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Challenges in applying microarrays to environmental studies
Jizhong Zhou* and Dorothea K Thompson

Although DNA microarray technology has been used successfully
to analyze global gene expression in pure cultures, it has not been
rigorously tested and evaluated within the context of complex
environmental samples. Adapting microarray hybridization for use
in environmental studies faces several challenges associated with
specificity, sensitivity and quantitation.
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Abbreviations

CGA community genome array
FGA functional gene array
PCR polymerase chain reaction
rRNA  ribosomal ribonucleic acid

SSuU small subunit

Introduction

DNA- or oligonucleotide-based microarray technology is a
powerful functional genomics tool that allows researchers
to view the physiology of a living cell from a comprehensive
and dynamic molecular perspective (e.g. [1-7]). Compared
with traditional nucleic acid hybridization with porous
membranes, glass-slide-based microarrays offer the additional
advantages of high density, high sensitivity, rapid (‘real-time’)
detection, lower cost, automation, and low background
levels [8]. As a result, microarray-based technology is
potentially well suited for identifying populations of
microorganisms in natural environments. Target functional
genes in the environment tend to be highly diverse, and it
is difficult, sometimes even experimentally impossible, to
identify conserved DNA sequence regions for designing
oligonucleotide probes for hybridization or primers for
polymerase chain reaction (PCR) amplification. The
microarray-based approach does not require such sequence
conservation, however, because all of the diverse gene
sequences from different populations of the same functional
group can be fabricated on arrays and used as probes to monitor
their corresponding distributions in environmental samples.

In theory, microarray-based genomic technology provides
the advantages necessary for comprehensive and quantitative
characterization of complex microbial communities [9];
however, the performance of microarray hybridization has
not been rigorously tested and validated with diverse
environmental samples. In contrast with studies using pure
cultures, microarray-mediated analysis of environmental
nucleic acids presents several technical challenges that
must be addressed. First, in environmental studies the
target and probe sequences are very diverse. It is not clear

whether the performance of microarrays with diverse
environmental samples is similar to that with pure culture
samples or how sequence divergence is reflected in
hybridization signal intensity. Second, environmental
samples are generally contaminated with substances such
as humic matter, organic contaminants, and metals, which
may interfere with DNA hybridization on microarrays.
"T'hird, in contrast to pure cultures, the retrievable biomass
in environmental samples is generally low; consequently, it
is not clear whether microarray hybridization is sensitive
enough to detect microorganisms in all types of environmental
samples. Finally, it is uncertain whether microarray-based
detection can be quantitative. Environmental and ecological
studies require experimental tools that not only detect the
presence or absence of particular groups of microorganisms,
but which also provide quantitative data on their 7 situ
biological activities. The objective of this commentary is to
discuss the recent work on the development and application
of microarray formats for environmental microbial studies,
with an emphasis on the key microarray hybridization
issues of specificity, sensitivity and quantitation.

Specificity

On the basis of the type of probe arrayed, the microarrays
used in environmental studies can be divided into three
major classes [10]. First, phylogenetic oligonucleotide
arrays (POAs) contain sequence probes derived from
ribosomal ribonucleic acid (rRNA) genes and are used
primarily for the phylogenetic analysis of microbial
community composition and structure. Second, functional
gene arrays (FGAs) contain genes encoding key enzymes
involved in various biogeochemical cycling processes
(e.g. denitrification and nitrification) and are useful for
monitoring the physiological status and functional activities
of microbial communities in natural environments [11].
Third, community genome arrays (CGAs) are constructed
using whole genomic DNA isolated from pure culture
microorganisms and can be used to describe a microbial
community in terms of its cultivable component.

Unlike non-rRNA gene-based oligonucleotide microarrays,
which have been used successfully to monitor genome-
wide gene expression (e.g. [12,13]) and to detect genetic
polymorphisms (e.g. [14,15]), rRNA gene-based oligo-
nucleotide arrays present some unique technical challenges
[10]. Because the rRNA gene is highly conserved at the
nucleotide sequence level and is present in all microorganisms,
specific detection with rRNA-targeted oligonucleotide
microarrays can be difficult. In addition, the hybridization
of oligonucleotide probes to target nucleic acids possessing
stable secondary structure can be particularly challenging
[16]. Any stable secondary structure of the target DNA
or RNA must be overcome to make complementary
sequence regions available for duplex formation. The
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stable secondary structure of small subunit (SSU) rRNA
will have serious effects on hybridization specificity and
detection sensitivity.

In a study by Guschin e a/. [9], gel-pad oligonucleotide
microarrays were constructed using oligonucleotides
complementary to SSU rRNA sequences from key genera
of nitrifying bacteria. In the gel array format, synthetic
oligonucleotide probes are immobilized in a matrix of
polyacrylamide gel elements, which are affixed to glass
slides. The results show that specific detection can be
achieved with this type of microarray; however, the
probe specificity depends on various factors, such as probe
length. Guschin ez a/. [9] showed that as the length of the
oligonucleotide probe increases, mismatch discrimination
is lost; conversely, as the length of the probe decreases,
hybridization signal intensity (i.e. sensitivity) is sacrificed.
A recent study showed that gel-pad-based oligonucleotide
microarrays can also be used to distinguish Bacil/lus species,
namely Bacillus thuringiensis and Bacillus subtilis [17]. Using
glass-based two-dimensional microarrays, Small ez /. [16]
detected metal-reducing bacteria, such as Geobacter
chapeller and Desulfovibrio desulfuricans.

The potential advantage of oligonucleotide probes is that
target sequences containing single-base mismatches can
be differentiated by microarray hybridization; however,
this has not been fully demonstrated with SSU rRNA
gene-based microarrays. To systematically determine
whether single mismatch discrimination can be achieved
for SSU rRNA genes using microarray hybridization, we
constructed a model oligonucleotide microarray consisting
of probes derived from three different regions of the SSU
rRNA molecule corresponding to different bacterial taxa
(X Zhou, | Zhou, unpublished data). The probes had one
to five mismatches in different combinations along the
length of the oligonucleotide probe, with at least one
mismatch at the central position. The hybridization signal
intensity with a single-base mismatch was decreased by
10-30% depending on the type of mismatched nucleotide
base. The signal intensity of probes with two base mismatches
was 5-25% of that of the perfect match probes; probes with
three or four base-pair mismatches yielded signal intensities
that were 5% of that of the perfect match probes.
Maximum discrimination and signal intensity was
achieved with 19-base probes. These results indicate that
single-base discrimination for SSU rRNA genes can be
achieved with glass-slide-based array hybridization, but
complete discrimination appears to be problematic with
SSU rRNA genes [16-18]. Urakawa ez @/. [18] demonstrated
that the single base-pair near-terminal and terminal mismatches
have a significant effect on hybridization signal intensity.

Compared with oligonucleotide microarrays, DNA-based
microarrays such as FGAs and CGAs provide less hybridiza-
tion specificity. Recent studies indicated that genes having
less than 80-85% sequence identity could be reliably
discriminated with FGAs under hybridization conditions of

high stringency (65°C) [11]. Furthermore, microarray
hybridization conditions can be adjusted to achieve a broad
range of detection. At low stringency (e.g. 45°C), for example,
genes with 60-70% sequence identity to the arrayed probe
can consistently be detected. No substantial difference in
fluorescence intensity was measured for probe sequences
exhibiting 80-100% identity to the labeled target DNA [11].
An analysis of published sequences and our own unpublished
sequences indicates that the genes involved in many
important biogeochemical processes such as nitrogen fixation
(e.g. mifH), denitrification (e.g. nitrite reductase genes 77§
and #irK), and sulfate reduction (e.g. ds7A/B) are diverse in
natural environments. Hence, the difficulty is how to capture
all the sequence diversity present in natural environments
and to appropriately interpret hybridization results from
environmental samples of unknown diversity.

Our results also showed that DNA-DNA hybridization on
CGAs in the presence of 50% (vol/vol) formamide at 55°C
could discriminate between microbial genomes of different
species within a genus, whereas, in many cases, genomes
could not be clearly distinguished at the subspecies level
(DK Thompson ¢z al., unpublished data). By raising the
hybridization temperature to 65-75°C, CGA-based dis-
crimination between closely related bacterial strains could
be improved. Although some genes, such as rRNA genes,
are highly similar even among different strains or species,
the presence of such highly conserved sequences does not
appear to affect the overall hybridization specificity.

Sensitivity

Sensitivity is another critical parameter that impacts the
effectiveness of a microarray-based approach for detecting
microorganisms. With oligonucleotide microarrays, the
G. chapellei SSU rRNA gene could be detected using
~0.5 pg of total RNA extracted from soils [16]. Using FGAs,
nir§ genes were detected in only 1ng of labeled pure
genomic DNA and 25 ng of bulk community DNA extracted
from surface soil samples [11]. Similarly, the detection limit
of CGAs was estimated to be ~0.2 ng with labeled pure
genomic DNA (DK Thompson ez @/., unpublished data).
These approximate levels of detection sensitivity should be
sufficient for many studies in microbial ecology.

As very small hybridization volumes are used in microarray
experiments, it is generally thought that the sensitivity of
microarray hybridization is higher than that of conventional
membrane-based hybridization [8]. However, the sensitivity
of hybridization with glass-based microarrays may still be
in the order of 100- to 10 000-fold less than with PCR
amplification [19], and can be 10- to 100-fold less than with
membrane-based hybridization [20]. One of the main
reasons for the lower sensitivity of glass-based microarray
hybridization as compared with membrane-based hybridiza-
tion, could be that the probe-binding capacity on glass
surfaces is much lower than on porous membranes.
Increasing binding capacity could be one way to enhance
microarray hybridization sensitivity.
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Quantitation

Because of the inherently high variation associated with
array fabrication, probe labeling, hybridization, and image
processing, the accuracy of microarray-based quantitative
assessment is still uncertain. Comparison of microarray
hybridization results with previously known results
suggested that microarray hybridization appears to be
quantitative enough to detect differences in gene expression
patterns under various conditions [1,13,21]. DNA microarrays
have also been used to measure differences in DNA copy
number in breast tumors [22,23]. Single-copy deletions or
additions can be detected [23], suggesting that microarray-
based detection is potentially quantitative. A recent study
in which A DNA was co-spotted with probe DNA also
indicated that microarrays can accurately quantify genes in
DNA samples [24].

We have evaluated the quantitative potential of microarray
hybridization for both FGA and CGA formats. Linear
quantitative relationships (12 = 0.89 to 0.95) were observed
between signal intensity and target DNA concentration
over a fourfold order of concentration range for both
pure cultures and mixed target DNA populations [11]
(DK Thompson ez /., unpublished data). This observation
suggests that DNA microarrays may potentially be used
for quantitative analysis of environmental samples. The
difficult challenge in quantifying microbial populations in
natural environments on the basis of hybridization signal
intensity, however, is how to distinguish differences in
hybridization intensity owing to population abundance
from those due to sequence divergence [11].

Future perspectives

Because of their high-density and high-throughput
capacity, it is expected that microarray-based genomic
technologies will revolutionize the analysis of microbial
community structure, function and dynamics. For the first
time in history, the potential exists to assess simultaneously
in a single assay all, or most, of the constituents of a
complex natural community. With this facility it should be
possible to begin to build a comprehensive, integrated
view of the dynamics of a microbial community. Although
several studies have shown that microarrays hold promise
as valuable tools for analyzing environmental samples, the
specificity, sensitivity, and quantitative capabilities of
microarray technology for environmental applications are
still in the early stages of evaluation.

More rigorous and systematic assessment and development
are needed to realize the full potential of microarrays for
microbial ecology studies. Several challenges will need to be
addressed and overcome. First of all, inherent experimental
variation is a critical issue in microarray hybridization when
analyzing environmental samples. Novel experimental
designs and strategies for evaluating and eliminating such
variation will therefore be needed for improving microarray-
based quantitative accuracy. Currently, it is difficult to
compare microarray data in a meaningful way among

different laboratories and even among different experiments
in a single laboratory. Second, microarray hybridization is
still not sensitive enough for some environmental studies
when the amount of recoverable biomass is very low. PCR
amplification is a widely used and powerful tool for increasing
detection sensitivity. However, coupling single-gene-based
PCR technology with multiple-gene-based microarray
hybridization is a great challenge for quantitatively assessing
microbial community structure and activity in natural envi-
ronments, because efficient and non-biased amplification of
all target genes with different primer sets is very difficult to
achieve with PCR. Third, the quantity of data generated by
microarray-based studies of environmental samples is likely
to be enormous, but the rapid processing and mining
of hybridization data still remain difficult endeavours.
Bioinformatic tools developed for analyzing gene expression
data can be used to analyze environmental samples to
some extent, but may have difficulty in dealing with the
complexity of environmental samples. Although the high-
density capacity of microarrays is an advantage in dealing
with the extreme sequence diversity of environmental
samples, interpreting microarray hybridization results is a
challenge when analyzing unknown environmental samples
because of potential cross-hybridization and/or background.
Novel bioinformatic tools are needed to efficiently discrim-
inate positive hybridization signals from background noise.
Fourth, the number of genes needed for monitoring on the
whole-community scale could extend far beyond the current
capacity of microarrays. Thus, advancements in the technology
need to be made that lead to higher density microarrays
with less variation. Fifth, although microarrays can provide
a rapid means of characterizing a microbial community
once they are constructed, preparing high-quality samples
suitable for microarray analysis appears to be a bottleneck.
Automation and improvements in sample processing will
also be important for future studies. Finally, microarrays
are only tools and, as such, they should be integrated with
studies focused on clear ecological and environmental
questions and hypotheses that can be addressed. Only in
this way can the power of microarray hybridization for
microbial community analysis be ascertained.
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