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Abstract

A critical step in the process of metagenome analysis is to screen for clones that

contain specific genes among a large number of clones. To form one of the

sequence-based screening tools of a metagenome library, we designed a format of

microarray [metagenome microarray (MGA)] that is arrayed with fosmid library

clone DNA samples on a glass slide. We evaluated the MGA using random prime

labeled fluorescent probes prepared from PCR products of the target gene and

found that we could obtain specific hybridization signals only for the fosmid clone

that contained the target gene. We found that the detection limit of the MGA was

c. 10 ngmL�1 of fosmid clone DNA, and that the MGA-based hybridization was

quantitative within a concentration range of 10–200 ng mL�1 of fosmid clone DNA.

We used the MGA successfully to identify two fosmid clones that contained 16S

rRNA genes from a fosmid library from the sediment of the East Sea, Korea.

In conclusion, we have demonstrated that the MGA can be used for screening

for fosmid clones containing specific genes in a metagenome library, and that

this technology has potential application as a high-throughput metagenome

screening tool.

Introduction

Metagenomics is a new and rapidly developing field, and

metagenomic techniques are used in an attempt to analyze

the complex genomes contained within the microbial com-

munity (Kowalchuk et al., 2007; Schmeisser et al., 2007). One

general approach of metagenomics begins with the prepara-

tion of a library of clones that contain large inserts, which are

obtained from microbial communities. Fosmid libraries con-

taining inserts that comprise fragments of environmental

genomes that are c. 35 kb in size have been constructed for

many microbial communities (Quaiser et al., 2002; Grzymski

et al., 2006; Hallam et al., 2006b). Novel biocatalysts and

metabolites have been obtained from metagenome libraries

(Williamson et al., 2005; Kim et al., 2007; van Hellemond

et al., 2007). When clones that contain phylogenetic genes

such as the 16S rRNA gene, are retrieved, the DNA sequence

information surrounding these genes provides access to the

genomes of uncultivated microorganisms and can provide

clues to the physiology of such microorganisms (Treusch

et al., 2005; Hallam et al., 2006a, b).

A critical step of metagenome analysis is to screen for

clones that contain target genes among a large number of

clones. There are two different approaches to screening for

target gene-containing clones: activity- and sequence-based

screening. In the case of activity-based screening, several

hundred thousand clones may need to be analyzed in a

single screen in order to detect a few functionally active

clones (Henne et al., 2000; Majernik et al., 2001; van

Hellemond et al., 2007). This is mainly due to a lack of

efficient expression of the metagenome-derived genes in the

host strains used. Furthermore, in activity-based screening,

it is necessary to develop specialized screening systems to

detect the activity of the products of the gene of interest. On

the other hand, the application of the sequence-based

approach involves the design of PCR primers or hybridiza-

tion probes for the target genes that are derived from

conserved regions of known gene families (Kim et al., 2007;

Roh et al., 2007). In general, labor-intensive analyses of

individual clones or pools of clones within the library are

often required for both activity-based and sequence-based

screening procedures.
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The microarray is a powerful genomic technology that is

used widely to study biological processes. Microarray tech-

nology has been used successfully to analyze global gene

expression in pure cultures of microorganisms (Richmond

et al., 1999; Ye et al., 2000; Liu et al., 2003). It has generated

tremendous interest among environmental microbiologists

and microbial ecologists because of its ability to achieve a

high throughput. Therefore, various types of DNA micro-

array have been applied to study the microbial diversity of

various environments. Various types of DNA microarray can

be classified according to the nature of the DNA arrayed on

the slide, for example, oligonucleotide comprising 20–70 bp

(Bodrossy et al., 2003; Ward et al., 2007), cDNA (PCR-

amplified DNA fragments) (Wu et al., 2004), and whole-

genome DNA (Bae et al., 2005). One of the most promising

sequence-based approaches for identifying clones that con-

tain target genes within metagenome libraries is the use of

DNA-microarray technology. The use of microarrays to

profile metagenome libraries offers an effective approach

for characterizing many clones rapidly (Sebat et al., 2003).

In this study, we designed a novel format of microarray in

which a fosmid library obtained from marine sediment was

arrayed on a glass slide. This format is referred to as a

metagenome microarray (MGA). In the MGA format, the

‘probe’ and ‘target’ concept is a reversal of those of general

cDNA and oligonucleotide microarrays: targets (fosmid

clones) were spotted on a slide and a specific gene probe

was labeled and used for hybridization (Fig. 1). We evalu-

ated the conditions and performance of the MGA as a tool

for the screening of target gene-containing fosmid clones.

This format of microarray may offer an effective approach

for identifying clones from metagenome libraries rapidly.

Because the library is maintained on a slide, it is not

necessary to repeat laborious procedures for screening

various target genes. We propose that the MGA may be used

as an alternative or a complementary technique to current

metagenome-screening technologies.

Materials and methods

Construction of a fosmid library from marine
sediment

Marine sediments were collected from a coastal site

(1281350E, 381200N, 650 m) of the East Sea, Korea, during

July 2005, using a core sampler. Each core sample was placed

in a sterile plastic tube using alcohol-sterilized spatulas. The

samples were stored at � 80 1C until analysis. Metagenomic

DNA was prepared from the marine sediment using a

procedure derived from that of Quaiser et al. (2002).

The fosmid library was constructed using a CopyCon-

trolTM Fosmid Library Production Kit (Epicentre, Madison,

WI) according to the manufacturer’s protocol. Briefly,

purified DNA (0.5mg) was treated enzymatically to end-

repair the blunt ends, and was then ligated into the fosmid

vector pCC1FOS (Epicentre). After in vitro packaging into

lambda phages and infection of Escherichia coli EPI300-T1R,

the bacterial cells were plated on Luria–Bertani (LB) that

contained 12.5 mg mL�1 chloramphenicol. The plates were

incubated at 37 1C for 24 h before the selection of colonies.

Transfected E. coli colonies were transferred to 96-well plates

that contained 150 mL of chloramphenicol-containing LB

medium and were incubated at 37 1C for 24 h.

Extraction of fosmid clone DNA from 96-well
plate cultures

Each clone on the library plate was transferred to a deep 96-

well plate (Nalgene, Rochester, NY) and incubated in a

shaking incubator at 180 r.p.m. and 37 1C in the presence of

chloramphenicol and an inducer, which was supplied by the

Metagenomic DNA
from Environmental

Samples

Cultivation of metagenome
clones in 96-well plates

Construction of metagenome
(fosmid) library

Microarray hybridization

Extraction of
fosmid clone DNA

Target fosmid clones Construction of MGA

Fluorescently-labeled
specific gene probe

Arrayed fosmid clone DNA
on a slide

Fig. 1. Schematic diagram of the construction

of the MGA and screening of target metagen-

ome clones using the MGA.
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manufacturer (Epicentre). Cells were harvested and the

fosmid DNA was extracted using a Perfectprep Plasmid

96 Vac DB kit according to the manufacturer’s protocol

(Eppendorf, Germany). The fosmid DNA samples were

resuspended in deionized water to yeild a final concentra-

tion of 40 ng mL�1.

For the evaluation experiment, larger amounts of fosmid

DNA (200 ng mL�1) were obtained using conical tube (SPL

Life Science, Korea) cultures containing 10 mL of LB con-

taining chloramphenicol and an inducer. Each clone was

inoculated into a conical tube and incubated in a gyratory

shaker at 180 r.p.m. and 37 1C. Cells at the exponential phase

were harvested rapidly. The fosmid DNA was extracted using

a FosmidMAXTM DNA Purification Kit (Epicentre).

Construction of the MGA using fosmid clone
DNA

Ten microliters of each fosmid DNA in the 96-well plate was

transferred to a 384-well microplate. In the 384-well micro-

plate, the DNA samples were diluted 1 : 1 (v/v) in 40%

dimethyl sulfoxide (Sigma-Aldrich, St Louis, MO). The

fosmid DNA samples were arrayed using a Micro Grid II

Compact (Genomic Solutions, Hudson, NH). Each fosmid

DNA set was printed in four replicates on a different part of

the glass slide. The slides were subjected to posttreatment as

described by Bae et al. (2005). The PCR product of the 16S

rRNA gene amplified from the genomic DNA that was

obtained from the marine sediment was printed and used

as a positive control as well as a position marker on the slide.

For the evaluation experiment, 200 ng mL�1 aliquots of

fosmid clone DNA obtained from conical tube (SPL Life

Science) cultures were diluted appropriately before printing

onto slides. Ten randomly selected fosmid DNAs were

printed and used as negative controls.

Fluorescent labeling of probe

In the MGA experiment, we used the terms ‘probe’ for the

fluorescence-labeled DNA used for hybridization, ‘library

pool’ for the fosmid clones arrayed (spotted) on a glass slide,

and ‘target’ for the clone of the library pool that contained

the specific gene that corresponded to the probe. For the

evaluation experiments, the gene, UDP-N-acetylglucosa-

mine pyrophosphorylase (EU159413), which was obtained

by end sequencing of a fosmid clone, was amplified using

gene-specific primers (F164: 50-ACGATCAGTCGGGAGGG

AGA-30, R280: 50-AGGCACTCGCATGAAATCGC-30, R717:

50-GTATTGCCGTGGACTTGGATC-30) and used for the

preparation of the fluorescent probe. PCR products of two

different lengths (100 and 550 bp) were amplified using the

F164-R280 and F164-R717 primer pairs, respectively. The

PCR amplification conditions were as follows: 95 1C for

2 min for one cycle; 94 1C for 1 min, 53 1C for 30 s, and 72 1C

for 30 s for 30 cycles; and then 72 1C for 5 min for one cycle.

The PCR product was purified using a QIAquick PCR

purification kit (Qiagen, Germany). The labeling of 100 or

500 ng PCR product was performed using the BioPrime

DNA Labeling kit (Invitrogen, Carlsbad, CA), as described

by Rhee et al. (2004). The labeled probe was purified using a

QIAquick PCR purification kit (Qiagen), concentrated in a

Speedvac for 1 h, and then resuspended in 4.35 mL of

deionized water and stored at � 20 1C. In the experiment

that involved application of the MGA, the 16S rRNA gene

was amplified from the genomic DNA of the marine

sediment using the 27F and 1492R primer pair, as described

by Park et al. (2006). The PCR product was labeled as

described above and used for screening of 16S rRNA gene-

containing fosmid clones using MGA.

Hybridization

The fluorescence-labeled probe was mixed with a hybridiza-

tion solution. The microarray hybridization solution con-

tained 4.35mL of labeled DNA, 8.75mL of formamide (50%,

v/v), 3� SSC (1� SSC contained 150 mM NaCl and 15 mM

trisodium citrate), 1.25mg of unlabeled herring sperm DNA

(Promega, Madison, WI), and 0.3% sodium dodecyl sulfate

(SDS) in a total volume of 17.5mL. A reduced volume

(7.5mL) of the hybridization mixture was boiled for 5 min

for probe denaturation, and was then deposited directly onto

the slides and covered with a coverslip (10 mm� 15 mm;

Sigma-Aldrich). Fifteen microliters of 3� SSC was dispensed

into the hydration wells on either side of a hybridization

chamber (Corning Inc., Corning, NY). The hybridization

solution was not kept below the hybridization temperature

(50 1C) until it was washed to prevent cross-hybridization.

The hybridization chamber was plunged into a 50 1C water

bath immediately for overnight hybridization (Rhee et al.,

2004). After hybridization, the time that the slide remained at

room temperature was minimized in order to prevent cross-

hybridization. Each microarray slide was taken out, and the

coverslip was immediately removed in wash solution 1

(1� SSC and 0.2% SDS). The 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 ambient

temperature before being dried. The slides were dried using

centrifugation as described by Rhee et al. (2004).

Image processing and data analysis

The microarrays were scanned using a ScanArray 4000

Microarray Analysis system (Perkin-Elmer, Wellesley, MA)

at a resolution of 10mm. The laser power and PMT gain

were adjusted to avoid saturation of target spots. The

scanned images were saved as 16-bit TIFF files. Each spot

was quantified using GENEPIX version 6.0 software (Molecular

devices Co., Downingtown, PA). The data were analyzed as
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described by Rhee et al. (2004). The signal-to-noise ratio

(SNR) was calculated using the following formula (Verdnick

et al., 2002) as a basis: SNR = (signal intensity–background)/

SD of background. The SNR was used as the hybridization

signal intensity. In the formula, the background measure-

ment refers to the local spot background intensity, and the

SD of the background was calculated by the GENEPIX version

6.0 software (Molecular devices Co.). The SNRs from four

replicate data sets were then averaged to represent the SNR

for a particular fosmid clone.

Cloning of the 16S rRNA gene and phylogenetic
analysis

The PCR products of the 16S rRNA gene (1.5 kb) obtained

from candidate target clones using the 27F and 1492R

primer set were ligated into the T&A Cloning Vector (Real

Biotech Co., Taiwan) and transformed into E. coli DH5a
cells according to the manufacturer’s instructions. Plasmid

DNAs containing a 1.5-kb insert were prepared using the

Plasmid Mini prep kit (Solgent Inc., Korea) according to the

manufacturer’s instructions and were used as a template in

the sequencing reactions, as described by Park et al. (2006).

Two partial 16S rRNA gene sequences determined in this

study were deposited in the GenBank database under the

accession numbers EU088099 and EU088100. The DNA

sequences obtained were submitted to BLAST (http://

www.ncbi.nlm.nih.gov) to identify related 16S rRNA gene

sequences in GenBank. Multiple alignments, calculation of

the evolutionary distances, and construction of a phyloge-

netic tree were performed as described by Park et al. (2006).

Results and discussion

Specificity of MGA hybridization

Specificity is one of the most critical parameters for all assay

techniques, including microarray techniques that are used to

detect and monitor genetic markers in environmental

samples. To study the specificity of MGA hybridization,

hybridization probes of two different lengths (100 and

550 bp) were prepared from the gene of a fosmid clone that

encodes UDP-N-acetylglucosamine pyrophosphorylase

(EU159413). We observed that the hybridization signal was

obtained only for the fosmid clone that contained the target

gene corresponding to the labeled probe. The length and

concentration of the probe were proportional to the signal

intensity of the target clone (Fig. 2). An increase of probe

concentration from 100 to 500 ng caused a 1.6-fold and a

2.0-fold increase in signal intensity for the 100- and 550-bp

probes, respectively. An increase of the length of the probe

from 100 to 550 bp caused a 2.2-fold and a 2.7-fold increase

in signal intensity for probe concentrations of 100 and

500 ng, respectively. A weak hybridization signal, with an

SNR of o 3.0, was observed with all negative-control spots

from the fosmid clones. The signal intensity obtained

from spots of genomic DNA from E. coli DH5a was

negligible (an SNR below 0.1).

Sensitivity and quantification of the MGA
hybridization

Detection sensitivity is an important factor in the use of this

technique because the preparation of a large amount of

fosmid DNA for fabrication of the MGA from cultures in

96-deep-well plates is not feasible. The detection sensitivity

of MGA hybridization was analyzed by probing fosmid

DNAs containing target genes that had been serially diluted

in distilled-deionized water (200–5 ng mL�1) and arrayed on

the slide. When the probe prepared from 500 ng of the 100-

or 550-bp PCR product was used, the hybridization signal

was measurable (SNR4 3) with more than 10 ng mL�1 of

target fosmid DNA, but the signal intensity was barely

detectable at 5 ngmL�1 (Fig. 3). It is considered that the

effect of fosmid clone size on hybridization is ignorable

because the size range of fosmid clones (36� 3 kb) is quite

narrow.

The commonly accepted criterion for the minimum

signal (threshold) intensity that can be accurately quantified

is an SNR of 3 (Verdnick et al., 2002). Therefore, the

detection limit of target fosmid DNA in the MGA must be

at least 10 ngmL�1 using randomly labeled fluorescent

probes prepared from PCR products. Because we can extract

c. 40–50 ngmL�1 of fosmid DNA from each well of
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Fig. 2. Result of analysis of the hybridization specificity of the MGA.

Combinations of two different lengths and concentrations of PCR

product were used for the preparation of fluorescent hybridization

probes. Fosmid DNA and Escherichia coli genomic DNA of 50 ng mL�1

were arrayed on a glass slide.
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a 96-deep-well plate culture, we assume that the MGA could

be used successfully to screen target gene-containing fosmid

clones under our experimental conditions. Reliable linear

relationships were also observed for signal intensity and

concentrations of target fosmid clone DNA that ranged from

5 to 200 ngmL�1 (R2 = 0.98 and 0.96 for probes prepared

from 100- and 550-bp PCR products, respectively) (Fig. 3).

These results indicate that the MGA-based hybridization is

quantitative for the detection of specific gene-containing

fosmid clones within a wide range of fosmid DNA concen-

trations.

Application of the MGA for screening of 16S
rRNA gene-containing clones in a metagenome
library obtained from marine sediment

The sensitivity and specificity experiments indicated that the

format of the MGA described herein has the potential to be

used as a screening tool for specific gene-containing clones.

We prepared a small-scale MGA using the fosmid library

from sediment obtained from the East Sea of Korea, and

tested the potential of the MGA in this application. We

extracted each fosmid DNA using four 96-deep-well plate

cultures, which corresponds to about 13 Mb of metagenome

(36 kb� 380 clones), and arrayed them on a microarray

slide. In this test, we attempted to screen for fosmid clones

containing the 16S rRNA gene. The PCR product of the 16S

rRNA gene from the metagenomic DNA of the East Sea

sediment was labeled and used as a hybridization probe.

After hybridization, we observed two putative positive spots

(2F8, 4D5) (Fig. 4a) with an average signal intensity for all

four replicates on the microarray of 23.2� 2.5 and

20.4� 1.8, respectively (Fig. 4b). All other, negative, spots

had SNR values of less than 3.

Comparative 16S rRNA gene sequence study showed that

the 16S rRNA genes of the fosmid clones clearly belonged to

the Roseobacter clade of Alphaproteobacteria, which com-

prise a large marine group inhabiting various oligotrophic

marine environments (Allgaier et al., 2003). The 16S rRNA

gene sequences between two clones, 2F8 and 4D5, exhibited

97.9% similarity and both genes were most closely related to
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Fig. 3. Relationship of the hybridization signal intensity with the con-

centration of fosmid DNA arrayed on the slide. A PCR product of (�)

500 ng of 100 bp or (�) 500 ng of 550 bp was used for preparation of a

fluorescence-labeled probe.
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overlapped onto the fluorescent image using GENEPIX version 6.0 software to aid identification of arrayed spots. Arrows indicate the position of spots of

candidate 16S rRNA gene-containing clones. The PCR product of the 16S rRNA gene (50 ng mL�1) amplified from the genomic DNA that was obtained
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those of Sulfitobacter isolates from diverse marine habitats

(Fig. 5). Screening of fosmid clones that contain the

bacterial 16S rRNA genes using general PCR amplification

of the 16S rRNA gene might lead to a false-positive

identification because of the biased PCR amplification of

16S rRNA genes from trace amounts of contaminating host

genomic DNA, as shown by Rondon et al. (2000). The

quantitative nature of microarray could provide another

advantage of hybridization-based screening using MGA over

PCR-based screening.

In conclusion, we have evaluated the specificity, sensitiv-

ity, and quantitation of the MGA and demonstrated that this

type of microarray can be used successfully to screen for

fosmid clones containing specific genes in a metagenome

library. Our results suggest that MGA has potential applica-

tion as a sequence (hybridization)-based high-throughput

metagenome screening tool.
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