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A crucial problem in the use of previously developed genomeprobing microarrays (GPM) has been the inability to use
uncultivated bacterial genomes to take advantage of the high
sensitivity and specificity of GPM in microbial detection and
monitoring. We show here a method, digital multiple displacement
amplification (MDA), to amplify and analyze various genomes
obtained from single uncultivated bacterial cells. We used 15
genomes from key microbes involved in dichloromethane (DCM)dechlorinating enrichment as microarray probes to uncover the
bacterial population dynamics of samples without PCR
amplification. Genomic DNA amplified from single cells
originating from uncultured bacteria with 80.3-99.4% similarity
to 16S rRNA genes of cultivated bacteria. The digital
MDA-GPMmethodsuccessfullymonitoredthedynamicsofDCMdechlorinating communities from different phases of enrichment
status. Without a priori knowledge of microbial diversity,
the digital MDA-GPM method could be designed to monitor
most microbial populations in a given environmental sample.

Introduction
The fact that most microorganisms (more than 99%) in the
natural environment were not cultured under laboratory
conditions makes it difficult to investigate the microbial
dynamics, physiology, genetics, and community interactions
in natural environments (1–3). As a result, various environmental molecular techniques have been developed for the
analysis of microbial ecology in nature, including cloning,
polymerase chain reaction (PCR)-denaturing gradient gel
electrophoresis (DGGE), and terminal restriction fragmentlength polymorphism, to investigate the microbial com* Corresponding author phone: +82 42 860 4628; fax: +82 42 860
4677; e-mail: baejw@kribb.re.kr.
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munity through culture-independent approaches (4). However, these PCR-based molecular procedures are laborintensive and time-consuming and introduce certain biases
such as amplification errors (5) and skewed template-toproduct ratios (6). The development of microbial ecological
microarrays based on nucleic acid hybridization has made
it possible to analyze and quantify microbial ecosystems
without PCR biases (7). DNA microarrays, originally developed for exploring genome-wide transcriptional profiles, are
now broadly applied across most sectors of the life sciences,
including environmental microbiology and microbial ecology. Most microbial ecological microarrays use oligonucleotides as probes, and these arrays have been extensively
characterized and currently are being improved. Whereas
opportunities to use this technology to address important
questions in microbial ecology are abundant, most prior
microarray researchers have utilized PCR amplification for
detecting genes from the natural environment, due to the
low sensitivity of the DNA microarrays currently in use (8, 9).
Thus, additional high-throughput and hybridizationbased quantitative methods for analyzing bacterial involvement in ecosystems are warranted. Recently, development
of a genome-probing microarray (GPM) using bacterial
genomes as probes has allowed more sensitive, quantitative,
and specific analysis of the microbial ecology and has
increased our understanding of microbial dynamics in natural
environments (10, 11). However, GPM has a fundamental
problem in that genomes from uncultured microorganisms
cannot be readily acquired and used as genome probes (12).
A recent study has shown that whole bacterial genomes
can be amplified directly from single cells using the multiple
displacement amplification (MDA) method (13). As a whole
genome amplification method, MDA is not based on PCR
but on an isothermal amplification technique using random
hexamer primers and bacteriophage phi29 polymerase. MDA
based on the phi29 polymerase has several merits, in that
the amplification process is stable for long times, generates
large amounts of DNA, amplifies fragment sizes longer than
10 kb, has a high level of proofreading, and contains a lower
amplification bias than other genome amplification methods
(14). Recently, Marcy et al. (15) used MDA to amplify genomes
from uncultivated bacteria from candidates of phylum TM7
in the human subgingival crevice. These researchers developed a microfluidic device to isolate single bacteria by
steering them to one of eight individual chambers. The
samples were then lysed, and the individual genomes were
amplified in 60 nL volumes. MDA from single cells was
achieved from several groups such as Podar et al., Zhang et
al., and Raghunathan et al. (13, 16, 17). However, we reasoned
that, even in the absence of the microfluidic device, the
genomes of single uncultivated microbial cells can be
amplified by diluting environmental samples and executing
MDA with general laboratory equipment such as 96-well
plates and a PCR machine. We have named this approach
“digital MDA” because we statistically confirmed the genomes
to be derived from a single microbial cell by digital on/off
analysis and wanted to pay high tribute to developers of
“digital PCR” (18).
With the digitally amplified genomes, in this study, we
developed digital MDA-GPM and investigated dichloromethane (DCM)-dehalogenating enrichment cultures under anaerobic conditions. Among the abundant groundwater
pollutants, DCM is intensively used in industrial applications
and is found in more than 25% of the European National
Priority List sites (19). Since DCM is a potential carcinogen
and is reported to have negative health effects (20), complete
10.1021/es8006029 CCC: $40.75
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detoxification is desirable. Despite the frequent detection of
DCM in the environment, knowledge of anaerobic complete
microbial degradation is limited. Although DCM dehalogenase genes from DCM-degrading strains have been detected
by PCR (21), there are no reports of a quantitative approach
to enumerate individual microorganisms in the DCM degradation community because anaerobic DCM-dechlorinating
bacteria are difficult to culture and grow very slowly. In this
study, microcosms from contaminated rice paddy sediments
(near Seoul, South Korea) amended with DCM as an electron
acceptor and lactate as an electron donor and carbon source
consistently exhibited complete detoxification of DCM to
methane. We monitored the uncultured microbial diversity
in this process using the developed digital MDA-GPM.

Materials and Methods
Sources of Cultures. Sediment samples from rice paddy
sediments were taken in September 2006 near Seoul, South
Korea. Microcosms were stored inside a glovebox (Coy
Manufacturing, Ann Arbor, MI) filled with a mixture of 97%
(vol/vol) N2 and 3% (vol/vol) H2. Aliquots (1 g, wet weight)
of sediment were transferred to 24 mL vials, and 9 mL of
sterile, anoxic phosphate-buffered saline (5 mM potassium
phosphate, 0.85% NaCl; pH 7.2) or 10 mM phosphate buffer
(pH 7.2) was added to each vial (Bellco, Vineland, NJ). All
vials were amended with 2 mM lactate, 3 mL of H2, and 2
µmol of DCM and sealed with Teflon-lined rubber stoppers
(Wheaton Science Products, Millville, NJ). Consecutive
transfer (>five times, 10% (vol/vol)) to a fresh medium led
to a sediment-free enrichment culture which consistently
reduced DCM with lactate as an electron donor. To test
electron donor utilization patterns, subcultures were developed from a lactate/DCM dechlorinating culture, which
depleted lactate.
Medium Preparation and Growth Conditions. A reduced
anaerobic basal salt medium (BS medium) was used, as
described previously (22). The pH of the bicarbonate-free
medium was adjusted to 7.2 with HCl or NaOH, and the
headspace of the culture bottles contained dinitrogen. After
autoclaving, vitamins (23), lactate, acetate, and formate as
an electron donor were added from neutralized, anoxic,
sterilized stock solutions. Lactate or acetate or formate (5
mM) was added in excess to allow for the complete reduction
of added electron acceptors. Cultures were incubated in 24
mL vials containing 10 mL of a medium or in 160 mL serum
bottles containing 100 mL (total liquid volume). DCM was
added from saturated anoxic aqueous stock solutions, or as
neat compounds using Hamilton syringes equipped with
reproducibility (Chaney) adapters (Hamilton, Reno, NV), or
dissolved in an organic carrier phase (hexadecane). DCM
stock solutions were autoclaved in containers sealed with
new, previously autoclaved Teflon-lined rubber stoppers.
Routinely, 0.2 mL of hexadecane containing 5-25 µL of DCM
was added to 100 mL cultures to obtain aqueous DCM
concentrations ranging from 0.5 to 2.5 mM. Cultures were
incubated in the dark at 25 °C, without shaking and stopperup, in order to avoid any possible direct adsorption from the
liquid phase to the stopper. DCM, its dechlorination product
chloromethane, and methane concentrations were determined by gas chromatography, using an instrument equipped
with a flame ionization detector and HP-5 column.
DNA Extraction. Genomic DNA from soil, microcosm,
and enrichment cultures was extracted using the beadbeating method, as described previously (24). Extracted DNA
was further purified using an UltraClean Microbial DNA
Isolation Kit (Mo Bio Laboratories, Solana Beach, CA) with
several modifications: the bead-beating step and the MD2
step were excluded, and the DNA solution was added to the
MD1 solution instead of the MicroBead solution. DNA

concentrations were determined in triplicate using a spectrophotometer (Nanodrop Technologies, Rockland, DE).
Digital MDA of Single Cells. The liquid sample from a
DCM-degrading enrichment culture was serially diluted 10fold up to 10-6 using distilled water. MDA was performed
using REPLI-g mini kits according to the manufacturer’s
instructions (Qiagen). Briefly, 1 µL of a diluted sample was
mixed with 2 µL of a PBS buffer and 3.5 µL of a D2 solution
and placed on ice for 10 min, followed by the addition of 3.5
µL of a stop solution. Finally, 10 µL of distilled water, 29 µL
of a reaction buffer, and 1 µL of phi29 DNA polymerase were
added to the tubes. MDA reactions were incubated for 16 h
at 30 °C in 200 µL thin-wall PCR tubes (Denville Scientific
Inc., USA) on a PTC-220 DNA Engine Dyad MJ Research
Thermalcycler (PharmaTech, USA). Distilled water was used
for a negative control. Reactions were stopped by incubating
tubes at 60 °C for 3 min. The amplified MDA products were
confirmed by analyzing 1 µL of product by agarose gel (2%
w/v) electrophoresis and staining with ethidium bromide.
Using serial dilutions, we determined the dilution at which
a single cell would be deposited in the wells and be amplified
from the DCM samples.
Phylogenetic Analysis of the Uncultured Microorganisms. For phylogenetic analysis, the 16S rRNA gene of the
genomic DNA isolated from uncultured microorganisms was
amplified by PCR using two universal primers and sequenced
as described previously (25). Sequences were verified by
homology searches for nucleotide sequences in the GenBank
sequence database using the BLAST search program (http://
www.ncbi.nlm.nih.gov/). Sequences were aligned using the
multiple sequence alignment program CLUSTAL_X 1.8 (26),
and phylogenetic relationships were determined using the
MEGA version 2.1 software. Distance matrices were determined following the previously described assumptions (27).
These matrices were used to elaborate dendrograms using
the neighbor-joining method (28).
Microarray Construction, Labeling, Hybridization, and
Data Analysis. Microarray construction, labeling, hybridization, and data analysis were performed as described previously (11). Briefly, the MDA products were diluted to a final
concentration of 400 ng/µL in 0.1 × Tris-EDTA buffer,
subjected to S1 nuclease digestion for 4 h at 30 °C, and were
used for microarray construction. The probes were arrayed
on superamine-coated glass slides (Corning), and 29 probes
were printed in quadruplicate. Target DNA was labeled with
the BioPrime DNA Labeling System and 2.5 mM Cy5 dUTP
(Amersham Pharmacia Biotech, Piscataway, NJ) by mixing
1 µL of DNA, at a concentration of 1000 ng/µL, with 25 µL
of deionized water and 20 µL of 5 × random primer solution
from the kit. The mixture was then denatured by boiling for
10 min and immediately chilled on ice. The denatured
genomic DNA solution was mixed with 4 µL of labeling
reaction solution (5 mM dATP, 5 mM dCTP, 5 mM dGTP,
and 2.5 mM dTTP (New England Biolabs, Beverly, MA), 2.5
mM Cy5 dUTP, and 40 U of Klenow fragment (Invitrogen,
Carlsbad, CA). The target DNA was labeled at 37 °C for 3 h,
purified using a QIAQuick PCR purification column (QIAGEN,
Valencia, CA), concentrated in a SpeedVac for 30 min, and
resuspended in 4.35 µL of deionized water for hybridization.
The hybridization solution contained 4.35 µL of labeled
DNA, 8.75 µL of formamide (50%, vol/vol), 3 × SSC (1 × SSC
) 150 mM NaCl and 15 mM trisodium citrate), 1.25 µg of
unlabeled herring sperm DNA (Promega, Madison, WI), and
0.3% sodium dodecyl sulfate (SDS) in a total volume of 17.5
µL. An aliquot of the hybridization mixture (7 µL) was
deposited directly onto the slides and covered with a coverslip
(10 × 15 mm; Sigma). The microarray slide was placed in a
hybridization chamber, boiled for 10 min to denature the
hybridization solution, and immediately plunged into the
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TABLE 1. Phylogenetic Affilation of 16S rRNA Genes Amplifed by Digital MDA of Single Cells
closest relative (accession number)

16S rRNA gene
sequence homology (%)

MDAF2
MDAF5
MDAF11
MDAF16
MDAF17
MDAF39
MDAF41

Bacteroidetes
Bacteroides fragilis (M61006)
Anaerophaga thermohalophila (AJ418048)
Anaerophaga thermohalophila (AJ418048)
Anaerophaga thermohalophila (AJ418048)
Anaerophaga thermohalophila (AJ418048)
Anaerophaga thermohalophila (AJ418048)
Anaerophaga thermohalophila (AJ418048)

80.3
82.1
82
81.7
81.9
83.5
83.5

MDAF12
MDAF21
MDAF28
MDAF30

Azospira
Azospira
Azospira
Azospira

MDAF14
MDAF15
MDAF22
MDAF31

Firmicutes
Dehalobacter restrictus (U84497)
Sedgimentibacter saalensis (AJ404680)
Clostridium bifermentans (DQ680025)
Clostridium aldrichii (X71846)

MDA product

oryzae
oryzae
oryzae
oryzae

Proteobacteria
(DQ863512)
(DQ863512)
(DQ863512)
(DQ863512)

temperature-adjusted (37 °C) water bath for overnight
hybridization.
For microarray data analysis, a GenePix 4000B microarray
scanner set (Axon Instruments, Union City, CA) was used for
scanning the microarrays at a resolution of 10 µm. The signalto-noise ratio (SNR) for each spot was calculated on the basis
of the following formula (29): SNR ) (IP - (IN - INLB)) × IPLB-1,
in which IP is the mean pixel intensity of specific probe spots,
IN is the mean pixel intensity of nonsense probe spots, INLB
is the mean pixel intensity of the local background area
around nonsense probe spots, and IPLB is the mean pixel
intensity of the local background area around specific probe
spots, as measured by the GenePix software. For normalization, the SNR of each probe was normalized against the SNR
of a negative control such as 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.

Results
DCM-Dechlorinating Enrichment Cultures. Methaneproducing microcosms were sequentially transferred to 24
mL vials containing a bicarbonate-buffered BS medium
amended with lactate or lactate plus H2. Microcosms
established from rice paddy sediments that were amended
with lactate and hydrogen exhibited complete dechlorination
of DCM to methane (Figure S1, Supporting Information).
Sequential transfers (>five times) to a medium amended
with lactate yielded sediment-free enrichment cultures that
consistently converted DCM to methane without formation
of the DCM intermediate monochlorinated methane. On
average, approximately three weeks of incubation time was
needed to achieve complete dechlorination of DCM to
methane. No DCM degradation occurred in autoclaved
control cultures. A subset of enrichment cultures in which
formate was added as the electron donor and DCM as the
electron acceptor exhibited dechlorination of DCM to
methane at approximately the same dechlorination rate.
However, in the cultures amended with acetate as an electron
donor, DCM dechlorination did not occur over the same
incubation time.
Single-Cell Amplification from Enrichment Cultures.
DCM enrichment cultures were used as sources to provide
cells for single-cell amplification using digital MDA. Aliquots
6060
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99.8
99.8
99.8
99.8
96.8
99.4
85.3
87.7

from enrichment cultures were diluted from 10-fold to 10-6fold and used as templates for MDA to determine the dilution
level required for single-cell amplification. DNA was amplified
by MDA in aliquots of the 100 to 10-4 dilutions, but not the
10-5 or 10-6 fold dilutions. These results suggest that DCM
samples diluted to 5 × 10-5 could be used to amplify a single
cell per reaction tube (Figure S2, Supporting Information).
Cells were counted microscopically with the hemocytometer
(Figure S3, Supporting Information). We detected approximately six cells per square and determined it to be
approximately 5 × 105 cells/mL. Therefore, a sample diluted
to 5 × 10-5 might be used to amplify a single cell per reaction
tube. MDA products were detected in 28 of 96 MDA reaction tubes at a dilution of 5 × 10-5. Assuming a Poisson
distribution of cells, the probable number of cells in each
chamber is -ln 0.71 (0.34), and under these conditions, less
than 4.7% of the chambers would have contained multiple
cells because the probability of the presence of multiple cells
in a chamber is 1 - 0.71 - [(e-0.34)(0.341)]/(1!) ) 4.7% (30).
A total of 19 16S rRNA genes were amplified from the 28
MDA amplicons. All 19 of the 16S rRNA gene amplicons were
sequenced and showed clear single peaks in the sequencing
chromatograms. Seven MDA products did not amplify the
16S rRNA gene because it is difficult to amplify the whole
genome from a single cell. A comparison with the sequence
database showed that they belonged to three phyla, the
Firmicutes, the Bacteroidetes, and the Proteobacteria. Sequence similarities to the most closely related sequences
from cultivated strains ranged from 80.3 to 99.8% (Table 1).
All four sequences belonging to Proteobacteria showed
100% similarity to each other and were closely related to
Azospira oryzae (99.8%) (synonym Dechlorosoma suillum).
The MDAF15 sequence showed 99.4% similarity to Sedimentibacter saalensis ZF2 isolated from an anaerobic trichlorophenol-dehalogenating enrichment culture (31). The
MDAF14 sequence showed 96.8% similarity to Dehalobacter
restrictus, which is a strictly anaerobic bacterium dehalorespiring tetra- and trichloroethene (32). The other nine
sequences were distantly related to cultivated strains (below
90%). A number of anaerobic dehalogenating bacteria belong
to Bacteroidetes and Clostridium, as shown in the case of
the reference strains in this study. With the exception of four
sequences belonging to the Proteobacteria, six 16S rRNA gene
sequences amplified from MDA products in three different
groups (two sequences per group) showed 100% similarity
with each other. Thus, most of the DNA amplified by single-

FIGURE 1. Dendrogram showing the phylogenetic relationships of the uncultured bacteria used for digital MDA-GPM based on their
16S rRNA gene sequences. The 16S rRNA tree includes uncultured bacteria used in this study and closely related strains. The tree
was generated by the neighbor-joining method. The numbers at the nodes indicate bootstrap values (1000 replications). Bar, 0.05
accumulated changes per nucleotide.
cell amplification was derived from DCM degrading and/or
dehalogenating bacteria in the enrichment cultures.
From DGGE analysis, we found six partial sequences
(200bp) from PCR-DGGE bands. We confirmed that sequences from DGGE bands and 16S rRNA sequences from
MDA were similar, and we were able to find nine different
microorganisms from the results of MDA-GPM.
Specificity of Digital MDA-GPM. DNA samples amplified
from uncultivated single cells in DCM enrichment cultures
and extracted from cultivated reference strains (Dehalococcoides sp. CBDB1, Dehalococgcoides sp. BAV1, Dehalococcoides sp. GT, Dehalococcoides sp. FL2, Sulfurospirillum
multivorans, Desulfitobacterium sp. Viet1, Desulfuromonas
michiganensis BB1, Geobacter lovley SZ, Dehalobacter restrictus, Desulfuromonas chloroethenica, Desulfitobacterium
dehalogenans, Sulfurospirillum halorespirans, and Clostridium bifermentans) were printed in quadruplicate on microarray glass slides. The specificity was validated by
hybridization of each MDA product to the constructed
microarrays. As expected, the SNR% of each target was highest
in the case of homologous hybridization (hybridization with
the same DNAs; Figure S4, Supporting Information), and the
SNR% was below 3% in the case of heterologous hybridization
(hybridization with different DNAs). Probes with 100% 16S
rDNA sequence similarities did not all show the same SNR%
as each other. Although the MDAF39 and MDAF41, MDAF5
and MDAF11, MDAF16 and MDAF17 pairs shared 100% 16S
rDNA sequence identity, their heterologous hybridizations
produced significantly different SNR% values of of 48.9, 23.3,
and 0.8%, respectively. The MDAF12, MDAF21, MDAF28,
and MDAF30 amplicons, with 100% 16S rDNA sequence
similarities, produced SNR% values of 0.4-56.1% (Table S1,
Supporting Information). However, the values of SNR% of
nontarget species with assumed 16S rRNA gene identity were

observed as less than 3% cross-hybridization. Differences in
SNR% among the strains with 100% homology in the 16S
rDNA sequence could be induced by amplification of
genomes from different strains or MDA limitations which
did not result in amplification of the whole genome from a
single cell (13).
Population Dynamics of Uncultured Microorganisms
in the DCM-Dechlorinating Community. To monitor the
dynamics of the uncultured microbial community, 1 µg of
the purified community bulk DNA extracted from contaminated soil, microcosm, and enrichment cultures were labeled
and hybridized to the constructed digital MDA-GPM. For
quantitative measurements, all hybridized slides were scanned
using 650V PMT gain. No hybridization signal was observed
for the E. coli probe in any sample, and the SNR value of the
E. coli probe was used for global normalization. The
population dynamics of the uncultured microorganisms
during DCM degradation in the amended samples were
detected and quantified in the soil, microcosm, and enrichment cultures (Figure 2). The DCM-dechlorinating communities were also examined for genomic DNA of strains
that are well-characterized members of the chlorinated
ethene-dechlorinating group, such as Sulfurospirillum, Dehalobacter, Desulfuromonas, Desulfitobacterium, Dehalococcoides, Geobacter, and Clostridium groups. However, the
Dehalococcoides sp. strains, Sulfurospirillum multivorans,
Dehalobacter restrictus, Desulfitobacterium dehalogenans,
Sulfurospirillum halorespirans, Desulfitobacterium sp. Viet1,
the Clostridium bifermentans strains, MDAF39, and MDAF41
were not significantly detected during dechlorination of DCM
to methane. In contrast, the Desulfuromonas michiganensis,
Geobacter lovleyi, and Desulfuromonas chloroethenica strains
and MDAF15, MDAF31, and MDAF5 were present in small
amounts (nSNR < 5). In contrast to cultivated strains, most
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FIGURE 2. Representative fluorescence images showing GPM hybridization during DCM degradation. The contrast of each image
was automatically modulated with GenePix software to be more readily distinguishable by the eye. Quantities of microorganisms in
soil, microcosm, and enrichment samples were detected with GPMs at a PMT gain of 650 V. Each row represents the hybridization
signal observed for each probe when 1 µg of genomic DNA from the soil, microcosm, and enrichment samples was used for
hybridization. The SNRs from 12 replicates were averaged to represent the SNR for a particular probe. Normalized SNRs were
visualized by the ArrayColor program, in which yellow squares indicate lower values of normalized SNRs and red squares indicate
higher values.
of the uncultured microorganisms amplified by digital MDA
from the DCM-dechlorinating community, such as MDAF2,
MDAF12, MDAF17, MDAF21, MDAF28, and MDAF30, showed
statistically significant nSNRs (nSNR > 5), indicating that
digital MDA-GPM is a valuable technique for monitoring
uncultivated bacteria. In particular, MDAF2, which is distantly
related to the cultivated bacteria, showed the highest nSNR
value (13.8) in the microcosm phase. MDAF12, MDAF21,
MDAF28, and MDAF30, which were phylogenetically closely
related to Azospira oryzae, were present in the largest amounts
(nSNR > 10) in the enrichment phase. In the case of soil
sample, most of the MDA probes, excluding MDAF12, -21
and -30, were present in very small amounts (nSNR < 2).
Each MDA probe presented similar SNR values among
different enrichment cultures. As the enrichment proceeded,
DCM was completely dechlorinated to methane, and most
of the DCM-dechlorinating strains, with the exception of
MDAF2, quantitatively increased.
Growth Condition with Electron Donor and DCM. A
subset of the enrichment cultures containing formate and
DCM exhibited a dechlorination of DCM to methane at
approximately the same dechlorination rate as cultures
amended with lactate. However, in cultures amended with
acetate, DCM dechlorination did not occur during the same
incubation time. These cultures indicated that bacterial
6062
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growth did not occur with acetate. Genomic DNA isolated
from cultures containing DCM were labeled and hybridized
for comparison. Hybridization using genomic DNA isolated
from DCM-dechlorinating cultures amended with formate
showed a high degree of community similarity with the
DCM-dechlorinating cultures amended with lactate. In
dechlorinating cultures with formate, MDAF15 and
MDAF31 were observed at high nSNRs (nSNR > 10), and
MDAF5 and MDAF11 were not detected. MDAF5
and MDAF11 might be lactate fermenters. In culture
without DCM, MDAF14, MDAF15, MDAF17, MDAF22,
MDAF39, MDAF41, Dehalococcoides sp. strains, Sulfurospirillum multivorans, Dehalobacter restrictus, Desulfitobacterium dehalogenans, Sulfurospirillum halorespirans,
Clostridium bifermentans, and Escherichia coli were not
detected, and MDAF2 was the most enriched (Figure S5,
Supporting Information). Thus, MDAF14, MDAF15, MDAF17,
and MDAF22 were unable to grow without DCM as the
electron accepter. In enrichment cultures transferred
periodically over 40 days without DCM, the composition
of the microbial community was most similar to that
observed at the microcosm phase in the constructed
microarray slide.

Discussion
Depending on the probe characteristics, various types of
microbial ecological microarrays could be designed (8). Most
of these microarrays are based on the detection of bacterial
16S rRNA genes (12). GPM have higher specificity for species
discrimination than 16S rRNA gene-based cDNA chips or
oligomer chips for the detection of specific microorganisms
in natural environments (11). The digital MDA method
described here could completely overcome the current
greatest limitation of GPM, that is, the inability to generate
genome probes from uncultivated microorganisms. Moreover, whole genome amplification from a single cell using
digital MDA makes it possible to acquire genome sequences
from uncultivated bacteria. A comprehensive understanding
of the physiology of each organism and of their complex
biogeochemical processes infallibly required cultivation of
the bacteria to obtain pure genomes (33, 34). Thus far,
microbial ecological microarrays have identified only previously reported microorganisms since DNA microarrays are
only suitable for identification of those microorganisms in
environmental samples for which specific probes can be
designed (35). However, most environments contain an
enormous number of microorganisms not yet represented
in current rRNA gene libraries. Without this a priori knowledge of the breadth of the microbial diversity of the ecosystem
under investigation, digital MDA-GPM could be used to
monitor microbial populations in a given environmental
sample.
Fabrication of DNA microarrays from digital MDA products has other specific advantages compared to simple digital
MDA analysis on environmental samples. If we were to
perform only digital MDA, quantitative analysis of uncultured
bacteria in a certain environment would require MDA, PCR,
sequencing, and the analysis of a large number of 16S rRNA
genes. In contrast, high-throughput analysis of a number of
environmental samples harboring various uncultivated microorganisms could be easily and quantitatively monitored
by using digital MDA products used to generate microarrays.
Like digital PCR, the identification of predominant microbial
taxa with specific metabolic capabilities, which is one of the
greatest challenges in environmental microbiology, would
also be enabled by directly hybridizing multiple genes to the
digital MDA-GPM. Compared with current metagenomics,
the advantage of this technique lies in the ability to detect
metabolic genes in uncultured microorganisms directly, even
when the metabolic and phylogenetic markers are located
far apart on the chromosome (36).
Single-cell separation in digital PCR was achieved when
fewer than one-third of the chambers generated MDA
products. Assuming a Poisson distribution of cells under such
conditions, 6% of the chambers should have contained
multiple cells or cell aggregates (30). While the purity of
genome sequences obtained from digital MDA is a crucial
factor, we could not previously provide evidence that a
genome originated from a single cell (14). In this study, digital
MDA products of MDAF12, MDAF21, MDAF28, and MDAF30
showed significant cross-hybridization signals. This quality
control step for estimating the purity of a genome could only
be achieved by using genomic DNA hybridization in sensitive
DNA microarray experiments.
In this study, we have uncultured microbes from DCMdechlorinating contaminated sediments and constructed
microarrays using their genomic DNA in order to monitor
individual variation from microbes in DCM dechlorination
environments. The tool described here facilitates a comprehensive understanding of microbial ecology and could
provide a significant scientific advance in the analysis of
complex environmental microbial communities using genomes of uncultured microorganisms. MDA-GPM has

already enabled the detection, identification, quantification,
and monitoring of uncultured microorganisms from a given
environmental sample, and also it has merits such as being
inexpensive and having readily available technologies. Since
the metagenomics approach only acquired a very small part
of microbial genomes from the uncultivated, it is difficult to
obtain the phylogenetic information and a number of
functional genes simultaneously. Compared to the metagenomics, the power of our approach lies in the ability to detect
and obtain the functional genes and phylogenetic information
of uncultured microorganisms directly, even when the
metabolic and phylogenetic markers are located far apart on
the chromosome.
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