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INTRODUCTION

Our understanding of microbial com-
munity structure and dynamics in the 
environment continues to advance rap-
idly due to the development and applica-
tion of molecular methods. Many novel 
uncultured microorganisms have been 
identified using conventional molecular 
methods (1,2). Microarray-based tech-
nology has the potential to overcome 
the limitations of traditional molecular 
methods for studying microbial commu-
nity structure as high-throughput, cost-
effective assessment tools for monitor-
ing microbial communities (3).

In the past several years, microarray-
based genomic technology has attracted 
tremendous interest among biologists be-
cause it permits the simultaneous analysis 
of thousands of genes in a single assay. 
DNA microarray technology has already 
been proven to be a particularly powerful 
tool to study whole genome expression 
(4–6). It is only recently that microar-
ray-based genomic technology has been 
extended to the studies of microbial com-
munities in the environment (3).

On the basis of the types of probes 
arrayed, microarrays used in environ-
mental studies can be divided into three 
major classes (7); namely, functional 
gene arrays, community genome ar-
rays, and phylogenetic oligonucleotide 
arrays. Functional gene arrays contain 
genes encoding key enzymes involved 
in various ecological processes such 
as carbon fixation, nitrification, deni-
trification, and sulfate reduction. Both 
DNA fragments and oligonucleotides 
derived from functional genes can be 
used for fabricating functional gene 
arrays. To avoid confusion, the for-
mer is referred to as DNA-based func-
tional gene arrays, whereas the later is 
referred to as oligonucleotide-based 
functional gene arrays. These types 
of arrays are useful in studying physi-
ological status and functional activities 
of microbial communities in natural en-
vironments (1,3). Community genome 
arrays are constructed using whole ge-
nomic DNA isolated from pure culture 
microorganisms and can be used to de-
scribe a microbial community in terms 
of its cultivable component (L. Wu, 

D.K. Thompson, X. Liu, C.E. Bagwell, 
M.W. Fields, J.M. Tiedje, and J. Zhou, 
manuscript submitted). Phylogenetic 
oligonucleotide arrays are constructed 
with short synthetic oligonucleotides 
from rRNA genes and can be used for 
phylogenetic analyses of microbial 
community composition and structure 
in environmental samples. Recently, 
oligonucleotide microarrays contain-
ing probes longer than 40 bp have been 
extensively evaluated and used for 
whole genome expression studies (8,9). 
These microarrays have high specific-
ity and are easy to construct. Thus, they 
provide an important alternative array-
based approach for monitoring gene ex-
pression. However, this type of micro-
array has not been tested and validated 
within the context of environmental 
samples. We therefore evaluated 50-
mer oligonucleotide-based functional 
gene arrays for potential environmental 
application by focusing on the genes 
involved in nitrification, denitrifica-
tion, nitrogen fixation, methane oxida-
tion, and sulfate reduction. Our results 
demonstrated that the 50-mer func-
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tional gene array is potentially specific 
and quantitative for detecting microbial 
populations in environmental samples, 
and it can provide species-level resolu-
tion for analyzing microorganisms in-
volved in nitrification, denitrification, 
nitrogen fixation, methane oxidation, 
and sulfate reduction. 

MATERIALS AND METHODS

Bacterial Strains, Samples, DNA 
Extraction, and Purification

The majority of the pure bacteria 
used in this study were obtained from 
the ATCC (Manassas, VA, USA) and 
our own isolate collection: Desulfovi-
brio vulgaris subsp. vulgaris (ATCC 
29579) containing the dsrAB gene, 
Pseudomonas stutzeri containing the 
nirS gene, Pseudomonas sp. G-179 con-
taining the nirK gene, Methanococcus 
maripaludis (ATCC 43000) containing 
the nifH gene, Nitrosomonas europaea 
(ATCC 19718) containing the amoA 
gene, and Methylomicrobium album 
(ATCC 33003) containing the pmoA 
gene. The genomic DNAs from these 
strains were extracted as previously 
described (10), and the plasmid clones 
containing the targeted functional genes 
have also been described (3,11–13).

The performance of microarray hy-
bridization was evaluated using a sam-
ple of marine sediment collected from 
the top 1 cm in the ocean off the Gulf of 
Mexico. This sample was provided by 
Allan Devol (University of Washington, 
Seattle, WA, USA). Community DNAs 
from the sediment sample were extract-
ed and purified as previously described 
(10). Two grams of the marine sedi-
ment sample from frozen stocks were 
used for DNA extraction. The extracted 
DNAs were purified using the Qiagen 
RNA/DNA Purification System® with 
Qiagen-tip 20® (Qiagen, Valencia, CA, 
USA) according to the manufacturer’s 
instructions.

Microarray Design and 
Construction

The microarray was designed using 
the information developed by our clon-
ing and sequencing efforts and sequence 
information from GenBank®. The 

oligonucleotide microarray was con-
structed using a diverse set of functional 
genes involved in nitrogen (amoA, nirS, 
nirK, and nifH), methane (pmoA), and 
sulfur (dsrAB) cycling. Almost half of 
the clone sequences were obtained from 
our laboratory and isolated from diverse 
environments such as soil, marine sedi-
ment, and ground water (3,11–13). A 
custom database was established con-
taining the majority of the published 
amoA, nirS, nirK, pmoA, dsrAB, and 
nifH sequences and many unpublished 
sequences obtained from our laboratory. 
Sequences of interest in GenBank were 
identified by a keyword search through 
the National Center for Biotechnology 
Information (NCBI) web site (http://
www.ncbi.nlm.nih.gov/).

The 50-mer oligonucleotide probes 
were designed using a modified version 
of the software, PRIMEGENS (http://
compbio.ornl.gov/structure/primegens/) 
(14). Each individual gene sequence was 
compared against the entire sequence 
database using the Basic Local Align-
ment Search Tool (BLAST®; NCBI) and 
aligned with the other sequences showing 
more than 85% similarity using dynamic 
programming. Based on these global op-
timal alignments, segments of 50-mer 
with less than 85% nucleotide identity to 
the corresponding aligned regions of any 
of BLAST hit sequences were selected as 
potential probes. Among those identified 
as potential probes, one probe was se-
lected by considering GC content, melt-
ing temperature, and self-complementar-
ity. Outputs of the designed probes were 
imported into Microsoft® Excel®, and a 
pivot table was constructed containing the 
sequence information of each probe. In 
summary, a total of 763 oligonucleotide 
probes consisting of 35 amoA, 3 pmoA, 
93 nirK, 108 nirS, 218 nifH, 170 dsrA, 
and 136 dsrB genes were designed. Hu-
man genes (9) were also used as negative 
or quantitative controls, and 5 conserved 
16S rRNA gene fragments were used as 
positive controls. 

The 50-mer oligonucleotides were 
synthesized without any modification 
by MWG-Biotech (High Point, NC, 
USA) in a 96-well plate format. The 
oligonucleotides were diluted to a final 
concentration of 50 pmol/μL in 50% 
dimethyl sulfoxide (DMSO; Sigma, St. 
Louis, MO, USA). Microarray printing 
was carried out as previously described 

(3). The slides were then cross-linked 
using an ultraviolet (UV) Stratalinker® 
1800 (Stratagene, La Jolla, CA, USA) 
by exposing the slides to 80 mJ doses 
of UV irradiation and washing at room 
temperature with 0.1% sodium dodecyl 
sulfate (SDS) for 4 min, followed by 
water for 2 min. Finally, the slides were 
dried by centrifugation at 50× g for 5 
min, transferred to a clean slide box, 
and stored overnight prior to use. The 
763 probes and negative and positive 
control probes were printed on a slide 
in 2–4 replicates. 

Labeling of Target DNA and 
Microarray Hybridization

Two methods were used to fluo-
rescently label the DNA. For genomic 
DNA labeling, from 1 ng to 1 μg of 
genomic DNA was mixed with 1 μg 
random octamers, denatured by boil-
ing for 5 min, and immediately chilled 
on ice. The labeling reaction mixture 
contained denatured DNA, 2.5 μL 
of dNTP mixture [5 mM each dATP, 
dTTP, and dGTP, 2.5 mM dCTP (New 
England Biolabs, Beverly, MA, USA)], 
1 μL of Cy3 (25 nmol Cy3-dUTP) or 
Cy5-dUTP (Amersham Biosciences, 
Piscataway, NJ, USA), and 40 U of Kle-
now fragment (Invitrogen, Carlsbad, 
CA, USA) in a total volume of 50 μL. 
The reaction mixture was incubated at 
37°C for 6 h. Labeled target was puri-
fied using a QIAquick™ PCR purifica-
tion column (Qiagen), concentrated in a 
SpeedVac® (Thermo Savant, Holbrook, 
NY, USA) at 40°C for 50 min, and then 
resuspended in an appropriate volume 
of distilled water.

DNA targets from plasmid clones 
were also indirectly labeled by PCR am-
plification using gene-specific primers. 
Each PCR used 10 pg of plasmid con-
taining the desired target gene, 20 pmol 
PCR primers (TA-F, 5′-GCCGCCAGT-
GTGCTGGAATT-3′ and TA-R, 5′-TAG-
ATGCATGCTCGAGCGGC-3′); 25 mM 
of dATP, dCTP, dGTP; 15 mM dTTP; 10 
mM amino-allyl-dUTP (Sigma); and 0.5 
U Taq DNA polymerase in a total volume 
of 30 μL. The amino-allyl-derivitized 
PCR products were purified using QIA-
quick PCR purification kit (Qiagen), 
washed with 75% ethanol, and eluted 
with water. The amino-allyl-labeled 
cDNA was dried in a SpeedVac for 30 
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min and resuspended in 4.5 μL 
0.1 M sodium carbonate buffer, 
pH 9.0. The solution was then 
reacted with N-hydroxysuc-
cinimide esters Cy3 (NHS-Cy; 
Amersham Biosciences) and 
incubated in the dark for 1 h. 
After incubation, 35 μL of 100 
mM sodium acetate, pH 5.2, 
were added. The labeled prod-
ucts were then purified using 
QIAquick columns.

All hybridizations were 
carried out in triplicate. The hybrid-
ization solution contained 3× standard 
saline citrate (SSC) (1× SSC contained 
150 mM NaCl and 15 mM trisodium ci-
trate), 1 μg of unlabeled herring sperm 
DNA (Promega, Madison, WI, USA), 
0.30% SDS, and 50% formamide in a 
total volume of 15 μL. To avoid bub-
bles, the hybridization solution was de-
posited directly onto the microarrays. 
The microarray (probe-side down) was 
placed on the coverslip (22 × 22 mm) 
and then into a hybridization cham-
ber (Corning® hybridization chamber; 
Corning, Acton, MA, USA). Fifteen 
microliters of 3× SSC were dispensed 
into the hydration wells on each side 
of the microarray slide, and hybridiza-
tion was carried out for 12–15 h. To 
determine the effect of temperature on 
signal intensity, hybridization was car-
ried out at 45°, 50°, 55°, 60°, 65°, 70°, 
and 75°C. Following hybridization, the 
arrays were washed with 1× SSC plus 
0.2% SDS at hybridization temperature 
and 0.1× SSC plus 0.2% SDS for 5 min, 
and then with 0.1× SSC for 30 s each at 
ambient temperature prior to drying via 
centrifugation at 500× g for 5 min.

Various small microarrays were 
constructed to determine the optimum 
oligonucleotide probe concentration, 
effects of probe sequence similarity 
on hybridization, and optimal hybrid-
ization conditions (i.e., sensitivity and 
quantitation experiments). To deter-
mine the optimal probe concentration 
for microarray fabrication, a Cy3-
labeled oligonucleotide was directly 
synthesized, diluted to different con-
centrations (5–200 pmol/μL) in 50% 
DMSO, and spotted on SuperAmine® 
slides (TeleChem International, Sunny-
vale, CA, USA) in 5 replicates. Imme-
diately after printing, the slides were 
scanned, and the intensity of the spots 

was quantified. The intensity of the 
spots was also quantified after prepro-
cessing (i.e., UV linking and washing 
as described above) and/or mock hy-
bridization at 55°C for 15 h. 

The effects of probe similarity on 
hybridization signals was determined 
using small microarrays containing 10 
nirS oligonucleotide probes with vary-
ing levels of similarity (42%–100%) 
to the nirS gene sequence from P. 
stutzeri D7-6. Target DNA was indi-
rectly labeled by PCR amplification 
as described above and hybridized to 
the microarrays at 45°, 50°, 55°, 60°, 
and 65°C for 15 h. Finally, sensitivity 
and quantitation were evaluated us-
ing small microarrays containing six 
gene probes from different functional 
gene groups of dsrB, nirS, nirK, nifH, 
amoA, and pmoA. Each gene was spot-
ted on the arrays in five replicates. 
Different concentrations of genomic 
DNA (4–1000 ng) from pure cultures 
containing dsrB, nirS, nirK, nifH, 
amoA, and pmoA genes were direct-
ly labeled with Cy3 using a random 
priming method and then hybridized 
on the small microarrays as described 
above.

Image Processing and Data Analyses

The microarrays were scanned using 
an ArrayWoRx™ Station (Applied Pre-
cision, Issaquah, WA, USA). The imag-
es were saved as 16-bit TIFF files, and 
each spot was quantified using the Ima-
Gene™ software version 5.0 (Biodis-
covery, Los Angeles, CA, USA). Local 
background measurements were sub-
tracted for each spot. The poor quality 
spots were flagged and removed from 
the data set for further analysis. The 
signal-to-noise ratio (SNR) was also 
computed for each spot to discriminate 
true signals from noise. The SNR ratio 

was calculated as follows:
 [Eq. 1]

 Signal mean - Background mean
SNR = ———–——————————

 Background standard deviation

 
A commonly accepted criterion for 

the minimum signal (threshold) that 
can be accurately quantified is SNR ≥  
3 (15). Spots that appeared to be lower 
than the threshold value were removed 
from the data set. Regression analyses 
of hybridization signal intensity and 
target or probe concentration were per-
formed using SigmaPlot™ 5.0 (Jandel 
Scientific, San Rafael, CA, USA). 

To determine the level of taxonomic 
resolution that the designed 50-mer 
functional gene arrays can provide, the 
sequence similarities of dsrAB, nirS, 
nirK, nifH, amoA, and pmoA from pure 
cultures were compared and evaluated 
in terms of taxonomic classification 
(Table 1). Partial sequences of pure cul-
tures containing dsrAB, nirS, nirK, nifH, 
amoA, and pmoA genes were download-
ed from GenBank and grouped accord-
ing to their taxonomic classification. 
The obtained sequences were aligned 
using the PILEUP program from the 
Genetics Computer Group (GCG) (16). 
The nucleotide sequence similarities 
were then determined using the OLD-
DISTANCE command in GCG (16).

RESULTS

Determination of Optimum 
Concentration of Oligonucleotide 
Probes for Microarray Fabrication

The retention of probes on the mi-
croarrays was used to determine the op-
timal probe concentration for fabrica-
tion. After printing, the signal intensity 
increased as the probe concentration in-

Table 1. Sequence Similarities of Selected Genes from Pure Cultures Collected from GenBank

Phylogenetic  
Hierarchies

Sequence Similaritya   
(%)

dsrAB nirS nirK nifH amoA pmoA

Strain 0.93 ± 0.03 0.93 ± 0.04 0.91 ± 0.05 0.93 ± 0.06 0.99 ± 0.01 0.95 ± 0.03

Species 0.73 ± 0.13 0.70 ± 0.18 0.76 ± 0.00 0.82 ± 0.06 0.75 ± 0.11 0.79 ± 0.55

Genus 0.70 ± 0.09 0.67 ± 0.16 0.71 ± 0.07 0.70 ± 0.07 0.71 ± 0.07 0.75 ± 0.15

Family or higher 0.66 ± 0.13 0.57 ± 0.14 0.62 ± 0.14 0.66 ± 0.10 0.65 ± 0.13 N.A.

a Data show the mean (± SD) of similarity values of the six gene groups at different phylogenetic levels. N.A., not  
applicable.
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creased from 5–100 pmol/μL (data not 
shown). Within these concentrations, a 
5-fold difference in signal intensity was 
observed. However, between 100–200 
pmol/μL, the signal intensity was very 
similar. These results indicated that the 
saturation point of probe concentration 
was 100 pmol/μL after printing. 

To assess the effect of preprocess-
ing and hybridization on probe reten-
tion, the intensity of the spots was also 
quantified following preprocessing 
and mock hybridization at 55°C for 15 
h. After preprocessing, no significant 
difference in signal intensity was ob-
served between 50 and 100–200 pmol/
μL (data not shown), indicating that 
the saturation point of signal intensity 
after preprocessing was about 50 pmol/
μL. Following mock hybridization, 
the saturation point further declined 
to between 30–40 pmol/μL (data not 
shown). The signal intensity at these 
concentrations was similar to that of 
50, 100, and 200 pmol/μL. Our data 
suggest that the optimum oligonucle-
otide concentrations were between 30–
40 pmol/μL for microarray fabrication, 
and excess probes will be washed away 
after hybridization. Because synthesiz-
ing oligonucleotides for array fabrica-
tion is expensive, an oligonucleotide 
probe concentration of 40 pmol/μL was 
therefore used for microarray construc-
tion in later experiments.

Effect of Temperature on the 
Oligonucleotide Microarray 
Hybridization

To determine the effect of tempera-
ture on oligonucleotide hybridization, 
the PCR-amplified DNA fragments of 
the dsrB, nirK, nirS, nifH, pmoA, and 
amoA genes were hybridized on the ar-
rays containing 763 probes at different 
temperatures (data not shown). Prior to 
hybridization, slides from the begin-
ning, middle, and end of the printing 
run were stained with POPO™ iodide 
(Molecular Probes, Eugene, OR, USA) 
to ensure that the quality of spots was 
uniform across the array of slides (40 
slides per run) by visual observation. 
The quality of the spots was similar for 
slides from the beginning, middle, and 
end of the print (data not shown). At 
45°C, the signal intensity was the high-
est but significant cross-hybridization 
was observed (data not shown). As hy-
bridization temperature increased, the 
signal intensity decreased dramatically. 
At 70° and 75°C, little or no hybridiza-
tion was observed for all of the genes 
examined. Oligonucleotide probes hy-
bridized strongly to their complemen-
tary sequences at 50°C, and the hy-
bridization signal intensity was much 
stronger compared to that at 55°, 60°, 
or 65°C. No cross-hybridization was 
observed among different gene groups 

Figure 1. Effects of probe sequence identities on hybridization signal intensity. The experiments 
were carried out using small arrays fabricated with the probe sequences derived from DNA from nirS-
containing Pseudomonas stutzeri. These probe sequences have varying degrees of similarities (40%, 
50%, 60%, 70%, 80%, 90%, 94%, 98%, and 100%) to the target sequence. Target DNA was labeled by 
PCR amplification and hybridized to the microarrays at (A) 45°C and (B) 65°C for 15 h. One human 
gene probe was also spotted on the arrays as a negative control.
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at 50°–65°C (data not shown). In ad-
dition, no hybridization was observed 
with any of the 10 human gene probes. 
Based on these results, a hybridization 
temperature at 50°C was used in most 
of the later experiments. 

Effect of Probe Sequence 
Similarities on Hybridization  
Signal Intensity

Previous work demonstrated that 
target genes having less than 80%–85% 
sequence identity could be differen-
tiated at high stringency using DNA 
fragments (400–800 bp) as probes (3). 
Based on this finding, all of the oligo-
nucleotide probes that were selected for 
microarray fabrication had sequence 
identities less than 85%. No probes 
were designed for the genes having 
more than 85% similarity. 

To experimentally determine the 
resolution power of the hybridization 
with the 50-mer functional gene ar-
rays, the effects of probe sequence 
similarity on hybridization signal in-
tensity of the target nirS gene from P. 
stutzeri were evaluated. The signal 
intensity of the nirS gene to the oligo-
nucleotide probes was the highest at 
low stringency (45°C) and the lowest at 
high stringency (65°C) (Figure 1). The 
highest signal intensity was observed 
with the oligonucleotide probe having 
100% similarity to the nirS gene from 
P. stutzeri. As the similarity decreased, 
the signal intensity also decreased. 
At all temperatures, little hybridiza-
tion was observed for probes showing 
40%–86% similarity to the target DNA, 
whereas the signal intensity increased 
substantially for probes showing more 
than 86% similarity to the target DNA. 
In addition, the signal intensities of 
probes having 86%, 90%, 94%, 98%, 
and 100% identity to the target DNA 
were also substantially different from 
each other (Figure 1).

The signal intensities for the probes 
that were less than 86% similar were 
comparable to background signal 
intensity at hybridization tempera-
tures greater than 50°C. To determine 
whether the hybridization signal in-
tensities were true signals, the SNR 
was calculated (Table 2). SNR de-
creased with increasing hybridization 
temperatures (Table 2). For instance, 

at 45°C, the perfectly matched target 
DNA gave an SNR of 35.6 (10 times 
higher than the threshold). However, 
this ratio decreased to below thresh-
old (SNR = 2.2) at 65°C. SNR also 
decreased with the decrease of probe 
sequence similarities. At 45°, 50°, 
and 55°C, the lowest detectable sig-
nals were observed at 86%, 90%, and 

94% similarities, respectively. At 60° 
and 65°C, the signal intensities of all 
targeted probes were below the detec-
tion limit of SNR = 3 (Table 2). These 
results suggest that at the hybridiza-
tion conditions of 50°C, the oligonu-
cleotide microarray hybridization can 
differentiate sequences having less 
than 86% similarity, whereas at 55°C, 

Table 2. Signal-to-Noise Ratio of Microarray Hybridizations at Different Hybridization 
Temperatures

Probe 
Sequence 

Identity  
(%)

Signal-to-Noise Ratio 
(°C)

45 50 55 60 65

100 35.6 ± 7.1 18.4 ± 2.9 8.2 ± 4.3 2.9 ± 0.9 2.2 ± 0.7

98 23.5 ± 10.4 11.0 ± 4.7 7.1 ± 3.8 2.9 ± 1.0 2.3 ± 0.2

94 19.4 ± 10.9 6.6 ± 1.5 4.4 ± 1.9 2.3 ± 0.3 1.9 ± 0.4

90 7.9 ± 5.9 5.1 ± 1.0 2.7 ± 1.4 2.3 ± 0.2 1.6 ± 0.4

86 3.8 ± 0.8 1.8 ± 0.5 1.2 ± 0.5 1.1 ± 0.4 0.5 ± 0.2

82 2.3 ± 1.0 1.8 ± 0.7 1.2 ± 0.7 1.4 ± 0.7 0.6 ± 0.3

78 3.4 ± 1.8 1.4 ± 1.0 0.8 ± 0.6 1.1 ± 0.6 0.9 ± 0.4

74 3.4 ± 1.6 1.5 ± 0.5 1.1 ± 0.9 1.2 ± 0.7 0.7 ± 0.3

70 1.4 ± 1.2 1.1 ± 0.7 1.2 ± 1.3 1.0 ± 0.5 0.3 ± 0.1

62 1.8 ± 1.8 1.3 ± 0.9 1.1 ± 1.1 1.2 ± 0.9 0.3 ± 0.2

54 1.4 ± 0.8 0.8 ± 0.5 0.5 ± 0.3 0.4 ± 0.3 0.0 ± 0.1

42 1.1 ± 0.2 1.0 ± 0.5 0.6 ± 0.4 0.4 ± 0.3 0.0 ± 0.1

Figure 2. Images showing hybridization specificity. (A) Five different nirS genes (clone M305027, 
clone D10-300-17, clone M318A96, clone M312A24, and clone M312A29). All of these genes have 
less than 85% nucleotide identity. The range of similarities between the probes was 44%–60%. (B) The 
combination of six different gene groups (dsrA, clone FW003001A; nirK, clone NKTT14; nirS, clone 
M304B04; nifH, clone NIS3-3; pmoA, clone C01A15143; amoA, clone H06A16104). The target DNAs 
were labeled with Cy3 using PCR amplification and hybridized separately with the microarrays contain-
ing 763 probes at 50°C. The background shows the layout of the array spots stained with POPO dye 
(red). Specific hybridizations are shown in green.
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sequences having less than 90% simi-
larity can be differentiated. 

Specificity of the 50-mer Oligo-
nucleotide Array Hybridization

The specificity of hybridization with 
the 50-mer oligonucleotide array across 
763 probes was determined using envi-
ronmental clones from different func-
tional gene groups (dsrA, nirK, nirS, 
nifH, pmoA, and amoA) as targets. These 
cloned genes were labeled with Cy3 by 
PCR amplification. Each labeled DNA 
was hybridized separately to the oligo-
nucleotide microarrays at 50°C to deter-
mine the specificity of individual probes. 
Strong hybridizations were observed 
with each target gene at 50°C, whereas 
no hybridization was observed with the 
nontarget genes (data not shown). Spe-
cific hybridization was obtained when 
five different nirS clones showing less 
than 85% sequence identity (clones 
M305027, D10-300-17, M318A96, 
M312A24, and M312A29) were mixed 
together (Figure 2A). In addition, when 
the labeled target genes from six differ-
ent functional gene groups were com-
bined and hybridized to the oligonucle-
otide arrays, strong hybridization was 
observed only with their corresponding 
probes sequences (Figure 2B). Finally, 
five additional, different genes from 
each functional gene group (total of 30 

genes) were selected and hybridized 
with the arrays. As expected, strong hy-
bridization with the target genes and no 
cross-hybridization with the nontarget 
genes were observed (data not shown). 
These results indicated that the 50-mer 
functional gene arrays containing 763 
gene probes appear to be specific to their 
corresponding target genes.

Detection Sensitivity of 50-mer 
Functional Gene Array Hybridization

To evaluate the detection sensitivity 
of hybridization with the oligonucle-
otide array, different concentrations of 
genomic DNAs from pure cultures con-
taining dsrB, nirS, nirK, nifH, amoA, 
or pmoA genes were randomly labeled 
with fluorescent dyes and hybridized 
with an array containing a small num-
ber of probes. Very strong hybridization 
signals were observed with DNA con-
centrations between 32–1000 ng from 
all gene groups (data not shown), while 
hybridization signals were weaker with 
DNA concentrations between 4–8 ng 
(Figure 3). The positive controls (16S 
rRNA oligonucleotide probes) had sim-
ilar hybridization signal intensities to 
the probes from the six different func-
tional gene groups (Figure 3). Little or 
no hybridization was observed at 4 ng 
of genomic DNA for all six functional 
gene groups and for positive controls 

(data not shown). The detection limit 
with randomly labeled genomic DNA 
from pure cultures under the above hy-
bridization conditions was therefore es-
timated to be approximately 8 ng. 

In the above experiment, the de-
tection limit was determined with ge-
nomic DNA from a single pure culture 
in the absence of heterogeneous DNA 
templates, and thus the detection limit 
could be lower. In addition, the detec-
tion limit determined with genomic 
DNA from a single pure culture may 
not be directly applicable to real envi-
ronmental samples because of the com-
plexity of microbial communities in 
environmental samples. The existence 
of other nontarget DNAs may affect 
the hybridization with target DNA and 
therefore decrease detection sensitiv-
ity. To evaluate the detection sensitivity 
within the context of environmental ap-
plications, genomic DNAs representing 
eight target bacteria from different gen-
era and species were mixed at different 
concentrations, fluorescently labeled, 
and hybridized with the functional gene 
arrays (see Figure 4 legend for details). 
The signal intensity was significantly 
higher than background level when 
DNA concentrations were greater than 
50 ng, whereas the signal intensity was 
comparable to the background level 
when the genomic DNA concentra-
tion ranged from 8–30 ng (Figure 4). 

Figure 3. Detection sensitivity of the oligonucleotide microar-
rays. A small array was constructed with five replicates of each 
probe. These probes are dsrB-containing Desulfovibrio vulgaris 
(lane 1), nirS-containing Pseudomonas stutzeri (lane 2), nirK-con-
taining Pseudomonas sp. G-179 (lane 3), nifH-containing Methano-
coccus maripaludis (lane 4), amoA-containing Nitrosomonas euro-
pea (lane 5), pmoA-containing Methylomicrobium album (lane 6), a 
human gene as a negative control (lane 7), and 16S rRNA (lane 8). 
Different amounts of target DNAs (4–1000 ng) were mixed together, 
labeled with Cy3 using the random primer labeling method, and hy-
bridized with the smaller arrays. The hybridization image with 8 ng 
genomic DNA is presented.

Figure 4. Quantitative analysis of the 50-mer functional gene arrays using a mixed 
genomic DNA population. Eight different genomic DNAs were mixed together in 
different concentrations and labeled with Cy5. The plot shows the log-transformed 
average hybridization intensity versus the log-transformed target DNA concentration 
for each strain.
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The detection limit of the functional 
gene array-based hybridization in the 
presence of nontarget DNAs under the 
standard hybridization condition was 
therefore approximately 60 ng. 

Quantitative Potential of Oligo-
nucleotide Array Hybridization

The quantitative capability of micro-
arrays is important for understanding 
the activities and dynamics of micro-
bial communities. To evaluate whether 
oligonucleotide-based arrays can be 
used as a quantitative tool, the relation-
ship between target DNA concentration 
and hybridization signal was deter-
mined. Genomic DNAs from pure cul-
tures containing dsrB, nirS, nirK, nifH, 
amoA, or pmoA genes were diluted at 
different quantities, labeled with fluo-
rescent dyes, and hybridized with the 
arrays. A good linear relationship (n = 
40) was observed between signal inten-
sity and target DNA for dsrB (r2 = 0.98; 
slope = 0.72), nirK (r2 = 0.97; slope = 
0.73), nirS (r2 = 0.97; slope = 0.67), 
nifH (r2 = 0.96; slope = 0.81), amoA 
(r2 = 0.96; slope = 0.74), and pmoA (r2 

= 0.98; slope = 0.78) genes from pure 
cultures (data not shown). These results 
suggest that the microarray hybridiza-
tion for pure bacterial cultures appears 
to be quantitative within a wide range 
of DNA concentrations (8–1000 ng).

To determine whether the functional 
gene array hybridization is quantitative 
for targeted organisms in the presence 
of other nontarget DNAs, the quanti-
tative relationships between signal in-
tensity and DNA concentrations were 
further examined with the mixture of 
DNAs from eight different bacteria that 
represented different genera and spe-
cies as mentioned above. A significant 
linear relationship (r2 = 0.96; P < 0.01) 
was observed between signal intensity 
and target DNA concentration within 
a concentration range of 60–1000 ng 
(Figure 4). These results suggest that 
the 50-mer functional gene array-based 
hybridization could be quantitative for 
mixed DNA templates. 

Environmental Application

To evaluate the potential feasibility of 
using 50-mer functional gene arrays to 
detect microbial populations in environ-

mental samples, 5 μg of bulk community 
DNAs from a marine sediment sample 
were labeled with Cy3 using the random 
primer labeling method and hybridized 
directly with the oligonucleotide arrays. 
The hybridization image indicated that 
the 50-mer oligonucleotide arrays hy-
bridized reasonably well with the DNAs 
from marine sediment (Figure 5). Strong 
signals were obtained with some ni-
trogenases (nifH), dissimilatory sulfite 
reductase (dsrAB), ammonia monooxy-
genase (amoA), methane monooxygen-
ase (pmoA), and nitrite reductase (nirSK) 
(Figure 4, partial image shown). These 
results suggested that the oligonucleotide 
microarray technology developed in this 
study is potentially useful for detecting 
dominant microbial populations involved 
in these functional processes. 

DISCUSSION

In this paper, we examined the 
specificity, sensitivity, and quantitative 
aspects of using the 50-mer functional 
gene array-based hybridization to ana-
lyze environmental samples. Other 
researchers have evaluated the use of 
different oligonucleotide lengths for 
microarrays (17–21). In general, oligo-
nucleotides longer than 30 bp are used 

(17,20) because the sensitivity of mi-
croarrays containing longer oligonucle-
otides is much higher than that of short-
er oligonucleotides or that of cDNA 
microarrays (17,20). For instance, the 
hybridization signals of the oligonucle-
otide arrays containing 60-mer are 10-
fold higher than those with 25-mer and 
2-fold higher than those with 30-mer 
(19). The arrays with 60-mer can also 
provide significantly better sensitivity 
than those with 25- to 30-mer in com-
plex mixtures of RNAs (19). There-
fore, longer oligonucleotides, such as 
those investigated in the present study, 
provide higher sensitivity compared to 
oligonucleotides containing shorter oli-
gonucleotides. In contrast to the con-
struction of arrays containing shorter 
oligonucleotides, no modification of 
the oligonucleotides is required for 
constructing microarrays containing 
longer oligonucleotides. However, the 
specificity of a short oligonucleotide 
(25-mer) is 20-fold better than that of 
a long oligonucleotide (60-mer) for dif-
ferentiating single mismatch (19). In 
addition, it is more difficult to analyze 
oligonucleotides longer than 50 bp us-
ing mass spectrometry. Therefore, in 
this study, the probe size of 50 bp was 
selected.

In this study, we found that the 50-

Figure 5. Microarray hybridization with a marine sediment sample. Five micrograms of DNA from 
the marine sediment sample were labeled with Cy3 using random primer labeling method and hybrid-
ized at 50°C overnight to the 50-mer oligonucleotide arrays. A small portion of the hybridization image 
is shown.
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mer oligonucleotide arrays containing 
probes involved in nitrogen and sulfur 
cycling were able to discriminate gene 
sequences with less than 86%–90% 
similarity at 50°–55°C. As expected, 
higher hybridization specificity can be 
achieved with the 50-mer functional 
gene arrays than the DNA-based func-
tional gene arrays. 

With the 50-mer oligonucleotide ar-
rays, dsrB, nirS, nirK, nifH, amoA, and 
pmoA genes could be detected with 8 ng 
of pure genomic DNA. However, as ex-
pected, the sensitivity is 10 times lower 
than the DNA-based functional gene ar-
rays and 100 times lower than commu-
nity gene arrays (3,13). Using the DNA-
based functional gene arrays, nirS genes 
were detected with about 1 ng of labeled 
pure genomic DNA (3). For community 
gene arrays, the detection limit was es-
timated to be approximately 0.2 ng with 
pure labeled genomic DNA (Wu et al., 
manuscript submitted). One of the main 

reasons for the lower sensitivity of the 
50-mer functional gene arrays is that the 
probes are much shorter than the probes 
used in DNA-based functional gene ar-
rays and community gene arrays, which 
have more binding sites available for 
capturing the labeled target DNAs. In 
the presence of background DNA, the 
sensitivity of the 50-mer functional 
gene arrays was further decreased (ap-
proximately 50 ng pure genomic DNA). 
If these values can be directly applica-
ble to real environmental samples, then 
the level of the 50-mer-based functional 
gene array detection sensitivity should 
be sufficient for detecting dominant 
microbial populations, but it may not 
be sensitive enough to detect less abun-
dant microbial populations. The cur-
rent detection limit of the technology 
is about 5% of the total population ana-
lyzed (22,23). This means that if cells 
are present at a lower ratio, they may be 
missed. Therefore, new technology will 

be needed to improve the performance 
of microarrays for environmental appli-
cations in the future.

Environmental studies require ex-
perimental tools that not only detect 
the presence or absence of a particular 
group of microorganisms but also pro-
vide quantitative information. As shown 
by our results, there were good quanti-
tative correlations between hybridiza-
tion signal and the amount of genomic 
DNAs. This result is consistent with 
those found by Relogio et al. (19) us-
ing oligonucleotide probes and by Wu 
et al. (3) using DNA-based functional 
gene arrays. However, there are a few 
obstacles to quantitation of microbial 
populations with microarrays. These 
include differences in gene copy num-
bers, differences in signal intensities 
due to minor sequence variation, and 
possible bias with Klenow labeling. 
Because environmental samples are 
very diverse, potential cross-hybridiza-
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tion could occur among the sequences 
showing more than 86%–90% similari-
ties. Thus, caution is needed in data in-
terpretation when dealing with environ-
mental samples of unknown diversity. 

Because only the probes with less 
than 85% similarity were used to con-
struct the 50-mer functional gene arrays, 
it is unclear what level of taxonomic 
resolution the designed oligonucleotide 
microarrays can provide. To address 
this question, the sequence similarities 
of dsrAB, nirS, nirK, nifH, amoA, and 
pmoA from pure cultures were com-
pared and evaluated in terms of taxo-
nomic classification (Table 1). At the 
strain level, the average sequence simi-
larity for amoA was 99%, whereas it 
was lower (91%–95%) for the other five 
functional gene groups. At the species 
level, the average similarity decreased 
to 70%–82%, and it further dropped 
at the levels of genus (67%–75%) and 
family or higher (57%–66%) (Table 1). 
These results indicated that the 50-mer 
functional gene arrays appear to be able 
to provide species-level resolution of 
microorganisms involved in these bio-
geochemical processes. However, to 
obtain strain-level resolution, microar-
rays containing shorter oligonucleotides 
(e.g., 20 bp) are needed.
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