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NOTE

Evaluation of a Fosmid-Clone-Based Microarray for Comparative 
Analysis of Swine Fecal Metagenomes§

Glass slide arrayed with fosmid clone DNAs generated from 
swine feces as probes were fabricated and used as a metage-
nome microarray (MGA). MGA appeared to be specific to 
their corresponding target genomic fragments. The detection 
limit was 10 ng of genomic DNA (ca. 106 bacterial cells) in 
the presence of 1000 ng of background DNA. Linear rela-
tionships between the signal intensity and the target DNA 
(20–100 ng) were observed (r2=0.98). Application of MGA 
to the comparison of swine fecal metagenomes suggested 
that the microbial community composition of swine intestine 
could be dependent on the health state of swine. 

Keywords: microarray, fosmid clone, gut, community anal-
ysis

The intestinal microbiome of animals is composed of a di-
verse and complex community of bacteria. Because of its 
impact on physiological, developmental, nutritional, and im-
munological processes, the microbial community of animals 
markedly influences health status and performance of the 
animal (Richards et al., 2005). Thus, in order to verify the 
effect of probiotics and of other feeding materials, which 
are likely to influence the composition of the intestinal mi-
crobiome and to explain the mechanisms of their actions, it 
is essential to develop methodological strategies and useful 
tools to characterize the microbiome of animals.
  Due to the development and application of nucleic acid- 

based techniques, such as fluorescent in situ hybridization 
(Pernthaler et al., 2002; Wagner et al., 2003), terminal re-
striction fragment length polymorphism (Liu et al., 1997; 
Dunbar et al., 2001), and denaturing gradient gel electro-
phoresis (Muyzer et al., 1993; Campbell et al., 2009), culti-
vation-dependent methods are not frequently used for mi-
crobial detection. In addition, the use of these molecular 
approaches have greatly advanced our understanding of 
microbial communities in natural habitats (Amann et al., 
1995; Kim et al., 2005; Chang et al., 2008). Furthermore, com-
pared to other nucleic acid-based techniques, microarray- 
based hybridization has the advantages of high throughput 
and parallel detection of microorganisms. Various envi-
ronmental microarray formats employing oligonucleotides 
(Peplies et al., 2003; Taroncher-Oldenburg et al., 2003), 
cDNA (Musarrat and Hashsham, 2003), and whole micro-
bial genome (known as GPM or CGA) (Wu et al., 2004; Bae 
et al., 2005) as probes have been developed and evaluated for 
analysis of microbial communities in environmental samples. 
Although the 16S rRNA gene is a valuable marker for deter-
mining phylogenetic relationships among different bacteria, 
it is dependent on bias-prone PCR amplification. In addition, 
it provides poor resolution at the species level (Dahllof, 2002; 
Kakinuma et al., 2003) and insufficient sequence information 
for determining positive signals when used as a short oligo-
nucleotide probe (Small et al., 2001; Call et al., 2003; Chandler 
et al., 2003; Wang et al., 2004). Due to the low sensitivity of 
the developed DNA microarrays employing oligonucleotides 
or cDNAs as probes, these prior microarray techniques 
could be used for detection of functional genes from only 
dominant members of microbial communities or be depen-
dent on PCR amplification of conserved genes (Wu et al., 
2001; Zhou and Thompson, 2002; Zhou, 2003; Rhee et al., 
2004). CGA (GPM) is more sensitive than other probes and 
Chang et al. (2008) recently extended CGA for detection of 
uncultivated microorganisms by employing a digital multiple 
displacement amplification (MDA) technique. Thus, due to 
the extremely high diversity of microbial communities in 
environmental samples, sensitive profiling of metagenomes 
using microarray is still a great challenge. Recently, fosmid 
clone-based metagenome microarray (MGA) was developed 
and used to screen target gene-containing fosmid clones 
(Park et al., 2008). Since the fosmid clone inserts (ca. 35 kb) 
are much longer than oligonucleotide or cDNA probes and 
contain many genes, MGA could provide stronger hybrid-
ization signals and greater genetic information. In this 
study, we applied the MGA format to profile metagenomes 
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of fecal microbial communities of swine for diagnosis of 
intestinal microbial communities. 

Construction of fosmid-clone-based microarray 
Fecal samples were collected from five- to six-month old 
Yorkshire-Landrace-Duroc crossbred pigs from a livestock 
farmhouse located in South Korea, which bred more than 
1,000 heads of swine at the time of collection. Swine were 
weaned three or four weeks after birth and fed a commer-
cial maize-soybean based diet ad libitum. For this study, we 
selected four pigs for healthy and runty swine, respectively. 
The criterion for demarcating healthy and runty swine is 
based on market weight (100–110 kg) (Kim et al., 2005). 
Excreted fecal samples were immediately stored in portable 
ice coolers with dry ice on sites and carried to the lab in 2 h 
and stored at -80°C until analysis. Metagenomic DNA was 
extracted using a Power SoilTM DNA isolation kit (Mo Bio 
Laboratories, USA) as described by Rhee et al. (2004). 
  Two fosmid clone libraries were prepared with total ge-
nomic DNA extracted from fecal samples of healthy and 
runty swine, respectively, using the procedure described by 
Quaiser et al. (2002). From the libraries two hundreds fosmid 
clones were randomly selected for further study. The fosmid 
DNA was extracted from each clone after cultivation in 3 ml 
of LB containing chloramphenicol and an inducer using a 
Plasmid DNA Extraction Kit according to the manufacturer’s 
protocol (QIAGEN, Germany). The fosmid DNA samples 
were resuspended in deionized water at final concentration 
of 200–300 ng/μl. A two-fold concentrated carbonate sol-
ution [0.2 M sodium carbonate (pH 9.0) with 0.02% SDS] 
was selected as the spotting solution for the ideal size and 
quality of spot. In the 384-well microplate, the DNA samples 
were diluted 1:1 (v/v) in 2× carbonate spotting solution. 
  The fosmid DNA samples were arrayed on glass slides using 
a Micro Grid II Compact (Genomic Solutions, USA). The 
fosmid clones prepared with genomic DNA of a marine 
bacterial strain, Thioalbus denitrificans Su4 (Park et al., 2011), 
were printed and used as a position marker on the slide as 
well as a positive control probe. Genomic DNA (20 ng) of the 
strain T. denitrificans Su4 was intentionally included in the 
labeling of 1 μg of metagenome samples. In this microarray 
experiment, the term ‘probe’ was used for the fosmid clone 
arrayed (spotted) on a glass slide and the term ‘template’ 
was used for the metagenomic DNA fluorescently labeled 
and for hybridization. Each fosmid DNA set was printed in 
three replicates on a different position of the glass slide and 
the slides were subjected to post-treatment as described by 
Bae et al. (2005). 

Hybridization specificity
Specificity is one of the most critical parameters for all assay 
techniques, including microarray, which are used to track 
microorganisms in samples. The specificity of microarray 
hybridization of fosmid clone probe in MGA was already 
demonstrated using a gene or its fragment as templates for 
specific detection of genes in fosmid clones (Park et al., 
2008). In this study, the specificity was more carefully in-
vestigated because metagenomes used as templates had more 
diversity compared with single or several genes in MGA. 

To test the possibility of cross hybridization of metagenomic 
DNA to fosmid DNA probes, genomic DNAs originating 
from pure cultures [a marine bacteria strain (T. denitrificans 
Su4) and an archaeal strain (Natronomonas sp.)]were used 
as templates for hybridization (Supplementary data Fig. S1). 
Fluorescent labeling of the genomic DNA was performed 
using the BioPrime DNA Labeling kit (Invitrogen, USA) as 
described by Rhee et al. (2004). One microgram of template 
DNA was routinely used for labeling and hybridization. 
The labeled template was purified using a QIAquick PCR 
purification kit (QIAGEN), concentrated in a Speedvac for 
1 h, resuspended in 4.35 μl of deionized water, and then 
stored at -20°C. 
  The fluorescently labeled template was mixed with hy-
bridization solution: 4.35 μl of labeled DNA, 8.75 μl of for-
mamide (50%, v/v), 3× SSC (1× SSC contained 150 mM 
NaCl and 15 mM trisodium citrate), 1.25 μg of unlabeled 
herring sperm DNA (Promega, USA), and 0.3% sodium do-
decyl sulfate (SDS) in a total volume of 17.5 μl (Rhee et al., 
2004; Park et al., 2008). The hybridization was performed 
in a hybridization chamber at 42°C. Image processing of the 
microarray slides was performed using a ScanArray 4000 
Microarray Analysis system (Perkin-Elmer, USA). Each spot 
was of scanned images quantified using GenePix version 
6.0 software (Molecular devices Co., USA). The signal-to- 
noise ratio (SNR) was calculated using the following formula 
(Verdnick et al., 2002) as a basis: SNR = (signal intensity – 
background)/standard deviation of background. The SNRs 
from three replicate data sets were then averaged to represent 
the SNR for a particular fosmid clone. Since acommonly 
accepted criterion for the minimum signal (threshold) that 
can be accurately quantified is an SNR of 3 (Verdnick et al., 
2002), the spots with SNR values of >3 were used for fur-
ther analysis. For normalization, the signals were divided 
by the signal of the positive control that originated from T. 
denitrificans Su4. 
  We did not observe any significant hybridization signal 
above 3 SNR from the swine fosmid DNA probes with ge-
nomic DNAs of the pure cultures (see the image in the 
Supplementary data Fig. S1). This result was in agreement 
with the findings of a previous study, where the signal in-
tensity of fosmid clone probes obtained from marine sedi-
ments was negligible (an SNR below 0.1) when the ge-
nomic DNA of E. coli DH5α was hybridized to the probes 
(Park et al., 2008).

Sensitivity and quantification of hybridization
DNA fragments with different sizes could be spotted and 
cross-linked on a slide as microarray probes. Fosmid clones 
were arrayed for higher sensitivity in hybridization due to its 
large size compared with oligonucleotide-based or cDNA- 
based microarrays. In fecal samples, the amount of genomic 
DNA of each microorganism, which is the target of the cor-
responding probe, is dependent on the diversity of microbial 
communities. Non-target DNAs in the metagenomic DNA 
may also interfere with the hybridization of target DNA 
decreasing the detection sensitivity (Rhee et al., 2004). To 
evaluate the detection sensitivity in the presence of hetero-
geneous non-target DNAs, genomic DNA of the marine bac-
terial strain T. denitrificans Su4 in the range of 1 to 1,000 ng 
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Fig. 1. Evaluation of the detection sensitivity and quantitative potential 
of MGA-based hybridization. Quantitative relationship of MGA hybrid-
ization was examined with pure genomic DNA in the presence of hetero-
geneous background DNA. Genomic DNA of strain T. denitrificans Su4 
was serially diluted in 1× Tris-EDTA buffer. The diluted genomic DNAs 
at concentrations ranging from 1 to 1,000 ng were mixed with 1 μg of the 
negative control genomic DNA from Natronomonas sp., and labeled with 
Cy5 using a random-primer labeling method. The labeled DNAs were 
hybridized with fosmid clone probes. The quantitative relationship rep-
resentsthe hybridization signals derived from the fosmid clone probe of 
strain T. denitrificans Su4.

Fig. 2. Hierarchical cluster analysis 
of fecal metagenome relationships 
based on hybridization signal inten-
sity ratios for fosmid probes showing 
SNRs of >3. The figure was generated
using hierarchical cluster analysis and
visualized with TREEVIEW (http:// 
rana.stanford.edu/). The hybridiza-
tion signals of fecal metagenomic 
DNAs from each of the three normal 
and runty swine are shown in each 
column (NM, normal; RU, runty). 
Each row represents the hybridiza-
tion signal observed for each fosmid
clone when the fecal metagenomic 
DNA from the swine indicated be-
lowthe column was used for hybri-
dization. Red represents a significant
hybridization signal.

Table 1. Effect of DNA template concentration on representative ampli-
fication of fecal metagenomic DNA from normal swine

Parameter
Amount of fecal metagenome template

10 ng 50 ng 100 ng
Total no. of positive signalsa 44 44 44
F2.0

b 1.6 1.4 0.9
F3.0

b 0.23 0 0
a Different amounts of fecal metagenomic DNA from normal swine were amplified 
for 4 h in triplicate. Amplified metagenomic DNAs were labeled with Cy5 in tripli-
cate and hybridized with MGA.
b F2.0 and F3.0, percentages of clone probes whose hybridization ratios of amplified 
DNA to nonamplified genomic DNA are more than 2.0- and 3.0-fold, respectively.

were mixed with genomic DNA of Natronomonas sp. (used 
as non-target DNAs) and adjusted to be total 1,000 ng as 
the final template DNA before randomly labeling with Cy5. 
Hybridization signal was measurable with more than 10 ng 
of target genomic DNA, but the signal intensity was barely 
detectable at 5 ng (Fig. 1 and Supplementary data Fig. S2). 
Since the genome size of T. denitrificans is 2 Mb, 10 ng of 
genomic DNA was assumed to correspond to about 2×106 
cells. This result indicates that our microarray format could 
detect at least more than 2% of the bacterial constituents 
(2×106 cells/μg-DNA) present in fecal samples. Individual 
populations in many environmental samples generally con-
sisting of less than 10% (less than 107 cells/μg-DNA) were not 
suitable for direct detection using the 50-mer oligonucleo-
tide-based microarray, which has a detection sensitivity 
ranging from 50 to 100 ng (Rhee et al., 2004). 
  In addition, while the signal intensity was saturated at more 
than 100 ng of genomic DNA, significant correlations be-
tween the signal intensity and DNA concentrations ranging 
from 20 to 100 ng were observed (r2=0.98) (Fig. 1). Conse-
quently these results suggested that the fosmid clone-based 
hybridization in our format could be useful for quantitative 
determination. 

Amplification of metagenomic DNA 
In the microarray hybridization of environmental samples, 
the most important technical considerations include obtain-
ing a sufficient amount of high-purity DNA. It was not fea-
sible to extract at least 3 μg of metagenomic DNA directly 
from swine fecal samples for the triplicate hybridization 
experiments, which should also be pure enough for random 
primer labeling. It was recently demonstrated that meta-
genomic DNA could be amplified without suffering from 
problems associated with biases and artifacts for analysis of 
microbial communities in environmental samples by em-
ploying MDA (Hutchison et al., 2005; Raghunathan et al., 
2005). Metagenomic DNA was amplified by a MDA techni-
que using the REPLI-g® Mini kit (QIAGEN) following the 
manufacturer’s protocol. Appropriate amounts of genomic 
DNA (10 ng to 100 ng) were mixed thoroughly with 40 μl of 
reaction buffer containing random hexamers, deoxynucleo-
tides, and 1 μl of an enzyme mixture. Reactions were stopped 
by heating the mixtures at 65°C for 3 min, and the amplified 
products were quantified as described above and visualized 
on 0.8% (w/v) agarose gels.
  This approach has been used for the routine preparation 
of sufficient amounts of metagenomic DNA (>3 μg) from 
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swine fecal samples. The amplification bias was determined 
with a series of dilutions of fecal metagenome of a runty 
swine (amounts ranging from 10 ng to 100 ng). Very robust 
amplification of genomic DNA (more than 5 μg) was ob-
tained using this approach [Supplementary data Fig. S3(A)]. 
Although the detection sensitivity has been shown to be as 
low as 10 fg, there was significant problems in representa-
tiveness when the amplification of low amounts of genomic 
DNA (<10 ng) was performed (Wu et al., 2006; Park et al., 
2008). However, it was not necessary to use this low range 
of DNA concentration in this study since approximately 
100 ng of highly pure DNA could be obtained using a 
DNA extraction kit. There was no significant differences 
between the amplified metagenomic DNA from >10 ng of 
extracted DNA and the nonamplified original samples in 
microarray hybridization (Table 1) as reported by Wu et al. 
(2006). Representative amplification was also supported by 
the observation of hybridization signal ratios which were 
aligned along a line corresponding to ratios close to 1:1 for 
the the fecal metagenome of runty swine [see Supplementary 
data Fig. S3(B)].

Comparison of metagenomes between healthy and runty 
swine feces
The constructed microarray format developed in this study 
holds great promise for use as a generic metagenome profil-
ing tool and to identify differences among various metage-
nomes from swine feces. To evaluate the potential of using 
the microarray format for such applications, fecal meta-
genomic DNAs isolated from three normal and runty swines, 
respectively, were amplified and labeled with Cy5 using the 
random-primer labeling method as described above. All 
spots with SNRs of 3 were considered positive signals. Fecal 
metagenomes from runty swine were more closely clustered 
with those from other runty swine feces (Fig. 2). Images of 
differential hybridization of fecal metagenome from normal 
and runty swine are shown in Supplementary data Fig. S4. 
Some fosmid clone probes were specific for normal or run-
ty swine with P<0.05. 
  End-sequencing of those fosmid clone probes (see Supple-
mentary data Table S1) provided the following phylogenetic 
information. The pCC1TM/pEpiFOSTM Forward (5 -GGAT 
GTGCTGCAAGGCGATTAAGTTGG-3 )/Reverse (5 -CTCG 
TATGTTGTGTGGAATTGTGAGC-3 ) Sequencing Primers 
(Epicentre, USA) were used to determine both end sequences 
of a fosmid clone. The sequences obtained in this study were 
deposited in the GenBank database under the accession num-
bers JQ696876-JQ696951. The DNA sequences were com-
pared with related gene sequences in GenBank by perform-
ing BLAST (http://www.ncbi.nlm.nih.gov). End-sequence 
information of fosmid clone probes is described in Supple-
mentary data Table S1. The fosmid clone probes (No. 8, 11, 
19, 26, 45, and 49) specific for the fecal metagenomes of runty 
swine were affiliated with Butyrivibrio (Clostridia), Bacteroides 
(Bacteroidia), Ruminococcus (Clostridia), and Kineococcus 
(Actinobacteria). The fosmid clone probes (No. 2, 32, and 38) 
specific for the fecal metagenomes of normal swine were 
affiliated with Desulfovibrio (Deltaproteobacteria), Coprococcus 
(Clostridia), and Mycobacterium (Actinobacteria). Most of 
these bacteria are frequently observed in fecal samples. This 

result showed that the collection of probes specific for fecal 
metagenomes of various health states of swine and a data-
base of their hybridization profiles could be used for diag-
nosis of swine health. Even though next generation sequenc-
ing technology is widely used for microbial diagnosis, our 
microarray format still has several advantages, including cost 
and processing time, which can be completed in two days.
  In summary, the specificity, sensitivity, and quantitation of 
MGA for comparative analysis of fecal metagenomes was 
evaluated in this study. Although our results demonstrated 
that the developed microarray could potentially be used as a 
tool for comparing metagenomes of swine feces, their use-
fulness and power should be further evaluated with more 
probes and samples from swine under various physiological 
states. 

  This research was financially supported by the Ministry of 
Education, Science Technology (MEST) and National Re-
search Foundation of Korea (NRF) through the Human 
Resource Training Project for Regional Innovation (I00108) 
and Small & Medium Business Administration (S1073083), 
South Korea.

References

Amann, R.I., Ludwig, W., and Schleifer, K.H. 1995. Phylogenetic 
identification and in situ detection of individual microbial cells 
without cultivation. Microbiol. Rev. 59, 143–169.

Bae, J.W., Rhee, S.K., Park, J.R., Chung, W.H., Nam, Y.D., Lee, I., 
Kim, H., and Park, Y.H. 2005. Development and evaluation of 
genome-probing microarrays for monitoring lactic acid bacteria. 
Appl. Environ. Microbiol. 71, 8825–8835.

Call, D.R., Borucki, M.K., and Loge, F.J. 2003. Detection of bacte-
rial pathogens in environmental samples using DNA microarrays. 
J. Microbiol. Methods 53, 235–243.

Campbell, J.H., Clark, J.S., and Zak, J.C. 2009. PCR-DGGE com-
parison of bacterial community structure in fresh and archived 
soils sampled along a Chihuahuan Desert elevational gradient. 
Microb. Ecol. 57, 261–266.

Chandler, D.P., Newton, G.J., Small, J.A., and Daly, D.S. 2003. 
Sequence versus structure for the direct detection of 16S rRNA 
on planar oligonucleotide microarrays. Appl. Environ. Microbiol. 
69, 2950–2958.

Chang, H.W., Sung, Y., Kim, K.H., Nam, Y.D., Roh, S.W., Kim, 
M.S., Jeon, C.O., and Bae, J.W. 2008. Development of microbial 
genome-probing microarrays using digital multiple displacement 
amplification of uncultivated microbial single cells. Environ. 
Sci. Technol. 42, 6058–6064.

Dahllof, I. 2002. Molecular community analysis of microbial 
diversity. Curr. Opin. Biotechnol. 13, 213–217.

Dunbar, J., Ticknor, L.O., and Kuske, C.R. 2001. Phylogenetic 
specificity and reproducibility and new method for analysis of 
terminal restriction fragment profiles of 16S rRNA genes from 
bacterial communities. Appl. Environ. Microbiol. 67, 190–197.

Hutchison, C.A., Smith, H.O., Pfannkoch, C., and Venter, J.C. 
2005. Cell-free cloning using φ29 DNA polymerase. Proc. Natl. 
Acad. Sci. USA 102, 17332–17336.

Kakinuma, K., Fukushima, M., and Kawaguchi, R. 2003. Detection 
and identification of Escherichia coli, Shigella, and Salmonella by 
microarrays using the gyrB gene. Biotechnol. Bioeng. 83, 721–728.

Kim, Y.S., Kim, S.W., Weaver, M.A., and Lee, Y.C. 2005. Increasing 
the pig market weight: World trends, expected consequences and 
practical considerations. Asian-Aust. J. Anim. Sci. 18, 590–600.



688  Park et al.

Liu, W.T., Marsh, T.L., Cheng, H., and Forney, L.J. 1997. Charac-
terization of microbial diversity by determining terminal re-
striction fragment length polymorphisms of genes encoding 
16S rRNA. Appl. Environ. Microbiol. 63, 4516–4522.

Musarrat, J. and Hashsham, S.A. 2003. Customized cDNA micro-
array for expression profiling of environmentally important genes 
of Pseudomonas stutzeri strain KC. Teratog. Carcinog. Mutagen. 
Suppl 1, 283–294.

Muyzer, G., de Waal, E.C., and Uitterlinden, A.G. 1993. Profiling 
of complex microbial populations by denaturing gradient gel 
electrophoresis analysis of polymerase chain reaction-amplified 
genes coding for 16S rRNA. Appl. Environ. Microbiol. 59, 695–700.

Park, S.J., Kang, C.H., Chae, J.C., and Rhee, S.K. 2008. Metagenome 
microarray for screening of fosmid clones containing specific 
genes. FEMS Microbiol. Lett. 284, 28–34.

Park, S.J., Pham, V.H., Jung, M.Y., Kim, S.J., Kim, J.G., Roh, D.H., 
and Rhee, S.K. 2011. Thioalbus denitrificans gen. nov., sp. nov., 
a chemolithoautotrophic sulfur-oxidizing gammaproteobacte-
rium, isolated from marine sediment. Int. J. Syst. Evol. Microbiol. 
61, 2045–2051.

Peplies, J., Glockner, F.O., and Amann, R. 2003. Optimization 
strategies for DNA microarray-based detection of bacteria with 
16S rRNA-targeting oligonucleotide probes. Appl. Environ. Mic-
robiol. 69, 1397–1407.

Pernthaler, A., Pernthaler, J., and Amann, R. 2002. Fluorescence 
in situ hybridization and catalyzed reporter deposition for the 
identification of marine bacteria. Appl. Environ. Microbiol. 68, 
3094–3101.

Quaiser, A., Ochsenreiter, T., Klenk, H.P., Kletzin, A., Treusch, 
A.H., Meurer, G., Eck, J., Sensen, C.W., and Schleper, C. 2002. 
First insight into the genome of an uncultivated crenarchaeote 
from soil. Environ. Microbiol. 4, 603–611.

Raghunathan, A., Ferguson, H.R.Jr., Bornarth, C.J., Song, W., Dris-
coll, M., and Lasken, R.S. 2005. Genomic DNA amplification from 
a single bacterium. Appl. Environ. Microbiol. 71, 3342–3347.

Rhee, S.K., Liu, X., Wu, L., Chong, S.C., Wan, X., and Zhou, J. 
2004. Detection of genes involved in biodegradation and bio-
transformation in microbial communities by using 50-mer oli-
gonucleotide microarrays. Appl. Environ. Microbiol. 70, 4303–4317.

Richards, J.D., Gong, J., and de Lange, C.F.M. 2005. The gastro-

intestinal microbiota and its role in monogastric nutrition and 
health with an emphasis on pigs: Current understanding, possible 
modulations, and new technologies for ecological studies. Can. 
J. Anim. Sci. 85, 421–435.

Small, J., Call, D.R., Brockman, F.J., Straub, T.M., and Chandler, 
D.P. 2001. Direct detection of 16S rRNA in soil extracts by using 
oligonucleotide microarrays. Appl. Environ. Microbiol. 67, 4708–  
4716.

Taroncher-Oldenburg, G., Griner, E.M., Francis, C.A., and Ward, 
B.B. 2003. Oligonucleotide microarray for the study of functional 
gene diversity in the nitrogen cycle in the environment. Appl. 
Environ. Microbiol. 69, 1159–1171.

Verdnick, D., Handran, S., and Pickett, S. 2002. Key considerations 
for accurate microarray scanning and image analysis. DNA 
Press, Salem, Mass, USA.

Wagner, M., Horn, M., and Daims, H. 2003. Fluorescence in situ 
hybridisation for the identification and characterisation of pro-
karyotes. Curr. Opin. Microbiol. 6, 302–309.

Wang, D., Zhu, L., Jiang, D., Ma, X., Zhou, Y., and Cheng, J. 2004. 
Direct detection of 16S rRNA using oligonucleotide microarrays 
assisted by base stacking hybridization and tyramide signal 
amplification. J. Biochem. Biophys. Methods 59, 109–120.

Wu, L., Liu, X., Schadt, C.W., and Zhou, J. 2006. Microarray-based 
analysis of subnanogram quantities of microbial community 
DNAs by using whole-communitygenome amplification. Appl. 
Environ. Microbiol. 72, 4931–4941.

Wu, L., Thompson, D.K., Li, G., Hurt, R.A., Tiedje, J.M., and Zhou, 
J. 2001. Development and evaluation of functional gene arrays 
for detection of selected genes in the environment. Appl. 
Environ. Microbiol. 67, 5780–5790.

Wu, L., Thompson, D.K., Liu, X., Fields, M.W., Bagwell, C.E., Tiedje, 
J.M., and Zhou, J. 2004. Development and evaluation of micro-
array-based whole-genome hybridization for detection of mi-
croorganisms within the context of environmental applications. 
Environ. Sci. Technol. 38, 6775–6782.

Zhou, J. 2003. Microarrays for bacterial detection and microbial 
community analysis. Curr. Opin. Microbiol. 6, 288–294.

Zhou, J. and Thompson, D.K. 2002. Challenges in applying mi-
croarrays to environmental studies. Curr. Opin. Biotechnol. 13, 
204–207.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


