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Abstract Kimchi, a traditional Korean food made by the
fermentation of vegetables, has become popular globally be-
cause of its organoleptic, beneficial, and nutritional properties.
Spontaneous kimchi fermentation in unsterilized raw mate-
rials leads to the growth of various lactic acid bacteria (LAB),
which results in variations in the taste and sensory qualities of
kimchi products and difficulties in the standardized industrial
production of kimchi. Raw materials, kimchi varieties, ingre-
dients, and fermentation conditions have significant effects on
the microbial communities and fermentative characteristics of
kimchi during fermentation. Heterofermentative LAB belong-
ing to the genera Leuconostoc, Lactobacillus, and Weissella
are likely to be key players in kimchi fermentation and have
been subjected to genomic and functional studies to gain a
better understanding of the fermentation process and benefi-
cial effects of kimchi. The use of starter cultures has been
considered for the industrial production of high quality, stan-
dardized kimchi. Here, we review the composition and bio-
chemistry of kimchi microflora communities, functional and
genomic studies of kimchi LAB, and perspectives for indus-
trial kimchi production.

Keywords Kimchi - Fermentation - Microflora -
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Introduction

Kimchi is a traditional Korean food, which is made by the
fermentation of vegetables such as cabbage, radish, and
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cucumber with various seasonings including salts, red pepper
powder, garlic, leek, and ginger. Based on the major raw
materials and preparation methods, kimchi is classified into
hundreds of varieties, which have their own unique features in
biochemical, nutritional, and organoleptic properties (Cheigh
et al. 1994). Kimchi production is processed through fermen-
tation of salted vegetables by lactic acid bacteria (LAB), which
produce various compounds including organic acids (lactic and
acetic acids), carbon dioxide, ethanol, vitamins, bacteriocins,
prebiotic factors, and other flavoring compounds (mannitol and
amino acids) contributing to kimchi’s health-promoting and
sensory properties during fermentation (Cheigh et al. 1994;
Lee et al. 1999b; Yun et al. 1996).

Because kimchi fermentation without specific inoculants or
starters leads to the growth of various LAB species or strains,
originated from raw materials, that have been widely consid-
ered to have potential health benefits or probiotic effects
(Chang et al. 2010; Ji et al. 2013; Lee et al. 2011a), kimchi
may be a good source of potentially probiotic LAB. However,
spontaneous kimchi fermentation also results in variations in
the taste and sensory qualities of kimchi products, which
makes it difficult to control the fermentation processes for
the industrial production of kimchi. The use of starter cultures
has been considered as an alternative for the industrial pro-
duction of high quality, standardized kimchi. Here, we will
review the history and current knowledge of kimchi microflo-
ra and LAB and suggest perspectives for the industrial pro-
duction of kimchi.

Kimchi microbial community structure
LAB are naturally present at very low numbers in raw materials
(vegetables and seasonings); however, they rapidly dominate

the kimchi fermentation owing to conditions that favor their
growth, such as anaerobic and low temperature conditions and
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the presence of NaCl (1.5-4.0 %). In the early studies on kimchi
LAB communities, traditional methods based on the morpho-
logical and phenotypic identification of bacterial species grown
on culture agar media were used, although they were often
unsuccessful (Lee et al. 1992; Mheen and Kwon 1984; Shin
et al. 1996). Enterococcus, Pediococcus (P), and Streptococcus
species that were often observed as the dominant genera in the
kimchi LAB community based on the traditional methods have
been rarely detected in recent studies (Cho et al. 2006; Jeong
et al. 2013a, b, c; Jung et al. 2012¢; Kim and Chun 2005; Park
et al. 2010, 2012a). This is probably because of the inaccurate
identification by the morphological and phenotypic approaches.
Therefore, as alternatives to the traditional methods, molecular
methods using the sequences of 16S ribosomal RNA (rRNA)
genes for the identification of isolated strains have attracted the
attention of many researchers. Diverse LAB including
Leuconostoc (Leu.) mesenteroides, Leu. citreum, Leu.
carnosum, Leu. gasicomitatum, Leu. inhae, Leu. gelidum, Leu.
kimchii, Leu. miyukkimchii, Lactobacillus (Lb.) sakei, Lb.
plantarum, Lb. brevis, Lb. curvatus, Weissella (W.) koreensis,
W. cibaria, W. kimchii, W. soli, and W. confusa have been
isolated from various kimchi varieties and characterized taxo-
nomically (Cho et al. 2006; Choi et al. 2002; Kim et al. 2000,
2003; Lee et al. 2002, 2012). However, culture-dependent
approaches are not suitable to monitor community dynamics
(successions) of kimchi LAB overtime during fermentation

because they are labor-intensive and time-consuming.
Recently, culture-independent methods based on the direct
analysis of 16S rRNA genes without any culturing step have
been widely used for studying the kimchi LAB dynamics
during fermentation. Especially, polymerase chain reaction
(PCR)-denaturing gradient gel electrophoresis (DGGE) and
PCR-pyrosequencing approaches have been popularly applied
(Jeong et al. 2013a, b, c; Jung et al. 2012¢, 2013; Lee et al.
2005b; Park et al. 2012a).

Until now, analyses of the kimchi LAB communities have
shown that LAB belonging to the genera Leuconostoc,
Lactobacillus, and Weissella are likely to be mainly responsi-
ble for kimchi fermentation, while members of the genera
Lactococcus (Lc.) and Pediococcus were detected as minor
populations (Fig. 1 and Table 1), which are basically similar to
LAB communities of other fermented vegetables such as
sauerkraut and pickles (Breidt et al. 2013). The kimchi LAB
reduce the pH of the kimchi supernatant by producing organic
acids from carbohydrates during fermentation, which causes
striking changes of LAB communities depending on the kim-
chi fermentation stage (Table 1). Generally, members of
Leuconostoc such as Leu. mesenteroides and Leu. citreum,
which possess less acid tolerance and microaerophilic proper-
ties compared with other kimchi LAB, dominate the kimchi
microflora during the early fermentation period, whereas
members of Lactobacillus and Weissella such as Lb. sakei,
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Table 1 Changes of kimchi lactic acid bacteria (LAB) communities depending on the fermentation stage

Kimchi varieties ~Analysis® Fermentation Lactic acid bacteria® Reference
stage®

Cabbage kimchi PCR/DGGE Early Leu. citreum, W. confusa Lee et al. (2005b)
Middle Leu. citreum, W. confusa, Lb. curvatus, Lb. sakei
Late Leu. citreum, W. confusa, Lb. sakei, Lb. curvatus

Cabbage kimchi  Isolation/PCR Early Leu. citreum, Leu. lactis, W. cibaria, Leu. mesenteroides, Leu. kimchii Cho et al. (2006)
Middle W. koreensis, Leu. gelidum, Leu. lactis, Lb. pentosus
Late W. koreensis, Leu. gasicomitatum

Watery kimchi PCR/clone library Early W. cibaria, W. confusa Kim et al. (2012)
Middle W. cibaria, W. confusa, Lb. brevis, Lb. alimentarius
Late Lb. plantarum, W. cibaria, Lb. brevis, Leu. pseudomesenteroides

Cabbage kimchi  PCR/pyrosequencing  Early Leu. mesenteroides, W. cibaria, Leu. citreum, Leu. lactis, Lb. sakei Jung et al. (2013b)
Middle Lb. sakei, W. koreensis, Leu. mesenteroides, Leu. gelidum, Leu. carnosum
Late Lb. sakei, W. koreensis, Leu. gelidum, Leu. mesenteroides, Leu. carnosum

Cabbage kimchi  PCR/pyrosequencing  Early Leu. citreum, Leu. hozapfelii, Leu. gasicomitatum, W. soli, Lc. lactis Jeong et al. (2013c)
Middle Lb. sakei, Leu. gasicomitatum, W. koreensis, Leu. gelidum
Late Lb. sakei, Leu. gasicomitatum, W. koreensis, Leu. gelidum

Watery kimchi ~ PCR/pyrosequencing  Early Leu. citreum, Leu. gasicomitatum, W. cibaria, Leu. holzapfelii, Jeong et al. (2013a)

Leu. lactis

Middle Leu. gasicomitatum, Leu. gelidum, Lb. sakei
Late Leu. gasicomitatum, Leu. gelidum, Lb. sakei

2 All LAB communities were analyzed on the basis of 16S rRNA genes

®Kimchi fermentation was arbitrarily divided into three stages in this review on the basis of pH; early, pH >5.2; middle, pH 4.5-5.2; late, pH <4.5

€ One representative community among LAB communities corresponding to each fermentation stage was selected, and the LAB community was

described in order of population abundances in each sample

Lb. plantarum, and W. koreensis, which have more acid toler-
ance, become more dominant as the kimchi fermentation
environment changes to more anaerobic and acidic conditions
(Chang and Chang 2010). However, the absence of specific
kimchi LAB in raw materials or different kimchi varieties, raw
materials, ingredients, and fermentation conditions signifi-
cantly affects the kimchi LAB successions, and there are many
exceptions that do not follow the general LAB successions
during fermentation. As shown in Table 1, members of
Weissella such as W. cibaria and W. confiisa are sometimes
dominant even during the early fermentation stage, and mem-
bers of Leuconostoc such as Leu. gelidum and Leu.
gasicomitatum are dominant during the late fermentation
stage; Leu. gasicomitatum and Leu. gelidum have more acid
tolerance compared with Leu. mesenteroides and Leu. citreum
(Jeong et al. 2013a).

It has been reported that LAB as well as yeasts play
significant roles in kimchi fermentation and some yeasts
might be the cause of off-flavor or food spoilage during
kimchi fermentation (Chang et al. 2008). Diverse yeasts in-
cluding Saccharomyces, Candida, Pichia, and Kluyveromyces
have been isolated from kimchi, especially during the late
fermentation stages, because they grow well at low pH
(Chang et al. 2008; Jeong et al. 2013a, c). Saccharomyces
species, in particular, consume free sugars and produce

ethanol as a major product and glycerol as a by-product after
approximately 30 days of kimchi fermentation (Jeong et al.
2013a, ¢). Along with the decrease of kimchi LAB and
Saccharomyces, the growth of Candida, which is suspected
to cause spoilage during kimchi fermentation, is often ob-
served during the late fermentation period (Chang et al.
2008; Jeong et al. 2013a, c).

Bacteriophage infection has been a well-recognized prob-
lem in industrial food fermentation, and a wide range of
countermeasures have been employed for its controls
(Kleppen et al. 2012; Moineau and Lévesque 2005). It has
been reported that bacteriophages affect the bacterial commu-
nity succession in food fermentation and are apparently re-
sponsible for the variability frequently observed in such veg-
etable fermentations (Kleppen et al. 2011; Luetal. 2012).Ina
recent study, a high amount of bacteriophage DNA was found
in kimchi, indicating that bacteriophages most probably also
affect kimchi LAB succession (Jung et al. 2011; Park et al.
2011a). However, little is known about bacteriophages and the
potential countermeasures against them in kimchi fermenta-
tion. Because previous studies suggest that kimchi LAB as
well as yeasts and bacteriophages are important groups affect-
ing the taste and quality of kimchi, more studies on yeasts and
bacteriophages are a prerequisite for the industrial production
of high-quality kimchi.
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Factors affecting kimchi microflora

Many intrinsic, extrinsic, and processing-related factors affect
kimchi microflora during fermentation, which eventually re-
sults in changes in the metabolites, taste, and nutritional and
organoleptic properties of kimchi products. More specifically,
fermentation temperature, raw materials (vegetable type, har-
vesting area and season, and cultivar), kimchi varieties, salt
concentration, ingredients (seasonings), and starter cultures
are important factors that affect the kimchi microflora.

The fermentation temperature is one of the most important
factors influencing kimchi fermentation (Cho et al. 2006; Choi
et al. 1998; Kim and Chang 2000; Mheen and Kwon 1984;
Shin et al. 1996). Kimchi is generally fermented at low tem-
peratures (2—6 °C) to ensure proper ripening and preservation,
but sometimes, it is fermented at higher temperatures to ac-
celerate the process. The growth of kimchi LAB occurs more
rapidly at higher temperatures, which results in a quicker
decrease of the pH during fermentation (Choi et al. 1998;
Kim and Chang 2000; Mheen and Kwon 1984). The fermen-
tation temperature also affects kimchi LAB communities be-
cause LAB present in raw materials have different growth
properties depending on the temperature (Cho et al. 2006;
Lee et al. 2005b; Shin et al. 1996), meaning that kimchi
LAB successions can be different depending on the fermen-
tation temperature despite the use of the same raw materials
and preparation method. For example, Cho et al. (2006)
reported that W. koreensis showing a relatively good psychro-
philic growth predominated at —1 °C, while a short incubation
at 15 °C enhanced the growth of the less psychrophilic
Leuconostoc species, including Leu. citreum, thus delaying
the growth of W. koreensis.

Salt concentration is another important factor affecting
kimchi microflora. Kimchi is generally fermented at salt con-
centrations of approximately 2—3 %, which is favorable for the
growth of LAB. It was reported that the acidification of
kimchi occurred rapidly with the quick growth of kimchi
LAB at low salt concentration (<2 %), whereas kimchi fer-
mentation and ripening were delayed at high salt concentra-
tion (>3 %) (Mheen and Kwon 1984). So et al. (1996)
showed, from the comparison of the lag phase time and
doubling time of isolated kimchi LAB, that members of
Leuconostoc grew well at low salt concentrations, while mem-
bers of Lactobacillus grew well at high salt concentrations.
Kimchi ingredients (seasonings) also affect the kimchi LAB
communities because they are potential sources of LAB and
differentially influence the growth of LAB during fermenta-
tion (Lee et al. 2008; No et al. 1995; Yi et al. 1998). When
kimchi contained more garlic, the population of kimchi LAB
significantly increased, while that of other aerobic bacteria
decreased (Cho et al. 1988; Lee et al. 2008), indicating that
garlic might be an important source of kimchi LAB or contain
carbohydrates and nutrients that promote the growth of kimchi
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LAB. Red pepper powder delayed the kimchi fermentation
progress, including the growth of LAB and metabolite pro-
duction, especially during the early fermentation period
(Jeong et al. 2013b). Red pepper powder also influenced the
kimchi LAB communities during fermentation (Jeong et al.
2013b); the proportion of Weissella was higher in kimchi with
red pepper powder than in kimchi without red pepper powder,
while the proportions of Leuconostoc and Lactobacillus were
lower in kimchi with red pepper powder.

Until now, studies on kimchi have been mainly focused on
the effects of the fermentation conditions and kimchi ingredi-
ents on the microbial community, although the LAB popula-
tions present in raw materials are also important in determining
the kimchi LAB successions, because kimchi is generally
processed by spontaneous fermentation. Studies on the micro-
flora present in raw materials have rarely been explored, but
further investigations on this topic will contribute to a better
understanding of the kimchi microflora and the estimation of
kimchi LAB successions during fermentation. Currently, some
LAB species belonging to Leuconostoc and Lactobacillus are
being used as starter cultures for industrial kimchi production in
some Korean kimchi companies. The use of Leuconostoc and
Lactobacillus species as starter cultures inhibited the growth of
E. coli and Gram-negative bacteria during kimchi fermentation,
and Leuconostoc species produced less acidic kimchi than
Lactobacillus species (Chang and Chang 2010, 2011; Choi
et al. 2003). The use of Leu. mesenteroides as a kimchi starter
accelerated the fermentation process, including metabolite pro-
duction and affected kimchi LAB communities (Jung et al.
2012c). Compared with nonstarter kimchi, in starter kimchi
inoculated with Leu. mesenteroides, the relative abundances
of Leuconostoc as well as Weissella increased, while that of
Lactobacillus decreased, suggesting that kimchi quality and
microflora can be controlled by using starter cultures.

Metabolism of kimchi lactic acid bacteria

The list of the dominant kimchi LAB shown in Fig. 1 and
Table 1 suggests that kimchi fermentation is generally proc-
essed by obligately (Leuconostoc and Weissella species and Lb.
brevis) or facultatively (Lb. sakei, Lb. plantarum, and Lb.
curvatus) heterofermentative LAB. Heterofermentative LAB
produce lactic acid, ethanol, and carbon dioxide from glucose
through the 6-phosphogluconate/phosphoketolase pathway un-
der anaerobic conditions; net 1 mol of ATP per mole of glucose
is produced (Fig. 2). Glucose and fructose are detected in
kimchi as major free sugars (Jeong et al. 2013a, b, c; Jung
et al. 2011, 2012c¢); fructose can be metabolized via its conver-
sion from fructose-6-P to glucose-6-P by heterofermentative
LAB. The production of mannitol, a naturally occurring six-
carbon polyol that imparts a refreshing taste to kimchi products
with carbon dioxide, is observed during kimchi fermentation
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Fig. 2 A proposed pathway for GLUC OSE FRUCTOSE
glucose and fructose metabolism
of heterofermentative lactic acid
bacteria (Leuconosloc SpCCiCS) Permease PTSfru Permease —
during kimchi fermentation I
[modified from Wisselink et al. l
(2002)]. All genes coding (3)
transporters and metabolic Glucose
enzymes in the pathway were ATP AT:El'llCtOSQ MANNITOL
found in the genomes of .
Leuconostoc species (Jung et al. ADP (2) ADP NADH NAD
2012a, b, d; Lee et al. 2011b; Oh Glucose-6-P «——— Fructose-6-P
et al. 2010). (1) phosphoketolase NAD*
(2) glucose phosphate isomerase
(3) mannitol dehydrogenase. PTS NADH
phosphotransferase transport P
system 6-P-gluconate
NAD-
NADH CARBON DIOXIDE
Ribulose-5-P
Xylulose-5-P ADP ATP
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ADP Acetyl-CoA
NADH ATP
v NADH —
Phophoenolpyruvate NAD* <
v
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l . ATP Acetaldehyde
Pyruvate NADH —
NADH q NAD+ @
NAD+
v
LACTATE ETHANOL

(Jeong et al. 2013a, b, c; Jung et al. 2011, 2012c; Yun et al.
1996). Mannitol is synthesized through fructose reduction with
the consumption of NADH by mannitol dehydrogenase
(Wisselink et al. 2002), resulting in the production of acetate
instead of ethanol; 1 mol of ATP per 2 mol of mannitol is
additionally produced (Fig. 2), meaning that mannitol-
producing LAB can be more competitive in the presence of
fructose. This may explain that Leuconostoc species, known as
the major mannitol-producing LAB, are dominant in many
kimchi microflora, even though they are less acid tolerant.
Besides lactate and acetate as the major organic acids, other
diverse organic acids such as propionic acid, butanoic acid, 2-
methylpropionic acid, fumaric acid, succinic acid, and tartaric
acid are produced as minor components during kimchi fer-
mentation (Shim et al. 2012); these might be produced by
kimchi LAB or other kimchi microflora under anaerobic
conditions. Moreover, amino acids that play an essential role
as important taste compounds in kimchi products accumulate

during fermentation (Jeong et al. 2013a, c). Proteases derived
from raw materials and spontaneous kimchi microflora, espe-
cially various kimchi LAB, may be responsible for the amino
acid accumulation. It has been reported that kimchi LAB, like
other LAB, are able to produce y-aminobutyric acid (GABA),
vitamins, and volatile flavoring compounds contributing to
the organoleptic, health, and nutritional properties of kimchi
products. GABA, a four-carbon nonprotein amino acid that
functions as a major inhibitory neurotransmitter in the central
nervous system, is primarily produced from glutamate by
glutamate decarboxylase during kimchi fermentation. It has
been reported that Lactobacillus species are major GABA
producers during kimchi fermentation (Cho et al. 2007,
2011; Jeong et al. 2013c; Kook et al. 2010; Seok et al.
2008). Therefore, Lactobacillus species including Lb. sakei
and Lb. buchneri have been considered as kimchi starters for
the production of GABA-enriched kimchi (Cho et al. 2007,
2011; Seok et al. 2008). Although it is known that kimchi has
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high vitamin content, there is no report about the vitamin
production by kimchi LAB. However, genes involved in the
synthesis of vitamin B group (e.g., riboflavin and folate) were
found in the genomes of Leu. mesenteroides and Lb. sakei
(Jung et al. 2012d, 2013), meaning that kimchi LAB may
produce vitamins during kimchi fermentation. Flavoring com-
pounds are also important to determine the tastes of kimchi
products even though their content is very low in kimchi. The
main metabolic activity in kimchi fermentation is the forma-
tion of lactate, acetate, carbon dioxide, and mannitol; howev-
er, other minor organic compounds such as diacetyl, acetoin,
acetaldehyde, secondary alcohols, esters, and lactones are also
produced from carbohydrates or fatty acids by kimchi micro-
flora (Cha et al. 1998; Kang et al. 2003). The main metabolites
as well as various flavoring compounds contribute to the
typical organoleptic properties of kimchi. The production of
bacteriocins, low-molecular-mass peptides or proteins, has
been identified in kimchi LAB including Leu. mesenteroides
(Yang et al. 2002), Leu. citreum (Chang and Chang 2010,
2011), Lb. plantarum (Chung et al. 2010), Lb. sakei (Kim
et al. 2004), Lc. lactis (Jeong et al. 2011; Kim et al. 2006;
Lee et al. 1999a), and P. acidilactici (Shin et al. 2008). The
production of bacteriocins in kimchi could be important be-
cause they can prevent spoilage and overripening of kimchi
products and inhibit the growth of foodborne pathogens
(Chang and Chang 2010, 2011). Nisin, a representative bac-
teriocin produced by kimchi LAB (Lc. lactis subsp. lactis),
inhibits the growth of Clostridium perfringens, Listeria
monocytogenes, vancomycin-resistant Enterococcus, and
methicillin-resistant Staphylococcus aureus, as well as some
closely related LAB (Park et al. 2003).

Functional properties of kimchi

Kimchi products that are mainly made by heterofermentative
LAB from mixtures of vegetables and seasonings have been
regarded as functional foods with high concentrations of
probiotic LAB and beneficial substances (e.g., antioxidants,
vitamins, dietary fibers, and minerals) (Park and Rhee 2005).
A large number of health benefit or function associated with
kimchi LAB (e.g., Lb. acidophilus, Lb. plantarum, Lb. brevis,
Lb. sakei) or kimchi products, e.g., antimutagenic activity
against diverse mutagens (Rhee and Park 2001), antioxidant
activities (Lee et al. 2005a; Park et al. 2011b), amelioration of
cyclophosphamide-induced immunosuppression effects (Jang
et al 2013), prevention or alleviation of allergies (Han et al.
2012; Kim et al. 2013), growth inhibition of Helicobacter
pylori (Ki et al. 2010), antidiabetic effect (Islam and Choi
2009), and antiobesity effect (Ji et al. 2012; Park et al.
2012b), have been reported. Although many scientific evi-
dence supporting potential probiotic effects and health bene-
fits of kimchi LAB and products have been accumulated, their
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clear evidence in humans are still lacking because they have
been mostly tested in vitro or in mouse experiments.
Therefore, further studies on probiotic effects and health ben-
efits of kimchi LAB and products in humans are necessary,
which will enhance kimchi’s status as a healthful food.

Genomic studies on kimchi LAB

Because LAB are industrially important bacterial group that has
been used for a variety of applications, including fermentation
of dairy food and production of macromolecules, enzymes, and
metabolites, and as probiotics, and the genome sequencing has
provided insights into the genetic and metabolic capacities of
LAB, genome sequencing of many LAB has been performed
(de Vos 2011; Makarova et al. 2006; Pfeiler and Klaenhammer
2007). The first complete genome sequencing of kimchi LAB
was only performed on Leu. citreum KM20 in 2008 (Kim et al.
2008), and recently, extensive genome sequencing of many
kimchi LAB also has been performed due to the development
of new sequencing technologies (Jung et al. 2012a, b, d; Lee
et al. 2011b, c; Oh et al. 2010). However, the functional and
comparative studies on the sequenced kimchi LAB genomes to
uncover genetic and metabolic capacities are rarely performed.
Because genome sequences alone are insufficient to understand
kimchi microflora, genomic and functional studies of kimchi
LAB coupled with new analyses such as metabolomics,
metagenomics, and metatranscriptomics have to be performed
to achieve a better understanding of complex kimchi microflo-
ra. Recently, the microbial successions as well as overall genetic
and metabolic features of complex kimchi microflora during
kimchi fermentation were investigated using metagenomic and
metatranscriptomic analyses (Jung et al. 2011, 2013). These
analyses revealed that kimchi LAB had high metabolic poten-
tial with respect to heterotrophic lactic acid fermentations and
that bacteriophage infection influenced kimchi fermentation.

Perspectives for industrial kimchi productions

As kimchi has become a globally popular food because of its
taste and health-promoting properties and its commercial mar-
ket size has gradually increased [Korean kimchi market size in
2012 was approximately 2,300 million USD; Nonghyup eco-
nomic research institute (http://www.nheri.re.kr/)], Korean
kimchi companies began to recognize the necessity of
industrial production of uniform quality kimchi. However,
because kimchi is generally fermented by various naturally
occurring LAB derived from raw materials, the quality of the
kimchi products varies depending on the raw materials even
though it is processed under controlled conditions. The use of
starter cultures has been suggested as an alternative for quality
development and uniform kimchi production; therefore,
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currently, kimchi LAB including Leu. mesenteroides, Leu.
citreum, and Lb. plantarum featured properties such as
mannitol production, antimicrobial activity, and acid and bile
tolerances are being used as kimchi fermentation starters (Kim
etal. 2011; Ryu et al. 2011, 2012). However, kimchi fermen-
tation using starter cultures is not always successful because
the starters used sometimes fail to outcompete naturally oc-
curring LAB under the kimchi fermentation conditions.
Therefore, the adaptability to kimchi fermentation conditions
(low temperature, salts, and low pH) to confer advantageous
competitive growth against LAB present in raw materials is an
important consideration for the successful development of
kimchi starters. Besides the adaptability of kimchi starters to
kimchi fermentation conditions, the production of major or-
ganic acids (lactate and acetate) and mannitol as well as other
components such as minor organic acids, amino acids,
flavoring compounds, vitamins, biogenic amines, and bacte-
riocins should be carefully considered for the development of
kimchi starters because these substances significantly affect
the taste, organoleptic, and health-promoting and nutritional
properties of kimchi products.

Genetic manipulations or mutagenic treatments providing
kimchi starters with new physiological properties or functions
have been used to improve the adaptability and functionalities
of kimchi starters. For example, Lb. plantarum IdhL gene
encoding L~(+)-lactate dehydrogenase was cloned into the D-
lactate producer Leu. citreum to increase the ratio of L-(+)-
lactate (Jin et al. 2009), and nitrosoguanidine was treated to
kimchi starters to improve their acid tolerance (Kim et al.
2005). However, genetic manipulations and mutagen treat-
ments for the development of kimchi starters in food industry
have some limitations including regulatory issues or antipathy
of the consumers to the use of genetically modified organisms
(GMO) and mutagen treatments. Presently, most of the LAB
starters that have been widely utilized for the industrial fer-
mentation of a broad range of food products, ranging from
vegetable fermentation to cheese production, have been de-
veloped by domestication over a long period. Due to their
short generation times, microorganisms are well suited for the
investigation of evolutionary strategies in a laboratory setting
for the development of starter cultures (Dragosits and
Mattanovich 2013). For instance, domesticated Lc. lactis
strains with significant increase in the acidification rates and
biomass yields in milk were obtained by the propagation in
milk for only 1,000 generations of a Lc. lactis strain isolated
from a plant (Bachmann et al. 2012), showing that adaptive
laboratory evolution can be a good approach to develop
kimchi starters from natural LAB. Bacteriophages are fre-
quently observed during kimchi fermentation (Jung et al.
2011; Kleppen et al. 2012; Park et al. 2011a), and their
infection probably influences kimchi LAB succession and
quality. The acquired knowledge on kimchi bacteriophages
and the genome sequencing of kimchi LAB will provide

insights into the molecular processes involved in phage-host
interactions and ultimately lead to the development of phage-
resistant kimchi starters. Our understanding of the kimchi
microflora has increased exponentially by the applications of
“omics” technologies, which will open up new horizons in the
industrial production of kimchi with good taste and high

quality.
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