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The genome-probing microarray (GPM) was developed for quantitative, high-throughput monitoring of community dynamics in lactic acid bacteria (LAB) fermentation through the deposit of 149 microbial genomes as probes
on a glass slide. Compared to oligonucleotide microarrays, the specificity of GPM was remarkably increased to a
species-specific level. GPM possesses about 10- to 100-fold higher sensitivity (2.5 ng of genomic DNA) than the
currently used 50-mer oligonucleotide microarrays. Since signal variation between the different genomes was very
low compared to that of cDNA or oligonucleotide-based microarrays, the capacity of global quantification of
microbial genomes could also be observed in GPM hybridization. In order to assess the applicability of GPMs, LAB
community dynamics were monitored during the fermentation of kimchi, a traditional Korean food. In this work,
approximately 100 diverse LAB species could be quantitatively analyzed as actively involved in kimchi fermentation.
important questions in microbial ecology are abundant, several
practical limitations slow its implementation (12). First, until
very recently, most prior microarray researchers have utilized
PCR amplification for detecting genes from the natural environment due to the low sensitivity of the developed DNA
microarrays (33, 34, 40, 49, 53). The PCR-based microarrays
were criticized because PCR amplification of the environmental DNA produces biased template-to-product ratios and as a
result, fail to quantitatively reflect community composition
(35). Second, although the 16S rRNA gene-based method (6,
7, 44, 54) is a valuable tool for determining phylogenetic relationships among different bacteria, it provides poor resolution
at the species level (13, 28) and insufficient sequence information for determining the positive signal when it is used as a
short oligonucleotide probe. Third, the heterogeneity of 16S
rRNA between multiple copies in a strain can sometimes mask
the appropriate probe of a specific species. Currently, DNADNA relatedness provides higher resolution than small-subunit rDNA sequencing (20) and is considered to be the cornerstone in determining the species boundary (55), rather than
Stackebrandt and Goebel’s 97% rule (different species share
less than 97% of 16S rRNA identity) (47).
Reverse sample genome probing (RSGP) is a DNA macroarray method that characterizes community composition
based on whole-genome DNA-DNA hybridization (23). Although RSGP has provided valuable insights into microbial
population dynamics in situ from various environments, a miniaturized microarray was suggested to be far more efficient due
to the limited capacity of RSGP in its current format (59).
Zhang et al. (58) recently reported the construction of a microarray fabricated with an Escherichia coli reference collection for exploring genetic diversity within the species. This
“library on a slide” was used to determine the presence or
absence of pathogenicity-related genes in E. coli strains. Although Cho and Tiedje (9) did pioneering work on genomebased species identification via microarrays, there has not yet

Since human beings began eating fermented foods, via “the
oldest biotechnology,” lactic acid bacteria (LAB) have been of
major concern to microbiologists (19, 21, 48). LAB play crucial
roles in the manufacturing of fermented milk products, vegetables, and meat as well as in the processing of other products
such as wine. LAB have been studied extensively in order to
gain a better understanding of their roles in these diverse
processes, especially with an aim to manipulate the fermentation process. LAB are now among the best-characterized microorganisms with respect to their genetics, physiology, and applications (30). However, recent ecological investigations have
revealed that the microbial communities of most foods are
more diverse and complex than they were generally thought to
be (19). Thus, development of more sensitive, quantitative, and
culture-independent tools is needed in order to explore the
microbial ecology of foods (8, 22). Although molecular investigations have been widely applied to LAB fermentations (1, 3,
11, 32, 38, 52), PCR-based molecular procedures are known to
introduce certain biases such as primer mismatches to multitemplates (27, 36), Taq errors (2), biased template-to-product
ratios (36), and microvariation artifacts (46). Thus, additional
means to quantitatively analyze LAB involvement in fermentation are warranted.
DNA microarrays are emerging genomic technologies that
are commonly applied to the exploration of genome-wide transcriptional profiles (56). Their application has recently been
extended into the realms of environmental microbiology and
microbial ecology as a substitute for existing molecular tools
(24). Whereas opportunities to use this technology to address
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been any microarray spotted with bacterial genomes as probes
and validated for ecological applications. The accurate and
precise printing by robots of miniaturized genome-probing microarrays (GPMs) on nonporous substrates coupled with fluorescent detection could produce several key advances such as
guaranteed high reproducibility when a number of environmental samples are analyzed (17) as well as on the ability to
work with small amounts of retrievable biomass (60). In this
study, we have used GPMs to monitor the population dynamics
of lactic acid bacteria (LAB) during the fermentation of kimchi, a traditional food in Korea. As a probe, each GPM contained genomic DNA isolated from 149 different strains, including 138 type strains of LAB, with four replicates. The
results of GPM hybridization with fluorescently labeled bulk
community DNA suggested the practicality and applicability of
this newly invented specific, sensitive, and quantitative tool for
the estimation of cultivable bacteria from different environments. The underlying rationale of GPM hybridizations is discussed from a phylogenomic viewpoint.

MATERIALS AND METHODS
Bacterial strains, growth conditions, and kimchi samples. For monitoring the
dynamics of LAB in kimchi fermentation, 149 strains (137 type strains of LAB,
2 control type strains, and 10 isolated strains in the laboratory) were collected as
probes (see Table S1 in the supplemental material). In the previous literature the
presence of LAB in kimchi was searched for by using denaturing gradient gel
electrophoresis (DGGE) analysis on a variety of kimchi types, and culturedependent analysis was done using agar plates made from filtered kimchi soup
(data not shown). Strains used in this study were obtained from the Korea Type
Culture Collection and the German Collection of Microorganisms and Cell
Cultures. Each strain was grown under the conditions suggested by the collections. Cells at the mid-exponential phase of their healthiest state were quickly
harvested and frozen at ⫺80°C for the extraction of DNA.
For testing purposes, five bags of kimchi (10 kg) were purchased from the
distributor of the best-selling kimchi brand in Korea, Chongga (Doosan Corp.;
http://www.chongga.com). We obtained kimchi just after it was made in the
factory and stored it at 4°C. Fifty milliliters (five bags of 10 ml each) of kimchi
soup were sampled periodically (about every 3 days). Cell numbers and the pH
of each sample were directly determined, and the rest of sample was stored at
⫺80°C for the extraction of bulk community DNA. Serial dilutions of kimchi
soup samples in 0.85% NaCl were used for LAB enumerations with MRSglucose (Difco) agar media (15).
Nucleic acid extraction and quantification. The genomic DNAs of pure cultures used for arraying on glass slides and the bulk community DNAs from
kimchi were isolated using the bead-beating method as described previously (57).
All DNA samples were treated with RNase A (Sigma, St. Louis, MO) and were
analyzed on agarose gels stained with ethidium bromide prior to microarray
fabrication and hybridization. Extracted DNAs were further purified using an
UltraClean Microbial DNA Isolation Kit (Mo Bio Laboratories, Solana Beach,
CA) with the following modifications. The bead-beating step was excluded, and
DNA solution was added to solution MD1 instead of MicroBead solution. After
the manufacturer’s protocol was followed, the community DNA concentrations
were determined in triplicate using a spectrophotometer (Nanodrop Technologies, Rockland, DE).
Microarray construction, labeling, and hybridization. The genomic DNAs
were diluted to a final concentration of 400 ng l⫺1 in 0.1⫻ Tris-EDTA buffer.
Five microliters of each probe genome was transferred to a 384-well microplate
and mixed with 5 l of 2⫻ microarray spotting solution (ArrayIt; Telechem
International, Inc., Sunnyvale, CA) for printing. At a spacing distance of 250 m,
the probes were arrayed onto 25- by 75-mm Superamine glass slides (Telechem)
with one pin using a PixSys 5500 printer (Cartesian Technologies, Inc., Irvine,
CA) at 55 to 58% relative humidity. Each probe set was printed in quadruplicate.
The exact location of each genomic DNA in the glass slide is listed in Table S1
in the supplemental material. The slides were cross-linked by exposure to 120
mJ of UV irradiation (UV Stratalinker 1800; Stratagene, La Jolla, CA). Immediately following UV cross-linking, the DNA was denatured by immersion of the
slides in deionized water at 95°C for 2 min. The microarrays were then rinsed
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briefly in 95% ethanol, air dried at room temperature, and stored dry in a clean
slide box at room temperature.
In order to label the genomic DNA and bulk community DNA, the BioPrime
DNA Labeling System was modified as follows: 15 l of various concentrations
of DNA was mixed with 20 l of 2.5⫻ Random Primers solution in the kit and
was then denatured by boiling for 2 min and immediately chilled on ice. When
the baseline sensitivity of the GPM was determined, serial dilutions of genomic
DNA ranging from 0.1 to 2,000 ng were made and labeled. The denatured
genomic DNA solution was then mixed with 15 l of a labeling reaction solution
containing 5 mM dATP, 5 mM dTTP, 5 mM dGTP, 2.5 mM dCTP (New England
Biolabs, Beverly, MA), 2.5 mM Cy5 dUTP (Amersham Pharmacia Biotech,
Piscataway, NJ), and 40 U of Klenow fragment (Invitrogen, Carlsbad, CA). The
reaction mixture was incubated at 37°C for 3 h. The labeled target DNA was
purified using a QIAQuick PCR purification column (QIAGEN, Valencia, CA),
concentrated in a Speedvac for 1 h, and resuspended in 4.35 l of deionized
water for hybridization.
All microarray hybridizations were performed in triplicate (a total of 12 replicates per genomic DNA probe), unless otherwise noted, to facilitate statistical
analyses. The hybridization solution contained 4.35 l of labeled DNA, 8.75 l
of formamide (50%, vol/vol), 3⫻ SSC (1⫻ SSC is 150 mM NaCl and 15 mM
trisodium citrate), 1.25 g of unlabeled herring sperm DNA (Promega, Madison,
WI), and 0.3% sodium dodecyl sulfate (SDS) in a total volume of 17.5 l. A
reduced volume (7.5 l) of the hybridization mixture was deposited directly onto
the slides and covered with a coverslip (10 by 15 mm; Sigma). Fifteen microliters
of 3⫻ SSC was dispensed into the hydration wells on either side of the hybridization chambers (Corning, Inc., Corning, N.Y.). The microarray slide was placed
into a hybridization chamber, boiled for 5 min to denature the hybridization
solution, and immediately plunged into the temperature-adjusted water bath for
overnight hybridization. After hybridization, each microarray slide was taken out,
and the coverslip was immediately removed in wash solution 1 (1⫻ SSC and
0.2% SDS). Slides were washed using wash solution 1, wash solution 2 (0.1⫻ SSC
and 0.2% SDS), and wash solution 3 (0.1⫻ SSC) for 5 min each at room
temperature prior to drying. The slides were dried by centrifugation.
Microarray scanning and data analysis. A GenePix 4000A microarray scanner
set (Axon instruments, Union City, CA) was used for scanning GPMs at a
resolution of 10 m. Visual displays of hybridization results presented here are
representative images which have been contrast adjusted using PowerPoint 2003
(Microsoft) or PhotoShop 7.0 (Adobe). For consistent scanning of all hybridized
slides, the laser power and photomultiplier tube (PMT) gain were adjusted to
1,000 V. Scanned image displays were analyzed through quantitation of the pixel
density (intensity) of each hybridization spot using GenePix version 6.0 software
(Axon instruments). A grid of individual circles defining the location of each
DNA spot on the array was superimposed onto the image to indicate each
fluorescent spot that was to be quantified. Mean signal intensity was automatically determined for each spot. The local background signal was also automatically subtracted from the hybridization signal of each individual spot. Subsequently, for each probe, the signal-to-noise ratio (SNR) was calculated according
to the following formula (25): SNR ⫽ (IP ⫺ IPB) ⫻ ISD⫺1, where IP is the mean
pixel intensity of all replicate probe spots, and IPB is the mean background signal
intensity; ISD is the standard deviation of background in which the “background”
measurement refers to the local spot background intensity, and the “standard
deviation of background” was calculated across all pixels as measured by the
GenePix software. The SNRs from 12 replicates were then averaged to represent
the SNR of a particular probe. Probes for which the SNR was equal to or greater
than 2.0 were considered positive (33). Statistical analysis was performed using
Excel 2003 (Microsoft) and Sigmaplot 8.0 (Jandel Scientific, San Rafael, CA).
For global normalization, the SNR of each probe was normalized against the
SNR of 10 ng of spiked E. coli genomic DNA on the same experimental slide
according to the following formula: nSNR ⫽ SNR ⫻ [(IEcoli ⫺ IEcoliB) ⫻
IEcoliSD⫺1]⫺1, where nSNR is the normalized SNR of the specific probe, IEcoli is
the mean pixel intensity of all E. coli probe spots, IEcoliB is the mean pixel
intensity of the local background area around all E. coli probe spots, and IEcoliSD
is the standard deviation of IEcoliB. Furthermore, in order to show more clearly
whether a certain microorganism is a major component in the sample, relative
SNRs were obtained by dividing the normalized SNR by the mean value of the
normalized SNR in the same kimchi samples according to the following formula:
rSNR ⫽ nSNR ⫻ (SSNR ⫻ Nprobe⫺1)⫺1, where rSNR is the relative SNR of the
specific probe, SSNR is the sum of nSNRs in the sample, and Nprobe is the number
of probes. A spreadsheet of Excel data was visualized by ArrayColor.exe (http:
//microarray.kaist.ac.kr). Using this software, we were able to produce more
yellow squares from lower values of normalized/relative SNRs and more red
squares from higher values.
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TABLE 1. Hybridization specificity of GPMs at 37°C with 50% formamide
Hybridized templateb

Genome probe

16S rRNA gene
identity (%)

SNR
percentagec

100
95
90
85

95
4
0
0

Weissella confusaa

Weissella confusa MR2*
Weissella koreensisa
Oenococcus oenia
Bacillus subtilisa

Escherichia colia

Weissella confusaa
Enterococcus mundtiia
Lactococcus lactisa
Bacillus subtilisa

78
78
76
78

0
0
0
0

Oenococcus oenia

Weissella kimchia
Weissella confusaa
Leuconostoc mesenteroides subsp. dextranicuma
Bacillus subtilisa

92
91
85
81

0
0
0
0

Lactobacillus sakei subsp. sakeia

Lactobacillus sakei subsp. carnosusa
Lactobacillus fuchuensisa
Lactococcus lactis subsp. lactisa
Bacillus subtilisa

100
97
88
87

63
1
1
0

Enterococcus mundtiia

Enterococcus mundtii KM4*
Enterococcus hiraea
Carnobacterium pisciolaa
Bacillus subtilisa

100
99
93
90

102
2
0
0

Leuconostoc mesenteroides subsp. dextranicuma

Leuconostoc mesenteroides subsp. dextranicum K31*
Leuconostoc mesenteroides subsp. mesenteroidesa
Leuconostoc citreuma

100
100
97

87
37
1

Bifidobacterium bifiduma

Bifidobacterium coryneformea
Propionibacterium freudenreichiia
Weissella confusaa
Bacillus subtilisa

95
84
76
79

1
0
0
0

Leuconostoc citreuma

Leuconostoc citreum NCTC3351
Leuconostoc lactisa
Oenococcus oenia
Bacillus subtilisa

100
98
90
83

47
2
0
0

a
b
c

Type strain.
Strains that were isolated from kimchi and identified as being of the same species by sequencing the 16S rRNA gene are indicated by an asterisk.
SNR percentage ⫽ (SNR of each reference/SNR of the target template) ⫻ 100.

DGGE and construction of a phylogenetic tree. PCR-DGGE analysis of the
16S rRNA gene was conducted with the same bulk community DNA from the
kimchi samples. Extraction of genomic DNA and PCR-DGGE with the bacteriaspecific primer set (518r and 338f with a GC clamp) were carried out as described
elsewhere (26). Major DGGE bands were excised with a razor blade and sequenced to gain information on the bacterial composition of kimchi. The 16S
rDNA sequences for the phylogenetic tree (see Fig. 5) were obtained from the
GenBank database, and multiple alignments were performed by the Clustal X
program (50). The evolutionary distances were calculated using the Jukes and
Cantor method. The phylogenetic tree was constructed by using a neighborjoining method (41) in the MEGA 2 program (31).

RESULTS
Specificity of GPM. To determine the conditions under which
species differentiation can be achieved, microarray hybridizations were conducted using various concentrations of genomic
DNA from Enterococcus mundtii as the target and probes at
27, 37, 47, and 57°C in the presence of 50% formamide. Temperatures ranging from 27 to 57°C did not have significant
effects on the species discrimination capability of the GPMs.
At 27°C, slight cross-hybridizations ranging from 1 to 12% of

the SNRs were observed between the target species and its
phylogenetic neighbor species (Enterococcus hirae, 1.4 to 4.2%;
Enterococcus faecium, 2.4 to 11.5%; Enterococcus durans, 3.1
to 6.5%). However, at 37°C, hybridization specificity was improved and was absolutely specific to the probe for the strain of
the target species (i.e., E. mundtii) (Table 1). Nonspecific
cross-hybridization was reduced to background levels at 37°C
(less than 2% of signal intensity and SNR 3) (Table 1). Increasing the temperature above 37°C did not have a substantial
impact on hybridization specificity. Rather, at high temperatures (47 and 57°C), significant decreases in hybridization signal intensities were observed.
Under hybridization conditions of 37°C and 50% formamide, GPM hybridization specificity was further examined
using seven representative species including Weissella confusa,
Lactobacillus sakei subsp. sakei, Leuconostoc citreum, Leuconostoc mesenteroides subsp. dextranicum, Bifidobacterium bifidum, Oenococcus oeni, and E. coli as target templates. Strong
signals were obtained only for the genomic DNA of species
corresponding to the labeled target (Fig. 1 and Table 1). Little
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FIG. 1. Fluorescence images showing hybridization specificity of GPMs. Levels of specificity obtained with 500 ng of labeled target genomes
from (a) E. coli type strain, (b) W. confusa type strain, (c) E. mundtii type strain, (d) Leuconostoc mesenteroides subsp. mesenteroides type strain,
(e) B. bifidum type strain, and (f) Lactobacillus sakei subsp. sakei type strain, W. confusa type strain, and Leuconostoc citreum type strain. Target
genomes are marked with squares and arrows. T, type strain.

to no cross-hybridization (0 to 4%; nSNRs of all crosshybridizations were under 3) was observed for nontarget
species, thus indicating that species-specific hybridizations
may be achieved with GPMs under the described conditions.
In order to assess the subspecies level specificity of GPMbased hybridization, genomic DNA extracted from several
strains of the same species sharing more than 99% homology of 16S rDNA sequences was also spotted on the slide.
Strain differentiation could not be achieved either by using
the described conditions or by elevating the hybridization
temperature. Additionally, signal cross-hybridization was
observed among different strains of the same species. Signal
intensity of the probe of Leuconostoc citreum NCTC3351 to
the template of Leuconostoc citreum type strain and the
probe of Lactobacillus sakei subsp. carnosus type strain to
the template of Lactobacillus sakei subsp. sakei type strain
were 47 and 63%, respectively. The strains isolated from
kimchi that were identified as the same species by 16S rRNA
gene sequencing (Table 1, asterisks) showed a variety of
very similar signal intensities (87 to 102%) for the type
strains of the species.

Since real environments are composed of a variety of different microorganisms, evaluation of GPM specificity with mixed
genomes is indispensable. To determine whether specificity of
the GPM-based hybridization is influenced by the presence of
other nontarget DNA, three different genomes (500 ng per
species) including W. confusa, Lactobacillus sakei subsp. sakei,
and Leuconostoc citreum were mixed, labeled, and hybridized
to the GPMs (Fig. 1f). Specific hybridization signals were observed on corresponding probes showing SNRs of 86.3, 92.8,
and 109.4, respectively. These results suggest that GPM-based
hybridization could also be specific in the presence of other
genomes.
Detection sensitivity of GPM-based hybridization. Detection sensitivity of GPM-based hybridization was determined
using genomic DNA extracted from pure cultures of W. confusa and E. mundtii. At 900 V PMT gain (laser power set at
100%), 1,430 ⫾ 320 of the F635 median value (SNR of 3.45 ⫾
0.2) was observed using 5 ng of W. confusa and E. mundtii
genomic DNA for the target genome. With 2.5 ng of the DNA,
the target hybridization signal was substantially weaker but was
still detectable (F635 median value, 658 ⫾ 121; SNR, 1.92) (see
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FIG. 2. Evaluation of the quantitative potential of GPM-based hybridization with genomic DNAs from W. confusa type strain and E. mundtii
type strain. The log ratios of hybridization signals (normalized SNR) between the target genome and spiked control genomic DNA from E. coli
type strain were calculated and plotted against the log of the concentrations of the genomic DNA. Slides were scanned using different PMT gain
settings: 700 V (E) and 900 V (F). Quantitative capacity of GPMs was also investigated with mixtures of DNAs from 16 different, arbitrarily
selected bacteria with different concentrations at a PMT gain of 700 V (red dots): 1 ng (each) of Enterococcus hemoperoxidus and Weissella kimchii,
2.5 ng (each) of Lactobacillus casei and O. oeni, 5 ng (each) of Streptococcus vestibularis and P. acidilactici, 10 ng (each) of Lactobacillus delbrueckii
subsp. delbrueckii and Lactobacillus sakei subsp. sakei, 25 ng (each) of Leuconostoc mesenteroides subsp. mesenteroides and Propionibacterium
freudenreichii subsp. freudenreichii, 100 ng (each) of Lactobacillus brevis and Bifidobacterium minimum, and 250 ng (each) of Lactobacillus
plantarum and Streptococcus gordonii (the pairs are ordered such that the organism with the higher signal is listed first).

Fig. S2 in the supplemental material). However, hybridization
signals using 1 ng of genomic DNA were barely detectable
above background levels. Therefore, the detection limit of
GPMs with randomly labeled pure genomic DNA under the
hybridization conditions was 2.5 ng.
The existence of alternative nontarget DNA might affect
hybridization with target DNA, thereby decreasing the detection sensitivity (39). To evaluate the detection sensitivity in the
presence of heterogeneous nontarget DNA, genomic DNA
(2.5 to 1,000 ng) from E. mundtii was mixed with 1 g of E. coli
DNA and labeled with Cy5. The detection limit of GPMs in the
presence of nontarget DNA was also 2.5 ng (approximately 2
SNR values), thus showing that the presence of another species’s genome does not have a significant effect on the detection sensitivity of the GPMs.
Quantification of the GPM-based hybridization. The capacity of the GPM-based hybridization to serve as a quantitative tool
was explored by examining the relationship between the concentration of target genomic DNA and signal intensity on the corresponding spot. Genomic DNAs from W. confusa and E. mundtii
were fluorescently labeled and hybridized with the microarrays.
To increase the quantifying ability of the GPMs, the slides were
scanned using different combinations of PMT gain. At 900 V
PMT gain, the sensitivity became too high to measure more than

1 g of genomic DNA and resulted in saturated signals. At 700 V
PMT gain, less than 2.5 ng of genomic DNA was undetected;
however, this amount was detectable at a PMT gain of 900 V.
Strong linear relationships were observed for signal intensity and
target genomic DNA concentrations ranging from 2.5 to 500 ng
(r 2 ⫽ 0.97), indicating that GPM hybridization could serve as a
quantitative tool for the detection of bacterial species within a
wide range of DNA concentrations. Larger SNR values (14.50 ⫾
9.11) from 10 ng of E. coli genomic DNA at 900 V PMT gain
resulted in lower relative SNR values (ordinate) per hybridized
genomic DNA (abscissa) than at a PMT gain of 700 V (Fig. 2).
The quantitative capacity of the GPMs was also investigated with
mixtures of DNA from 16 different bacteria at different concentrations (Fig. 2, legend). A remarkable linear relationship (r 2 ⫽
0.96) was observed between signal intensity and target genomic
DNA concentrations within a range of 2.5 to 250 ng (Fig. 2, red
spots). The variation of signal intensity from genome to genome
was very low compared to gene-to-gene variation of cDNA signals
and oligonucleotide-based microarrays (39).
Enumeration of microorganisms and pH changes in kimchi
fermentation. Prior to applying the specifically and quantitatively evaluated GPMs to kimchi, kimchi fermentation was
preliminarily characterized by a rapid rise in the total number
of LAB, which increased from an initial value of 4.6 ⫻ 104/ml
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FIG. 3. LAB growth (filled circles) and pH change (open circles) during kimchi fermentation. Each point of the total LAB counts and pH is
the mean of three samplings. The concentration of bulk community DNA (filled squares) extracted from each sample was also plotted. Standard
deviations are shown with error bars. Kimchi samples were named K1 to K12. Samples K1 to K10 were also used in the experiments shown Fig. 4
and 5.

to 2.7 ⫻ 108/ml within the first 12 days of ripening and which
remained stable for the rest of the fermentation (Fig. 3). This
large increase in LAB abundance correlated with the decrease
in pH values in the early stages of the maturation (kimchi
samples 1 to 4 [K1 to K4]); the pH reached 4.1 and was
maintained after 18 days of fermentation. This was the lowest
pH during the period of fermentation. To use GPMs to monitor the dynamics of microbial population during fermentation,
bulk community DNAs were isolated from 5-ml samples that
were taken periodically from kimchi soup (Fig. 3).
Application of GPMs for profiling microbial communities in
kimchi. To monitor the dynamics of the microbial population
during the fermentation of kimchi, 1 g of the purified bulk
community DNAs extracted from the soup samples was labeled and hybridized with the GPMs. No hybridization signal
was observed for the E. coli probe in any kimchi sample. For
global normalization, 10 ng of E. coli genomic DNA was spiked
into 1 g of bulk kimchi DNA prior to labeling. Overall, a
variety of LAB displaying kaleidoscopic dynamics was detected
in each kimchi sample (Fig. 4 and 5A). Under the experimental
conditions employed, there was no signal saturation for any of
these features. The number of positive signals in the late phase
of fermented kimchi samples (K5 to K10) was apparently
higher than the number in early phase samples (K1 to K4). The
proportions of the probes that showed statistically significant
positive signals were 18 to 29% (28 to 45 species) and 46 to
64% (71 to 99 species) in early and late stages of kimchi
fermentation, respectively. A sudden change in the numbers of
positive signals was especially observed at the transition be-

tween K4 and K5, and the increase of positives after K5 was
relatively small. Accordingly, pH and total cell numbers also
changed significantly in this transition. The average values of
LAB nSNRs in early (K1 to K4) and late (K5 to K10) stages of
kimchi fermentation were 2.16 to 3.39 and 9.24 to 18.52, respectively (Fig. 5). With the nSNRs, we were able to estimate the
contents of each LAB species in 1 g of bulk community DNA
extracted from each phase of kimchi. As the fermentation of
kimchi progressed, high degrees of nSNRs (nSNR of ⬎10) were
observed in most species belonging to the genus Weissella and
Leuconostoc, with some belonging to the genera Lactobacillus,
Enterococcus, Pediococcus, and Lactococcus. Seventeen species of
Streptococcus were also present in small amounts (nSNR of ⬍5),
and no significant amounts of Bifidobacterium were found in kimchi. Most species in the genus Weissella were present in the late
kimchi phase of fermentation with two exceptions, Weissella
hellenica and Weissella viridescens. These results appear to be
partly consistent with the previous culture-dependent observations that some species of Weissella, Leuconostoc, and Lactobacillus are abundant, frequently isolated microbial populations in kimchi. In addition, GPM revealed considerable
differences in population quantities among close phylogenetic
neighbors. For instance, Pediococcus acidilactici and Pediococcus pentosaceus were detected in samples with nSNRs higher
than 10 in the later kimchi phase; however, Pediococcus claussenii was not. Abundances of E. faecium, E. durans, and
E. hirae in the late phase of kimchi samples were also significantly different despite the fact that they are phylogenetically
closely related microorganisms.
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FIG. 4. Representative fluorescence images showing GPM hybridization with kimchi samples (K1 to K10). The contrast of each image was
automatically modulated with GenePix software to be more recognizable with the naked eye.

Comparison of GPM with PCR-dependent microbial community analysis. Unlike the majority of other molecular ecological tools, GPM analysis is not dependent on PCR amplification. In order to estimate the community-profiling ability of
GPM hybridization more clearly, we compared the results of
GPM analysis to those of DGGE using the community DNAs
of kimchi. Since DGGE only produces relative values, for
direct comparison, SNR data of GPMs were divided by total
values of each phase of kimchi fermentation to show the
relative population composition (Fig. 5B). With the relative
SNRs, LAB compositions between early and late phases of
fermentation were compared. Many LAB species such as
Lactobacillus brevis, Lactobacillus alimentarius, Lactobacillus
oris, Lactobacillus maltaromicus, and Carnobacterium divergens
were observed in the early phase of kimchi fermentation but
disappeared in the late phase. However, relative abundances of
P. acidilactici, Lactobacillus amylophilus, E. mundtii, E. faecium,
Lactococcus lactis, Leuconostoc mesenteroides, and Leuconostoc pseudomesenteroides were maintained during the entire
kimchi fermentation period. In relative analyses, most Weissella species were found to be abundant only in the late kimchi
fermentation phase.
Bulk community DNAs used for GPM analysis were PCR
amplified and analyzed with DGGE (Fig. 6). From DGGE
analysis, we found that only 9 different microorganisms were
detected, although by GPM analysis, we were able to find 99
microorganisms. The majority of bands (11/16) detected in
DGGE analysis were LAB, although three bands were retrieved from eukaryotes, and two were from Bacillus. In all of
the DGGE lanes, 5 to 10 prominent bands were observed with
approximately 5 minor bands. Succession profiles of detected
microorganisms were compared. After 5 days of fermentation
at 4°C, several bands indicating the presence of LAB such as
Weissella kandleri, Leuconostoc gasicomitatum, Lactobacillus
sakei subsp. sakei, and Weissella koreensis were observed, and
these increased in intensity as fermentation proceeded. In the

early phase of kimchi fermentation (samples K1 to K4), only 18
to 29% of positive signals were detected, which is most likely
due to the low occupancy of the lactic acid bacteria.
DISCUSSION
Kimchi, a kind of pickled (salted) vegetables, was first created
as a traditional food in Korea around the seventh century (8).
Without starter cultures, kimchi is made through lactic acid fermentation of Chinese cabbage at low temperatures to ensure
proper ripening and preservation. It is processed with a variety of
seasoning mixtures: red pepper powder, garlic, ginger, green onion, and radishes. Currently, more than 1.5 ⫻ 106 tons of kimchi
is consumed each year in South Korea, a phenomenon which is
rapidly growing and spreading to other countries in Asia. Despite
the great impact of kimchi on Asian health, the microbiology of
kimchi has only been explored by nonquantitative PCR-based
pattern analyses (29). Since kimchi is representative of a typical
open ecosystem, each batch of fermented kimchi has a different
composition of bacteria depending on fermentation conditions
and ingredients, which can be highly variable. In order to reveal
correlations between kimchi fermentation and its bacterial composition, high-throughput analysis tools such as DNA microarrays
are indispensable (21). Thus, GPM has been developed to meet
this urgent need for a more sensitive, quantitative, and highthroughput analysis tool.
The theoretical background of GPMs established the criteria
for estimating the total nucleotide sequence divergence of the
microbial genome, which has been widely used to define species demarcations and relationships (42). Conventional DNADNA hybridization using microwell plates (10) or membrane
filters (14) has several limitations which can be overcome by
microarray hybridization using glass slides. (i) Results obtained
in different laboratories or even in replicated experiments in
the same laboratory appear discordant (43). (ii) Reciprocal
experiments often yield nonisomorphic values. (iii) For prac-
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FIG. 6. DGGE profiles of PCR-amplified 16S rDNA segments from periodically sampled kimchi (samples K1 to K10).

tical applications, conventional DNA hybridization experiments have provided information regarding the degree of genome similarity of an isolated strain to one or a few reference
strains rather than to a complete matrix of coefficients of genetic relatedness among all strains of the same group (see
reference 45). Recently, Ramisse et al. (37) attempted to solve
the limits of the DNA-DNA hybridization method by reverse
sample genome probing (RSGP) using a nylon membrane. In
their work, large numbers of clinical and environmental isolates could be quickly identified as belonging or not belonging
to a particular species. However, GPMs using glass slides offer
several important advantages over RSGP formats for characterizing microbial bioprocesses. The main advantage is that
high-throughput and parallel analysis can be achieved with
microarray hybridization. Theoretically, with GPMs at least
17,880 hybridizations (149 genomes ⫻ quadruplicate printing ⫻
10 samples ⫻ triplicate experiments) could be executed while
the dynamics of LAB in kimchi fermentation are monitored.
This work might be too tedious and laborious to do with
RSGP. Furthermore, printing genomic DNAs with the robot
and precisely reading the signal intensity with the microscanner enable global quantification (Fig. 2).
Depending on the probe characteristics, various types of
microbial diagnostic microarrays might be designed (4). Most
of these microarrays are based on the detection of 16S rRNA
genes. GPM may have higher specificity for species discrimi-

nation than the 16S rRNA gene-based cDNA chip or the
oligomer chip for detection of specific microorganisms in natural environments. For the detection of the 16S rRNA gene,
cross-hybridization to closely related nonspecific targets is
nearly unavoidable due to the high similarity of 16S rRNA
sequences. Thus, perfectly matched and mismatched oligonucleotide probes have been employed to obtain more specific
signals using relative comparisons. However, this makes quantification and discrimination of real and false-positive signals
quite difficult. In microarray experiments using long oligonucleotide probes under general hybridization conditions, nontarget genes showing more than 75 to 87% identities to probes
are hybridized (59). In the case of GPM, all segments of the
whole genome, which are much more divergent than the 16S
rRNA gene, were employed for microarray hybridization. According to our phylogenomic studies, less than 1% of the open
reading frames actually showed higher than 87% nucleotide
sequence similarity between species that share 97% or greater
similarity with regard to the 16S rRNA gene. (Comparison of
total open reading frames in a genome to those of closely
related bacterial strains in the same species or genus from
Lactobacillus, Bacillus, Streptococcus, and Staphylococcus were
executed for the analysis [data not shown].) This means that
cross-hybridization of GPMs could not be considered significant over the species boundary. The result of specificity experiments also did not exhibit any reliable cross-hybridization

FIG. 5. Quantities of LAB in kimchi samples detected with GPMs at a PMT gain of 700 V. Microarray hybridization patterns with the labeled
genomic DNAs from kimchi (samples K1 to K10) are shown in each column. Each row represents the hybridization signal observed for each LAB
when 1 g of genomic DNA from the kimchi (see column) was used for hybridization. The SNRs from 12 replicates were then averaged to
represent the SNR for a particular probe. Normalized and relative SNRs were visualized by ArrayColor.exe (http://microarray.kaist.ac.kr), which
produces more yellow squares from lower values of normalized/relative SNRs and more red squares from higher values. (A) Normalized SNR
values of LAB in 1 g of bulk community DNA extracted from each phase of kimchi fermentation. For global normalization, normalized SNRs
were obtained by dividing the SNR value from each spot by the SNR of 10 ng of spiked E. coli genomic DNA on the same experimental slide.
(B) Relative SNRs obtained by dividing the normalized SNR by the mean value of the normalized SNR in the same kimchi samples. A phylogenetic
tree indicating the relationships of LAB was harmonized manually with the two SNR pictures. For NCBI numbers of LAB 16S rRNA used in the
phylogenetic tree, see Table S1 in the supplemental material.
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(SNR of more than 3) among the species of the whole LAB
library. Therefore, GPMs provide a higher level of resolution
in differentiating species and a more reliable signal from the
sum of the total genes of the whole genome than when a single
gene is used.
In order to avoid PCR amplification, sensitivity is another
critical parameter that impacts the effectiveness of the microarray-based approach for detecting genes in environmental
samples. With GPMs, genomes involved in kimchi fermentation could be detected with 2.5 ng of genomic DNA in the
presence of background DNA (0.25% of microbial composition). Denef et al. (16) achieved a detection sensitivity of 1%
total community using tyramide signal amplification. Tiquia et
al. (51), Loy et al. (33), and Bodrossy et al. (5) achieved a 5%
detection limit, which is the same level obtained by Denef et al.
(16) when tyramide signal amplification was avoided. The level
of GPM detection sensitivity is thus a great advancement for
the environmental microarray and should be sufficient for the
detection of the dominant members of a microbial community.
Taking the mean bacterial DNA content values (3.8 to 4.9 fg of
DNA/cell [18]) into consideration, in principle, roughly 105 to
106 cells are needed to achieve reasonably strong hybridization. This value also indicates that GPM possesses about 10- to
100-fold higher sensitivity 50-mer DNA microarrays (39).
The quantitative capability of microarray-based hybridizations is another critical issue for environmental application.
We observed a good linear relationship between hybridization
signal intensity and target genome concentration in GPM hybridization (Fig. 2). Since the signal comes from the sum of
several thousands of genes, signal variation from each gene
might be diminished. We observed that signal variation from
the same quantity of genomes is not significant (r2 ⫽ 0.96).
When oligonucleotide or cDNA was used as a probe, gene-togene signal variation was kaleidoscopic up to one order, depending on probe and gene pairs (39). This means that, for the
same copy number of genes, we could not detect the same level
of signals; thus, quantification could be severely hindered when
these methods are used. Furthermore, because PCR is not
necessary for GPM analysis, we can precisely quantify microorganisms using GPMs in the microbial community without
having to account for PCR bias. However, we should be cautious in interpreting the quantification of signals from GPM,
since specificity for quantification of a microarray signal is still
a contentious issue. Strains that are different from a type strain
and belong to the same species showed reduced signal intensities in GPM (Fig. 1 and Table 1). When GPM is applied to
environmental samples, the signal intensity of a spot would be
the integral value of the signals from a number of strains
showing different genome similarities to type strains. If strains
possessing low genome similarity exist in the samples, the actual correlation for the quantification of cell numbers could be
distorted. This difficulty can be reduced if the strains isolated
from the target community are used as probes together with
type strains, as in our experiment. This same limitation is an
issue for other bacterial diagnostic microarrays using oligonucleotide or cDNA probes, since these probes hybridize to both
perfectly matched genes as well as to genes with certain levels
of mismatches. This means that the actual signal arises from a
group of genes with a certain level of similarity (such as 87% in
the case of the 50-mer oligonucleotide probe [4]).
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Although there are several methods to characterize the contribution of LAB to human health and the dairy industry, no
appropriate tool has been developed yet for the estimation of
the comprehensive, quantitative dynamics of microbial populations during fermentation processes. In this work, diverse
LAB communities (more than 100 species) could be observed
to be actively involved in the fermentation of kimchi and its
ripening during storage. Several Weissella species were the
most dominant microflora in kimchi fermented at 4°C. This is
a very distinctive observation considering that other LAB fermentation products such as artisanal cheeses (Lactobacillus)
(38), malt whisky (Leuconostoc and Lactococcus) (52), Mexican maize dough (Streptococcus) (3), Italian sausages (Lactobacillus) (11), raw milk products (Lactococcus lactis) (32), and
traditional sour cassava starch (Bifidobacterium, Lactococcus,
Streptococcus, Enterococcus, and Lactobacillus) (1) have not
been reported to be associated with the genus Weissella. GPM
profiles of kimchi samples evolved significantly after 7 to 9 days
of fermentation, showing that some Streptococcus and Lactobacillus species disappeared after the decrease in pH. No
known molecular tools are available that can provide this kind
of global picture of fermentation processes in a short time.
Actually, DGGE experiments with the same samples used for
GPM hybridization showed significant underestimation of the
diversity of LAB (Fig. 6). These new results from GPM hybridization will greatly change our understanding of microbial
ecology during LAB fermentation.
By exploiting GPMs to achieve more detailed pictures of the
microbial community, improved fermentation processes could
be developed to improve the quality of food products. GPMs
could be also applied to elucidate the underlying mechanisms
of various mixed culture bioreactors to achieve optimization
and modification of these processes.
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