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an food that is fermented from vegetables such as Chinese cabbage and radish.
Many bacteria are involved in kimchi fermentation and lactic acid bacteria are known to perform significant
roles. Although kimchi fermentation presents a range of environmental conditions that could support many
different archaea and yeasts, their molecular diversity within this process has not been studied. Here, we use
PCR-denaturing gradient gel electrophoresis (DGGE) targeting the 16S and 26S rRNA genes, to characterize
bacterial, archaeal and yeast dynamics during various types of kimchi fermentation. The DGGE analysis of
archaea expressed a change of DGGE banding patterns during kimchi fermentation, however, no significant
change was observed in the yeast DGGE banding patterns during kimchi fermentation. No significant
difference was indicated in the archaeal DGGE profile among different types of kimchi. In the case of yeasts,
the clusters linked to the manufacturing corporation. Haloarchaea such as Halococcus spp., Natronococcus
spp., Natrialba spp. and Haloterrigena spp., were detected as the predominant archaea and Lodderomyces
spp., Trichosporon spp., Candida spp., Saccharomyces spp., Pichia spp., Sporisorium spp. and Kluyveromyces
spp. were the most common yeasts.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Fermentation is a well-known and ancient technique that uses
microorganisms to process and preserve food (Ross et al., 2002).
Kimchi is a Korean food prepared as a result of fermentation and in
recent years it has been recognized as a health-promoting functional
food (Song, 2004). Since it is interesting to know what microbes are
involved by kimchi fermentation, the fermentation process has been
studied extensively by microbiologists with respect to its ecology,
proteomics, genetics and physiology (Kim and Chun, 2005; Li et al.,
2006; Nan et al., 2005). These studies have reported that kimchi is a
healthy food, rich in β-carotene, chlorophylls, dietary fiber and various
minerals (Park et al., 2003). It supports a wide range of microorgan-
isms, including lactic acid bacteria (LAB), which perform significant
roles during fermentation (Bae et al., 2005; Kim and Chun, 2005).
Bacterial isolates from kimchi have been investigated with respect to
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production and characterization of beneficial enzymes such as dex-
transucrase and alcohol/acetaldehyde dehydrogenase (Eom et al., 2007;
Koo et al., 2005), and for biodegradation of toxic compounds such as
sodium nitrite and bisphenol (Oh et al., 2004; Yamanaka et al., 2007).

Several halophilic archaea have been isolated from jeotgal, tradi-
tional Korean fermented seafood used in kimchi as an ingredient (Roh
et al., 2007a; Roh et al., 2007b). Since the average NaCl concentration of
kimchi is 3% (Mheen and Kwon, 1984), we reasoned that it could
support haloarchaea. Yeasts such as Pichia spp. have been isolated from
kimchi at low pH (about pH 4) that have been fermented over a long
period of time (Oh and Han, 2003). However, the overall molecular
diversity of yeasts and archaea in kimchi has not yet been reported.

Molecular biology techniques are used frequently to explore the
diversity and structure of microbial communities, and microorgan-
isms are identified using certain molecular markers such as 16S or 26S
rRNA. In particular, the study of microbial ecology has benefited
greatly from the introduction of denaturing gradient gel electrophor-
esis (DGGE), which provided a molecular fingerprinting technique for
studying community structure (Yeates et al., 1998). In DGGE analysis,
PCRamplicons of the samesizebut different sequences canbe separated
(Muyzer and Smalla, 1998) and this technique has been applied widely
for studying microbial dynamics in complex environments such as soil
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Table 1
List of PCR primers used in this study

Designation 16S or 26S rRNA target (positions)a Sequence (5′→3′) Reference

Bacteria-specific primers GC338f 338–357 ACGGGGGGACTCCTACGGGAGGCAGCAG Muyzer et al. (1993)
518r 518–534 ATTACCGCGGCTGCTGG Muyzer et al. (1993)

Archaea-specific primers GCarch340f 340–366 GGCACGGGCCCTACGGGGYGCASCAG DeLong (1992)
arch915r 915–935 GTGCTCCCCCGCCAATTCCT DeLong (1992)

Yeast-specific primers GCNL-1 110–134 GCATATCAATAAGCGGAGGAAAAG Mills et al. (2002)
NL-4 690–709 GGTCCGTGTTTCAAGACGG Mills et al. (2002)
LS2 266–285 ATTAAACAACTCGACTC Cocolin et al. (2000b)

A GC clamp (5′-CGCCCGCCGCGCGGCGGGCGGGGCGGGGGC-3′) was added to primers 338f, arch340f and NL-1 for DGGE analysis.
a Numbering denotes positions in E. coli for bacteria and archaea and in Saccharomyces cerevisiae for yeast.

Fig. 1. pH change during P kimchi fermentation. The genomic DNA isolated from each
sample was plotted against pH. Kimchi samples were named P1 to P10. Each error bar
indicates the standard error.
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(Sharma et al., 2006), sea (Bowman et al., 2003), insects (Reeson et al.,
2003), sludge (Xia et al., 2005) and permafrost-affected soils (Ganzert
et al., 2007). This method has also been used to investigate yeast
diversity in foods such aswine (Cocolin et al., 2000a), sausage (Rantsiou
et al., 2005), sourdough (Meroth et al., 2003) and coffee (Masoud et al.,
2004).

In the present work, we studied population dynamics in the
microbial community (bacteria, archaea and yeast) during fermenta-
tion of kimchi. We compared communities from various types of
kimchi using culture-independent DGGE, which analyze 16S and 26S
rRNA gene markers. For the best of our knowledge, this is the first
report to reveal the diversity of archaea and yeast in kimchi analyzed
by DGGE.

2. Materials and methods

2.1. Kimchi sampling

Kimchi was obtained from the distributors of commercially-
available brands. Samples were taken immediately after production
in the factory and then stored at 4 °C during the sampling period.
Population dynamics were monitored during fermentation using a
cabbage kimchi purchased from the ‘C’ corporation (designated P
kimchi). P kimchi is the best-selling kimchi brand and the most
representative kimchi in Korea. It is processed with a variety of
ingredients such as cabbage, red pepper powder, garlic, ginger, onion,
radishes and jeotgals. Samples (50ml) of P kimchi soupwere obtained
periodically and after determining the pH, each sample was stored at
−80 °C until extraction of bulk community DNA. In order to compare
populations, seven types of kimchi and one spice were purchased
from 3 different kimchi suppliers (‘C’ corporation, K1, K2 and K3; ‘P’
corporation, K4; and ‘N’ corporation, K5, K6 and K8). These varieties of
kimchi were made using the following vegetables: Chinese cabbage,
K1, K4 and K5; young radishes (yeolmoo in Korean), K2 and K6; and
pony-tail radishes (chonggakmoo in Korean), K3. K7 is a spice made
for K5 kimchi and mixture of a variety of ingredients: cabbage, red
pepper powder, garlic, ginger, onion, radishes and jeotgals. K8 is a
radish water kimchi (mulkimchi in Korean) that contains more water
than ordinary kimchi. Samples were collected on day 11 after
purchase, at which point fermentation was completed. They were
then stored at −80 °C until DNA extraction.

2.2. DNA extraction and purification

Bulk community DNA was isolated from kimchi using the bead-
beating method, as described previously (Yeates et al., 1998). All DNA
samples were treated with RNase A (Sigma, St. Louis, MO) and then
purified by ethanol precipitation. Extracted DNA was purified further
using an UltraClean Microbial DNA Isolation Kit (Mo Bio Laboratories,
Solana Beach, CA), with the following modifications. The bead-beating
step andMD2 stepwere excluded. DNA solutionwas added to solution
MD1 instead of the MicroBead solution. DNA concentrations were
determined in triplicate using a spectrophotometer (Nanodrop
Technologies, Rockland, DE).
2.3. PCR amplification

All primers used in this study are included in Table 1. For analysis of
bacterial diversity, PCR amplification of the 16S rRNA gene was carried
out using the bacteria-specific primer set GC338f-518r (Muyzer et al.,
1993), as described previously (Henckel et al., 1999). For archaeal
diversity analysis, PCR amplification of the 16S rRNA gene was
performed using the arch340f-915r primer set (DeLong, 1992; Naka-
gawa and Fukui, 2003), as described previously (Ovreas et al., 1997). For
analysis of yeast diversity, PCR amplifications of the 26S rRNA genewere
performed asdescribed previously (Prakitchaiwattana et al., 2004),with
an initial amplification of the D1/D2 region using the eukaryotic
universal primers NL-1 and NL-4 (Mills et al., 2002), followed by nested
PCRusing the primers GCNL-1 and LS2 (Cocolin et al., 2000b). DNA from
each sample was subjected to DGGE following PCR amplification with
each primer set (Table 1). All PCR amplifications were carried out in a
final volume of 50 µl, containing 1 µl (50 ng/µl) template,10mMTris HCl
(pH 9.0), 40 mM KCl, 250 µM deoxynucleoside triphosphates (dNTPs),
2.5 U Taq polymerase, 1.5 mM MgCl2 and 20 pmol of each primer.
Reactions were performed in a PTC-220 DNA Engine Dyad MJ Research
thermalcycler (PharmaTech, Seoul, Korea).

2.4. DGGE analysis

DGGE was performed using the D Code universal mutation system
(Bio-Rad, Hercules, CA) for separation of PCR products. PCR products
were applied directly onto 8% (wt/vol) polyacrylamide gels in a running
buffer containing 1× TAE (20 mM Tris, 10 mM acetate, 0.5 mM EDTA
[pH8.3]) and a denaturing gradient of 30 to 60% urea and formamide for
bacteria and yeast, or 35 to 55% urea and formamide for archaea (where
100% denaturant contains 7 M urea and 40% formamide). Electrophor-
esis was performed at 80 V for 14 h at a constant temperature of 60 °C.
After electrophoresis, the gels were stained using SYBR Green I nucleic
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acid stain (Bioneer) and photographed under UV transillumination.
Sterile blades were used to excise bands from the gels, and these were
thenmixedwith 20µl of 0.1× TEbuffer solution and incubated overnight
at 4 °C. These solutions were then used for PCR amplification with the
appropriate primer set.
Fig. 2. DGGE profiles of DNA extracted from kimchi samples (P1 to P10). (A) DGGE profiles o
PCR-amplified DNA from the archaeal population in each sample. (C) DGGE profiles of PCR-
2.5. Analysis of DGGE profiles

Cluster analyses of DGGE profiles were performed using BioNu-
merics software (BioSystematica, UK). For DGGE profile analysis, each
lane was examined separately and common bands were selected as
f PCR-amplified DNA from the bacterial population in each sample. (B) DGGE profiles of
amplified DNA from the yeast population in each sample.



Fig. 2 (continued).

Fig. 3. pH change during fermentation of seven types of kimchi and one spice. Genomic
DNAwas extracted at day 11, toward the end of fermentation. K1, K4 and K5 are samples
of Chinese cabbage kimchi from different suppliers. K2 and K6 are young radish kimchi
(yeolmoo kimchi in Korean) from different suppliers. K3 is a pony-tail radish kimchi
(chonggakmoo in Korean). K7 is a spice used in the preparation of K5 kimchi. K8 is
radish water kimchi (mulkimchi in Korean), which is prepared from radishes and water.
K1, K2 and K3 were all obtained from the same supplier (C corporation). K4 was from
the P corporation and K5, K6 and K8 were from the N corporation. Each error bar
indicates the standard error.
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positions for normalization. The lanes were normalized to compen-
sate for differences in migration distance due to gel heterogeneity.
Dendrograms were calculated using the Pearson product moment
correlation coefficient, with the unweighted pair group method and
arithmetic averages clustering algorithm (UPGMA).

3. Results

3.1. Change in the microbial community during fermentation of kimchi

The pH change during fermentation of P kimchi is shown in Fig. 1.
The DGGE banding patterns for bacteria, archaea and yeasts, were
determined for each pH phase of kimchi fermentation (Fig. 2). pH
decreased between P3 and P9, ranging between pH 5.3 and 4.1. The
DGGE banding patterns of bacteria changed significantly between P3
and P4, but remained unchanged after P4 (Fig. 2A). Bands B1 to B5,
which corresponded to two Bacillus and three eukaryotes, were not
observed after P4, at which point the pH falls below 5.0. Bands B6 to
B16 are amplification products from Weissella kandleri, Weissella
koreensis, Leuconostoc gasicomitatum and Lactobacillus sakei. These
bands could be observed in the initial lane (P1) and became prominent
after P4, remaining until the end of fermentation. In addition, the
sequences obtained from these bands showed great similarity to those
bacteria isolated from kimchi in previous studies (Lee et al., 1997; Lee
et al., 2002).

DGGE analysis of archaea indicated a different trend, in which
the banding patterns of the initial points (P1, P2 and P3) were
substantially different from each other. No significant differences had
been observed between these three points in bacteria. The bands A14,
A15, A16, A17 and A18 appeared at the third sampling point (P3), when
pH started to decrease, and they were observed for the remainder of
the fermentation (Fig. 2B). Bands A4, A5, A7, A9, A10, A11 and A13were
observed at P1 and corresponded to uncultured haloarchaea such as
Halococcus dombrowskii,H. thermotolerans, andHalorubrum trapanicum.
These bands were not detected after P2. Interestingly, no significant
changewas observed in the yeast DGGE banding patterns during kimchi
fermentation. The bands Y1 to Y8 were found to be closely related
to Lodderomyces elongisporus, Trichosporon brassicae, Trichosporon
middelhovenii, Candida sake, Saccharomyces castellii and Kluyveromyces
marxianus, and these bands were observed throughout fermentation
(Fig. 2C).

3.2. Microbial diversity in various types of kimchi

Microbial diversity was investigated from seven types of kimchi and
one spice. pH changes were monitored to determine appropriate
sampling times and samples for DNA analysis were obtained on day
11, thefirst point atwhichpHstabilized (Fig. 3). DGGEprofileswere used
to compare the bacterial, archaeal and yeast communities in various
types of kimchi (Fig. 4). The bacterial and archaeal DGGE profiles did not
differ significantly between kimchi and sequencing of the dominant
bands indicated the presence of well-known LAB such as W. koreensis,
Leuconostoc carnosum, Leuconostoc inhae, Lactobacillus nantensis and L.
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sakei (Fig. 4A), as well as halophilic archaea such as Natronococcus
jeotgali, Natronococcus zabuyensis, Natrialba aegyptiaca, Halosimplex
carlsbadense and Halobiforma nitratireducens (Fig. 4B). DGGE banding
patterns for the yeast populations in various types of kimchi are shown
in Fig. 4C. Their sequences corresponded to Trichosporon domesticum,
Trichosporon loubieri, T. brassicae, Trichosporon cutaneum, Sporisorium
cutaneum, Saccharomyces unisporus and Pichia kluyveri.

3.3. Cluster analysis of DGGE profiles

Cluster analysis of the bacterial DGGE profile indicated that the
spice (K7) formed an out-group and that the two clusters (K1, K2, K5,
K6 and K3, K4) showed N90% similaritywith each other (Fig. 5A). These
data confirm that the bacterial populations do not differ significantly
between kimchi. Archaeal DGGE profiles divided into three clusters,
group 1 (K1 andK2), group 2 (K3 andK4) and group 3 (K5 andK6), with
members of each group showing about 85%, 98% and 78% similarity to
Fig. 4. DGGE profiles of PCR products amplified from various types of kim
each other, respectively. The cluster K1, K2, K5 and K6 exhibited about
72% similarity (Fig. 5B). In analysis of yeasts, the clusters linked to the
manufacturing corporation, with different kimchi samples from the
same supplier showing higher similarities to each other than to those
from other suppliers; similarities between K5, K6 and K8 were N80%
and between K1, K2 and K3 were N75% (Fig. 5C).

4. Discussion

In general, the major ingredient of kimchi is Chinese cabbage and
does not require the use of a starter culture. It is ripened by lactic
fermentation and alcohol fermentation, a process performed primar-
ily by LAB at low temperatures. Its main ingredients are vegetables
such as cabbage or radish, and it can include additional ingredients
such as onion, garlic, ginger and pepper. Currently, kimchi is in the
health food spotlight because it is rich in nutrients and is recognized
as a health-promoting functional food (Song, 2004). Although it has
chi using specific primers for bacteria (A), archaea (B) and yeast (C).
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been studied by food microbiologists, there has been no investigation
of its yeast and archaeal diversity. Here, we examined the population
dynamics of yeasts and archaea during fermentation of various types
of kimchi using DGGE.

We determined that the pH of kimchi represented a significant
factor in the diversity of bacteria and archaea. For example, the LAB
detected by DGGEwere found to proliferate during the initial period of
ripening, producing lactic acid and hydrogen ions as byproducts of
fermentation (Cheigh and Park, 1994). Decreasing pH suppressed
growth of other bacteria and the population of bacteria did not change
significantly after its decrease. W. koreensis, L. sakei and L. inhae were
identified as the predominant bacteria in kimchi and they have also
been found in various other fermented vegetable foods (Kim and
Chun, 2005). Since it appears that these microorganisms perform
essential roles in many food fermentations, they could also affect the
taste and flavor of kimchi (Kim and Chun, 2005).

Some archaea disappeared as the pH decreased, while others were
detected throughout the fermentation process. Even though most
haloarchaea have been reported to grow well at near neutral pH, it
would appear that some can survive at low pH (4–5) (Grant et al.,
2001). Although the breakdown of proteins and other macromole-
cules occurs in high salinities, halophilic archaea inhabiting hypersa-
line environments are capable of living in high NaCl concentration
(Kushner, 1985). In order for halophilic archaea to survive in halophilic
environments, organic compounds such as amino acids and sugars
accumulate in the cytoplasm, and osmotic adaptations can involve the
selective influx of K+ ions into the cytoplasm (Santos and da Costa,
2002). Most of the halophilic archaea studied, have been isolated from
salt crystals, soda lakes and salty soil (Kanal et al., 1995; Vreeland et al.,
2002; Xu et al., 2005) and these organisms require at least 9% NaCl for
growth (Oren, 2000). However, some haloarchaea from coastal salt
marshes have been shown to grow on 2.5% NaCl (Purdy et al., 2004)
and kimchi also has a comparatively low concentration of NaCl (3%).

Most yeasts detected in the DGGE bands had been found
previously in fermented foods such as cheese (K. marxianus and S.
unisporus; Callon et al., 2006), cider and olives (C. sake; Coton et al.,
2006), orange juice (P. kluyveri; Arias et al., 2002) and various
fermented foods (Pichia spp., Saccharomyces spp. and Kluyveromyces
spp.; Coton et al., 2006; Mills et al., 2002). However, Trichosporon spp.
have rarely been identified from fermented foods and they were
detected frequently in all types of kimchi. Furthermore, some of these
were not closely related to commonly cultured strains (94–98%).

Different species of Candida, Pichia and Trichosporonwere detected
in kimchi and since these can grow in 2 to 4MNaCl (Lages et al., 1999),
many have been isolated previously from hypersaline environments
(Butinar et al., 2005). A number of food spoilage yeasts were detected
in kimchi including Pichia spp., Saccharomyces spp. and Kluyveromyces
spp., all of which have been reported to growwell between pH 4.0 and
7.0 (Praphailong and Fleet, 1997). However, the diversity of yeast
species did not change according to pH. This finding implies that
growth of yeasts was suppressed during kimchi fermentation and that
indigenous yeast might not be involved in or affect kimchi fermenta-
tion. However, it has been reported that foreign yeasts can affect the
characteristics of kimchi, i.e. when yeast was used as starter, a high-



Fig. 5. Cluster analysis of the profiles obtained fromDGGE banding patterns for bacteria,
archaea and yeast. Dendrograms were calculated using the Pearson product moment
correlation coefficient of similarity with the unweighted pair group method and the
arithmetic averages clustering algorithm (UPGMA). Each kimchi sample was described
in Fig. 3.
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quality kimchi was produced that had less of a sour taste and smell
than would be produced without starter culture (Kim et al., 1997).

This study also demonstrated that microbial diversity in kimchi is
associated with supplier. Manufacturers made kimchi with mixtures
of the main ingredients, as well as several additional ingredients.
Although the different kinds of kimchi alter with respect to the main
ingredient, the additional ingredients are usually the same. In the case
of bacteria and archaea, it seems that the population differs a little
between suppliers because of the generalized manufacturing process
and ingredients. However, the yeast population was affected more by
supplier than by type of kimchi.

The DGGE technique was effective and a convenient means for
determining population structures. The combination of DNA-based
molecular techniques allowed us to monitor changes in overall
microbial composition during fermentation and show relationships
between samples. From this study, we have identified members of the
microbial community in kimchi and investigated the association
between pH and population dynamics of bacteria, archaea and yeast
during fermentation. Moreover, we detected novel archaea and yeast
that could be important for inclusion in starter cultures and may have
a capacity for production of beneficial compounds. Although bacteria
such as LAB are isolated easily from kimchi, it is necessary to identify
the other microorganisms in the community in order to establish their
relationships and functional significance for the beneficial character-
istics kimchi.
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