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Abstract In 2004, Leuconostoc mesenteroides DRC was
first used as a starter culture for achieving higher organo-
leptic effects in Korean kimchi manufacture. For a better
understanding of starter growth in a mixed culture system,
and for predicting starter predominance in kimchi, a moni-
toring system for the starter was established. The chloram-
phenicol resistance marker gene (car) was randomly
integrated into chromosomal DNA of L. mesenteroides
DRC using a viral transposon and transposase. The DRC
mutant, tDRC2, had a similar growth pattern to the host
strain, with no major alteration in phenotypic characteris-
tics. The mutant strain was inoculated into real kimchi, and
monitoring of the starter population was successfully
achieved. The overall predominance of Leuconostoc in
kimchi inoculated with DRC followed the general growth
pattern of this genus during kimchi fermentation. Our
results also demonstrate the competitive ability of the DRC
starter against Leuconostoc from natural flora, maintaining
its predominance above 88% during the whole fermentation
period. Based on this experiment, the random gene integra-
tion method using a transposon was shown to be of utility
in transferring any commercial starter into a selectable and
monitorable strain for simulation purposes.
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Introduction

Leuconostoc spp. are hetero-fermentative lactic acid bacte-
ria that produce lactic acid, acetic acid, alcohol, CO,, and
aromatic compounds such as diacetyl, acetoin, and C4 com-
pounds [5]. Leuconostoc is also the predominant bacterial
genus in fermented vegetables, including kimchi, sauer-
kraut, and pickles, and plays an important role in maintain-
ing the quality of those products [9, 16, 20, 29]. In the
manufacture of these fermented products, spontaneous fer-
mentation usually results in variations in the sensory qual-
ity of the products; the use of a starter culture has been
found to help standardize fermentation by controlling the
microbial flora [30, 31].

When L. mesenteroides is inoculated as a starter for the
manufacture of lactic acid-fermented foods, it is always
mixed with natural flora including other Leuconostoc spp.
in raw materials; therefore, traditional methods of bacterial
enumeration, identification, and typing are insufficient to
monitor the starter in such complex, mixed-strain microbial
consortia in foods [12]. For clarifying starter growth in lac-
tic acid-fermented foods and for predicting starter predomi-
nance during fermentation, starter monitoring in natural or
inoculated flora is a primary requirement.

Specific molecular techniques have been developed to
identify and quantify populations of microorganisms in
complex environments, such as for gram-negative filamen-
tous bacteria in sludge [32], Lactococci in milk [2], or sul-
fate-reducing bacteria in mixed cultures [1]. Microorganisms
can be identified to strain level using DNA fingerprinting
techniques such as RAPD-PCR, RFLP, ribotyping, and
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PCR-DGGE [11, 12, 24]; however, since these techniques
are moderately specific and sensitive, they do not allow the
detection of individual strains. Furthermore, they are lim-
ited by nucleic acid extraction from complex environments
and factors limiting PCR efficiency.

Stable marker systems with an easily detectable pheno-
type provide an alternative strategy to detect microorganisms
in complex environments. A few marker genes, such as anti-
biotic resistance genes, lacZ and lux [7, 8, 18, 26] have been
used to detect and monitor microorganisms, including some
lactic acid bacteria [10, 13, 28]. However, such specific
markers have not yet been determined in L. mesenteroides
except for the recent plasmid expression of gfp [22]. Trans-
posable elements are accessible tools for molecular genetic
studies when integrated randomly into chromosomes [15],
and insertional mutagenesis has been successfully under-
taken in gram-positive bacteria [34]. As a result, high levels
of segregational instability in many engineered lactic acid
bacteria cloning vectors have been circumvented by stably
integrating heterologous genes into the chromosome [19].

In this study, we created a genetically stable L. mesen-
teroides strain by randomly integrating the chlorampheni-
col acetyltransferase gene (caf) into the chromosomal
DNA. The predominance of the starter strain was moni-
tored during kimchi fermentation using this transformant.

Materials and methods

Bacterial strains, plasmids, and culture conditions

Bacterial strains and plasmids used in this study are listed in
Table 1. pEK104 [25] was constructed with pUC19 and the
cat gene from species of Staphylococcus. Escherichia coli

was grown in LB broth at 37 °C with shaking, and ampicillin
was used when needed at a final concentration of 50 ug mL~".

Table 1 Bacterial strains, plasmids and primers used in this study

L. mesenteroides DRC (KCCM 11318), a starter strain used
in the manufacturing of kimchi, was used in this study for cat
gene integration. DRC and its transformant were grown in
MRS broth at 30 °C. A simulated liquid medium of kimchi (J
medium) was prepared by autoclaving and filtering commer-
cial kimchi (Chonggajip, Yongin, Korea).

Reagents and enzymes

Restriction enzymes were obtained from Promega (Madi-
son, WI, USA) and TaKaRa (Kyoto, Japan). T4 DNA
ligase, CALP (calf intestinal alkaline phosphatase), and
Taq polymerase were purchased from TaKaRa, and
pMOD-2<MCS> and EZ:: TN transposase were from Epi-
centre (Madison, WI, USA). The vector contains multiple
cloning sites (MCSs) between the hyperactive 19-bp
mosaic ends (ME) that are specifically recognized by the
transposase. The molecular weight standard DNA was pur-
chased from Bioneer (Daejeon, Korea), and ampicillin and
chloramphenicol were obtained from Sigma (St Louis, MO,
USA). Lactobacilli MRS broth, LB broth, and phenyl ethyl
ethanol agar were from Difco (Detroit, MI, USA). Other
chemicals were of reagent grade. Oligonucleotide primers
were synthesized with an automated DNA synthesizer by
Bioneer. The sequences of oligonucleotides used in this
study are listed in Table 1.

DNA techniques

Procedures for DNA manipulations were essentially as
described in Sambrook et al. [27]. The chromosomal DNA
of L. mesenteroides DRC was prepared according to the
methods of the AccuPrep® Genomic DNA Extraction Kit
(Bioneer) with minor modifications. All enzymes for DNA
modification were used according to the manufacturer’s
specifications. For amplification of the partial cat gene,

Strains or plasmids

Genotype/relevant features

Source or reference

Strains

Escherichia coli MC1061 Ffrr wild-type araD139 (ara-leu) 7679 (laclPOZYA) New England Biolabs
X74 galU galK hsdR2 mcrB1 rpsL (Sm")

Leuconostoc mesenteroides DRC Strain isolated from kimchi Chonggajip kimchi Inc.

L. mesenteroides tDRC1 and tDRC2 Mutant strains of DRC This study

Plasmids

pMOD-2 Tn5-based transposon construction vector Epicentre Inc.

pEK104 pUC19 with 1.3 kb CATR Park et al. [25]

pM-cat pMOD-2-:1.3 kb CAT (Xba 1, Pst 1), 3.8 kb This study

Primer

CAT-For 5'-CATATCAAATGAACTTTAAT-3’ This study

CAT-Re 5'-ATCTCATATTATAAAAGCCA-3’ This study
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genomic DNA of L. mesenteroides DRC and primers
(Table 1) were used. The PCR amplification was carried
out with a Mini Cycler™ (MJ Research, Waltham, MA,
USA) under standard conditions (94 °C for 5 min, 30
cycles of 30 s at 94 °C, 30 s at 55 °C, and 1 min at 72 °C,
with a final elongation at 72 °C for 5 min).

Electrotransformation procedure

Electrocompetent cells of L. mesenteroides DRC were pre-
pared according to the method of Wyckoff and Sandine [33]
with minor modifications. For preparation of stable transpo-
somes, 2 pL of transposon DNA (0.2 pg) was incubated with
4 pL (4 units) of transposase in TE Buffer (10 mM Tris-HCI,
pH 7.5, with 1 mM EDTA) and 2 pL glycerol in the absence
of Mg?* at room temperature for 30 min. Aliquots (1 pL) of
transposomes were transformed by electroporation into com-
petent cells of L. mesenteroides DRC using a Gene-Pulser
unit combined with a Pulse Controller (Bio-Rad, Richmond,
CA, USA). The electrocompetent cells (50 pL) were mixed
with transforming DNA in a microfuge tube, transferred to
cold electroporation cuvettes, and placed on ice for 5 min.
The mixture was then given a single discharge of 8 kV cm™!,
25 uF, and 400 Q. Cells were immediately resuspended in
I mL of MRS broth and incubated for 1h at 30 °C. The
transformed cells (tDRC1 and tDRC2) were selected on
MRS agar containing 10 pg mL~! chloramphenicol after
2 days of incubation at 30 °C.

Preparation and analysis of kimchi

Kimchi was prepared by mixing salted Chinese cabbage
with ingredients that included red pepper powder, garlic,
ginger, and sugar [3]. Homogenized kimchi samples and
broth were serially diluted tenfold with 0.85% sterilized
saline. Each diluted solution was spread onto phenyl ethyl
alcohol agar containing 2% sucrose (PES medium) for L.
mesenteroides DRC, and on PES containing 10 pug mL™!
chloramphenicol for L. mesenteroides tDRC2 at 30 °C. The
total LAB count was obtained on MRS agar at 37 °C. The
pH of the test solution was determined with a pH meter
(1Q240; 1Q Scientific Instruments, San Diego, CA, USA).
The titratable acidity was determined by titrating with 0.1 N
NaOH solution until the pH of the test solution reached 8.3.

Results

Preparation of transposon fragment for integration
of the cat gene

To construct a transposon vector (pM-cat), the cat gene in
pEK104 was isolated by digestion with Pst I and Xba I, and

ligated into MCSs of the pMOD-2 vector (Fig. 1a). The
plasmid vector was transformed into E. coli MC1061 and
clones were selected on LB agar containing 50 pg mL ™!
ampicillin. From the clone, a 1,481-bp fragment of the
transposon including CAT and ME (the mosaic end
sequences) was obtained by Pvu II digestion (Fig. 1b). The
19-bp ME sites (the boxed sequences) were included to
form a transposome (a synaptic complex) with higher bind-
ing ability to the EZ-Tn5 transposase.

Chromosomal integration of the transposon
in L. mesenteroides

Formation of the transposome was achieved by mixing the
transposon DNA obtained above with transposase and glyc-
erol at room temperature. EZ-Tn5 transposase catalyzes a
multistep “cut and paste” transposition reaction [14]. The
transposase randomly attacks and cleaves the phosphodies-
ter backbone of the target DNA and covalently links the
3’-OH ends of the transposon to the exposed 5’-phosphory-
lated ends of the target DNA, creating a nine-bp sequence
that immediately duplicates the flanking transposon
insertion site. For this, aliquots of transposomes were
transformed by electroporation into competent cells of
L. mesenteroides DRC under optimized conditions
obtained in the previous experiment (described in the
“Materials and methods”). After electroporation of the
transposome, two colonies were chosen on agar plates con-
taining chloramphenicol and were designated tDRC1 and
tDRC2. To confirm integration of the cat gene into
genomic DNA of L. mesenteroides DRC, PCR analysis was
carried out using chromosomal DNAs of the two transfor-
mants and primers designed for the cat gene (CAT-For and
CAT-Re, see sequences in Table 1). Figure 2 gives the PCR
results from amplification of a part (667 bp) of the car gene
in both cell lines and proves the insertion of the car gene in
genomic DNA of L. mesenteroides DRC.

Growth of the CAT transposon-inserted DRC

When the two transformants, tDRC1 and tDRC2, were cul-
tivated in MRS medium at 30 °C, they showed growth rates
(u=0.45 min_l) similar to their parental strain, DRC, but
the viable cell counts of tDRC1 rapidly decreased at the late
exponential phase, revealing its susceptibility in acidic
medium conditions; hence, tDRC?2 was used for subsequent
experiments (data not shown). To elucidate the growth
characteristics of tDRC2 during kimchi fermentation, it was
inoculated into sterilized kimchi medium (J medium) and
changes in microbial counts and pH were monitored at
10 °C (Fig. 3). Mean log counts of DRC and tDRC2
increased gradually after inoculation and reached a high
level of 1 x 10° CFU mL™" after 6 days; during the same
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Fig. 1 a Preparation of CAT
transposon DNA using the
pMOD-2 vector. Amp ampicillin
resistance gene, CAT chloram-
phenicol resistance gene, MCS

multiple cloning sites. b Nucleo-

tide sequence of the transposon

containing the cat gene and the

ME (mosaic end sequence) site.
Boxed sequences refer to the ME
sites

pPUCori Genomic DNA
! . | CAT | .
Ln. mesenteroides DRC
B
Pl
CAGCTGTCTCTTATACACATCTLAACCATCATCGATGAATTTTCTCGGGTGTTCTCGCAT 60
Mosaic end sequence
ATTGGCTCGAATTCGAGCTCGGTACCCGGGGATCCTCTAGAGTACCCTTATTATCAAGAT 120
AAGAAAGAAAAGGATTTTTCGCTACGCTCAAATCCTTTAAAAAAACACAAAAGACCACAT 180
TTTTTAATGTGGTCTTTATTCTTCAACTAAAGCACCCATTAGTTCAACAAACGAAAATTG 240
GATAAAGTGGGATATTTTTAAAATATATATTTATGTTACAGTAATATTGACTTTTAAAAA 300
AGGATTGATTCTAATGAAGAAAGCAGACAAGTAAGCCTCCTAAATTCACTTTAGATAAAA 360
ATTTAGGAGGCATATCAAATGAACTTTAATAAAATTGATTTAGACAATTGGAAGAGAAAA 420
M NF NKIT DLDNWIKRK
CAT start codon
/]
CTTTTATAATATGAGATAATGCCGACTGTACTTTTTACAGTCGGTTTTCTAATGTCACTA 1080
L L =* CAT stop codon
ACCTGCCCCGTTAGTTGAAGAAGGTTTTTATATTACAGCTCCAGATCCATATCCTTCTTT 1140
TTCTGAACCGACTTCTCCTTTTTCGCTTCTTTATTCCAATTGCTTTATTGACGTTGAGCC 1200
TCGGAACCCTTAACAATCCCAAAACTTGTCGAATGGTCGGCTTAATAGCTCACGCTATGC 1260
CGACATTCGTCTGCAAGTTTAGTTAAGGGTTCTTCTCAACGCACAATAAATTTTCTCGGC 1320
ATAAATGCGTGGTCTAATTTTTATTTTTAATAACCTTGATAGCAAAAAATGCCATTCCAA 1380
TACAAAACCACATACCTATAATCGACCTGCAGGCATGCAAGCTTGCCAACGACTACGCAC 1440
Pvull
TAGCCAACAAGAGCTTCAGGGTTGAGATGTGTATAAGAGACAGETG 1486

Mosaic end sequence

@ g9
(IS D> + L)
@ @
transposon transposase
Random trasnposon
insertion by
electroporation

period, the pH decreased to about pH 4. Overall, the two
strains showed similar growth profiles for 10 days of fer-
mentation, except for the slightly slower growth rate of the
transformant in the exponential phase. Some microorgan-
isms harboring plasmids to express heterologous proteins
often resulted in a retarded growth than their host strains
[6]. We can therefore assume that after random cat gene
integration into the chromosomal DNA of the starter strain,
the general physiological characteristics of the transformant
were not greatly altered, at least in terms of growth rate and
pH-related phenotype.

@ Springer

Monitoring of CAT* L. mesenteroides (tDRC2) in kimchi

The transformant tDRC2 was next applied to monitor the
growth of L. mesenteroides DRC starter during the fermen-
tation of commercial kimchi (Fig. 4a). During kimchi fer-
mentation at 10 °C for 20 days, bacterial counts were
measured at intervals by plating diluted aliquots on MRS
for total LAB. After addition of DRC or tDRC?2 starters in
two kimchi preparations, the viable counts of LAB in each
sample were 3 x 10° and 4 x 10° CFUg™! kimchi, respec-
tively. In the control kimchi inoculated with DRC starter,
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Fig. 2 Confirmation of integration of the chloramphenicol acetyl-
transferase (cat) gene into genomic DNA of L. mesenteroides DRC by
PCR. lane M, 1 kb ladder; lane C (+), positive control, PCR product of
cat gene from pM-cat using primers CAT-For and CAT-Re, lane C
(—), negative control, PCR product from genomic DNA of L. mesen-
teroides DRC using primers CAT-For and CAT-Re; lanes tDRC1 and
tDRC2, PCR product of the cat gene from genomic DNA of L. mesen-
teroides tDRC 1 and 2 using primers CAT-For and CAT-Re, respec-
tively
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Fig. 3 Growth profiles of Leuconostoc strains DRC and tDRC2 in J
medium at 10 °C. Changes in Leuconostoc counts (filled square) and
pH (filled circle) were monitored in J medium after addition of the
DRC starter. The unfilled symbols refer to Leuconostoc counts and pH
after adding the tDRC2 mutant. Symbols refer to the mean of data
obtained from six duplicate samples

the total LAB count was highest, 8 x 108 CFUg_1 kimchi,
after 9 days and then decreased slowly to 2 x 108 CFUg™!
kimchi after 20 days. During this period, the pH changed
from 6.3 to 4.3. In the sample kimchi inoculated with
tDRC2, the overall total LAB count and pH change were
generally same as those of the control. Although the
changes in total count and pH were slightly slower with
tDRC2, particularly in the exponential phase, after 9 days
of incubation, the two cultures reached similar stationary
levels, and the plateau values were stable for 20 days.
Then, the competitive ability of the starter strain was
investigated by measuring the predominance of tDRC2 in
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Fig. 4 Monitoring of L. mesenteroides tDRC2 starter after inoculation
into commercial kimchi. a Changes in total LAB counts (filled square)
and pH (filled circle) were monitored in the control kimchi sample af-
ter adding the DRC starter at 10 °C. The unfilled symbols refer to LAB
counts and pH in sample kimchi after adding the tDRC2 mutant. b Pre-
dominance of the starter was measured using tDRC2 counts among
LAB and Leuconostoc as detailed below. Symbols refer to the mean of
data obtained from six duplicate samples. Predominance among LAB
(filled circle) = (CFU for tDRC2/CFU for total LAB) x 100 (%). Pre-
dominance among Leuconostoc (filled square) = (CFU for tDRC2/
CFU for total Leuconostoc) x 100 (%)

LAB as well as in Leuconostoc (Fig. 4b). During kimchi
fermentation, bacterial counts were measured by plating
diluted aliquots on MRS for total LAB and on PES for Leu-
conostoc. First, the predominance of L. mesenteroides
tDRC2 among total LAB was measured by dividing CAT*
bacterial counts on chloramphenicol-PES plates by the
total LAB counts. At day 0, 62% of the colonies were resis-
tant to chloramphenicol in samples inoculated with strain
tDRC2. Meanwhile, in the kimchi sample inoculated with
host starter, DRC, none of the bacterial colonies grew on
chloramphenicol-PES plates. At day 2, 82% of the colonies
were resistant, but the levels were suddenly lowered to 32%
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at day 5 and they were maintained at 32, 17, and 23%, at
days 9, 12, and 19, respectively. The nonresistant colonies
were supposed to be species belonging to Lactobacillus or
Leuconostoc in the natural flora. Many previous studies
reported that the population number of Leuconostoc was
highest from the initial to the middle stage of fermentation
but it gradually decreased when the pH of kimchi was low-
ered to 4.0, after which a homo-fermentative type of lactic
acid bacteria, Lactobacillus sp., and yeast having strong pH
tolerance to high organic acid concentrations, continuously
increased to the last stage [17, 23]. Therefore, our results
obtained from the experiment using tDRC2 as a monitoring
strain show that the overall predominance of DRC starter
followed the general growth pattern of this genus during
kimchi fermentation. Next, we analyzed the predominance
of L. mesenteroides tDRC2 among Leuconostoc genera.
When kimchi broth inoculated with tDRC2 was spread on
the chloramphenicol-PES plates, up to 100% of colonies
were resistant at 0 and 2 days. The apparent absence of
nonresistant Leuconostoc colonies might reflect low con-
tamination by indigenous flora of the raw material used in
kimchi preparation. At day 5, 88% of colonies were resis-
tant and the colony levels were maintained at 95, 90, and
93%, at days 9, 12, and 19, respectively. The nonresistant
colonies, corresponding to Leuconostoc in the natural kim-
chi flora, were less than 10% during the kimchi distribution
period and this result demonstrates the competitive ability
of the DRC starter against the same species from natural
flora.

Discussion

Kimchi is a general term given to a group of fermented veg-
etables made in Korea and traditionally served as side
dishes with meals. Kimchi is mainly made of Chinese
cabbage or radish, and differs in terms of raw ingredients,
processing methods, season, and locality [21]. The
consumption of factory-made kimchi is increasing and
exports are also gradually rising [4]. However, spontaneous
fermentation usually results in variations in the sensory
quality of the products. Thus, in 2004, Chonggajip Kimchi
Inc., the biggest kimchi producer in Korea, began to use a
starter strain, L. mesenteroides DRC, in the manufactured
kimchi after isolating a strain with superior organoleptic
effects. In this study, we developed a laboratory-scale simu-
lation system using a mutant strain inserted with car gene
into chromosomal DNA and it was proven that this mutant
was useful to monitor the growth of the starter strain in
kimchi product.

Plasmid transformation was frequently used for monitor-
ing of starter strain in various fermented foods. In an exper-
iment of starter monitoring on Enterococcus faecalis [10], a
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gfp fusion plasmid system was employed, but both plasmid
loss and gradual elimination of the GFP* strain by competi-
tive flora were observed. The same result was also found in
the experiment of fermented sausage with Lactobacillus
sakei RV1040 [13]. In contrast, our results show that an
integration of selection marker gene into the chromosome
of Leuconostoc starter can circumvent the segregational
instability of a plasmid system. To our knowledge, this is
the first report of the successful expression of heterologous
genes in Leuconostoc sp. using a random integration
method. By using this mutant strain, population monitoring
of the starter culture can be achieved in other fermented
vegetables, including sauerkraut or pickles.
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