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Oligonucleotide Microarrays for the Study of Coastal
Microbial Communities

Gaspar Taroncher-Oldenburg and Bess B. Ward

Summary
DNA microarrays are well suited as a tool for analyzing functional gene diversity as

well as community composition in aquatic environments. Microarrays allow for the semi-
quantitative characterization of target genes by means of specific hybridization of labeled
target gene sequences, amplified from the environment, to the corresponding oligo-
nucleotide probes on the slide. Specificity and sensitivity are determined by the probe
design. In their current implementation, environmental DNA microarrays are useful for
analyzing microbial communities as well as for analyzing the presence of functional
genes involved in larger biogeochemical processes, such as nitrogen cycling. Here, we lay
out a basic protocol to analyze genes in the environment, which can be applied to most
target genes of interest.

Key Words: 70-mer; Chesapeake Bay; Choptank River; functional gene; hybridiza-
tion; nirS; nitrite reductase; oligonucleotide microarray.

1. Introduction
The analysis of functional diversity and its dynamics in the environment is

essential for understanding the microbial ecology and biogeochemistry of aquatic
systems. Specific enzymes, encoded by their corresponding genes, mediate the
different steps involved in elemental cycling processes. Determining the presence
and/or expression of these genes provides a first look at the tip of the regulatory
hierarchy and permits the correlation of DNA sequence patterns with biogeo-
chemical dynamics (1,2). Such analyses have been traditionally performed at the
single gene level. Given their ability to interrogate the environment by analyzing
many different genes at once, DNA microarrays now afford an ideal tool for
identifying and quantifying multiple microbial genes simultaneously, and for
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evaluating distribution of the genes in the environment (3–6). Oligonucleotide
microarrays are the format of choice for such applications because they provide
the highest versatility in terms of probe design (optimization of probe binding
characteristics) and microarray design flexibility (the capability of adding/remov-
ing probes from the array in successive rounds of analysis). The probes, the
oligonucleotides bound to the array’s surface, hybridize to the fluorescently
labeled target sequences amplified from DNA extracted from an environmental
sample. After scanning of the hybridized microarray and image analysis, the iden-
tity of each of the targets is determined. The results are rendered semiquantitative
by performing competitive hybridizations in which the sample is co-hybridized
with a reference sample, labeled with a different fluorophore, and the fluores-
cence intensity ratios are evaluated (Fig. 1). An approach that is more quantita-
tive involves the use of internal standards. To illustrate the implementation of
DNA microarrays for the detection and quantification of functional genes in the
environment, we describe the development and application of a 70-mer oligo-
nucleotide microarray containing 64 probes representing as many different
sequences of the nitrate reductase gene, nirS, for analyzing the nitrogen cycle
diversity in the Choptank River–Chesapeake Bay system (7,8).

2. Materials
2.1. Equipment

1. Thermocycler.
2. Microarrayer.
3. Centrifuge (with 96-well plate and 50-mL tube adaptors).
4. Hybridization oven (50–80°C).
5. Shaker.
6. Microarray scanner (e.g., GenePix 4000A, Axon Instruments Inc.).

2.2. Environmental DNA Isolation

1. Sterivex filter capsules (0.2-μm pore size filter, Millipore Inc.).
2. FastDNA SPIN kit for soil (Qbiogene, Inc.).
3. GentraPureGene DNA isolation kit (Gentra Systems).

2.3. Microarray Fabrication

1. Amino-saline-coated glass slides (CMT_GAPS, Corning Inc.).
2. Oligonucleotide probes (70-mers or 90-mers [stock solution: 1 μg/μL in 50%

DMSO] adjusted to a concentration of 0.05 μg/μL in 50% DMSO).

2.4. Target Labeling

1. Random hexamers or gene specific primers.
2. dNTPs and Cy3 and Cy5 dCTP (Amersham Biosciences).
3. DyeEx spin columns (Qiagen).



2.5. Hybridization and Data Acquisition

1. Hybridization chambers (e.g., Corning, Inc.) and glass slide covers (22 × 60 mm).
2. Prehybridization buffer: 0.75 M NaCl, 0.075 M Na citrate, 1% blocking reagent

(bovine serum albumin), and 0.1% sodium dodecyl sulfate (SDS).
3. Poly(A) DNA (Amersham Biosciences) solution: 1 μg/μL (in H2O).
4. Hybridization buffer: GlassHyb (Clontech Laboratories, Inc.).
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Fig. 1. Flow-chart representing the different steps involved in applying microarrays
to microbial community and functional studies in aquatic ecosystems. (A) Samples are
collected from a range of sites to be compared and prepared using a variety of methods
(including filtration, centrifugation, and so on). The approaches described here for ana-
lyzing ecosystems can also be adapted to studying cultures, mesocosms, and other arti-
ficial population setups. (B) Samples are labeled and hybridized, either in a competitive
approach with a reference sample (a base-line population or mix of populations against
which all of the samples are compared), or in a noncompetitive approach, in which the
reference or standard is built into the probes spotted on the microarray. (C) After
hybridization, the fluorescence readings are analyzed using a variety of filters and
adjustments to extract semiquantitative abundance values (see Subheadings 3.2–3.4.
for detailed descriptions of these three steps).



5. 1X standard sodium citrate (SSC): 0.15 M NaCl and 0.015 M sodium citrate.
6. Low-stringency washing buffer: 1X SSC and 0.1% SDS.
7. Medium-stringency washing buffer: 0.1X SSC and 0.1% SDS.
8. High-stringency washing buffer: 0.1X SSC.

3. Methods
3.1. Probe Design and Microarray Construction

This section describes the process leading from target sequence alignment to
probe sequence optimization and microarray fabrication. Four parameters are
important for optimal hybridization and for minimizing the potential for cross-
hybridization among probes:

1. Sequence identities less than 87%.
2. Random distribution of mismatches.
3. Target-to-probe perfect match to mismatch binding free-energy ratios higher than 0.56.
4. A GC content in the probe region of approx 50%.

These guidelines can be modified to adapt to the particular needs and char-
acteristics of the functional gene of choice.

3.1.1. Sequence Alignment and Clustering

The probes are best designed based on sequence information derived from
clone libraries obtained from the ecosystem under study (1,9–12). Alternatively,
comprehensive sequence information regarding the functional gene of interest
compiled from existing databases can also be used as a starting point. Next, the
optimal sequence segment of the target gene is identified by determining the
70-bp stretch with the best compromise between gene specificity (minimal
cross-hybridization with other target gene sequences in GenBank) and high
sequence variability among all of the sequences aligned for the genes of inter-
est. The preceding determination is best performed manually using BLAST
(http://www.ncbi.nlm.nih.gov/BLAST) searches to determine sequence simi-
larity of the candidate 70-bp stretches with the rest of GenBank. Subsequently,
the oligonucleotide sequences (70-mers) are aligned, using a sequence analysis
software package (e.g., Sequencher from GeneCodes Corp.). Individual dis-
tance matrices (percent identity) for all of the probe sequences are generated
with the PAUP software package (v. 4.0b8a; ref. 13; see Note 1). A tree is con-
structed to identify deep-branching, representative sequences for their use as
cluster-specific probes (Fig. 2).

3.1.2. Free-Binding Energy Calculations

To optimize the specificity of the probes, free-binding energy (ΔG0) for each
potential hybridization pair on the microarray is calculated to choose those probes
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with minimal theoretical cross-hybridization (14,15). These calculations are tem-
perature dependent—in most cases, hybridizations can be performed in the range
of 55 to 65°C. For the application described here, all calculations were performed
for 65°C, the temperature that was found to yield optimal fluorescence and
hybridization specificity for the nirS array. Using the web-based mfold software
(http://www.bioinfo.rpi.edu/applications/mfold/old/dna; refs. 16 and 17), the
free-binding energy of a folded nucleic acid strand can be determined. For the
purpose of our calculations, an artificial AATT bridge must be introduced
between the forward sequence of a probe and the reverse complemented
sequence of each possible target (all of the other probe sequences). This gener-
ates a loop with a ΔG0

65 of 3.4 kcal/mol that allows the mfold algorithm to func-
tionally align the sequences properly. This bridge-specific free-energy value is
eventually subtracted from the total ΔG0

65 value of every sequence pair analyzed.

3.1.3. DNA Microarray Printing

1. Determine number of probes to be spotted and number of arrays to be printed.
2. Following the instructions for the arrayer, determine the physical distribution of

the slides on the arrayer and spotting patterns. Spotting indices can generally be
created using common spreadsheets, such as Excel.
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Fig. 2. Probe design. (A) A comprehensive catalog of each target gene is generated
and represented as a phylogenetic tree. (B) Representative probes for the different
branches are chosen based on sequence characteristics, such as GC content and free
binding energies, and a reduced representation of the sequence space to be analyzed is
generated. (C) Two types of probes are described in the text: 70-mers for competitive
hybridization setups and 90-mers incorporating a reference sequence for noncompeti-
tive hybridizations (gray lines indicate gene-specific sequences; black lines corresponds
to the reference oligonucleotide).



3. Adjust the concentration of the oligonucleotides probes (70-mers) to 0.05 μg/μL
in 50% DMSO (see Note 2).

4. Spot in triplicate on CMT-GAPS amino-silane-coated glass slides (see Note 3).
5. After spotting, carefully remove the slides from the arrayer and transfer them to

a metal slide holder, or to their original packaging for further processing. The
time lapse between removing the slides from the arrayer and crosslinking of the
probes, the next step in the microarray fabrication process, should not exceed 
2 to 3 h.

6. Crosslink the probes to the arrays by transferring the slides to a metal slide holder
and placing them in an oven to bake at 80°C for 3 h.

7. After crosslinking, keep the microarrays in their original packaging, protected
from light and at room temperature, in a desiccator under vacuum or with N2.

3.2. Environmental DNA Isolation and Labeling

1. Collect environmental samples using conventional sediment and water sampling
devices: use cut-off plastic syringes to obtain sediment samples from sediment
cores; for water samples, filter 2 to 8 L of water, depending on the biomass, onto
a Sterivex capsule.

2. Flash-freeze the samples with liquid N2 to preserve the integrity of the nucleic
acids.

3. Store on dry ice or at –80°C until processing.

3.2.1. DNA Extraction From Sediment Samples

A small amount of sediment (~0.5 g) is solubilized in 2 mL of the resuspen-
sion buffer included in the FastDNA SPIN kit for soil, and then processed
following the directions provided by the manufacturer with the kit (see Note 4).

3.2.2. DNA Extraction From Water Column Samples

Particles captured on Sterivex filter capsules are stored at –80°C dry, without
buffer, and extracted with kits designed to yield total nucleic acids or DNA or
RNA alone. For DNA, the Gentra Puregene tissue extraction protocol is satis-
factory, with minor modifications to the lysis volume requirements. For RNA,
the Ambion RNAqueous 4PCR kit yields good-quality RNA from the capsules.
Alternative kits are probably acceptable, but have not been exhaustively tested
in our laboratory.

3.2.3. Target DNA Labeling

Using 10 to 20 ng of DNA from the environmental samples obtained in
Subheadings 3.2.1–3.2.2., set up two separate PCR reactions, with Cy3 and Cy5
dCTP, respectively. In a final volume of 20 mL, these reaction mixes should con-
tain 2.5 mM dATP, dGTP, and dTTP; 1.875 mM dCTP; 0.625 mM Cy3 or Cy5
dCTP; and 0.1 μM primers (depending on your goals or the complexity of the
sample, you may use random hexamers or primers specific to your target genes).
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Parameters for the 30-cycle PCR are as follows: denaturation at 95°C for 15 s,
annealing at 55°C for 30 s, and extension at 72°C for 1 min. At the end, an
additional extension at 72°C for 10 min should be performed.

Remove unincorporated Cy dCTPs with a DyeEx spin column following the
manufacturer’s protocol.

DNA concentrations in the resulting solutions are determined from the
absorbance values at 260 nm (DNA) and 550 nm (Cy3; ECy3 = 150,000 /M/cm)
or 649 nm (Cy5; ECy5 = 250,000 /M/cm).

3.3. Competitive Two-Color Microarray Hybridization and Data
Acquisition

All hybridizations are performed in duplicate on two identical DNA micro-
arrays (18). Microarray A is used to hybridize two samples to be compared, or
a sample and a reference mix, that have been labeled with two different fluoro-
phores (in this case Cy3 and Cy5 [Amersham Biosciences])—microarray B is
used to hybridize a label-inverted set of samples, or a sample and reference, i.e.,
the samples labeled with Cy3 or Cy5 are now Cy5 or Cy3 labeled, respectively.
This experimental design results in duplicate data sets of replicate spots per
slide for each gene—a total of six to eight values per probe, depending on the
array layout (19,20).

3.3.1. Hybridization

1. Prehybridize microarrays in freshly made prehybridization buffer. The original
microarray plastic containers designed to hold five slides are well-suited for pre-
hybridizing two to three slides with a volume of 20 to 40 mL of prehybridization
buffer in a hybridization oven, at the hybridization temperature (55–65°C, depend-
ing on the melting temperature of the probes) and for 45 min.

2. After prehybridization, place the slides in a glass slide holder and dip them five
times in MilliQ water (in a staining jar) at room temperature to remove excess
buffer.

3. Wash once in isopropanol, followed by a quick centrifugation at 1700g for 5 min
(see Note 5).

4. Place prehybridized slides immediately in hybridization chambers and place cover
slips on top of the spotted segment of the microarray (see Note 6).

5. Prepare hybridization mix as follows: mix desired quantities of labeled target
(usually 2 μL of each of the differentially labeled samples, or sample and refer-
ence) with 4 μg of poly(A) DNA—alternatively, other nonspecific DNA can be
used to block background hybridization.

6. Denature the mix at 96°C for 3 min and place it on ice until ready for hybridi-
zation.

7. Add preheated (65°C) hybridization buffer (72 μL of GlassHyb) to the denatured
mix and apply the 80 μL hybridization mixture by capillarity, with a 100 μL pipet
tip between the cover slip and the slide.
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8. Close the hybridization chamber, quickly wrap it in aluminum foil, and place it in
a hybridization oven at 65°C for 16 to 18 h.

3.3.2. Posthybridization Processing

1. After hybridization, remove the slides from the hybridization chambers and place
them individually in 50-mL, aluminum foil-covered tubes containing 45 mL of
low-stringency washing buffer to start a washing sequence in three buffers of
increasing stringency (low → medium → high). All washes should be performed
while gently shaking the tubes on a shaker.

2. After approx 30 s of gentle shaking, the cover slips should fall off the slides.
3. Remove the cover slip from the tube with tweezers to avoid scratching the

hybridized microarray surface.
4. After 5 min, transfer the slide to the medium stringency buffer and shake for

another 5 min.
5. Transfer the slide to the final high stringency wash and shake for 5 min.
6. After the high-stringency wash, transfer the slides to tubes containing 45 mL of

MilliQ water and gently shake for 5 min.
7. Finally, dip the slide in 100% ethanol and quickly dry it by centrifugation (see

Note 5).

3.3.3. Scanning

After the posthybridization washes, the dry microarrays should be kept in the
dark and at room temperature. The slide to be scanned is placed in the scanner’s
microarray holder and prescanned. Most commercially available scanners have
a prescan setting, which provides a low-resolution, quick-pass scan of the
microarray. The purpose of the prescan is to check the overall success of the
hybridization and to optimize the intensity levels of the two preset fluorescence
channels (Cy3 [550 nm] and Cy5 [649 nm]); avoiding potential photobleaching
of the fluorophores as a result of long exposure to excitatory wavelengths. This
is achieved by changing the power settings of the laser. After scanning, the grid
representing the locations of the probes is placed on the image, and the analy-
sis is performed (see Note 7). The results are summarized in an Excel format
spreadsheet.

3.4. Data Processing

All of the values used during processing are derived from the median feature
fluorescence or background fluorescence data reported on the GenePix soft-
ware-derived spreadsheet. For the first two processing steps, the raw fluores-
cence data reported for the Cy3 and Cy5 channels are used. Subsequently, the
log2 of the fluorescence ratios at each spot (Cy5/Cy3) is applied (see Note 8).
Likewise, after the first two steps, the average of the ratios of the filtered spots
and their standard deviations are calculated for their application in all further
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analysis steps. The calculations are all conveniently set up in an Excel spread-
sheet format.

3.4.1. Spot and Feature Evenness

This step is designed to remove features of high internal variability (e.g.,
doughnut-shaped spots). Only those features for which more than 90% of the
signal pixels exceed the local background for either or both channels (Cy3 or
Cy5) by at least two standard deviations of the local background fluorescence
are accepted for further analysis.

3.4.2. Background Filter

To eliminate features whose quality maybe compromised by unusually high
background fluorescence levels caused by local slide inconsistencies or
hybridization-related artifacts (e.g., “comets” caused by probe smearing or non-
specific dye spots), only those spots for which the local background signal is
within two standard deviations of the global background level of the slide are
accepted. Next, filter all of the remaining “good” values (e.g., at least two of three
or five of eight replicates per probe) are averaged, and their standard deviations
determined—these values are used for the remainder of the analysis steps.

3.4.3. Consistency and Reproducibility Check

In this step, all of those features for which only one of the label-reverse
microarrays (see Subheading 3.4.1.) shows a valid signal, as determined from
Subheadings 3.4.1. and 3.4.2. are removed from further analysis.

3.4.4. Dye Normalization Filter

To account for the difference in fluorescence intensity between Cy3 and Cy5,
the fluorescence ratios obtained from the label-reverse microarrays must be
normalized. For every probe, the ratio of the log2 fluorescence ratios (see Note 8)
from a pair of label-reverse microarrays is calculated. This ratio must exceed
the median value of Cy5/Cy3 ratios determined for the entire slide to be con-
sidered a significant ratio, and its contributing values accepted for further analy-
sis. This step is analogous to the background filter applied earlier for the single
fluorescence channels.

3.4.5. Labeling Efficiency Normalization

All corresponding pairs from a pair of label-reverse microarrays are plotted
to obtain a linear regression through the points (i.e., relative fluorescence inten-
sity of slide A vs slide B). Differences in labeling efficiency and quantum effi-
ciency (QE) of each fluorophore (QECy3 = 0.38; and QECy5 = 0.28) result in
linear regressions with slopes close to one, but ordinate intercepts significantly
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different from zero. To normalize the values, all of the fluorescence ratio values
must be adjusted to one-half the Euclidian distance between them and their
respective inverse values. This step mathematically removes any fluorescence
bias introduced by the labeling reactions as well as by the differences in fluo-
rescence intensity between the two dyes, and adjusts the intercepts to zero.

3.4.6. Outlier Determination

Relative differences among samples in the fluorescence of particular targets
can be small. A good criterion to define the significance of a change in fluores-
cence ratio in the context of a particular experiment is to set a threshold for the
fluorescence ratio at which a spot will be considered to be significantly differ-
ent from a 1:1 ratio. We have empirically determined that fluorescence ratios
higher than the average of the standard deviation of all of the positive features
on a pair of slides sets a realistic limit for considering a value to be different
from the 1:1 ratio.

3.4.7. Data Representation

We have found that one of the most intuitive ways to represent hybridization
results is by means of overlaying the hybridization data over a distance tree
representing the similarity among the probes spotted on the microarray (Fig. 3).
This provides an immediate assessment of target distribution and possible
cross-hybridization issues.

3.5. Alternative Internal Standard Microarray Hybridization and Data
Acquisition Approach

In this approach, each probe consists of two parts: the 70-mer gene-specific
probe oligonucleotide (the same 70-mers as used in the competitive approach)
and a 20-mer reference oligonucleotide (21). Thus, each spot contains an inter-
nal standard, and it is not necessary to perform inverse-labeling experiments.

3.5.1. Hybridization Scanning

The protocols are essentially the same in Subheadings 3.3.1. to 3.3.3.,
except that 200 pmol of Cy5-labeled antisense 20-mer is added to each
hybridization mixture. Poly(A) is not necessary if only prokaryotic sequences
are used (i.e., there has been no amplification with oligo-dT primers).

3.5.2. Data Processing

Either median or mean fluorescence values can be used for analysis. The
user should investigate the data scatter resulting from both kinds of analyses
and choose the approach that provides the most robust replication. The proce-
dures for elimination of bad features (excess background, local inconsistencies,
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and so on) are similar to those used for the competitive approach, except that
there is no longer a need for a label-inverse check and to normalize for dye
intensity, because the standards are built into the 90-mer probes and red and
green fluorescence from different slides are not being compared, respectively.
Instead, after the appropriate elimination of spots with low-quality signal or
nonsignificant fluorescence, an average green-to-red fluorescence ratio is
computed for each set of replicate spots. This ratio is a quantitative represen-
tation of signal intensity for each probe, because the same amount of reference
20-mer was spotted in each dot. This ratio can be normalized to the Cy5 sig-
nal strength of a designated standard probe to normalize for possible system-
atic variability in hybridization strength in the standard in different locations
on the array.

4. Notes
1. Several software packages are available for aligning sequences and generating dis-

tance matrices. Different distance trees based on neighbor joining, maximum like-
lihood, or parsimony distance matrices can be generated. The topology of each of
these trees will vary slightly, but to group sequences within the 87% identity
threshold, any of the algorithms will suffice, and multiple different analysis will
ensure robustness of the resulting trees.

2. The probes are best aliquoted at a concentration of 1 μg/μL in 50% DMSO in 96-
or 384-well plates and kept sealed at –80°C. Probes can be diluted to a working
concentration of 0.05 μg/μL in 50% DMSO and kept at –20°C. When ready for
spotting, plates are thawed, and briefly vortexed and centrifuged to ensure homo-
geneity of the probe solutions.

3. In our hands, the CMT-GAPS amino silane-coated glass slides from Corning have
had the most consistent and reliable performance if used as a platform for oligo-
nucleotide (70-mer) spotting and hybridization. New slides are constantly being
developed and commercialized, therefore some side-by-side testing and compar-
ing would be advisable when getting started with your own project.

4. A range of kits is available for extracting nucleic acids from sediment samples. It
is advisable to perform side-by-side comparisons for the specific kind of sediment
to be analyzed because differences in the physicochemical characteristics of a
sediment affect the performance of the extraction kits. It is further advisable to
optimize the extraction conditions for one’s particular samples, and to pool extrac-
tions or samples, especially if PCR is used to generate the target fragments.

5. Processing (washing and drying) of individual slides can be easily performed in
50-mL plastic Corning tubes. The slides are transferred with tweezers from tube

Fig. 3. (Continued) Example of a semiquantitative study along a nutrient gradi-
ent in the Choptank river. (A) Sampling sites and their nitrate levels. (B)
“Community trees” showing different distributions of nitrite reductase genes at the
two sampling points.
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to tube containing successive buffers (45 mL each), thereby minimizing the risk
of the microarrays drying out. After the last rinse, the slides are inserted in dry
50-mL tubes fitted with a lint-free tissue (e.g., KimWipe, Kimbely Clark Corp.) at
the conical bottom to absorb moisture during centrifugation.

6. The cover slips can be placed directly on the slide, but a distribution of the
hybridization solution that is more uniform is generally achieved by slightly lifting
the cover slip from the microarray. We have found that the easiest way to do this
is by cutting two to three 25-mm strips of Parafilm and wrapping one around either
end of the cover slip or the slide—this provides a minimal separation between the
cover slip and the slide that ensures better capillary distribution of the hybridiza-
tion solution.

7. Automatic identification and quantification of the spots is usually very reliable,
provided the grid has been properly placed over the spots and the background is
low. Manual adjustments can be made if necessary.

8. Following standard procedure for evaluating microarray data, log2 values are used
to represent both relative increases and decreases in relative fluorescence on the
same scale. On a linear scale, a twofold increase translates into a value of 2,
whereas a twofold reduction is equivalent to a value of 0.5. This results in an
asymmetrical graphical representation of analogous relative changes. To circum-
vent this issue, the ratios are represented on a log2 scale, such that the values for
the above ratios are 1 and –1, respectively.
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