerase, Takara Bio). The fragment was purified with a 
QIAquick PCR purification and gel extraction kit (Qiagen). The 
PCR product, a 3016 bp fragment, was ligated at the AvaI site 
of pAMβ1 (DNA ligation kit ver.1, Takara Bio). The ligation 
mixture was electroporated into E. coli DH5a using a Gene Pulser 
(Bio-Rad; 2.5 kV, 25 µF, 300 Ω). Transformants were selected 
in the presence of 50 µg/mL ampicillin (Sigma-Aldrich) and 
250 µg/mL erythromycin (Sigma-Aldrich) in LB broth, and the 
plasmids were prepared using the alkaline sodium dodecyl sulfate 
(SDS) extraction procedure [36].

The non-deletion 30.8-kb plasmid was selected and analyzed 
with several restriction enzymes (NotI, HpaI, and PvuII, Takara 
Bio). The resulting plasmid was designated pGMβ1 and was 
electroporated into Lc. lactis IL1403 according to a previous 
protocol [35], followed by selection with 25 µg/mL Em in GM17 
medium.

Construction of pGMβldh1 and pGMβldh2 plasmids for gene 
conversion

As the conversion occurred through double homologous 
recombination, pGMβldh1 was constructed so as to contain an 
L-ldh gene and two homologous regions, the 5′ upstream and 
the 3′ downstream region of D-ldh. The insertion fragment 
was amplified with the primers LAB270 and LAB271C, which 
contained a SacI site (Takara Bio), using the pβL-Int1 vector [37] 
as a template. The pβL-Int1 vector contained a 359 bp fragment of 
the 5′ upstream region and a 586 bp fragment of the 3′ downstream 
region of D-ldh (LBU_ 0066: according to KEGG) derived from 
the L. bulgaricus LB2038 chromosome and situated at either end 
of the 987 bp region of the L-ldh gene of strain ST1131 (Fig. 1B).

The resulting 1950 bp fragment (1932 bp + primer) was ligated 
into pGMβ1 at the SacI site to generate the plasmid pGMβldh1 
(Fig. 1B). The 359 bp fragment at the 5′ upstream region of D-ldh 
is highly conserved among the five subspecies of L. delbrueckii. 
However, the sequence of the 3′ region could be classified into 
two groups: one group contained subsp. bulgaricus and subsp. 

Table 2. Primer list

Primer Sequence (5ʹ–3ʹ) Template (Plasmid or chromosome ) Length (bp)
LAB011 GGGCATTTAACGACGAAACT erythromycin resistance gene of pAMβ1 LAB011/LAB012C
LAB012C GGCGTGTTTCATTGCTTGAT erythromycin resistance gene  of pAMβ1 509 bp
LAB216 GGGTGGAACCATCTCTGGCGAAC 5’ upper region of D-lactate dehydrogenase of  

L. bulgaricus
LAB216/LAB011

:440 bp upper from the initiation codon of D-ldh (L-ldh) of  
L. bulgaricus

2,822 bp (2,837 bp)

LAB084 GGATGACTGCAACTAAACTA  from 1–18 nt of L-lactate dehydrogenase  of  
S. thermophilus

LAB084/LAB085C

LAB085C CCTTAGTTTTTTGAAGCTTCTTGGA from 968–987 nt of L-lactate dehydrogenase of  
S. thermophilus

987 bp

LAB105 GCGCTTAGAATCGCTTTAGGAAAC fragment (1) Forward: 5–3076 nt of pGMβ1 LAB105/LAB106C
LAB106C CGGGTTCTTCAAATATTTCTCCAAG fragment (1) Reverse: 5–3076 nt  of pGMβ1 3,072 bp
LAB107 CCCGATTACATGGATTGGATTAGTTC fragment (2) Forward: 3073–6322 nt of pGMβ1 LAB107/LAB108C
LAB108C GCACTATCAACACACTCTTAAGTTTG fragment (2) Forward: 3073–6322 nt  of pGMβ1 3,250 bp
LAB109 CTTAGAAGCAAACTTAAGAGTGTGTTG fragment (3) Forward: 6299–9395 nt of pGMβ1 LAB109/LAB110C
LAB110C GGGTGCTGTTGTTTAAAGGTATC fragment (3) Reverse: 6299–9395 nt of pGMβ1 3,097 bp
LAB111 CCCTAATTTTGATGAACTAGCGAAAC fragment (4) Forward: 9393–12377 nt  of pGMβ1 LAB111/LAB112C
LAB112C CGAGCGAATAGCGAGCAAAATATTAAC fragment (4) Reverse: 9393–12377 nt  of pGMβ1 2,985 bp
LAB113 GCACCTTTTTCAATTAGACGCTTTG fragment (5) Forward: 12313–15426 nt of pGMβ1 LAB113/LAB114C
LAB114C GGCTTGTTTCACTTGATCGCTATTC fragment (5) Reverse: 12313–15426 nt of pGMβ1 3,114 bp
LAB115 GGGAGTTAGTTATGAATAGCGATCAAG fragment (6) Forward: 15389–18359 nt of pGMβ1 LAB115/LAB116C
LAB116C CGGACTAACGCCGTAAATATCTTC fragment (6) Reverse: 15389–18359 nt of pGMβ1 2,970 bp
LAB117 CGGCGTTAGTCCGAAGAAAG fragment (7) Forward: 18347–21446 nt of pGMβ1 LAB117/LAB118C
LAB118C GCTTCTACTCCTCTCCTAATTGAATG fragment (7) Reverse: 18347–21446 nt of pGMβ1 3,099 bp
LAB119 CCCAAAGAACGACCATTCAATTAG fragment (8) Forward: 21428–24573 ntof pGMβ1 LAB119/LAB120C
LAB120C CGCCCTCAAAGACATTAGAGATAG fragment (8) Reverse: 21428–24573 nt of pGMβ1 3,145 bp
LAB121 GCTGGTGAGGCTATCTCTAATG fragment (9) Forward: 24540–40 nt  of pGMβ1 LAB121LAB122C
LAB122C GGACTGGATCGTGTTTCCTAAAG fragment (9) Reverse: 24540–40 nt of pGMβ1 3,316 bp
LAB184 CAACTCGGGCACTAGTGAATTCGCGGCCGCCTG whole nucleotides of pGEM-T-Easy vector (+AvaI) LAB184/LAB185C
LAB185C GTTCCCGAGGAATTCCCGCGGCCGCCATGGC whole nucleotides of pGEM-T-Easy vector (+AvaI) 3,016 bp
LAB270 CCAGAGCTCGGATCCAACACCAGATCAAGAG insertion fragment for L-ldh gene conversion with 

D-ldh of L. bulgaricus  (+SacI)
LAB270/LAB271C

LAB271C GGTGAGCTCGTCTATCACAACCGACAACGG insertion fragment for L-ldh gene conversion with 
D-ldh of L. bulgaricus (+SacI)

1,950 bp

LAB345 CTTATCCATTAAAAGCTAAAACGAAAACCCGCGG 3’ down region of D-lactate dehydrogenase of  
L. delbrueckii JCM1012

LAB345/LAB346C

LAB346C GGCGAGCTCGAAATGAAGGAATTCATCCTGCC 3’ down region of D-lactate dehydrogenase of  
L. delbrueckii JCM1012

516 bp
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indicus, and the other contained subsp. delbrueckii, subsp. lactis, 
and subsp. sunkii. Then plasmid pGMβldh2 was then constructed, 
which contained a different 516 bp fragment containing the 
3′ downstream region of D-ldh amplified using the primers 
LAB345 and LAB346C and the L. delbrueckii subsp. delbrueckii 
JCM1012T chromosome as the template.

We used pGMβldh1 for L. bulgaricus and L. indicus, and 
pGMβldh2 for L. delbrueckii, Lactobacillus delbrueckii subsp. 
lactis (Lb. lactis) and L. sunkii to achieve the gene conversion 
from D-ldh to L-ldh.

Conjugation experiment
Conjugation by filter mating was performed between the donor, 

Lc. lactis IL1403 (pGMβldh1, pGMβldh2, or pAMβ1), and the 
recipients, S. thermophilus and five subspecies of L. delbrueckii, 
according to our proposed method. The detailed workflow of the 
conjugation method is outlined in Fig. 2. The donor and recipient 
mixtures were washed twice in 20 mM phosphate buffer (pH 

7.5), trapped on a filter membrane (0.45 mm), and passed through 
60–80 mL of sterilized water on the filter membrane using a 
vacuum pump. After the integration was confirmed by checking 
the chromosomal construction check using PCR, successive 
culturing without Em was performed continuously until a double-
crossover event occurred. The number of times these steps were 
repeated to obtain an Em-sensitive clone depended on the target 
genes.

As the frequency of chromosomal integration is remarkably 
low in L. bulgaricus, the transfer conjugant cannot be obtained 
by the conventional filter-mating method. To increase the 
transfer frequency, sterilized water was passed through the filter 
membrane under reduced pressure after donor and recipient cells 
were trapped on the filter membrane, as this enables tight contact 
between the donor and recipient [30].

To validate whether pAMβ1 could replicate in L. indicus and 
L. sunkii, the conjugation experiment was performed with Lc. 
lactis IL1403 (pAMβ1) as the donor and L. indicus JCM15610T, 

Fig. 1. (B) pGMβldh1 and pGMβldh2 were constructed for conversion of the L-ldh gene of S. thermophilus and D-ldh gene of five subspecies of 
L. delbrueckii with double-crossover events. There was a difference in the 3′ downstream sequence of D-ldh between pGMβldh1 and pGMβldh2. 
pGMβldh1 was used for L. bulgaricus and L. indicus, and pGMβldh2 was used for L. delbrueckii and L. sunkii. 
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L. indicus SAK and L. sunkii JCM17838T as the recipients. The 
next conjugation experiment was performed with L. indicus 
JCM15610T (pAMβ1) and L. sunkii JCM17838T (pAMβ1) as 
the donor and Lc. lactis IL1403 as the recipient. In this case, 
transconjugants of Lc. lactis IL1403 (pAMβ1) were selected 
on Em resistance and growth in the presence of 4% NaCl 
supplemented on GM17. Field-inversion gel electrophoresis 
(FIGE) was used to detect the pAMβ1 plasmid for confirmation 
of intergenic conjugation.

Plasmid preparation and detection
Plasmids were extracted by the alkaline SDS extraction 

procedure [37]. Only 200 µL/mL lysozyme (Sigma-Aldrich) was 
used for the lysis of stationary phased cells of S. thermophilus 
and Lc. lactis. For the lysis of L. delbrueckii cells, 2 µL/
mL mutanolysin (Sigma-Aldrich) was added along with the 
lysozyme. Detection of all plasmids over 27 kb in size was 
performed by FIGE [38], which was performed using a Bio-Rad 
Sub-Cell GT system. The electrophoresis conditions were 400 
V for 2 hr and 50 min with 12-sec switchable conductivity. As 
plasmid extraction was challenging, particularly from steady state 
cells of L. sunkii and L. indicus, only log phase cells (OD660= 0.4) 
could be used. Although the plasmid yield was extremely low, 10 
ng plasmid was obtained from 400 mL of MRS culture medium 
(OD660=0.4) containing L. sunkii or L. indicus cells.

Southern hybridization was performed to confirm that pAMβ1 
replicated in L. sunkii. The Em resistance gene of pAMβ1, which 
was used as a probe, was amplified with the primers LAB011 and 
LAB012C and labelled using DIG-High Prime DNA Labeling 
and Detection Starter Kit 1 (Sigma-Aldrich).

Preparation of donor and recipient cells for conjugation
The donor, Lc. lactis IL1403 (pGMβldh1, pGMβldh2), was 

cultured at 30°C in GM17 medium supplemented with 25 µg/
mL Em. Fresh cells provided a higher conjugation frequency 

and were more efficient donors than frozen cells. In contrast, 
frozen cells (Lactobacillus and Streptococcus strains) exhibited 
a high conjugation frequency as recipients. The optimal donor to 
recipient cell ratio was determined to be 1:10 or 1:1.

Selection of chromosomal integrants (transfer conjugants)
During conjugation in the filter membrane, the donor and 

recipient were cultured together, and only the transfer conjugants 
were selected. When E. coli was used as the donor, it was difficult 
to select only the transfer conjugants of L. bulgaricus. However, 
when Lc. lactis was used as the donor, the transfer conjugants of 
L. bulgaricus could be selected with a high temperature (45°C) 
and 25 µg/mL Em in MRS, because Lc. lactis was unable to 
grow at 45°C. Two variations of chromosomal integrations were 
expected for each integrated vector (pGMßldh1 or pGMßldh2), as 
they contained two homologous fragments of the 5′ region and 
3′ region of the D-ldh gene on the chromosome (<1> and <2> in 
Fig. 1C). Chromosomal integration was confirmed by PCR with 
the primers LAB011 and LAB216, or the primers LAB085C and 
LAB216 as shown in <2> in Fig. 1C.

Acquisition of mutants and revertants after double-crossover 
recombination

Successive culturing in Em-free MRS was performed at 
42°C to acquire the double-crossover products, after which Em-
sensitive colonies were selected. Identification of the mutants or 
revertants was performed using PCR with the primers LAB085C 
and LAB216, and high-performance liquid chromatography 
(HPLC) was performed for D/L-lactate determination.

Fig. 2. Flowchart of the conjugation experiment. The detailed workflow 
of the conjugation method is outlined.

Fig. 1. (C) The chromosomal structures of the integrants after first 
recombination: in the case of <1>, the first homologous recombination 
between the chromosome and pGMbldh1 (pGMbldh2) occurred at 
the 3′ downstream region of D-ldh, and in the case of <2>, the first 
homologous recombination occurred at the 5′ upstream region of 
D-ldh.
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Determination of D-lactate and L-lactate production
The wild-type, chromosomal integrant, and ldh-converted 

mutant were cultured overnight in SMY medium. After 
centrifugation, the supernatant was purified with (Carrez I and 
II), potassium hexacyanoferrate(II) trihydrate and zinc sulfate 
heptahydrate (Wako) as described previously [35]. HPLC 
(Shimadzu Corporation) was performed using SUMICHIRAL 
OA-5000 and OA-5000L columns to separate and measure 
L-lactate and D-lactate under the following conditions: mobile 
phase, 2 mM copper (II) sulfate pentahydrate (Wako); flow rate, 
1.0 mL/min; oven temperature, 40°C; UV detection, 254 nm.

RESULTS

Construction of the shuttle vector pGMβ1
Among the 30 E. coli transformants examined for size and 

restriction sites after electroporation of the ligation mixture, 10 
clones produced fragments of approximately 30.8 kb, whereas the 
other 20 clones showed various deletions in the pAMβ1 region.

To detect deletions over 100 bp in size, PCR amplification 
of the fragments in which pGMβ1 was divided into nine parts 
(Table 2) was performed, and no deletions were detected in the 
nine parts of the PCR products of pGMβ1 (Fig. 1A).

Ldh gene conversion using pGMβldh1
To validate the utility of pGMβ1 for conjugation, the 

conversion of the ldh gene in L. bulgaricus and the alteration 
of the stereochemistry of lactic acid from the D- to L-isomer 
using a double-crossover event were examined. In addition, the 
conjugation to other subspecies of L. delbrueckii was assessed.

The five subspecies of L. delbrueckii wild-type strains produced 
only D-lactate, whereas S. thermophilus produced only L-lactate. 
pGMβldh1 (Fig. 1B) constructed in E. coli was electroporated into 
Lc. lactis IL1403 and conjugation was performed from IL1403 
(pGMβldh1) to L. bulgaricus LB2038 or LB600 as the recipient. 
After filter-mating conjugation (Fig. 2), transfer conjugants 
(integrants) were selected on the basis of Em resistance at 45°C, 
demonstrating the production of both the D- and L-isomers of 
lactic acid (Fig. 3). The integration of pGMβldh1 into the L. 
bulgaricus chromosome could be determined by PCR with the 
primers LAB011 (ermR) and LAB216 or the primers LAB085C 
(L-ldh) and LAB216, as shown in Fig. 1C.

Transconjugants were then inoculated into Em-free MRS 
medium to induce a double-crossover event, and the isolated 
Em-sensitive clones were found to produce either L- or D-lactic 
acid only (Fig. 3). A slight peak of D-lactic acid was observed 
(shown in Fig. 3C) that suggested the possibility of D-lactic 
acid production from one other D-ldh gene (LBU_1637) in the 
genome. Approximately 200 generations were required to obtain 
the first Em-sensitive clone. After 10–15 successive cultures, the 
Em-sensitive clones constituted more than half of the colony.

The converted mutants and revertants were both Em sensitive 
(Fig. 1C). The mutants harbored the L-ldh gene, which was 
detected by PCR using the primers LAB085C (L-ldh) and 
LAB216, and L/D-lactate was measured by HPLC (Fig. 3). The 
acidification rate in the SMY medium, in which the mutants were 
cultured, was the same as for the wild-type strain of L. bulgaricus 
LB2038 or LB600.

Replication ability of pGMβ1 in other subspecies of L. 
delbrueckii

We further examined whether pGMβ1 could be functioning as 
a chromosomal integrating vector during the transfer of pGMβldh2 
to L. delbrueckii JCM1012T, Lb. lactis JCM1248T, and L. sunkii 
JCM17838T, and during the transfer of pGMβldh1 to L. indicus 
JCM15610T. Figure 4A shows there were two groups, one group 
showing high conjugation frequencies (L. indicus, pGMβldh1; 
L. sunkii, pGMβldh2) and one group showing low conjugation 
frequencies (L. bulgaricus, pGMβldh1; L. delbrueckii, pGMβldh2). 
In the case of S. thermophilus, the positive control showed a high 
conjugation frequency (10−3/recipient), wherein pAMβ1 could 
be replicated. After double crossover, ldh gene conversion was 
only successful in L. bulgaricus and L. delbrueckii, and their 
conjugal transfer frequencies were low (under 10−5/recipient) 
owing to chromosomal integration. In contrast, the transfer 
frequencies of L. indicus JCM15610T and L. indicus SAK, or 
L. sunkii JCM17838T were high, reaching over 10−3/recipient, 
which was the same level as observed for S. thermophilus. As 
transfer conjugants could not be obtained in Lb. lactis JCM1248T, 
the strains of the other four subspecies showed Em resistance, 
and the production of D-lactate and L-lactate after conjugation. 
After successive cultures, although the ldh-converted mutants 

Fig. 3. Analysis of the D- and L-lactate of L. bulgaricus by high-
performance liquid chromatography. (A) Conversion of the ldh gene 
in L. bulgaricus LB600 to change the stereochemistry of lactic acid 
from the D- to the L-isomer using a double-crossover event. Wild-
type LB600 produced only D-lactate and was sensitive to Em. (B) 
The transconjugant strain with chromosomal integration of pGMβldh1 
produced D- and L-lactate and was resistant to Em. Both the mutant 
and revertant after the double-crossover event were sensitive to 
Em. (C) The revertant (wild-type) produced only D-lactate and the 
conversion mutant produced only L-lactate.
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(Fig. 1C) were detected in L. delbrueckii, as in L. bulgaricus, they 
were not detected in L. indicus and L. sunkii. The higher conjugal 
transfer frequencies were similar to that of S. thermophilus, 
suggesting that pGMβldh1 or pGMβldh2 could be replicated in 
these strains (Fig. 4A). The ldh-converted mutants were detected 
in L. delbrueckii, which showed a low transfer frequency that was 
similar to that observed in L. bulgaricus.

To determine replication ability, we assessed the conjugal 
transfer of pAMβ1, which does not have a homologous region 
for chromosomal integration. Em-resistant strains of L. indicus 
JCM15610T and L. sunkii JCM17838T were obtained at high 
transfer frequencies (Fig. 4B). It was difficult to separate an 
open circular (OC) form of plasmid that was over 20 kb in size 
from a linear form of plasmid or chromosome by the usual 
electrophoresis method. Both an OC and linear form of pAMβ1 
were observed in the transconjugant of L. indicus (pAMβ1) using 
field inversion gel electrophoresis (FIGE) (Fig. 5, lane 2), as the 
applied DNA was about 20 ng in all lanes. Though it was difficult 
to detect a covalently closed circular (CCC) form in lanes 2 and 
3, the applied plasmid DNA was increased from 20 ng to 50 
ng, and the pAMβ1 could not be moved from the agarose well. 
A CCC, OC, and linear form of pAMβ1 were observed in the 
transconjugant of L. sunkii (pAMβ1) using FIGE (Fig. 5, lane 

5) with the same applied DNA (20 ng). Southern hybridization 
using a fluorescently labeled nucleic acid probe (ermR) of pAMβ1 
confirmed that pAMβ1 could replicate in L. sunkii JCM17838T, 
and the results suggested that pAMβ1 was present in the CCC, 
OC, and linear forms (Fig. 5, lane 8).

The next conjugation was performed using L. indicus and L. 
sunkii as the donors, and Lc. lactis IL1403 as the recipient to 
evaluate the transfer ability of the pAMβ1 in L. indicus and L. 
sunkii.

The pAMβ1 plasmids could be detected in the transfer 
conjugants of IL1403 based on Em resistance and growth in the 
presence of 4% NaCl, although the transfer frequency was 10−8 
for L. indicus and 10−6 for L. sunkii, both of which were extremely 
low compared with the results of prior conjugation with Lc. lactis 
as the donor (Fig. 4B).

DISCUSSION

We constructed a new conjugative shuttle vector, pGMβ1, that 
enabled manipulation of the chromosomal genes of L. bulgaricus, 
which is otherwise considered to be a “recalcitrant” bacterium, 
using an improved filter-mating method. The new vector 
contains a high copy number of ori from E. coli, which helped 
to overcomes the limitations of pAMβ1 as a low-copy and large-
sized theta-type plasmid. We were further able to enhance the low 
conjugation frequency caused by the chromosomal integration 
of pAMβ1 with the improved filter-mating method and the 
application of double homologous recombination. Moreover, we 

Fig. 4. Conjugal frequencies of pGMβldh1, pGMβldh2(A), and 
pAMβ1(B) per recipient. Conjugal experiments: n=3. The positive 
control was pAMβ1 transferred to S. thermophilus, wherein pAMβ1 
could be replicated, and the conjugal frequency was high (10−3/
recipient).

Fig. 5. Detection of pAMβ1 plasmid by field-inversion gel 
electrophoresis (FIGE). As the size of pAMβ1 was approximately 28 
kb, it was difficult to discriminate closed circular (CC, supercoiled), 
open circular (OC), and linear forms. FIGE could separate the CC, 
OC, and linear forms of pAMβ1 under the following conditions: 
400 V for 2 hr and 50 min and 12-sec switchable conductivity. The 
forms of the plasmid pAMβ1 present in the of L. indicus (lane 2) 
and L. sunkii (lane 5) transconjugants and the results of Southern 
hybridization blot obtained using the ermR probe with the plasmid 
pAMβ1 (lanes 4, 5, and 6) are shown.
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confirmed the utility of this method by demonstrating successful 
gene conversion from D-ldh to L-ldh on the L. bulgaricus and L. 
delbrueckii chromosomes.

The proposed conjugation method (outlined in Fig. 2) can 
be expanded to other research applications. In this method, 
first, the targeting fragment containing the double homologous 
recombination region was ligated into pGMβ1 and electroporated 
in E. coli. The length of the homologous region for recombination 
is recommended to be over approximately 400 bp. Second, the 
constructed plasmid was electroporated to Lc. lactis IL1403, 
which lacks an intrinsic restriction modification system. Third, 
improved filter-mating conjugation was performed between 
Lc. lactis IL1403 and L. bulgaricus; transfer conjugants were 
selected at 45°C in the presence of 25 mg/mL Em. Finally, the 
Em-sensitive clones (revertants or converted mutants) were 
obtained by successive culturing in Em-free medium.

Conjugation [22] is a strong and specific process that mediates 
the transfer of DNA between a wide range of bacteria, including 
possibly intergeneric transfer [23]. pAMβ1 is described as a 
“promiscuous” plasmid because of its broad host range and the 
tra gene that confers conjugal transfer abilities to fragments 
over 20 kb in length. Although pAMβ1 could replicate in 
many lactobacilli, it was unable to do so in L. delbrueckii 
subsp. bulgaricus and subsp. delbrueckii and was subsequently 
integrated into their chromosomes. Although we did not obtain the 
integrant of Lb. lactis in this study, the integration of pAMβ1 was 
observed using Southern hybridization in our prior work. When 
pAMβ1 recombined with the chromosomes of L. bulgaricus 
and L. delbrueckii, it was cleaved and recombined at a specific 
site. Southern blot analysis showed that recombination occurred 
within a specific 1.0 kb region, from nucleotide 2216 to 3194, of 
pAMβ1. This region contains the Rep origin (nucleotides 2705–
2748) and a resolution site (res; nucleotides 2951–3039), where 
it overlaps with an unusual resolvase; thus, this enzyme interacts 
with DNA (res site) and promotes recombination of the resolution 
system in pAMβ1 [39–41]. However, the specific role of this 
resolvase in chromosomal recombination in this pGMβ1 system, 
which contains a double homologous region for recombination, 
is unknown.

In contrast to our expectation, pAMβ1 could replicate in both 
L. indicus and L. sunkii, which are newly identified L. delbrueckii 
subspecies. As high transfer frequencies of pAMβ1 were observed 
in these two subspecies, pGMβ1 was expected to be an ordinal 
plasmid vector for the introduction of foreign genes.

The conjugal transfer of pAMβ1 from L. indicus JCM15610T 
(pAMβ1) and L. sunkii JCM17838T (pAMβ1) to Lc. lactis 
IL1403 showed that pAMβ1 could be replicated, and its ability 
to be transferred was maintained in L. indicus and L. sunkii. The 
higher ratio of the linear form of pAMβ1 in L. sunkii (pAMβ1) 
and L. indicus (pAMβ1) compared with and that of Lc. lactis 
(pAMβ1) (Fig. 5) might explain the low conjugal transfer 
frequencies of L. sunkii (pAMβ1) and L. indicus (pAMβ1) to Lc. 
lactis (pAMβ1) (Fig. 4B). In particular, the CCC form could not 
be detected in L. indicus (Fig. 5), and it might be related to the 
lower transfer frequency of L. indicus to L. sunkii (Fig. 4B). In 
general transformation using electroporation, the CCC plasmid 
DNA shows a 10-103 -fold higher transfer frequency than linear 
plasmids [42], and the same tendency, that a low ratio of CCC 
caused reduced conjugal transfer frequencies, has been suggested.

As another cause for the low transfer frequency, the 

possibility that pAMβ1 could exist in both a plasmid form and a 
chromosomal integration form. Although we examined the PCR 
analysis to identify the integrated construction of pAMβ1 in the 
chromosomes of EmR strains of L. indicus JCM15610T and L. 
sunkii JCM17838T, we were unable to identify results showing 
integrated construction. However, we observed the coexistence 
of integration and plasmid forms in the L. indicus SAK strain, 
suggesting the possibility of coexistence in other strains.

pAMβ1 belongs to “Θ class D” [43], and the host RNA 
polymerase I and replisome have been reported as host factors 
that contribute to pAMβ1 replication [44, 45]. The detailed 
factors contributing to the difference in the pAMβ1 replication 
mechanism among the hosts L. bulgaricus/L. delbrueckii and L. 
indicus/L. sunkii remain to be clarified.

Although we propose pGMβ1 as a novel chromosomal 
integration system for L. bulgaricus, this vector also has potential 
value for other applications in replicable hosts, especially bacteria 
in which transformation is challenging. For instance, as pGMβ1 is 
a large theta-type plasmid, it is expected to serve as a stable vector 
for the insertion of long cluster genes. Conjugation can avert the 
limitations of a restriction modification system and maintain a 
high transfer ability for pGMβ1; thus, this method is expected to 
offer a general and reproducible transformation tool for almost 
all lactobacilli, including L. indicus and L. sunkii, especially for 
industrial strains that do not have high transformation efficiency 
by electroporation.

L. bulgaricus is regarded as a natural genetically modified 
organism [10]; however, it has evolutionarily adapted and been 
optimized for utilization over its long history, beginning in 3200 
B.C. In contrast to many other lactic acid bacteria, L. bulgaricus 
does not contain a prophage [2]. Hence, virulent phages against 
L. bulgaricus are extremely rare in the food industry, and it is 
also very hard to transform this organism with foreign DNA [46]. 
This provides a possible explanation for why there are so few 
reproducible reports addressing the chromosomal manipulation 
of L. bulgaricus.

This conjugal chromosomal manipulation method enables 
gene-targeting conversion, deletion, and insertion in a 
reproducible manner, making it possible to evaluate the biological 
functions of genes in L. bulgaricus.

In conclusion, the proposed conjugation method can conquer 
several limitations of electroporation-based transformation 
observed in bacteria and represents a reproducible and reliable 
chromosomal manipulation system for industrial strains of L. 
bulgaricus.

ACKNOWLEDGEMENTS

We are very grateful to Prof. D. Clewell for providing the 
pAMβ1 plasmid and to Prof. S. Ikematsu (National Institute of 
Technology, Okinawa College) for the sequencing of pGMβ1. We 
thank Dr. T. Sasaki and Dr. Y. Ito for numerous critical comments 
regarding pAMβ1 integration. We would like to thank Editage 
(www.editage.com) for English language editing.

REFERENCES

 1. Makarova K, Slesarev A, Wolf Y, Sorokin A, Mirkin B, Koonin E, Pavlov A, Pavlova 
N, Karamychev V, Polouchine N, Shakhova V, Grigoriev I, Lou Y, Rohksar D, Lucas 
S, Huang K, Goodstein DM, Hawkins T, Plengvidhya V, Welker D, Hughes J, Goh 
Y, Benson A, Baldwin K, Lee JH, Díaz-Muñiz I, Dosti B, Smeianov V, Wechter W, 



CONJUGAL VECTOR FOR LB. BULGARICUS CHROMOSOMAL MANIPULATION 29

doi: 10.12938/bmfh.2021-014 ©2022 BMFH Press

Barabote R, Lorca G, Altermann E, Barrangou R, Ganesan B, Xie Y, Rawsthorne H, 
Tamir D, Parker C, Breidt F, Broadbent J, Hutkins R, O’Sullivan D, Steele J, Unlu 
G, Saier M, Klaenhammer T, Richardson P, Kozyavkin S, Weimer B, Mills D. 2006. 
Comparative genomics of the lactic acid bacteria. Proc Natl Acad Sci USA 103: 
15611–15616. [Medline]  [CrossRef]

 2. van de Guchte M, Penaud S, Grimaldi C, Barbe V, Bryson K, Nicolas P, Robert C, 
Oztas S, Mangenot S, Couloux A, Loux V, Dervyn R, Bossy R, Bolotin A, Batto JM, 
Walunas T, Gibrat JF, Bessières P, Weissenbach J, Ehrlich SD, Maguin E. 2006. The 
complete genome sequence of Lactobacillus bulgaricus reveals extensive and ongoing 
reductive evolution. Proc Natl Acad Sci USA 103: 9274–9279. [Medline]  [CrossRef]

 3. Hao P, Zheng H, Yu Y, Ding G, Gu W, Chen S, Yu Z, Ren S, Oda M, Konno T, Wang 
S, Li X, Ji ZS, Zhao G. 2011. Complete sequencing and pan-genomic analysis of 
Lactobacillus delbrueckii subsp. bulgaricus reveal its genetic basis for industrial 
yogurt production. PLoS One 6: e15964. [Medline]  [CrossRef]

 4. Li C, Sun JW, Zhang GF, Liu LB. 2016. Effect of the absence of the CcpA gene on 
growth, metabolic production, and stress tolerance in Lactobacillus delbrueckii ssp. 
bulgaricus. J Dairy Sci 99: 104–111. [Medline]  [CrossRef]

 5. Serror P, Ilami G, Chouayekh H, Ehrlich SD, Maguin E. 2003. Transposition in 
Lactobacillus delbrueckii subsp. bulgaricus: identification of two thermosensitive 
replicons and two functional insertion sequences. Microbiology (Reading) 149: 
1503–1511. [Medline]  [CrossRef]

 6. Lee JH, Halgerson JS, Kim JH, O’Sullivan DJ. 2007. Comparative sequence analysis 
of plasmids from Lactobacillus delbrueckii and construction of a shuttle cloning vector. 
Appl Environ Microbiol 73: 4417–4424. [Medline]  [CrossRef]

 7. Azcárate-Peril MA, Raya RR. 2002. Sequence analysis of pLBB1, a cryptic plasmid 
from Lactobacillus delbrueckii subsp. bulgaricus. Can J Microbiol 48: 105–112. 
[Medline]  [CrossRef]

 8. Serror P, Sasaki T, Ehrlich SD, Maguin E. 2002. Electrotransformation of Lactobacillus 
delbrueckii subsp. bulgaricus and L. delbrueckii subsp. lactis with various plasmids. 
Appl Environ Microbiol 68: 46–52. [Medline]  [CrossRef]

 9. Sun Z, Chen X, Wang J, Zhao W, Shao Y, Guo Z, Zhang X, Zhou Z, Sun T, Wang 
L, Meng H, Zhang H, Chen W. 2011. Complete genome sequence of Lactobacillus 
delbrueckii subsp. bulgaricus strain ND02. J Bacteriol 193: 3426–3427. [Medline]  
[CrossRef]

 10. El Kafsi H, Binesse J, Loux V, Buratti J, Boudebbouze S, Dervyn R, Kennedy S, 
Galleron N, Quinquis B, Batto JM, Moumen B, Maguin E, van de Guchte M. 2014. 
Lactobacillus delbrueckii ssp. lactis and ssp. bulgaricus: a chronicle of evolution in 
action. BMC Genomics 15: 407. [Medline]  [CrossRef]

 11. Satoh E, Ito Y, Sasaki Y, Sasaki T. 1997. Application of the extracellular alpha-amylase 
gene from Streptococcus bovis 148 to construction of a secretion vector for yogurt 
starter strains. Appl Environ Microbiol 63: 4593–4596. [Medline]  [CrossRef]

 12. Sasaki Y, Ito Y, Sasaki T. 2004. ThyA as a selection marker in construction of food-
grade host-vector and integration systems for Streptococcus thermophilus. Appl 
Environ Microbiol 70: 1858–1864. [Medline]  [CrossRef]

 13. Jang SJ, Ham MS, Lee JM, Chung SK, Lee HJ, Kim JH, Chang HC, Lee JH, Chung 
DK. 2003. New integration vector using a cellulase gene as a screening marker for 
Lactobacillus. FEMS Microbiol Lett 224: 191–195. [Medline]  [CrossRef]

 14. Biswas I, Gruss A, Ehrlich SD, Maguin E. 1993. High-efficiency gene inactivation and 
replacement system for gram-positive bacteria. J Bacteriol 175: 3628–3635. [Medline]  
[CrossRef]

 15. Maguin E, Prévost H, Ehrlich SD, Gruss A. 1996. Efficient insertional mutagenesis 
in lactococci and other gram-positive bacteria. J Bacteriol 178: 931–935. [Medline]  
[CrossRef]

 16. Henrich B, Klein JR, Weber B, Delorme C, Renault P, Wegmann U. 2002. Food-grade 
delivery system for controlled gene expression in Lactococcus lactis. Appl Environ 
Microbiol 68: 5429–5436. [Medline]  [CrossRef]

 17. Thibessard A, Fernandez A, Gintz B, Decaris B, Leblond-Bourget N. 2002. 
Transposition of pGh9:ISS1 is random and efficient in Streptococcus thermophilus 
CNRZ368. Can J Microbiol 48: 473–478. [Medline]  [CrossRef]

 18. Sasaki Y, Horiuchi H, Kawashima H, Mukai T, Yamamoto Y. 2014. NADH oxidase of 
Streptococcus thermophilus 1131 is required for the effective yogurt fermentation with 
Lactobacillus delbrueckii subsp. bulgaricus 2038. Biosci Microbiota Food Health 33: 
31–40. [Medline]  [CrossRef]

 19. Pouwels PH, Leer RJ. 1993–1994. Genetics of lactobacilli: plasmids and gene 
expression. Antonie van Leeuwenhoek 64: 85–107. [Medline]  [CrossRef]

 20. Licandro-Seraut H, Brinster S, van de Guchte M, Scornec H, Maguin E, Sansonetti 
P, Cavin JF, Serror P. 2012. Development of an efficient in vivo system (Pjunc-
TpaseIS1223) for random transposon mutagenesis of Lactobacillus casei. Appl 
Environ Microbiol 78: 5417–5423. [Medline]  [CrossRef]

 21. Clewell DB, Yagi Y, Dunny GM, Schultz SK. 1974. Characterization of three plasmid 
deoxyribonucleic acid molecules in a strain of Streptococcus faecalis: identification of 

a plasmid determining erythromycin resistance. J Bacteriol 117: 283–289. [Medline]  
[CrossRef]

 22. Grohmann E, Muth G, Espinosa M. 2003. Conjugative plasmid transfer in gram-
positive bacteria. Microbiol Mol Biol Rev 67: 277–301. [Medline]  [CrossRef]

 23. Kurenbach B, Bohn C, Prabhu J, Abudukerim M, Szewzyk U, Grohmann E. 2003. 
Intergeneric transfer of the Enterococcus faecalis plasmid pIP501 to Escherichia coli 
and Streptomyces lividans and sequence analysis of its tra region. Plasmid 50: 86–93. 
[Medline]  [CrossRef]

 24. Gasson MJ, Davies FL. 1980. Conjugal transfer of the drug resistance plasmid pAMβ1 
in lactic streptococci. FEMS Microbiol Lett 7: 51–53.  [CrossRef]

 25. Clewell DB. 1981. Plasmids, drug resistance, and gene transfer in the genus 
Streptococcus. Microbiol Rev 45: 409–436. [Medline]  [CrossRef]

 26. Gibson EM, Chace NM, London SB, London J. 1979. Transfer of plasmid-mediated 
antibiotic resistance from streptococci to lactobacilli. J Bacteriol 137: 614–619. 
[Medline]  [CrossRef]

 27. Vescovo M, Morelli L, Bottazzi V, Gasson MJ. 1983. Conjugal transfer of broad-
host-range plasmid pAMB1 into enteric species of lactic acid bacteria. Appl Environ 
Microbiol 46: 753–755. [Medline]  [CrossRef]

 28. Lereclus D, Menou G, Lecadet MM. 1983. Isolation of a DNA sequence related to 
several plasmids from Bacillus thuringiensis after a mating involving the Streptococcus 
faecalis plasmid pAM β 1. Mol Gen Genet 191: 307–313. [Medline]  [CrossRef]

 29. Yu PL, Pearce LE. 1986. Conjugal transfer of streptococcal antibiotic resistance 
plasmids into Clostridium acetobutylicum. Biotechnol Lett 8: 469–474.  [CrossRef]

 30. Sasaki Y, Taketomo N, Sasaki T. 1988. Factors affecting transfer frequency of pAM β 
1 from Streptococcus faecalis to Lactobacillus plantarum. J Bacteriol 170: 5939–5942. 
[Medline]  [CrossRef]

 31. Yates BL, Valcarcel ER, Morgan WF. 1992. Restriction enzyme-induced DNA double-
strand breaks as a model system for cellular responses to DNA damage. Int J Radiat 
Oncol Biol Phys 23: 993–998. [Medline]  [CrossRef]

 32. Dellaglio F, Felis GE, Castioni A, Torriani S, Germond JE. 2005. Lactobacillus 
delbrueckii subsp. indicus subsp. nov., isolated from Indian dairy products. Int J Syst 
Evol Microbiol 55: 401–404. [Medline]  [CrossRef]

 33. Kudo Y, Oki K, Watanabe K. 2012. Lactobacillus delbrueckii subsp. sunkii subsp. 
nov., isolated from sunkii, a traditional Japanese pickle. Int J Syst Evol Microbiol 62: 
2643–2649. [Medline]  [CrossRef]

 34. Chopin A, Chopin MC, Moillo-Batt A, Langella P. 1984. Two plasmid-determined 
restriction and modification systems in Streptococcus lactis. Plasmid 11: 260–263. 
[Medline]  [CrossRef]

 35. Yamauchi R, Maguin E, Horiuchi H, Hosokawa M, Sasaki Y. 2019. The critical role of 
urease in yogurt fermentation with various combinations of Streptococcus thermophilus 
and Lactobacillus delbrueckii ssp. bulgaricus. J Dairy Sci 102: 1033–1043. [Medline]  
[CrossRef]

 36. Birnboim HC, Doly J. 1979. A rapid alkaline extraction procedure for screening 
recombinant plasmid DNA. Nucleic Acids Res 7: 1513–1523. [Medline]  [CrossRef]

 37. Sasaki T, Sasaki Y, Ito Y. 2001. Trials to develop safe molecular breeding methods for 
yogurt starter strains. Chonai Saikingaku Zasshi 14: 87–95 (in Japanese).

 38. Heller C, Pohl FM. 1990. Field inversion gel electrophoresis with different pulse time 
ramps. Nucleic Acids Res 18: 6299–6304. [Medline]  [CrossRef]

 39. Leblanc DJ, Lee LN. 1984. Physical and genetic analyses of streptococcal plasmid 
pAM β 1 and cloning of its replication region. J Bacteriol 157: 445–453. [Medline]  
[CrossRef]

 40. Hayes F, Daly C, Fitzgerald GF. 1990. High-frequency, site-specific recombination 
between lactococcal and pAM β 1 plasmid DNAs. J Bacteriol 172: 3485–3489. 
[Medline]  [CrossRef]

 41. Jannière L, McGovern S, Pujol C, Petit MA, Ehrlich SD. 1996. In vivo analysis of the 
plasmid pAM β 1 resolution system. Nucleic Acids Res 24: 3431–3436. [Medline]  
[CrossRef]

 42. Conley EC, Saunders JR. 1984. Recombination-dependent recircularization of 
linearized pBR322 plasmid DNA following transformation of Escherichia coli. Mol 
Gen Genet 194: 211–218. [Medline]  [CrossRef]

 43. Lilly J, Camps M. 2015. Mechanisms of theta plasmid replication. Microbiol Spectr 3: 
0029–2014.  [CrossRef]. [Medline]

 44. Bruand C, Ehrlich SD. 1998. Transcription-driven DNA replication of plasmid 
pAMbeta1 in Bacillus subtilis. Mol Microbiol 30: 135–145. [Medline]  [CrossRef]

 45. Le Chatelier E, Jannière L, Ehrlich SD, Canceill D. 2001. The RepE initiator is a 
double-stranded and single-stranded DNA-binding protein that forms an atypical open 
complex at the onset of replication of plasmid pAMbeta 1 from Gram-positive bacteria. 
J Biol Chem 276: 10234–10246. [Medline]  [CrossRef]

 46. Canchaya C, Proux C, Fournous G, Bruttin A, Brüssow H. 2003. Prophage genomics. 
Microbiol Mol Biol Rev 67: 238–276. [Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/17030793?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0607117103
http://www.ncbi.nlm.nih.gov/pubmed/16754859?dopt=Abstract
http://dx.doi.org/10.1073/pnas.0603024103
http://www.ncbi.nlm.nih.gov/pubmed/21264216?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0015964
http://www.ncbi.nlm.nih.gov/pubmed/26585479?dopt=Abstract
http://dx.doi.org/10.3168/jds.2015-10321
http://www.ncbi.nlm.nih.gov/pubmed/12777490?dopt=Abstract
http://dx.doi.org/10.1099/mic.0.25827-0
http://www.ncbi.nlm.nih.gov/pubmed/17526779?dopt=Abstract
http://dx.doi.org/10.1128/AEM.00099-07
http://www.ncbi.nlm.nih.gov/pubmed/11958563?dopt=Abstract
http://dx.doi.org/10.1139/w01-137
http://www.ncbi.nlm.nih.gov/pubmed/11772607?dopt=Abstract
http://dx.doi.org/10.1128/AEM.68.1.46-52.2002
http://www.ncbi.nlm.nih.gov/pubmed/21515763?dopt=Abstract
http://dx.doi.org/10.1128/JB.05004-11
http://www.ncbi.nlm.nih.gov/pubmed/24884896?dopt=Abstract
http://dx.doi.org/10.1186/1471-2164-15-407
http://www.ncbi.nlm.nih.gov/pubmed/9361445?dopt=Abstract
http://dx.doi.org/10.1128/aem.63.11.4593-4596.1997
http://www.ncbi.nlm.nih.gov/pubmed/15006818?dopt=Abstract
http://dx.doi.org/10.1128/AEM.70.3.1858-1864.2004
http://www.ncbi.nlm.nih.gov/pubmed/12892882?dopt=Abstract
http://dx.doi.org/10.1016/S0378-1097(03)00422-1
http://www.ncbi.nlm.nih.gov/pubmed/8501066?dopt=Abstract
http://dx.doi.org/10.1128/jb.175.11.3628-3635.1993
http://www.ncbi.nlm.nih.gov/pubmed/8550537?dopt=Abstract
http://dx.doi.org/10.1128/jb.178.3.931-935.1996
http://www.ncbi.nlm.nih.gov/pubmed/12406734?dopt=Abstract
http://dx.doi.org/10.1128/AEM.68.11.5429-5436.2002
http://www.ncbi.nlm.nih.gov/pubmed/12109889?dopt=Abstract
http://dx.doi.org/10.1139/w02-038
http://www.ncbi.nlm.nih.gov/pubmed/24936380?dopt=Abstract
http://dx.doi.org/10.12938/bmfh.33.31
http://www.ncbi.nlm.nih.gov/pubmed/8092860?dopt=Abstract
http://dx.doi.org/10.1007/BF00873020
http://www.ncbi.nlm.nih.gov/pubmed/22610425?dopt=Abstract
http://dx.doi.org/10.1128/AEM.00531-12
http://www.ncbi.nlm.nih.gov/pubmed/4202995?dopt=Abstract
http://dx.doi.org/10.1128/jb.117.1.283-289.1974
http://www.ncbi.nlm.nih.gov/pubmed/12794193?dopt=Abstract
http://dx.doi.org/10.1128/MMBR.67.2.277-301.2003
http://www.ncbi.nlm.nih.gov/pubmed/12826062?dopt=Abstract
http://dx.doi.org/10.1016/S0147-619X(03)00044-1
http://dx.doi.org/10.1111/j.1574-6941.1980.tb01575.x
http://www.ncbi.nlm.nih.gov/pubmed/6272080?dopt=Abstract
http://dx.doi.org/10.1128/mr.45.3.409-436.1981
http://www.ncbi.nlm.nih.gov/pubmed/104973?dopt=Abstract
http://dx.doi.org/10.1128/jb.137.1.614-619.1979
http://www.ncbi.nlm.nih.gov/pubmed/16346389?dopt=Abstract
http://dx.doi.org/10.1128/aem.46.3.753-755.1983
http://www.ncbi.nlm.nih.gov/pubmed/6413823?dopt=Abstract
http://dx.doi.org/10.1007/BF00334831
http://dx.doi.org/10.1007/BF01025203
http://www.ncbi.nlm.nih.gov/pubmed/3142863?dopt=Abstract
http://dx.doi.org/10.1128/jb.170.12.5939-5942.1988
http://www.ncbi.nlm.nih.gov/pubmed/1639657?dopt=Abstract
http://dx.doi.org/10.1016/0360-3016(92)90904-V
http://www.ncbi.nlm.nih.gov/pubmed/15653908?dopt=Abstract
http://dx.doi.org/10.1099/ijs.0.63067-0
http://www.ncbi.nlm.nih.gov/pubmed/22199209?dopt=Abstract
http://dx.doi.org/10.1099/ijs.0.037051-0
http://www.ncbi.nlm.nih.gov/pubmed/6087394?dopt=Abstract
http://dx.doi.org/10.1016/0147-619X(84)90033-7
http://www.ncbi.nlm.nih.gov/pubmed/30594386?dopt=Abstract
http://dx.doi.org/10.3168/jds.2018-15192
http://www.ncbi.nlm.nih.gov/pubmed/388356?dopt=Abstract
http://dx.doi.org/10.1093/nar/7.6.1513
http://www.ncbi.nlm.nih.gov/pubmed/2243776?dopt=Abstract
http://dx.doi.org/10.1093/nar/18.21.6299
http://www.ncbi.nlm.nih.gov/pubmed/6319361?dopt=Abstract
http://dx.doi.org/10.1128/jb.157.2.445-453.1984
http://www.ncbi.nlm.nih.gov/pubmed/2111809?dopt=Abstract
http://dx.doi.org/10.1128/jb.172.6.3485-3489.1990
http://www.ncbi.nlm.nih.gov/pubmed/8811099?dopt=Abstract
http://dx.doi.org/10.1093/nar/24.17.3431
http://www.ncbi.nlm.nih.gov/pubmed/6374376?dopt=Abstract
http://dx.doi.org/10.1007/BF00383519
http://dx.doi.org/10.1128/microbiolspec.PLAS-0029-2014
http://www.ncbi.nlm.nih.gov/pubmed/26104556?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9786191?dopt=Abstract
http://dx.doi.org/10.1046/j.1365-2958.1998.01044.x
http://www.ncbi.nlm.nih.gov/pubmed/11124267?dopt=Abstract
http://dx.doi.org/10.1074/jbc.M010118200
http://www.ncbi.nlm.nih.gov/pubmed/12794192?dopt=Abstract
http://dx.doi.org/10.1128/MMBR.67.2.238-276.2003

