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To effectively monitor biodegrading populations, a comprehensive 50-mer-based oligonucleotide microarray
was developed based on most of the 2,402 known genes and pathways involved in biodegradation and metal
resistance. This array contained 1,662 unique and group-specific probes with <85% similarity to their non-
target sequences. Based on artificial probes, our results showed that under hybridization conditions of 50°C
and 50% formamide, the 50-mer microarray hybridization can differentiate sequences having <88% similarity.
Specificity tests with representative pure cultures indicated that the designed probes on the arrays appeared
to be specific to their corresponding target genes. The detection limit was ~5 to 10 ng of genomic DNA in the
absence of background DNA and 50 to 100 ng of pure-culture genomic DNA in the presence of background DNA
or 1.3 x 107 cells in the presence of background RNA. Strong linear relationships between the signal intensity
and the target DNA and RNA were observed (7 = 0.95 to 0.99). Application of this type of microarray to
analyze naphthalene-amended enrichment and soil microcosms demonstrated that microflora changed differ-
ently depending on the incubation conditions. While the naphthalene-degrading genes from Rhodococcus-type
microorganisms were dominant in naphthalene-degrading enrichments, the genes involved in naphthalene
(and polyaromatic hydrocarbon and nitrotoluene) degradation from gram-negative microorganisms, such as
Ralstonia, Comamonas, and Burkholderia, were most abundant in the soil microcosms. In contrast to general
conceptions, naphthalene-degrading genes from Pseudomonas were not detected, although Pseudomonas is
widely known as a model microorganism for studying naphthalene degradation. The real-time PCR analysis
with four representative genes showed that the microarray-based quantification was very consistent with
real-time PCR (7 = 0.74). In addition, application of the arrays to both polyaromatic-hydrocarbon- and
benzene-toluene-ethylbenzene-xylene-contaminated and uncontaminated soils indicated that the developed
microarrays appeared to be useful for profiling differences in microbial community structures. Our results
indicate that this technology has potential as a specific, sensitive, and quantitative tool in revealing a
comprehensive picture of the compositions of biodegradation genes and the microbial community in contam-

inated environments, although more work is needed to improve detection sensitivity.

The transformation of environmental contaminants is a
complex process that is influenced by the nature and amount of
the contaminant present, the structure and dynamics of the
indigenous microbial community, and the interplay of geo-
chemical and biological factors at contaminated sites (1, 14, 26,
36). A better understanding of the processes inherent in nat-
ural bioremediation requires, in part, a better understanding of
microbial ecology. However, conventional molecular methods
(PCR-based technologies, such as gene cloning, terminal-re-
striction fragment length polymorphism, denaturing gradient
gel electrophoresis, and in situ hybridization) for assessing
microbial community structure and activities are labor-inten-
sive. Rapid, quantitative, and cost-effective tools that can be
operated in field scale heterogeneous environments are
needed for measuring and evaluating bioremediation strate-
gies and endpoints.

The microarray is a powerful genomic technology that is
widely used to study biological processes. Although microarray
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technology has been used successfully to analyze global gene
expression in pure cultures (8, 30, 32, 39, 41, 45, 52, 55),
adapting microarray hybridization for use in environmental
studies presents great challenges in terms of specificity, sensi-
tivity, and quantitation (56, 58). Although microarray-based
genomic technology has attracted tremendous interest among
microbial ecologists, it has only recently been extended to
study microbial communities in the environment (6, 17, 33, 42,
46, 47, 48, 53).

Based on the types of probes arrayed, microarrays used in
environmental studies can be divided into three major classes
(56, 58): functional gene arrays (FGAs), community genome
arrays (CGAs), and phylogenetic oligonucleotide arrays. FGAs
contain probes corresponding to genes encoding key enzymes
involved in various ecological and environmental processes,
such as carbon fixation, nitrification, denitrification, sulfate
reduction, and contaminant degradation. Both PCR-amplified
DNA fragments (53) and oligonucleotides derived from func-
tional genes can be used to fabricate FGAs. To avoid confu-
sion, the former are referred to as PCR product-based FGAs,
whereas the latter are referred to as oligonucleotide-based
FGAs. These types of arrays are useful in studying the physi-
ological status and functional activities of microbial communi-
ties in natural environments (58). CGAs are constructed using
whole genomic DNA isolated from pure-culture microorgan-
isms and can be used to describe a microbial community in
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terms of its cultivable component (56). Phylogenetic oligonu-
cleotide arrays are constructed with short synthetic oligonucle-
otides from rRNA genes and can be used for phylogenetic
analyses of microbial-community composition and structure in
environmental samples.

To construct FGAs containing large DNA fragments, the
probes used for microarray fabrication are generally amplified
by PCR from environmental clones or from pure genomic
DNA. However, obtaining all the diverse environmental clones
and bacterial strains from various sources as templates for
amplification is a big challenge. Constructing comprehensive
microarrays is also very difficult. Due to their high specificity
and ease of construction, oligonucleotide-based microarrays
are an important array-based approach for microbial ecology.
However, although it holds great promise for environmental
studies, this type of microarray has not been rigorously tested
and validated within the context of environmental applications.
In this study, for monitoring biodegradation potential and ac-
tivity, we developed comprehensive 50-mer oligonucleotide
microarrays containing 1,657 probes from all 2,402 known
genes involved in biodegradation and metal resistance. Our
results demonstrated that the 50-mer microarrays developed
offer a new rapid, powerful, high-throughput tool for monitor-
ing bioremediation potential and functional activity.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and soil samples. Pseudomonas putida
Gpol (y-proteobacterium; aerobic alkane degrader) and Thauera aromatica
K-172 (B-proteobacterium; anaerobic toluene, phenol, and benzoate degrader)
used in this study were obtained from the American Type Culture Collection and
the German Collection of Microorganisms and Cell Cultures, respectively.
P. putida PpG7 (y-proteobacterium; aerobic naphthalene degrader) was a gift of
C. O. Jeon of Cornell University. These strains were grown in M1 minimal
medium (hereafter referred to as M1) (35) supplemented with the appropriate
carbon source (e.g., 10 mM naphthalene), which was added using 1 M diethyl
ether. After evaporation of the diethyl ether for 2 h in a fume hood, the cells
were seeded and incubated under the appropriate conditions. Shewanella onei-
densis MR-1 (y-proteobacterium; metal-reducing bacterium) was available in our
laboratory (45) and was grown in Luria-Bertani broth. In all experiments, both
P. putida and S. oneidensis were grown aerobically at 25°C with shaking at 200
rpm. T. aromatica K-172 was grown under denitrifying conditions using 10 mM
nitrate as described by Breese et al. (4). Cells in the exponential phase were
quickly harvested and frozen at —80°C for the extraction of DNA and RNA. Ge-
nomic DNA of Rhodopseudomonas palustris (a-proteobacterium; anaerobic tol-
uene, phenol, and benzoate degrader) was a gift of C. S. Harwood (University of
Towa).

Four soils, three of which were contaminated, were used to evaluate the
performance of the developed oligonucleotide microarray. The TFD site was
located in Mercer County, N.J., where a steel and fiber drum-reconditioning
facility operated from 1965 to 1985 (21). The soil sample contained 27.5 mg of
background polyaromaric hydrocarbons (PAHs) and various kinds of heavy
metals/kg of soil. The PCT18 site was officially established in 1980 in Morris
County, N.J., and currently serves as a munitions and weapons research and
development installation. PCT18 soil contained 3.3 mg of PAHs/kg of soil. The
IDT site was owned by the Indiana Department of Transportation, and ~20
years ago, paints and various kinds of solvents were dumped at the site. The soil
sample from IDT was from the subsurface (1 m below the surface) and contained
3.0 mg of benzene, toluene, ethylbenzene, and xylene (BTEX), 17 mg of Pb, and
6.3 mg of Cr/kg of soil. This soil sample was kindly provided by A. Konopka
(Purdue University). A forest soil (OR) sample (<1 mg of PAHs/kg of soil) was
collected from the free-air carbon dioxide enrichment site at Oak Ridge National
Laboratory, Oak Ridge, Tenn., and was used as an uncontaminated control.
Three soil samples were collected from each site and mixed to make composite
samples. All soil samples collected were stored at —70°C prior to use.

Establishment of enrichment cultures and microcosms. One gram of TFD soil
was added to 50 ml of M1 supplemented with 5 mM naphthalene in sealed shake
flasks. After 2 weeks of incubation at 30°C, 1% (vol/vol) of each culture was
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transferred to fresh M1 supplemented with 5 mM naphthalene and incubated
under the same conditions. Similarly, 1 g of TFD soil was added to 50 ml of M1
supplemented with 10 mM pyruvate to establish a control enrichment. The cells
were harvested by centrifugation (4,000 X g for 10 min at 4°C) in the middle of
the growth phase, frozen quickly, and stored at —70°C before simultaneous
extraction of RNA and DNA.

Three different soil microcosms were established using 10 g of TFD soil in a
150-ml capped serum bottle with three replicates for each microcosm. The
control contained no naphthalene vapor, one microcosm contained naphthalene
vapor, and one microcosm contained naphthalene but used sterilized TFD soil.
To provide naphthalene vapor, naphthalene particles (0.1 g) were spiked before
incubation. The serum bottle was incubated in a static condition at 30°C. After
2 weeks of incubation, naphthalene consumption and bacterial numbers in the
microcosm were measured (see below), and 5 g of microcosm soil was collected
for DNA extraction.

To measure naphthalene concentrations, 10 ml of hexane-butanol (9:1) was
added to each microcosm and shaken overnight (52). After the soil settled, 5 pl
of the organic phase was analyzed using a Hewlett-Packard model 5890 series 11
gas chromatograph equipped with a 5% phenyl methyl silicone fused silica
column (H-P5). The injector and detector temperatures were maintained at 250
and 300°C, respectively. The temperature profile for gas chromatography anal-
ysis was 100°C for 1 min, followed by an increase of 10°C/min to 220°C. The total
number of bacteria was determined using acridine orange fluorescent direct
counting as described by Kirchman et al. (24). One gram of soil was shaken in 10
ml of saline solution (0.85% NaCl) for 2 h. After the soil settled, the supernatant
was filtered using a 1.2-um-pore-size filter (Acrodisc; German Laboratory) to
remove soil particles. The filtrate was stained using 0.05% acridine orange (final
concentration, 0.005%) for 5 min and filtered using a Nuclepore polycarbonate
filter (0.2-wm pore size). The stained cells on the filter were examined by
microscopy.

Nucleic acid extraction and quantification. Genomic DNA was extracted using
a Wizard Genomic DNA Purification kit (Promega, Madison, Wis.). Total RNA
was extracted using TRIzol LS reagent (Life Technology, Gaithersburg, Md.)
and purified with an RNeasy kit (Qiagen, Valencia, Calif.).

DNA and RNA from the naphthalene-degrading enrichment culture were
extracted and purified simultaneously as previously described (22). RNA was
separated from DNA and purified using a Qiagen RNA/DNA minikit. The bulk
community DNA from the soil microcosms was extracted by using an UltraClean
Soil DNA Mega Prep kit (Mo Bio Laboratories, Solana Beach, Calif.) with the
following modification. Frozen soil samples (5 g) were ground with a mortar and
pestle in the presence of sterile sand and liquid nitrogen (22, 57). The ground soil
was added to the bead solution tube and processed for DNA extraction according
to the manufacturer’s protocol. The extracted DNA was concentrated and fur-
ther purified using a Wizard Genomic DNA Purification kit following the man-
ufacturer’s protocol with the exception that the soil DNA was mixed with resin
and allowed to sit for >30 min instead of 1 min.

DNA extracted from the microbial community was quantified by fluorometry
using a SPECTRAmax fluorometer (Molecular Devices, Sunnyvale, Calif.). The
fluorometer was calibrated with pure herring sperm DNA (Invitrogen, Carlsbad,
Calif.). The DNA concentrations were determined in triplicate. The quality of
RNA extracted from the enrichment culture was checked using agarose gel
electrophoresis. Intactness of 16S and 28S rRNA bands on the gel was used as
the indicator of RNA quality. DNA and RNA purified from pure culture were
quantified using a spectrophotometer (Nanodrop Technologies, Rockland, Del.).

Oligonucleotide probe (50-mer) design. The oligonucleotide-based microarray
for detecting bioremediation activity contained probes from various groups of
genes involved in organic contaminant degradation and metal resistance. The
University of Minnesota Biocatalysis/Biodegradation Database (http://umbbd
.ahc.umn.edu/) was used to identify the degradation pathways of known pollut-
ants and their metabolites. The names of the pollutants known to be in the soil
and their metabolites were used as keywords for identifying appropriate genes in
the GenBank database (September 2002) through the National Center for Bio-
technology Information website (http://www.ncbi.nlm.nih.gov/). The gene iden-
tification (gi) numbers for the genes of interest were retrieved and used for
automatically downloading gene sequences. The gene sequences of toluene mon-
oxygenases from various toluene degraders in our laboratory were also included.
Altogether, 2,402 sequences from eight functional groups involved in organic-
contaminant degradation and metal resistance were collected (Table 1).

The 50-mer oligonucleotide probes were designed using the software PRIME-
GENS (54) with modified parameters. To design 50-mer oligonucleotide probes,
each individual gene sequence was compared against the entire downloaded
sequence database using pairwise BLAST and aligned with the other sequences
using dynamic programming. Based on these global optimal alignments, seg-
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TABLE 1. Summary of probes designed

Chemical Biodegradation Target No. of Total no. Representativ'e senes for No. (.)f genes Avg' (rg nge)
lass type chemical® genes of propes overall d1\{er51ty for 51mlle_1r1ty of similarity
¢ synthesized evaluation calculation (%)

Organic Aerobic degradation Monoaromatic compounds” 697 542 Phenol hydroxylase 58 70 (30-85)
Polyaromatic compounds” 285 212 Naphthalene dioxygenase 17 51(31-94)
Biphenyl” 125 76 Biphenyl dioxygenase 49 34 (21-93)
Catechol and its derivatives 669 417 Catechol dioxygenase 71 45 (25-94)
Aliphatic compounds 218 131 Alkane monoxygenase 18 34 (21-83)

Anaerobic degradation =~ Monoaromatic compounds 120 99 NA“
Metal Heavy metal reduction 153 120 Arsenate reductase 32 31 (18-86)
Heavy metal export 135 73 Cadmium-transporting ATPase 18 32 (22-74)

Total 2,402 1,662 NA

“ Monoaromatic compounds: benzene, toluene, xylene, phenol, halophenol, phthalate, cymene, halobenzoate, 2,4-D,2,4,5-T, hydroxyphenolpropionate, cyclohexanol,
hydroxybenzoate, nitrotoluene, hydroxyacetophenone, cyclohexane, alkylbenzene, aniline, anthranilate, styrene, gentisate, salicylate, and nitrobenzene. Polyaromatic
compounds: naphthalene, phenanthrene, pyrene, dibenzothiophene, and dioxin carbazole. Biphenyl: polychlorinated biphenyl, biphenyl, aminobiphenyl, and trihy-
droxybiphenyl. Aliphatic compounds: alkane, haloalkane, alkene, haloethylene, methane acetone, nitrile, chloroacrylic acid, hanomethane, haloacid, and parathion.

® Genes involved only in the transformation of aromatic compounds to catechol and its derivatives.

¢ NA, not available.

ments of 50-mer with <85% nucleotide identity to the corresponding aligned
regions of any of BLAST hit sequences were selected as potential probes. In this
process, we considered stretches of matches between aligned regions. Probes
with >15-bp matching stretches were removed from the potential probes (23).
Among the identified potential probes, one was finally selected by considering
melting temperature and self-complementarity. About 10% of the probes se-
lected were searched against the GenBank database and proved to be unique in
the database.

In summary, a total of 1,662 oligonucleotide probes were designed. The in-
formation on the probe sequences, control probes, melting temperatures, organ-
isms of origin, and gene functions can be found at our website (http://www.esd
.ornl.gov/facilities/genomics/index.html).

Microarray construction and postprocessing. The designed oligonucleotide
probes were synthesized without modification by MWG Biotech, Inc. (High
Point, N.C.), in 96-well plate format. The oligonucleotides were diluted to a final
concentration of 50 pmol ul™' in 50% dimethyl sulfoxide (Sigma, St. Louis,
Mo.). Ten microliters of each probe was transferred to a 384-well microplate for
printing. The probes were arrayed with eight pins (Chipmaker 3; Telechem
International, Inc., Sunnyvale, Calif.) at a spacing of 250 wm onto 25- by 75-mm
Superamine glass slides (Telechem International, Inc.) using a PixSys 5500
Printer (Cartesian Technologies, Inc., Irvine, Calif.) at 55 to 58% relative hu-
midity. Each probe set was printed in duplicate on a different part of the slide.
The slides were cross-linked by using a UV Stratalinker 1800 (Stratagene, La
Jolla, Calif.). The slides were exposed to 80 mJ of UV irradiation and washed at
room temperature with 0.1% sodium dodecyl sulfate (SDS) for 4 min, followed
by washing with water for 2 min. The slides were dried by centrifugation at 500
X g for 5 min and stored in a clean slide box at room temperature.

Fluorescent labeling of target DNA and RNA. Two methods were used to fluo-
rescently label DNA. For genomic DNA labeling, we used the BioPrime DNA
Labeling kit (Invitrogen). Genomic DNA (500 ng) was mixed with 15 pg of
random octamer, denatured by being boiled for 2 min, and immediately chilled
on ice. The denatured genomic-DNA solution was then mixed with 15 pl of a
labeling reaction solution containing 5 mM (each) dATP, dTTP, and dGTP; 2.5
mM dCTP (New England Biolabs, Beverly, Mass.); 1 mM Cy3 dUTP (Amersham
Pharmacia Biotech, Piscataway, N.J.); and 40 U of Klenow fragment (Invitrogen).
The reaction mixture was incubated at 37°C for 3 h. The labeled target DNA was
purified using a QIAquick PCR purification column (Qiagen), concentrated in a
Speedvac at 40°C for 1 h, and resuspended in an appropriate volume of distilled
water. To quantify the target gene, human gene PCR products of known con-
centrations were mixed with the target DNA prior to labeling it (46, 47).

For PCR product labeling, each gene was amplified using gene-specific prim-
ers. The PCR amplification conditions were as follows: 95°C for 2 min for 1 cycle;
94°C for 1 min, 53°C for 30 s, and 72°C for 30 s for 30 cycles; and 72°C for 5 min
for 1 cycle. After purification with a QIAquick PCR purification column (Qia-
gen), 1 ng of PCR product was labeled using random priming.

Labeled DNA template was produced from RNA with Cy3 or Cy5 using
reverse transcription. First, 5 pg of total RNA was mixed with 10 ng of random
primer in a 16.5-pl volume, incubated at 70°C for 5 min, and chilled on ice. RNA
was labeled by mixing it with 13.5 ul of labeling solution containing 10 mM (each)

dATP, dGTP, and dCTP; 0.5 mM dTTP; 3 pl of 0.1 M dithiothreitol; 40 U of
RNase inhibitor (Gibco BRL and Invitrogen); 1 mM Cy3-dUTP or Cy5 dUTP
(Perkin-Elmer/NEN Life Science Products, Boston, Mass.); and 200 U of Su-
perscript RNase H™ reverse transcriptase in 1X First Strand buffer. Two differ-
ent dyes (Cy3-dUTP and Cy5-dUTP) were used for labeling RNAs from treat-
ment and control samples, respectively. To quantify the target RNA, mRNA
(AF159801) of Arabidopsis thaliana (0.1 ng; Stratagene) was mixed with total
RNA prior to RNA labeling.

Hybridization. All hybridizations were carried out in triplicate. The probe was
completely dried under vacuum and mixed with hybridization solution. The
hybridization solution contained 8 .l of formamide, 3X SSC (1X SSC is 150 mM
NaCl and 15 mM trisodium citrate), 1 ug of unlabeled herring sperm DNA
(Promega), and 0.31% SDS in a total volume of 17.5 ul. The hybridization
solution was denatured at 95°C for 5 min. After heat denaturation, the hybrid-
ization solution was kept at >50°C until it was washed to prevent cross-hybrid-
ization. The hybridization mixture was deposited directly onto slides, which were
prewarmed to 50°C, and covered with a coverslip. The microarray was placed
into a self-contained flow cell (Telechem International) and plunged into the
50°C water bath immediately for overnight hybridization. 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 cov-
erslip was immediately removed in wash solution 1 (1X SSC and 0.2% SDS). The
slides were washed using wash solution 1, wash solution 2 (0.1X SSC and 0.2%
SDS), and wash solution 3 (0.1X SSC) for 5 min each at ambient temperature
prior to being dried. The slides were dried using centrifugation as described above.

Image processing and data analysis. The microarrays were scanned with a
ScanArray 5000 Microarray Analysis system (Perkin-Elmer, Wellesley, Mass.) at
a resolution of 10 pum. For detection sensitivity experiments, the laser power and
photomultiplier tube (PMT) gain were both 100%. For all other experiments, the
laser power and PMT gain were adjusted to avoid saturation of spots.

The scanned images were saved as 16-bit TIFF files, and each spot was
quantified using ImaGene version 4.0 software (Biodiscovery Inc., Los Angeles,
Calif.). A grid of individual circles defining the location of each DNA spot on the
array was superimposed on the image to designate each fluorescent spot to be
quantified. The mean signal intensity was determined for each spot. The local
background signal was subtracted automatically from the hybridization signal of
each separate spot. Fluorescence intensity values for all replicates of the human
genes (negative controls) were averaged and then subtracted from the back-
ground-corrected intensity values for each hybridization signal. Poor-quality
spots were automatically flagged by the software. The signal-to-noise ratio (SNR)
was also calculated based on the following formula (49): SNR = (signal intensity
— background)/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 measured by the Im-
aGene software. The SNRs from six replicate data sets were then averaged to
represent the SNR for a particular probe. Spots that appeared to be lower than
the threshold value were also removed from the data set for further analysis. A
commonly accepted criterion for the minimum signal (threshold) that can be
accurately quantified is an SNR of =3 (49).
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For the hybridization experiments in which two fluorescent dyes (Cy3 and Cy5)
were used simultaneously in hybridization, the signal intensity for each spot was
normalized based on the signal intensity of the human control genes (0.1 ng)
spiked equally prior to being labeled. The signal ratios of Cy5 to Cy3 for the three
human genes were calculated and averaged. The signal intensity for each spot
from the Cy3 channel was then multiplied by the averaged Cy5/Cy3 ratio for
human genes to obtain corrected Cy3 signals for individual hybridization spots.
Outlier detection and removal were carried out using ArrayStat (Imaging Re-
search, Inc., St. Catharine, Ontario, Canada). The signal intensity ratio for each
spot between the treatment and control samples was then calculated and used for
further analysis. Statistical analysis was performed using SigmaPlot version 5.0
(Jandel Scientific, San Rafael, Calif.). The relationships of the genes detected in
various soil samples were determined using hierarchical cluster analysis (CLUS-
TER) and visualized with TREEVIEW (12).

The free-energy change (AG®) of probe-target hybrids was calculated at a
temperature of 65°C (AG°¢s) for prediction of DNA hybridization, using mfold
version 3.1 together with SantaLucia free-energy parameters (http://www.bioinfo
.rpi.edu/applications/mfold/old/rna/formé.cgi) (59).

Real-time PCR quantification. In order to validate the microarray hybridiza-
tion results, four genes detected in the TFD sample and associated enrichments
and microcosms were selected for further analysis by real-time PCR using
Sybrgreen (Molecular Probes, Eugene, Oreg.). A specific primer set was de-
signed for the detection of each of the following genes (~200-bp amplicon):
naphthalene dioxygenase large subunit (gi4704462), naphthalene dioxygenase
small subunit (gi4704463), cis-naphthalene dihydrodiol dehydrogenase (gi4827073),
salicylate-5-hydroxylase large oxygenase component (gi2828015), salicylate-5-
hydroxylase small oxygenase component (gi2828016), and naphthalene 1,2-di-
oxygenase large oxygenase component (gi2828018). Prior to real-time PCR,
conventional PCR amplification was performed to test the specificities of the
designed primers and the purity of community DNA templates with the condi-
tions of denaturation of DNA (15 s at 94°C), annealing of primers (30 s at 60°C),
and elongation (30 s at 72°C) in 45 cycles with different series of dilutions of
community DNA templates. The lowest dilution (107?) of community DNA
which did not inhibit PCR amplification was used. Only the primers that gener-
ated single PCR products were used for further real-time analysis.

Real-time PCR (50 ul) was performed using Thermo-fast 96 PCR plates
(Bio-Rad Laboratories, Hercules, Calif.), which were sealed with iCycler 1Q
optical-quality tapes (Bio-Rad Laboratories) on an iCycler IQ thermocycler
(Bio-Rad Laboratories). Each measurement was performed in three replicates.
A dilution series of positive control DNA was used in the same plates as the
calibration standards. Positive control DNA was generated by the amplification
of the gene from samples. The amplicon was purified, cloned into TOPO TA
cloning vector (Invitrogen), and reamplified. After purification, the concentra-
tions of PCR products were determined using a fluorometer as described above
and were serially diluted to generate calibration standards. Data analysis was
carried out with iCycler software (Bio-Rad Laboratories). Based on the standard
curve, a threshold cycle measured in a sample was converted to the copy number
of the gene in a sample.

RESULTS

Probe design. Altogether, 1,662 probes were designed based
on 2,402 sequences downloaded from databases (available at
http://www.esd.ornl.gov/facilities/genomics/index.html). A
probe was designed for any sequence with <85% nucleic acid
sequence identity to any downloaded sequence. When a group
of sequences had >85% identity, one probe was designed to
represent that group. The target genes of these probes are in-
volved in degradation-transformation processes of a variety of
chemical compounds, such as monoaromatic-compound ox-
idation (546 probes), PAH oxidation (212 probes), biphenyl
oxidation (76 probes), ring cleavage reaction (417 probes),
aliphatic-compound transformation (131 probes), anaerobic
degradation (100 probes), and heavy-metal reduction (120
probes) and export (73 probes) (Table 1). Almost all of the
genes are from bacteria. While the majority of the probes
(68%) were designed to be specific for individual genes, ~30%
of the probes were specific for groups of genes.
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Specificity and resolution determined with artificial probes.
A previous study demonstrated that genes having <80 to 85%
sequence identity could be differentiated at high stringency
using PCR-amplified DNA fragments (400 to 800 bp) as
probes (53). Based on this finding, all of the oligonucleotide
probes that were selected for microarray fabrication in this
study had sequence identities of <85%.

Since much shorter sequences were used as probes, the
50-mer FGAs should have had higher resolution than the PCR
product-based FGAs. To experimentally determine the reso-
lution power of the hybridization with the 50-mer FGAs, the
effects of probe sequence similarity on the hybridization signal
intensities of six target genes (Fig. 1A) from P. putida Gpol
and PpG7 were evaluated. The probes were artificially de-
signed to differ by 2% (i.e., 1-bp length) (for artificial-probe se-
quences, see http://www.esd.ornl.gov/facilities/genomics/index
.html). All of the artificial probes had the same length; mis-
matches were incorporated in random positions, and the num-
bers of mismatches were increased from 1 to 12, corresponding
to 2 to 24% differences from target sequences. PCR fragments
(400 bp long) containing the probe region were amplified from
genomic DNA, labeled, and hybridized with the arrays. The
highest signal intensity was observed from oligonucleotide
probes having 100% similarity to their target genes. As the
similarity decreased, the signal intensities of all probes also
decreased. Little hybridization was observed for probes show-
ing 76 to 88% identity to the target DNA for all six genes,
whereas the signal intensity increased substantially for probes
showing >96% similarity to the target DNA (Fig. 1A). In
addition, the effect of sequence identity on the signal intensity
appeared to be gene dependent (Fig. 1A). For example, very
little hybridization was observed for the naphthalene dioxyge-
nase gene (gil51388) when the probe was 94% similar to the
target gene, whereas very strong hybridization was observed
for the alkane 1-monooxygenase gene (gi5824143) when the
probe was 94% similar.

The signal intensities for the probes that were <88% similar
to the target sequences were comparable to background signal
noise under the hybridization conditions of 50°C with 50%
formamide. To determine whether the hybridization signal in-
tensities were true signals from target sequences or signal noise
from background hybridization, the SNR was calculated (Ta-
ble 2). The SNRs varied from 0 to 0.5 for all of the genes when
the probe sequence similarities were <88%, which was much
smaller than the generally accepted threshold value (SNR,
3.0). When the probes were 90% similar to the target genes, all
of the SNRs were <3, except for one gene (gi5824143), which
had an SNR equal to 7.5. For gene gil51388, the SNR ratio
was <3 even at a sequence similarity of 94%. These results
indicate that, under the hybridization conditions of 50°C plus
50% formamide, oligonucleotide microarray hybridization can
differentiate sequences having <88% similarity, and sequences
having higher similarity can also be differentiated for some
genes. These results also suggest that all probes (>85% se-
quence identity) on the designed arrays could be specific for
their corresponding target genes.

To facilitate probe design, the relationships between the
theoretical values of hybridization free-energy changes and
sequence identities were examined (Fig. 1B). The mfold pro-
gram (see Materials and Methods) was used for the calculation
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FIG. 1. Effect of probe-target sequence identities on hybridization signal intensity. The symbols correspond to the genes from P. putida PpG7
(@, gil151388 [naphthalene dioxygenase, large subunit]; O, gi151385 [naphthalene dioxygenase reductase]; V¥, gi5S070351 [dihydroxynaphthalene
dehydrogenase]) and Gpol (V, gi5824143 [alkane 1-monoxygenase]; m, gi5824146 [aldehyde dehydrogenase]; [, gi5824147 [alcohol dehydroge-
nase]). The error bars indicate the standard deviations from four replicates. (A) Artificial probes with 76 to 100% sequence identity to the target
genes were hybridized with PCR-amplified target genes in triplicate. (B) Change of hybridization free energy between probes and target genes.
The intersecting vertical line indicates the threshold value of cross-hybridization signal at 88% sequence homology. The intersecting horizontal line
indicates the suggested —AG®4s value (30 in this case) under which little cross-hybridization occurred.

of hybridization free energy for mismatched probe-target
hybrids (AG®4s). As discussed above, no hybridization was
observed when a probe was <88% similar to the target,
which corresponds to —30 (Fig. 1B). Thus, an approximate
AG®s value of >—30 (~60% of the total free energy of
the perfect-match hybrid) could be used for the design of
probes under which little cross-hybridization would be ex-
pected.

Specificity evaluation with genomic DNAs from pure cul-
tures. The detection specificity of the microarray was tested
using genomic DNAs of three reference strains (Table 3).
Probes corresponding to all known genes reported in the ref-
erence strains had strong hybridization signals to their corre-
sponding genomic DNAs (Table 3). Several additional genes
not reported previously in P. putida strain PpG7 were also
detected. Many of these additional genes have been reported

in other Pseudomonas strains and are known to be involved in
the degradation of metabolites of naphthalene degradation
pathways (Table 3). To confirm the presence of these addi-
tional genes in strain PpG7, PCR primer sets were designed
for four of the genes (gi294344, gi1008926, gi22000712, and
€i22000714). Single PCR amplification products with the ex-
pected sizes were observed for all of these genes. DNA se-
quencing analysis of the amplified PCR products showed 92
to 99% nucleotide sequence identity to their corresponding
genes. In addition, all of probes from T. aromatica K-172 and
R. palustris had SNRs of >3. In contrast to the data for P. pu-
tida PpG7, no additional unknown probes were hybridized to
the genomic DNAs from these two strains (Table 3). Finally, as
expected, no probes showed cross-hybridization (SNR, <1)
with the genomic DNA of S. oneidensis strain MR-1, which was
used as a negative control. These results indicated that the

TABLE 2. SNRs of microarray hybridization to probes with different sequence similarities

Probe sequence

NR?

identity (%) 0i151388" 2i151385 i5070351 2i5824143 2i5824146 0i5824147
100 8.5 *+25 19.2 £52 20.6 £ 6.2 31.2 +12.3 255+ 85 10.5 = 3.8

98 3.7+1.1 183 £ 3.6 10.2 £ 3.5 25.6 =85 162 7.6 12.6 4.2

96 49+13 12713 11.8 = 3.6 204 +9.3 11342 6.4 +32

94 0.9 = 0.14 12.6 £ 2.3 104 £ 2.8 222+ 89 12.1 £ 0.8 72 x21

92 0.2 +0.1 75+32 6.3 *+32 115 £6.2 8.2+0.2 0.5+0.2

90 0.2 +0.0 0.8 +0.3 1.2 £0.5 75*25 1.5+04 03 x0.1

88 0.1 0.1 0.0 £0.1 0.2 +0.1 0.1 +0.0 0.3*+02 0.0 = 0.0

86¢ 0.1 =0.0 0.9 =03 0302 0.5+0.3 0.1 0.0 0.3 +0.1

“The data represent mean values and standard deviations derived from three independent microarray slides, with two replicates on each slide.
" ¢i151388, naphthalene dioxygenase large subunit; gi151385, naphthalene dioxygenase (reductase subunit); gi5070351, cis-1,2-dihydro-1,2-dihydroxynaphthalene
dehydrogenase; gi5824143, alkane 1-monooxygenase; gi5824146, aldehyde dehydrogenase; gi5824147, alcohol dehydrogenase.

¢ SNRs for probes of identities from 76 to 84% are all <0.3.
4 Numbers for threshold points above which SNR is >3 are in boldface.
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TABLE 3. Detection by microarrays of biodegradation genes in genomes of reference microorganisms used in this study

Strain Chemical(s) gi no. Gene function SNR References
P. putida PpG7 PAH: naphthalene 45703 Catechol 2,3-dioxygenase 13515 10, 16, 18, 19, 40
151379 1,2-Dihydroxynaphthalene dioxygenase 32x03
151381 Salicylate hydroxylase 5408
151385 Naphthalene dioxygenase reductase (Fd) 13412
151386 Naphthalene dioxygenase (Fd) 16523
151387 Naphthalene dioxygenase (large subunit) 227 *21
151388 Naphthalene dioxygenase (small subunit) 6.10 £ 0.5
551908 Salicylate hydroxylase 5.6 0.6
4235477 4-Oxalocrotonate decarboxylase 19.0 = 3.1
5070351 Dihydroxynaphthalene dehydrogenase 72+0.9
483793 2-Hydroxylchromene2-carboxylate isomerase 12.0 2.0
Genes not previously reported 294344 Protocatechuate 3,4-dioxygenase 109 £ 1.3
in strain PpG7“ 294357 Trans-o-hydroxybenzylidenepyruvate hydratase-aldolase 7.7+0.9
595675 4-Oxalocrotonate decarboxylase 103 = 1.6
1008926 Catechol 1,2-dioxygenase 39+0.2
1255676 Isomerase 10.8 £ 1.7
2252625 Salicylaldehyde dehydrogenase 208 = 1.9
3641341 Lactone-specific esterase 39+05
4104766 Catechol 2,3-dioxygenase 49 = 0.6
4235477 4-Oxalocrotonate decarboxylase 19.0 £3.2
11546053  Benzoate dioxygenase 17.8 £ 2.7
22000712 2-Hydroxymuconic semialdehyde dehydrogenase 59+05
22000714  Acetaldehyde dehydrogenase 49 = 0.6
119911694  4-Chlorobenzoate CoA ligase 5.6 04
R. palustris Monoaromatics: benzoate, 1730295 4-Hydroxybenzoyl-CoA reductase HbaB subunit 13+11 11,15
toluene 1730296 4-Hydroxybenzoyl-CoA reductase HbaC subunit 9.5+0.9
1730297 4-Hydroxybenzoyl-CoA reductase HbaD subunit 143 £2.0
2190573 Cyclohex-1-ene-1-carboxylate CoA ligase 241 +2.1
2190574 Cyclohexanecarboxyl-CoA dehydrogenase 72+ 0.6
2190576 2-Hydroxycyclohexanecarboxyl-CoA dehyrogenase 158 + 1.8
2190579 Benzoyl-CoA reductase subunit 18.0 2.2
3165396 Benzoyl-CoA reductase subunit 9.6 = 0.9
3243085 2-Ketocyclohexanecarboxyl-CoA hydrolase 8.7+0.9
T. aromatica K172 ~ Monoaromatics: benzoate, 3184130 Benzylsuccinate synthase gamma subunit 11.3+1.0 4,5,25,28,29
phenol, toluene 3184131 Benzylsuccinate synthase alpha subunit 4005
3184132 Benzylsuccinate synthase beta subunit 114+ 14
3724166 6-Oxocyclohex-1-ene-1-carbonyl-CoA hydratase 134+ 1.1
3724167 Cyclohexa-1,5-diene-1-carbonyl-CoA hydratase 10.7 = 0.8
3724168 C subunit of benzoyl-CoA reductase 8.9 +0.9
3724169 B subunit of benzoyl-CoA reductase 4105
3724170 A subunit of benzoyl-CoA reductase 9.7+13
3724171 D subunit of benzoyl-CoA reductase 10.3 0.9
3724172 Ferredoxin 11312
9622531 BbsA; toluene metabolism 39+05
9622533 BbsC; toluene metabolism 7.0 = 0.6
9622534 BbsD; toluene metabolism 144 +1.7
9622535 BbsE; toluene metabolism 9.6 +0.8
9622536 BbsF; toluene metabolism 6.6 = 0.7
9622538 E-phenylitaconyl-CoA hydratase; toluene metabolism 157+13
9622539 Bbsl; toluene metabolism 142 =13
10697118  Hypothetical protein; phenol metabolism 12414
10697119 Hypothetical protein; phenol metabolism 168 £ 1.5
10697121 Hypothetical protein; phenol metabolism 159 £ 1.3
10697123 Hypothetical protein; phenol metabolism 7.9 = 0.6
10697124  Hypothetical protein; phenol metabolism 7.1%+0.8
10697125 Hypothetical protein; phenol metabolism 179 £ 1.9
19571178  2-Oxyglutarate ferredoxin-oxidoreductase beta subunit 33.8+28
19571179  2-Oxoglutarate ferredoxin-oxidoreductase alpha subunit 72 +0.6
19571180  6-Hydroxycylohex-1-ene-1-carbonyl-CoA dehydrogenase 4.9 = 0.4
12667039  Putative alcohol dehydrogenase 42+05
12667041 Putative alcohol dehydrogenase 59 +0.8
12667042 Putative acyl-CoA dehydrogenase 159+ 14
12667043  3-Hydroxybenzoate CoA ligase 129 £ 1.6
12667044  Putative hydrolase 21023

“ Additional genes not reported but detected in strain PpG7.

designed probes were specific for their corresponding target

genes from the genomes examined.

Detection of gene expression in strain PpG7 induced by
naphthalene. To determine whether the 50-mer-based FGAs

can be used to monitor the functional activities of the genes of

interest, mRNA-based gene expression was examined with

P. putida PpG7. Strain PpG7 was incubated in the presence of
naphthalene as a sole carbon source to induce expression of
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naphthalene degradation pathways. All known genes involved
in naphthalene degradation were highly expressed for the cells
grown with naphthalene (not shown) but not for the cells
grown with pyruvate (not shown). As expected, strong hy-
bridization signals were obtained for the 16S rRNA gene
probe under both growth conditions. In addition, several
additional genes (gi294357, gi595675, gil255676, gi22000712,
and gi22000714) (Table 3) which were not previously reported
in this strain were also highly expressed (average SNR, 13)
under naphthalene growth conditions but not under pyruvate
growth conditions. However, some of the additional genes de-
tected (Table 3) were not expressed (average SNR, 0.1) under
both conditions, suggesting that the genes could not be in-
duced by naphthalene. These results indicated that the devel-
oped 50-mer FGAs could be used to monitor mRNA-based
functional activity.

Determination of detection sensitivity of 50-mer FGA-based
hybridization. The detection sensitivity of the 50-mer FGA-
based hybridization was determined using genomic DNA ex-
tracted from a pure culture of 7. aromatica K172. Genomic
DNA (1 to 1,000 ng) from T. aromatica K172 was randomly
labeled with Cy5. At a hybridization temperature of 50°C in the
presence of 50% formamide, the strongest hybridization sig-
nals were observed for the 2-oxoglutarate ferredoxin-oxido-
reductase beta subunit gene (gil9571178) with 5 ng of T. aro-
matica K172 DNA (average SNR, 13) (not shown). The signal
intensity of this gene was comparable to the background level
when the amount of genomic DNA used for labeling was 1 to
2.5 ng (see Fig. 3A). However, it appeared that detection
sensitivity was gene dependent, ranging from 5.0 to 10.0 ng.
Therefore, the maximum detection limit with randomly labeled
pure genomic DNA under these hybridization conditions was
estimated to be ~5 ng.

In environmental samples, the microorganisms of interest
are present together with other diverse microorganisms. The
existence of other nontarget DNAs may affect hybridization
with target DNA and hence decrease the detection sensitivity.
To evaluate the detection sensitivity in the presence of heter-
ogeneous nontarget DNAs, genomic DNA (10 to 1,000 ng)
from T. aromatica K172 was mixed with 1 g of S. oneidensis
MR-1 DNA and randomly labeled with Cy5. The strongest
hybridization signals were observed with 50 ng of 7. aromatica
K172 DNA for the target 2-oxoglutarate ferredoxin-oxidore-
ductase beta subunit gene (gil9571178) (Fig. 2A). Hybridiza-
tion signals using 25 ng of genomic DNA, however, were barely
detectable. Similarly, the detection sensitivity was also gene
dependent, ranging from 50 to 100 ng for the genes examined.
In addition, the detection sensitivity in the presence of heter-
ogeneous DNA was also evaluated with various amounts of
PCR-amplified products (~400 bp) from genes for naphtha-
lene degradation and alkane degradation: the Fe-S protein of
naphthalene dioxygenase (gil51388), the reductase of naph-
thalene dioxygenase (gil51385), cis-1,2-dihydro-1,2-dihydroxy-
naphthalene dehydrogenase (gi5070351), alkane 1-monooxy-
genase (gi5824143), aldehyde dehydrogenase (gi5824146), and
alcohol dehydrogenase (gi5824147).

Various amounts of PCR products (1 to 1,000 pg) were
mixed with 1 pg of S. oneidensis MR-1 DNA and labeled with
CyS. The hybridization signals were significantly higher than
background noise when the PCR product was >10 pg (not
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FIG. 2. Detection sensitivity of 50-mer FGA-based hybridization.
(A) Fluorescence images showing DNA detection sensitivity with pure
genomic DNA. Genomic DNA of T. aromatica K-172 was serially
diluted in 1X Tris-EDTA buffer. The diluted genomic DNAs (5 to
1,000 ng) were mixed with 1 ng of the negative control genomic DNA
from S. oneidensis MR-1, labeled with Cy5 in a total hybridization
solution volume of 20 wl, and hybridized with the microarrays. The
arrays were scanned with 100% laser power and 100% PMT gain. A
portion of the image, which contained probes from the following
genes, is presented: succinyl-CoA-benzylsuccinate CoA-transferase (1,
219622538; 2, gi9622535; 3, gi9622533; 4, gi9622531), benzoyl-CoA re-
ductase (5, gi3724172; 6, gi3724140; 7, gi3724168), and 6-oxocyclohex-
1-ene-1-carbonyl-CoA hydratase (8, gi3724166). (B) Fluorescence im-
ages showing RNA detection sensitivities with total RNAs from known
numbers of cells (on the left). Cells of strain PpG7 were serially diluted
with cells of strain MR-1 (1.9 X 10°) grown on M4 medium before ex-
traction of total RNA. Total RNAs from the cell mixture were ran-
domly labeled with Cy5 using reverse transcriptase and hybridized with
the microarrays. A portion of the image is presented to show the RNA
hybridization sensitivity. 1, gi2246756 (1,2-dihydroxy-1,2-dihydronaph-
thalene dehydrogenase); 2, gi22000712 (hydroxymuconic semialde-
hyde hydrolase); 3, gi17863959 (naphthalene dioxygenase); 4, gi551908
(salicylate hydroxylase); 5, gi45703 (catechol 2,3-dioxygenase).

shown). If we assume that the genome size is ~4 Mb, the
detection limit with PCR products will be equivalent to 100 ng
of genomic DNA for the gene in the presence of nontarget
DNAs, which is consistent with the results using the labeled
genomic DNA. These results suggested that the detection limit
of genomic DNA of the 50-mer FGA-based hybridization in
the presence of nontarget genomic DNAs is ~50 to 100 ng.
The RNA detection sensitivity was also determined with
P. putida PpG7 cells grown with naphthalene as a sole carbon
source. Concentrations of 3.0 X 10° to 1.6 X 10° cells of strain
PpG7 were mixed with 1.9 X 10° cells of S. oneidensis MR-1.
Total RNAs were extracted from the mixture, used for pro-
duction of labeled DNA with Cy5 using reverse transcriptase,
and hybridized with the 50-mer FGAs. The hybridization signal
intensity of the gene (gi17863959) was significantly higher than
the background signal when the cell number was >1.3 X 107
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(Fig. 3C). However, the signal intensity was not significantly
different from the background level when the cell numbers
ranged from 3.0 X 10° to 6.0 X 10° Similarly, the detection
sensitivity was also gene dependent, ranging from 1.3 X 107 to
5.0 X 107 cells for the genes examined. Thus, the detection
limit of mRNA is ~1.3 X 107 to 5.0 X 107 cells, depending on
the genes and the experimental conditions.

Quantification of the 50-mer FGA-based hybridization. The
assessment of bioremediation potential requires the quantifi-
cation of individual target genes and microorganisms. The
capacity of the 50-mer FGA-based hybridization to serve as a
quantitative tool was explored by examining the relationship
between the concentration of target DNA and the hybridiza-
tion signal intensity. Genomic DNA from strain K-172 (1 to
1,000 ng) was fluorescently labeled with Cy5 as described
above and hybridized in triplicate with the microarray. To
avoid signal saturation, the slides were scanned using different
combinations of laser power and PMT. The log ratios of the
hybridization signals between target genes and the positive
control human gene HSPC120 (AF161469) were calculated
and plotted against the log of the concentrations of genomic
DNA. For the gene gil9571178, strong linear relationships
were observed between the signal intensity and target DNA
concentrations from 5 to 1,000 ng (* = 0.98; P < 0.01) (Fig.
3A). Significant correlations between the signal intensity and
DNA concentrations from 10 to 1,000 ng were also observed
for all other genes (° = 0.97 to 0.99). These results indicated
that the 50-mer FGA-based hybridization is quantitative for
pure bacterial cultures within a wide range of DNA concen-
trations.

To determine whether the 50-mer FGA-based hybridization
is quantitative for targeted organisms in the presence of other
nontarget DNAs, the quantitative relationships between the
signal intensity and the DNA concentration were further ex-
amined. As described above, various amounts of genomic
DNA (5 to 1,000 ng) from 7. aromatica K172 were mixed with
1 pg of S. oneidensis MR-1 DNA and randomly labeled with
Cy5. A significant linear relationship (¥ = 0.97; P < 0.01) was
observed for the gene gi19571178 between the signal intensity
and the target DNA concentration within 75 and 1,000 ng (Fig.
3B). Significant correlations between the signal intensity and
DNA concentrations ranging from 75 to 1,000 ng were also
observed for all other genes (¥ = 0.95 to 0.99). These results
suggested that the 50-mer FGA-based hybridization could also
be quantitative in the presence of nontarget DNAs.

To determine whether the 50-mer FGA-based hybridization
is quantitative for detecting functional activity, the quantitative
capability of mRNA-based hybridization was also evaluated.
Concentrations of 3.0 X 10° to 1.6 X 10° cells of P. putida
PpG7 were mixed with 1.9 X 10° S. oneidensis MR-1 cells as
described above. Total RNAs were extracted, randomly la-
beled with Cy5, and hybridized with the 50-mer FGAs. A
significant linear relationship (¥ = 0.98; P < 0.01) was ob-
served for the naphthalene dioxygenase gene (gil7863959) be-
tween the signal intensity and target cell numbers from 1.3 X
107 to 1.6 X 107 cells (Fig. 3C). Significant correlations be-
tween the signal intensity and cell numbers from 5.0 X 107 to
1.6 X 10° were also observed for all other genes (¥ = 0.96 to
0.99). These results suggested that the 50-mer FGA-based
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hybridization could be quantitative for target RNA determi-
nation in the presence of nontarget RNAs.

Detection of naphthalene-degrading genes and their expres-
sion in enrichment cultures. To determine the potential ap-
plicability of the developed FGAs for detecting microorgan-
isms in samples of mixed populations, bacterial enrichments
were established under aerobic conditions from a naphthalene-
contaminated TFD soil sample using naphthalene or pyruvate
as a carbon source. The cells were harvested in the middle of
the growth phase, and DNAs were extracted. The purified
DNAs from both naphthalene and pyruvate enrichments were
labeled with Cy5 and Cy3 and hybridized with the microarrays.
Thirteen genes obtained from the naphthalene enrichment
were highly different from those obtained from the pyruvate
enrichment (Table 4). Among them, four genes were involved
in the naphthalene degradation pathway. Interestingly, all genes
except one were from gram-positive soil bacteria (Rhodococ-
cus), suggesting that this group was specifically enriched.

To evaluate whether microarrays can detect differences in
gene expression, the naphthalene-enriched cells were divided
into two aliquots: one aliquot was grown on pyruvate for 3 h,
and the other was grown on naphthalene for 3 h. It was ex-
pected that the expression of the genes involved in the naph-
thalene degradation pathway would be repressed in the pres-
ence of pyruvate. Total RNAs were extracted from these two
samples, labeled with Cy3 and Cy5 separately, and hybridized
with the microarrays. Three genes (naphthalene dioxygenase
large and small subunits, gi4704462 and gi4704463, and cis-
naphthalene dihydrodiol dehydrogenase, gi4827073) were high-
ly expressed (40- to 100-fold) under growth conditions with
naphthalene. These three genes were known to be involved in
the first and second steps of the naphthalene degradation path-
way and were reported to originate from a plasmid of Rhodo-
coccus sp. strain NCIMB12038. These results indicated that
Rhodococcus sp.-type microorganisms were among the major
naphthalene degraders in the enrichment, which was consistent
with the DNA-based microarray hybridization described above.
However, the genes controlling catechol oxidation (potential
naphthalene degradation genes) from Rhodococcus opacus were
not highly expressed in the enrichment, although they were abun-
dant, as indicated by DNA-based microarray hybridization.

Detection of naphthalene-degrading genes in soil micro-
cosms. To determine whether the developed microarrays could
be used to detect microorganisms within the context of envi-
ronmental applications, two microcosms were established with
soil samples from TFD, one with naphthalene vapor, and the
other without naphthalene vapor as a control. To accurately
estimate naphthalene degradation, an additional microcosm
was established containing naphthalene and sterilized TFD
soil. Gas chromatography analysis revealed that the amount of
naphthalene in the microcosm decreased by 0.61 mg-g of
soil ™! after 2 weeks of incubation, whereas little change in the
concentration of naphthalene in the vapor phase was observed
in the microcosm with sterilized soil, indicating that the de-
crease in the naphthalene concentration was mostly due to
biological degradation (not shown). Direct cell counting also
showed that cell numbers increased threefold (from 0.7 X 10*°
to 2.3 X 10'%) in the treatment microcosm containing naph-
thalene, whereas no significant change in cell numbers was
observed in the control microcosm without naphthalene, indi-
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FIG. 3. Evaluation of quantitative potential of 50-mer FGA-based
hybridization. The log ratios of hybridization signals between the tar-
get gene and the positive control human gene HSPC120 (AF161469)
were calculated and plotted against the log of the concentration of ge-
nomic DNA. (A) Quantitative relationship of 50-mer FGA-based hy-
bridization with pure genomic DNA in the absence of heterogeneous
background DNAs. Genomic DNA of strain K-172 was serially diluted
in 1X Tris-EDTA buffer, and the diluted genomic DNAs at concen-
trations of 1 to 1,000 ng were labeled with Cy5 using a random-primer
labeling method. The labeled DNAs were hybridized with the microar-
rays. The quantitative relationship shown is that of the hybridization
signals from the gene for the 2-oxoglutarate ferredoxin-oxidoreductase
beta subunit, gi19571178. The quantitative relationships of other genes
are not shown. (B) Quantitative relationship of 50-mer FGA-based hy-
bridization with pure genomic DNA in the presence of heterogeneous
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cating that microbial populations were stimulated significantly
by the presence of naphthalene (data not shown).

The bulk community DNAs were extracted from the treat-
ment and control microcosm soil samples after 2 weeks of
incubation, purified and labeled with Cy5, mixed with the Cy3-
labeled reference DNA (OR), and hybridized with the devel-
oped microarrays. The ratios of the hybridization signals from
the treatment samples to those from the control samples, (Cy5-
treatment/Cy3-ref)/(CyS-control/Cy3-ref), were determined
and used for relative comparison. The hybridization signals of
40 genes were significantly different (P = 0.05). Among them,
22 genes were highly different, with >3-fold difference (Table
5). Interestingly, seven of these genes were from a plasmid-
borne naphthalene degradation pathway observed in Ralstonia
sp. strain U2. Four of the genes, encoding nitrobenzene dioxy-
genase (gil8643025) and (D)NT dioxygenase (gil477920,
gi1477923, and gi17942397), were similar to the naphthalene
dioxygenase gene and have catalytic activity on naphthalene
(27, 43). All of the other genes except one (gi3894249; phenol
hydroxylase) were involved in PAH degradation. It appears
that microorganisms containing naphthalene degradation-re-
lated genes were specifically stimulated in the microcosm.
Among them, Ralstonia sp. strain U2-type microorganisms
containing the plasmid might be one of the major constituents
for degrading naphthalene in the microcosm. However, in con-
trast to the enrichment experiment, the plasmid-borne genes in
Rhodococcus sp. strain NCIMB12038 were not detected with
the microarray, indicating that the enrichment process could
cause severe bias of the population compositions.

Application of the 50-mer FGA-based hybridization for pro-
filing microbial communities in environmental samples. The
developed microarrays could potentially be used as a generic
profiling tool that would reveal differences among various mi-
crobial communities. To evaluate such potential, bulk commu-
nity DNAs were isolated from 5 g of contaminated soil sam-
ples. For comparison, DNA from an uncontaminated soil
sample was used as a reference. Five micrograms of the puri-
fied bulk community DNA from the contaminated soil samples
was directly labeled with Cy5 using random-primer labeling.
The DNA from the reference forest sample was labeled with
Cy3. Cy3- and Cy5-labeled DNAs were mixed together and
hybridized with the microarrays in triplicate. All spots with
SNRs of >3 were considered positive signals. Overall, the
numbers of arrayed probes with statistically significant positive
signals were 30 in TFD soil, 37 in TFD-NP soil, 36 in PCT18
soil, and 24 in IDT soil. The average variation in signal inten-

background DNAs. See the legend to Fig. 2A for details. The quan-
titative relationship shown is that of the hybridization signals from
the gene for the 2-oxoglutarate ferredoxin-oxidoreductase beta sub-
unit, gi19571178. The quantitative relationships of other genes are not
shown. (C) Quantitative relationship of FGA-based hybridization with
total RNAs from known numbers of cells. Cell preparation and array
analysis are shown in Fig. 2B. The numbers of P. putida cells mixed
with S. oneidensis MR-1 cells (1.9 X 10°) are indicated. The quantita-
tive relationship shown is that of the hybridization signals from the gene
for the 2-oxoglutarate ferredoxin-oxidoreductase beta subunit,
gi19571178. The quantitative relationships of the other genes are not
shown. The error bars represent standard deviations.
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TABLE 4. Genes detected in enrichment culture from TFD soil using naphthalene as sole carbon source

gi no. Gene function Microorganism Log mean signal ratio” SNR?
4704462 Naphthalene dioxygenase large subunit® Rhodococcus sp. strain NCIMB12038 1.79 = 0.62 45.12 £3.24
4704463 Naphthalene dioxygenase small subunit® Rhodococcus sp. strain NCIMB12038 1.46 = 0.56 22.54 =327
1771524 Muc7onate cycloisomerase® R. opacus 1.43 = 0.56 17.62 = 2.83
1771525 Muconolactone isomerase® R. opacus 1.36 = 0.54 15.86 = 1.29
8978311 2-Hydroxy-6-oxo-6-phenylhexa-2,4-dienoate hydrolase Rhodococcus sp. strain RHA1 1.35 £ 0.55 15.69 = 1.45
10933936 Putative alkane hydroxylase Rhodococcus sp. strain 1BN 1.31 = 0.54 18.83 = 2.96
8926387 3-(2,3-Dihydroxylphenyl) propionic acid dioxygenase Rhodococcus sp. 1.12 = 0.51 10.56 = 0.73
6652685 Biphenyl dioxygenase Pseudomonas pseudoalcaligens 1.01 = 0.49 10.44 = 1.72
14289339 Benzoate dioxygenase Rhodococcus sp. strain 19070 0.86 = 0.47 9.25+0.43
9711314 2,3-Dihydroxybiphenyl 1,2-dioxygenase Rhodococcus sp. strain RHA1 0.85 £ 0.47 5.98 +0.83
2935027 3-Oxoadipate enol-lactone hydrolase Rhodococcus sp. 0.80 = 0.47 10.44 = 0.75
8978307 2,3-Dihydroxybiphenyl 1,2-dioxygenase Rhodococcus sp. strain RHA1 0.77 = 0.46 14.02 = 1.19
2398775 Putative 1,2-catechol dioxygenase R. opacus 0.74 * 0.46 10.21 = 0.98

¢ Hybridization signal ratios (log mean *+ standard deviation from six replicates) of the naphthalene-enriched consortium to the pyruvate-enriched consortium.

® Mean * standard deviation from six replicates.
¢ Gene possibly involved in naphthalene degradation pathway.

sity among all three replicates in these samples was 25.0%, with
a standard deviation of 7.8%.

Clustering analysis revealed five main groups (Fig. 4). Many
genes related to naphthalene degradation were clustered to-
gether, and they were abundant in naphthalene-amended soil.
However, they appeared to be present at very low levels in all
three soils. The genes involved in anaerobic benzoate degrada-
tion (4-hydroxylbenzoyl-coenzyme A[CoA]reductase, 3-hydrox-
ylbenzoate CoA reductase, benzoyl-CoA ligase, benzoyl-CoA,
and cyclohex-1-ene-1-carboxylate CoA ligase) were grouped
together and were observed only in TFD soil. In addition, 4-
chlorobenzate CoA ligase, alkane-1 monooxygenase, benzoyl
CoA ligase, and cis-naphthalene dihydrodiol dehydrogenase
genes were relatively abundant among all the soil samples (Fig.
4). Overall, PCT18 soil was more closely clustered with TFD
soil than IDT soil, suggesting that the community structure in
terms of the biodegrading components in PCT18 soil was more

similar to that of TFD soil than to that of IDT soil. This was
expected, because both TFD and PCT18 soils were contami-
nated with PAHs, whereas IDT soil contained BTEX.
Verification of microarray hybridization data using real-
time PCR. To assess the reliability of microarray hybridization
data independently, real-time PCR was used to measure the
copy numbers of several key genes in TFD soil, the microcosm,
and the enrichment. Six plasmid-borne genes in Rhodococcus
sp. strain NCIMB12038 and Ralstonia sp. strain U2 were se-
lected, PCR primers were designed, and PCR amplifications
were carried out with the genomic DNAs. Single amplicons
with an expected size were generated with four primer sets,
which were further used for real-time PCR analysis. All of the
genes were present in low copy numbers (10* to 10°) in the
original TFD soil (Fig. 5), but the microarray hybridization
signals of these genes in the TFD sample were negligible
(SNR, <3). Ralstonia sp. strain U2-type microorganisms had

TABLE 5. Genes detected in soil microcosm incubated with naphthalene

Gene (gi no.) Gene function Microorganism Log mean signal ratio” SNR?
1477920 2,4-DNT dioxygenase ferredoxin oxidoreductase Burkholderia sp. strain RASC 1.64 = 0.18 323 045
1477923 2,4-DNT dioxygenase large subunit Burkholderia sp. strain RASC 2.02 £0.23 3.42 £ 0.62
1773277 2-NT oxygenase large subunit Pseudomonas sp. 1.98 = 0.23 6.32 = 0.43
2828015 Salicylate-5-hydroxylase large subunit Ralstonia sp. strain U2 1.26 = 0.13 13.94 = 1.03
2828016 Salicylate-5-hydroxylase small subunit Ralstonia sp. strain U2 1.94 = 0.22 15.02 = 0.75
2828018 Naphthalene 1,2-dioxygenase large subunit Ralstonia sp. strain U2 1.34 + 0.14 3.77 £ 0.27
3337416 Salicylaldehyde dehydrogenase Ralstonia sp. strain U2 1.49 = 0.16 433 £0.24
3894249 Phenol hydroxylase Unidentified bacterium rN5 1.32 2 0.14 6.85 = 0.45
4220429 Putative aldolase Ralstonia sp. strain U2 1.74 = 0.19 3.99 +0.12
4220432 Glutathione S-transferase protein Ralstonia sp. strain U2 1.65 = 0.18 6.62 = 0.67
4220433 Gentisate 1,2-dioxygenase Ralstonia sp. strain U2 2.12 = 0.26 10.63 = 0.45
4220434 Fumarylpyruvate hydrolase Ralstonia sp. strain U2 234 +0.28 8.14 = 0.27
4220435 Maleylpyruvate isomerase Ralstonia sp. strain U2 227 +0.27 7.74 = 0.56
4234963 Naphthalene dioxygenase Uncultured bacterium D1b 1.95 £0.22 9.58 = 0.88
4234998 Naphthalene dioxygenase Uncultured bacterium U3b 1.64 = 0.18 5.62 = 0.59
8118285 Polyaromatic hydrocarbon dioxygenase large subunit Comamonas testosteroni 1.22 = 0.13 3.94 =045
8118287 cis-Naphthalene dihydrodiol dehydrogenase C. testosteroni 1.63 = 0.18 13.96 = 1.22
16943679 Cyclopentanone 1,2-monooxygenase C. testosteroni 0.77 = 0.08 13.92 = 1.73
17863951 Naphthalene dioxygenase Burkholderia sp. strain S1-17 1.72 £ 0.19 5.13 £0.76
17942397 2,4-DNT oxygenase Fe-S protein Burkholderia cepacia 2.04 +0.24 11.93 + 0.35
18307552 Naphthalene dioxygenase Fe-S protein Ralstonia sp. strain NI1 2.32 +0.28 7.88 = 0.67
18643025 Nitrobenzene dioxygenase alpha subunit Comamonas sp. strain JS765 1.12 = 0.12 8.53 = 0.34

¢ Hybridization signal ratios (log mean * standard deviation from six replicates) of the naphthalene-spiked TFD soil to the control TFD soil. The hybridization signals
of 40 genes were significantly different (P = 0.05), but only the genes with >3-fold difference are listed.

? Mean + standard deviation of six replicate Cy5 signals from treated samples.
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FIG. 4. Hierarchical cluster analysis of community relationships
based on hybridization signal intensity ratios for genes showing SNRs
of >3. The figure was generated using hierarchical cluster analysis
(CLUSTER) and visualized with TREEVIEW (12). The hybridization
signals of genomic DNAs from each of the four contaminated soils
were divided by the hybridization signals from genomic DNA of OR.
Microarray hybridization patterns with the labeled genomic DNAs
from the soils are shown in each column. Each row represents the
hybridization signal observed for each gene when the genomic DNA
from the contaminated soil indicated above the column was used for
hybridization. Black represents no detectable difference in the hybrid-
ization signal, while red represents a significant hybridization signal.
The columns correspond to the hybridization patterns obtained with
Cy5-labeled genomic DNAs from the following contaminated soils:
TFD-NP, IDI, TFD, and PCT18 soil incubated under naphthalene
vapor.

low abundance in TFD soil but were specifically stimulated in
the soil microcosm, as detected by real-time PCR and microar-
ray hybridization (Fig. 5). Real-time PCR data indicated that
the abundance of the genes in Rhodococcus-type microorgan-
isms (copy numbers, 5.2 X 10° to 9.8 X 10°) was higher than
that of Ralstonia sp. strain U2 genes (copy numbers, 2.4 X 10*
to 4.0 X 10%) in the TFD soil, but they could not be reliably
detected by microarray hybridization due to microarray detec-
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tion sensitivity. Overall, significant correlations between the
microarray hybridization signals and the gene copy numbers
determined by real-time PCR were obtained (+° = 0.74 for all
genes and * = (.96 for the genes with SNRs of >3) (Fig. 5).
These results suggested that microarray hybridization data
were consistent with real-time PCR data, and hence, the mi-
croarray hybridization signal appeared to be reliable.

DISCUSSION

Specificity is one of the critical issues in microarray assays,
especially for environmental studies. Several pieces of evi-
dence suggested that the developed 50-mer FGAs were specific
to their corresponding genes or group of genes, although we
could not experimentally examine the specificities for all indi-
vidual probes. First, all probes on the arrays were <85% sim-
ilar, which is below the threshold value of 88% determined in
this study using artificial probes. Second, the determined
threshold value of sequence identity (<88%) with the 50-mer
FGAs was consistent with previous results (<80 to 85% se-
quence identity) with the PCR product-based FGA (53). As
expected, higher hybridization specificity was achieved with the
50-mer FGAs than with the PCR product-based FGAs. Our
results showed that the developed 50-mer FGAs were able to
discriminate gene sequences with <88 to 94% identity under
the hybridization conditions of 50°C with 50% formamide (Fig.
1). Third, since probes having longer than 15-mer continuous
sequence stretches identical to the nontarget sequences may
cause cross-hybridization problems (38), such probes were re-
moved after being designed. In addition, based on the artificial
probes, our results suggested that the AG°¢5 value of <60% of
the total free energy (corresponding to 88% probe sequence
identity) could be used as a threshold value for probe design.
This is consistent with the results of Taroncher-Oldenburg et
al. (44). They recommended 87% probe-to-target identity and
56% AG as threshold values for designing 70-mer oligonucle-
otide probes. Finally, specific detection of the developed 50-
mer FGAs was obtained using the genomic DNAs from a
limited number of pure cultures. The overall consistency of the
hybridization results with real-time PCR and sequencing re-
sults and with our knowledge and prediction of the environ-
mental samples examined (enrichments, microcosms, and
soils) also suggested that the developed 50-mer arrays were
specific. However, we found that nonspecific hybridization
could be significant when the microarray slides were not
warmed or the hybridization mixture remained at room tem-
perature for several minutes after hybridization and before
washing. To minimize potential nonspecific hybridization, the
slides should be prewarmed and the hybridization mixture
should be kept above the hybridization temperature through
all hybridization steps prior to washing.

Because only probes with <85% similarity were used to
construct the 50-mer FGAs, it was important to understand
whether they could be specific to the corresponding target
genes or groups when used for analyzing environmental sam-
ples of unknown composition. To address this question, a rep-
resentative enzyme from each group in which many gene se-
quences were available was selected for similarity analysis. The
average nucleic acid identities ranged from 31 to 70% (Table
1). The maximum nucleic acid sequence identities were <88%



4314 RHEE ET AL. ApPL. ENVIRON. MICROBIOL.
12
r=0.86
10 + —&— Real Time PCR (Log Copy Number)
—O— Microarray Hybridization (Log SNR)
8 -
[0} 6
=
4]
> 4
(@]
(@]
— 2 A
0 4
2 4
-4
T T T T T T
0, Y20, %o, Yo, Y0, 20, 82, 985, <82, <82, <85, <8
0446‘9~ S 446‘3\ 7‘446‘2~ P 446‘& ” 46'3\ 7446'& 7~2'5’07\51§f?075~ 72807 - 5807& f807& 5807& ”
/:D FD\ ) FD\ . FD FON ) ~ &, FD FDN i FD. FD PD%/// FD\ .
Cron i, ‘cr 77 ‘cr 77 Cr, 77
c h Oc, Ch [ c O¢, C
Osm /77@/71 Osm, ’hen/ s, ”7@0/ s '77@,7[
Genes

FIG. 5. Comparison between real-time PCR and microarray hybridization for detection of naphthalene degradation genes in the microbial
community. Two genes, naphthalene dioxygenase large subunit (gi4704462) and naphthalene dioxygenase small subunit (gi4704463), from
Rhodococcus sp. and two genes, salicylate 5-hydroxylase large subunit (gi2828015) and naphthalene dioxygenase large subunit (gi2828018), from
Ralstonia sp. strain U2, were used for comparison. Three replicates of real-time PCR were performed for each gene with each sample.

for genes encoding phenol hydroxylase, arsenate reductases,
and cadmium-transporting ATPase. Although the maximum
nucleic acid identities for genes encoding naphthalene, biphe-
nyl, and catechol dioxygenases were >88%, the average iden-
tities were relatively low for these three genes (34 to 51%).
These results indicated that the nucleic acid sequences of the
genes encoding these enzymes are highly diverse. Since our
experimental data showed that little hybridization was ob-
served for the probes with <88% sequence identity, the de-
signed microarrays with probes <85% similar could be specific
for the corresponding target genes or groups when they were
used for analyzing environmental samples of unknown compo-
sition, and cross-hybridizations from unknown homologous se-
quences in environmental samples may not be a severe prob-
lem. However, it is always important to use the 50-mer FGAs
for relative comparisons. The effects of any potential cross-
hybridization can be cancelled out when the hybridization
intensity signals from treatment samples are divided by the
hybridization intensity signals from the common reference
samples under the assumption that the community composi-
tions of the treatment and reference samples are similar.
Sensitivity is another critical parameter that impacts the
effectiveness of the microarray-based approach for detecting
genes in environmental samples. With the 50-mer oligonucle-
otide arrays, genes involved in biodegradation could be de-
tected with 5 ng of genomic DNA in the absence of back-
ground DNA and with 50 to 100 ng of genomic DNA in the
presence of pure-culture genomic DNA. Since 1,000 ng of
nontarget genomic DNA was used for hybridization, a detec-
tion limit of 50 ng corresponds to 5% of the target organisms.

With this sensitivity, we should be able to detect the dominant
microorganisms in a microbial community. The determined
sensitivity is consistent with real-time PCR results. For exam-
ple, when the copy number of the gene (gi2828018) was at the
level of 107 (~3.7 X 107 [170 ng of genomic DNA]) in the
corresponding microcosm sample, a relatively strong hybrid-
ization signal (SNR, 3.6) was obtained for the gene. However,
when it was at the level of 10* (~3.2 X 10%) in TFD soil, very
little hybridization was obtained (SNR, 0.11). As expected, the
sensitivity of the 50-mer-based FGAs was also ~10- to 100-fold
lower than that of PCR product-based FGAs (53) and CGAs
(L. Wu, D. K. Thompson, X. Liu, C. E. Bagwell, M. W. Fields,
J. M. Tiedje, and J. Zhou, unpublished data). Using the PCR
product-based FGAs, nirS genes were detected with ~1 ng of
labeled pure genomic DNA in the absence of background
DNA (53). The detection limit of CGAs was estimated to be
~0.2 ng with pure labeled genomic DNA in the absence of
background DNA and ~5 ng of genomic DNA, or 2.5 X 10°
cells, in the presence of background DNA (Wu et al., unpub-
lished). In addition, the detection limit (~10 pg of PCR prod-
ucts) was relatively comparable with that determined with the
arrays containing DNA fragments as probes (500 to 900 bp) in
the presence of background DNA (7).

Based on the experimental results with mixtures of known
amounts of DNAs, a known number of cells, and real-time
PCR, roughly 107 cells are needed to achieve reasonably strong
hybridization. If these values are directly applicable to real
environmental samples, the level of the 50-mer-based FGA
detection sensitivity should be sufficient for detection of at
least the more dominant members of a microbial community.
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However, it is still not sensitive enough to detect less abundant
microbial populations. This is supported by our results from
soil microcosm experiments in which naphthalene was added
to stimulate naphthalene-degrading populations. Very strong
hybridization signals were observed for the genes involved in
naphthalene degradation with 2 pg of community genomic
DNA from these soil samples, whereas these genes were rarely
detectable in the soil sample without naphthalene amendment.
To detect rare populations in natural environments, other ap-
proaches for increasing hybridization sensitivity are needed.
We are exploring ways to enhance the level of detection sen-
sitivity.

Our experimental results showed that a small portion of
probes had strong hybridization with the bulk community
DNAs (5 g) from the three soil samples without naphthalene
amendment. The overall relationships of these three soils
based on the detected genes are consistent with general expec-
tations in terms of the contaminant differences of the soils.
Thus, despite the fact that there is an urgent need for improv-
ing hybridization sensitivity, the 50-mer FGAs are still valuable
to some extent for revealing the differences among various
microbial communities as a profiling tool. As we demonstrated,
the developed arrays will be particularly useful for monitoring
the compositions and activities of biodegrading communities in
samples with enhanced microbial activity. However, the capa-
bility of revealing microbial population differences with this
type of microarray will depend on the compositions, structures,
and complexities of the microbial communities of interest.

The quantitative capability of microarray-based hybridiza-
tions is another central issue for environmental applications. A
good linear relationship was observed between the hybridiza-
tion signal intensity and the target DNA or RNA concentra-
tion for a pure culture, mixed DNA templates, and cells (Fig.
3). This is consistent with previous reports with the PCR prod-
uct-based FGAs (53) and CGAs (Wu et al., unpublished), as
well as with the findings of microarray studies of gene expres-
sion (2). However, like other molecular approaches, the quan-
titative accuracy of the 50-mer-based FGA hybridization will
depend on probe specificity. To obtain more accurate results,
the probe must be highly specific for the target genes. Any
cross-hybridization from closely related genes could distort
quantification. Since the functional genes involved in contam-
inant degradation and metal resistance appear to be highly
diverse, cross-hybridization to these probes should not be a
severe problem.

Altogether, the oligonucleotide arrays developed in this
study contained 1,662 unique probes to target a variety of
genes involved in the biodegradation of various contaminants
and in metal resistance (Table 1). To our knowledge, this is the
first comprehensive array available for environmental studies.
In addition, the probes should well represent the known mi-
crobial-gene diversity involved in biodegradation, because the
probes were designed based on up-to-date, available sequence
information from public databases. The developed microarray
should therefore be useful as a general tool for monitoring the
compositions, structures, activities, and dynamics of microbial
populations involved in biodegradation and metal resistance
across different environments. In addition, the arrays contain
probes from different steps of the catabolic pathways involved
in degrading a variety of chemical compounds. The developed

BIOREMEDIATION GENE ARRAYS 4315

arrays should be useful for assessing biodegrading populations
in a variety of environments contaminated with different chem-
icals and extremely useful for characterizing pure isolates in-
volved in biodegradation. This was demonstrated by our dis-
covery of many new catabolic genes in P. putida PpG7 using
microarray hybridization, which was then validated by PCR
and sequencing (Table 3). Finally, most of the gene probes
were derived from cultivated microorganisms. Only a limited
number of genes were cloned directly from environmental
samples using PCR amplification with relatively conserved de-
generate primers (e.g., genes for benzylsuccinate synthase,
phenol oxygenase, naphthalene dioxygenase, and alkane mono-
oxygenase) (3, 31, 34, 50). Thus, the developed microarray
should be useful for assessing possible horizontal gene transfer
events among different cultivated biodegrading organisms (20).
It is also important to note that the knowledge gained in this
study could be useful in addressing relevant microbial prob-
lems associated with human health, water and food safety,
animal and plant health and productivity, biodiversity, biopro-
cessing of industrial products, and wastewater treatment, be-
cause microbial communities are important in each of these
areas.

Using the developed 50-mer FGAs, we successfully detected
changes in the microbial community structures in enrichments
and soil microcosms. In soil microcosms, naphthalene (salicy-
late) degradation genes from the gentisate pathway originally
found in a plasmid of Ralstonia sp. strain U2 (13) were detect-
ed. Interestingly, although the gentisate pathway for salicylate
degradation is less common than other pathways, our results
show that this pathway could be more common in soil ecosys-
tems than suspected. Thus, the Ralstonia-type microorganisms
might be actively involved in naphthalene degradation.

Although the same TFD soil was used for establishing the
enrichments and soil microcosms with naphthalene as a sole
carbon source, different microorganisms involved in naphtha-
lene degradation were detected. The genes, possibly carried in
a plasmid of gram-positive Rhodococcus, were detected in the
enrichment but not in microcosms. Instead, Ralstonia-, Burk-
holderia-, and Comamonas-type microorganisms appeared to
be dominant in soil microcosms. These results suggested that
the enrichment process could cause severe bias of the popula-
tion compositions, and hence the isolation-based approaches
for monitoring community structure and dynamics may not be
an appropriate choice. The culture-independent microarray-
based approach has advantages over the traditional culture-
(in)dependent method because large amounts of data on mi-
crobial community dynamics could rapidly be obtained without
or with little bias.

Although our results demonstrated that the developed 50-
mer FGAs can potentially be used as specific and quantitative
tools for monitoring biodegrading populations, their useful-
ness and power should be further evaluated with diverse sam-
ples from a variety of contaminated environments by address-
ing various environmental and ecological questions. We are
using the developed microarrays to address research questions
related to bioremediation of groundwater contaminated with
mixed wastes of uranium and organic solvents. In addition, the
probes on arrays may not represent the indigenous microbial
communities, because the majority of microorganisms in nat-
ural environments are not cultivated. Further efforts to under-
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stand the sequence diversity of genes related to the biodegra-
dation of various compounds are needed.

In summary, this work evaluated the specificity, sensitivity,
and quantitation of the 50-mer oligonucleotide-based microar-
rays. This type of microarray was successfully used for detect-
ing biodegradation genes in soil microcosms and enrichments
and for profiling the differences in microbial community struc-
tures of soils contaminated with PAH and BTEX. Our results
indicated that this technology has potential as a specific, sen-
sitive, and quantitative tool in revealing a comprehensive pic-
ture of the compositions of biodegradation genes and the mi-
crobial community in contaminated environments, although
more work is needed to evaluate the performance of the 50-
mer FGAs with diverse contaminated environmental samples.
It is our hope that the methods presented here will serve as
useful tools to monitor bioremediation processes in situ.
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