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Abstract

High-throughput technologies are urgently needed for
monitoring the formidable biodiversity and functional
capabilities of microorganisms in the environment. Ten
years ago, DNA microarrays, miniaturized platforms for
highly parallel hybridization reactions, found their way
into environmental microbiology and raised great
expectations among researchers in the field. In this
article, we briefly summarize the state-of-the-art of
microarray approaches in microbial ecology research
and discuss in more detail crucial problems and
promising solutions. Finally, we outline scenarios for an
innovative combination of microarrays with other
molecular tools for structure-function analysis of com-
plex microbial communities.

A Decade of DNA Microarray Research
in Microbial Ecology

Microbial ecologists are confronted with challenges that
plant or animal ecologists rarely experience. For example,
when analyzing a few grams of bulk soil, a researcher
interested in microbial communities deals with
thousands of largely uncharacterized bacterial species
and total numbers of individuals that exceed the number
of humans on our planet [14, 23, 72]. Furthermore, the
composition and activity patterns of these microbial
communities vary on a microscale, with a multitude of
highly complex interactions between different micro-
organisms. This enormous microbial biocomplexity can
only be tackled using molecular methods that allow for
high throughput and highly parallel analyses of the
structure and function of such communities.

In principle, DNA-microarrays fulfill these require-
mentsVthousands of DNA probes targeting genes or
gene products of interest can be immobilized on a solid
support in a miniaturized manner and, after a single
hybridization step with labeled target nucleic acids, the
hybridization signal of each probe can be simultaneously
recorded with a detector. Initially, such DNA micro-
arrays were developed for transcriptome analyses of
Arabidopsis cells [61] and have subsequently found
widespread application for genome-wide monitoring of
gene expression patterns in many eu- and prokaryotes. In
1997, David Stahl and his colleagues first introduced the
microarray approach to environmental microbiology for
microbial community composition analysis using a
prototype array consisting of nine 16S rRNA-targeted
probes for identification of selected nitrifying bacteria
[25]. Since then, this field has grown rapidly (Fig. 1), and
today many different microarray systems, which can
consist of more than 30,000 probes [79], are available for
detection of different target nucleic acids (for detailed
reviews, please refer to [6, 27, 41, 42, 69, 85, 86]). Two
main approaches are widely used. The so-called Phylo-
Chips (or phylogenetic oligonucleotide arrays) target
polymerase chain reaction (PCR)-amplified rRNA gene
fragments or directly retrieved community rRNA (genes)
and can, at least in principle, be designed to detect any
microorganism. In contrast, functional gene arrays
(FGAs) detect selected genes or gene families that encode
key enzymes diagnostic for a certain metabolic pathway
[60, 68, 80]. Therefore, these arrays are confined to
diversity analysis of selected microbial guilds, for exam-
ple, the methane-oxidizing bacteria [5, 66] or nitrogen-
fixing prokaryotes [71].

Recently, several pioneering studies were published,
which use PhyloChips or FGAs also for functional
analysis of microbial communities [1, 17, 58]. In the
so-called Isotope Array approach, a PhyloChip is used toCorrespondence to: Michael Wagner; E-mail: wagner@microbial-ecology.net
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monitor substrate utilization by microbial community
members. This approach involves exposing a microbial
community to a C-labeled substrate and, after a short
incubation, measuring the incorporation of the label into
the rRNA of probe-defined community members [1, 76,
78]. FGAs offer an alternative route where mRNA levels
of defined catabolic genes in the environment are
determined [7, 17, 58].

This position paper aims to summarize the current
status and limitations of the application of microarray
approaches in microbial ecology research and will discuss
some possible solutions and future perspectives. Based on
these considerations, we will provide our points of view
on how to best integrate microarray technology into the
increasingly interdisciplinary field of microbial ecology.

MicroarraysVKey Issues, Major Limitations,
(Partial) Solutions, and Consequences

During the first few years of application in microbial ecology
research, several major issues and limitations of DNA-
microarrays were recognized. These will be discussed in the
following synopsis, which is complemented by Table 1.

Specificity of MicroarraysR It has been proven very
difficult to develop microarray protocols that allow all
probes to hybridize only to their fully matched target
sequence. The obvious difficulty of the microarray

approach is that hundreds to thousands of different
probes are hybridized simultaneously, but optimal
(specific) hybridization conditions often vary between
probes. Therefore, at a defined stringency, determined by
the hybridization and washing buffer compositions and
the hybridization/wash temperature, not all probes will
produce specific signalsVa fact that severely complicates
interpretation of hybridization patterns.

There are several ways to deal with this problem.
One conceptually appealing solution is to continuously
read out the hybridized array while gradually increasing
the stringency of the wash step [37]. The obtained
nonequilibrium probe-target/nontarget dissociation
curves allow the recording of signals for each probe at
optimal stringency. This relatively tedious strategy has
mainly been applied by using artificial target nucleic
acids to better understand the dynamics of nucleic acid
hybridization on microarrays [35, 73, 74] and still awaits
full adaptation to its ultimate use for the analysis of
complex microbial communities [20]. Alternatively,
incomplete specificity of some probes can be tolerated
and compensated for by applying the multiple-nested
probe concept. In this article, each target organism/group
is detected with a set of probes with parallel or
hierarchical specificity and a positive signal of all, or a
majority of, matching probes is required to confirm the
presence of the target organism/group in the environ-
mental sample [8, 18, 37, 38]. It should be noted that
designing probes with nested specificity is straightfor-
ward if rRNA (genes) are to be targeted but almost
impossible for FGAs as a result of degeneracy of the
genetic code [41]. The successful application of such
nested probe-carrying PhyloChips for microbial commu-
nity structure analysis in environmental and medical
systems has been demonstrated [34, 38, 39]. A special
variant of an array system based on the multiple-probe
concept exploits the use of the ligase detection reaction
[3, 9, 10, 67]. Here, a target nucleic acid is only detected
on the microarray if two specific probes bind adjacent to
each other, thereby increasing the specificity of the assay.

Taken together, much effort and care must be
invested to maximize the specificity of the microarrays
before and during application, but past research has
shown that the achievable specificity level is sufficient for
meaningful analysis of environmental samples [40, 66].
Specificity testing for a newly developed microarray
requires the use of extensive collections of reference
nucleic acids representing target and suitable nontarget
sequences for all probes on the array. This is also
important because some probes do not function effec-
tively on the microarray format and will therefore not
produce the expected signal in response to the presence
of the target organism [22]. Such false-negative probes
must be removed from the microarray before its
application [38].

Figure 1. Number of microbial ecology-related DNA microarray
publications per year. Literature search was performed on
November 03, 2006 using the advanced search option of ISI Web
of Science and yielded 139 records in total [Search string:
(TS=microarray* OR TS=microchip*) AND (TS=Bmicrobial
ecology^ OR TS=Benvironmental microbiol*^ OR TS=Bmicrobial
community^ OR TS=Bmicrobial diagnostics^ OR TS=Bmicrobial
detection^ OR TS=Bmicrobial identification^ OR
TS=Bdeterminative^ OR TS=Bfunctional gene array^ OR
TS=Bcommunity genome array^ OR TS=PhyloChip OR TS=B16S
rRNA^ OR TS=B23S rRNA^ OR TS=Bsmall subunit ribosomal^
OR TS=Blarge subunit ribosomal^)]
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Detection Limit of MicroarraysR In microbial ecolo-
gy research, most DNA microarrays are hybridized with
nucleic acid mixtures derived from many different
microorganisms. The ability to detect a certain nucleic
acid target sequence by a DNA microarray depends on
absolute copy number of the target and its relative
abundance compared to other nucleic acid molecules in
the hybridization mixture. Furthermore, one should keep
in mind that microarray probes can dramatically differ in
their duplex yield [38], which is directly linked to the

detection threshold of the individual probes. Although
for most microarray approaches a thorough evaluation of
the detection limit is still missing, it has been estimated
by several groups that DNA/RNA molecules, which are
more abundant than approximately 0.05–5% in the
labeled nucleic acid mixture, can be detected with
current protocols and microarray formats [5, 11, 40, 46,
52, 53]. In other words, current microarrays can
simultaneously detect the 20 to 2000 most abundant
target populations in an environment. Low sensitivity

Table 1. Some challenges and possible solutions in the development and application of DNA microarrays in microbial ecology

Challenges Problems Solutions/Improvements

In silico probe design Identification of target group &Creation/update of an aligned sequence database
and subsequent phylogenetic analysis [43, 44]

&If possible, select monophyletic target groups
Assessing probe hybridization behavior

(duplex-yield, cross-reactivity, etc.)
&Check probe specificity against up-to-date

sequence databases [12, 19]
&Evaluate theoretical hybridization behavior by

calculating thermodynamic properties e.g. melting
temperatures (Tm) and free energies (DG) for putative
(i) perfectly matched and mismatched probe-target
duplexes and (ii) inter- and intra-molecular interactions
of probe and target molecules [40, 48]. Note that 100%
accurate prediction of hybridization results is currently
impossible [55].

Specificity Some probes show false-negative or
false-positive signals

&Evaluate microarray by individual hybridization with
reference nucleic acids (set of test targets should contain
at least one perfectly matched sequence per probe):
Remove false-negative and highly cross-hybridizing probes

Uniform hybridization
behavior

Different probes display different
target-binding capacities

&Use probes with similar predicted Tm or DG [5]
&Uniform oligonucleotide probe length plus addition of

tertiary amine salts to hybridization/wash buffers
[30, 47]

Detection limit Low signal-to-noise ratio for a given
probe-target hybrid

&High-quality probes (e.g., PAGE or HPLC-purified oligos,
control of purified PCR-products by gel electrophoresis)
[57]

&3-dimensional slide formats and improved slide chemistry
[87]

&Improve labeling efficiency (e.g., avoid dye quenching
effects) [13]

&Use nanoparticles [88]
&Enzymatic signal amplification [16]

Low relative abundance of target
organisms/genes

&Probe-based enrichment of target cells [65]
&Target group-selective amplification by PCR [40]
&Whole genome amplification strategies [24, 82]

Steric hindrance during hybridization &Optimize probe concentration for spotting
&Introduce spacer elements between probe and slide

surface [63]
&Fragment target nucleic acids [64]

Sensitivity thresholds differ among probes
due to their different target binding
capacities

&Determine range of sensitivity achievable with the
microarray: Hybridize concentration series of target
organisms/genes perfectly matching the probes with
the lowest and highest duplex yield on the microarray

Quantification of target
populations

DNA/RNA extraction, target amplification,
labeling, and hybridization biases

&Pool nucleic acid extracts, obtained by employing
different extraction strategies, prior to further analyses

&Special PCR protocols alleviate biases [54, 59]
&Spike known amounts of target DNA/RNA (labeled in a

different color) to hybridization reaction as internal
standard [5, 52]
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might be a severe limitation of a given microarray
approach if, for example, a keystone species with
relatively low abundance but large impact on the
ecosystem is overlooked.

There are two main types of approaches for
enhancing the sensitivity of DNA-microarrays. First,
one can improve the signal-to-noise ratio of the
hybridized probe spots. This might, for example, be
achieved by using high-quality probes [57], by increasing
the amount of probe immobilized per spot without
increasing steric hindrance [25], by optimizing the
labeling of the target [84], by increasing the hybridiza-
tion efficiency [2, 50, 63], by enhancing signal emission
[16, 31, 36], by more sensitive detection devices [4, 21,
49, 70, 83], or by exploiting special slide surface material
for spotting [29, 33]. Another possibility to enhance
sensitivity is to enrich the target nucleic acids of the
entire microbial community or subgroups of micro-
organisms before microarray analysis. For example, the
metagenome of an environmental sample can be ran-
domly amplified using a whole-community genome
amplification-based method [82]. Also, target gene frag-
ments can be selectively amplified by using PCR primers
specific for subgroups of interest [40]. Alternatively, one
could enrich certain bacterial subgroups by fluorescence-
activated cell sorting [62] or magnetic separation [65]
after in situ hybridization with subgroup-specific probes
before nucleic acid extraction and microarray analyses.

Quantification with MicroarraysR The ecology of
microbial communities can only be truly well understood
if data on the abundance of the community members can
be determined. Consequently, several research groups
have investigated the potential of DNA microarrays for
quantification. It has been demonstrated that within a
certain range, an almost linear relationship exists
between the signal of a defined probe and the abundance
of its labeled target nucleic acid [18, 58, 71, 80, 81].
Deviations from linearity are caused by variations in spot
size, probe density, and hybridization behavior between
slides, problems that can at least partially be overcome by
using reference DNA as an internal standard [11].
However, an additional problem that needs to be
addressed is the differential binding capacity of different
probes. For instance, probes targeting different regions of
the 16S rRNA gene of a given organism can vary by a
factor of 240 in signal intensity [40]. Bodrossy and
colleagues showed that addition of known amounts of
target nucleic acids labeled in a different color can be
used to partially solve this problem [5]. However, to
realize the quantitative potential of the microarrays fully,
this approach requires the availability of all target nucleic
acids (e.g., as cloned target gene fragments of uncultured
organisms) present in the sample [52]. Furthermore, it
should be noted that quantification of microbial pop-

ulations in the environment is not only dependent on
predictable microarray hybridization behavior, but
would also require nonbiased nucleic acid extraction,
target amplification (if applicable) and labeling. An
additional complicating factor is the copy number of
target genes or gene transcripts per cell, which often
differs between bacterial populations (e.g., bacterial
genomes contain 1–15 rRNA operons [32]). Thus,
extrapolations of Bquantitative^ microarray data into
absolute cell numbers are problematic. Whereas most of
these limitations are also inherent to other established
molecular tools for quantifying microorganisms in
complex samples (e.g., quantitative PCR and quantitative
dot blot hybridization), they do not apply to single-cell
tools like fluorescent antibody staining or fluorescence in
situ hybridization, which in turn have their own docu-
mented limitations [75].

Microarrays Identify Only the KnownR The last few
years have witnesses the rapid development of improved
microarray systems and new strategies for increasing
sensitivity and specificity of these high-throughput
detection devices [28, 52]. For example, novel biomathe-
matical approaches show great promise for filtering
Bnoisy^ hybridization data and thus for accurate identi-
fication and quantification of low-abundant target or-
ganisms in complex mixtures [46]. It is likely that this
trend of innovation will continue, and we can thus
expect that several of the above-mentioned limitations
will be overcome in the future. However, even if we were
to have DNA microarrays at hand that no longer suffered
from sensitivity and specificity limitations, these tools
would still only be suitable to identify those micro-
organisms in environmental samples for which specific
probes can be designed. This rather trivial statement has
two important consequences. First, the design of specific
probes for microarray analyses is very much dependent
on the quality and size of the probe target sequence
database [41]. Submission of partial gene sequences, low
sequence quality and insufficient coverage of the natural
diversity of the respective genes in DNA sequence
databases severely complicate probe design and accurate
in silico judgment of theoretical probe specificities.
Therefore, there is an urgent need to maintain and
enlarge well-annotated, high-quality rRNA [12, 19, 44],
and functional gene databases. Microbial ecologists
should support these activities wherever possible, for
example, by making specific gene databases publicly
available and by submitting only high-quality sequences
to public databases. Second, even the best-designed DNA
microarray cannot identify microorganisms for which
the target DNA sequence is still unknown. Most environ-
ments contain many prokaryotes not yet represented in
current rRNA or functional gene libraries. Without this a
priori knowledge of the breadth of microbial diversity of
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the ecosystem under investigation, it remains impossible
to design comprehensive DNA microarrays to monitor
all microbial populations in a given environmental
sample. If such data are available (e.g., by exhaustive
rRNA sequencing approaches or metagenomic analyses),
habitat-specific microarrays [51] can be designed and
used to monitor spatial and temporal microbial com-
munity dynamics in a highly parallel manner. Another
option is to apply microarrays targeting a known
subgroup of microorganisms to monitor their presence
in selected ecosystems and to ignore the yet unknown
fraction of the communities. For example, this approach
is extremely useful if one wants to understand the
biogeography of a large and diverse group of known
microorganisms [38, 39].

Replication and Confirmation of Microarray Ana-
lysesR As mentioned above, microarray technology
does not always produce unambiguous results. For
example, variations during spotting, nucleic acid label-
ing, hybridization, and recording of signals are difficult
to avoid, although automation of some of these steps and
data normalization is helping to reduce biases. A
practical consequence of these combined variations is
that fluorescence intensities near a predefined threshold
value for positive probe signals must be interpreted with
caution if only a single hybridization is performed. To
partly account for variations inherently associated with
microarray analyses, it is therefore recommended to
perform at least three replicate hybridizations for each
microarray experiment and to average the obtained data.
However, replication cannot solve possible specificity or
sensitivity problems associated with the microarray
approach. Therefore, ambiguous microarray results re-
garding the presence (and abundance) of a target
population in an environment should be confirmed by
microarray-independent techniques. This strategy has the

added benefit of allowing characterization of the micro-
bial community in the sample of interest beyond the
identification and community composition level. For
example, deeper insights into the evolutionary history of
the conspicuous microorganisms are obtained by
employing subgroup-specific PCR primers for sequence
retrieval and subsequent phylogenetic analysis [38, 39].
Furthermore, based on the microarray results and the
newly obtained sequence data, specific probes or primers
can then be selected/designed and applied in different
(quantitative) formats to resolve the composition and to
functionally characterize the microbial community at a
higher resolution and accuracy (Fig. 2).

A Place for Microarray Analysis in Microbial
Ecology

DNA microarrays offer microbial ecologists the possibil-
ity to characterize rapidly many samples for the presence
and (with certain limitations) the abundance of many
target organisms. Recent publications have demonstrated
that, if carefully used, this cutting-edge technology is
now ready for environmental application. However, one
should realize that the development and evaluation of a
new DNA microarray is very time-consuming and
expensive and is thus particularly recommendable for
long-term research projects involving many samples.
This restriction obviously does not apply if a suitable
and well-evaluated DNA microarray is already available.

Figure 2 shows how DNA microarrays nicely
complement available molecular tools in microbial
ecology. DNA microarrays and classical fingerprinting
techniques (TGGE, DGGE, SSCP, T-RFLP), are optimal-
ly suited for rapid screening of microbial community
composition in environmental samples and can thus
provide important guidance for subsequent in-depth
analyses. Compared to classical fingerprinting tech-

Figure 2. Integrating microarrays into the molecular toolbox for structural and functional analyses of complex microbial communities
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niques, microarrays produce not only a Bcomposition
pattern^ but also enable instant identification of the
organisms detected. To achieve the same level of
information, much more experimental effort is required
if classical fingerprinting techniques are usedVfor ex-
ample, for identification of the organisms Bbehind^ a
certain DGGE banding pattern, all bands must be
separately excised, amplified, and sequenced. On the
other hand, the traditional fingerprinting methods, in
contrast to DNA microarrays, do not overlook unknown
microorganisms and are thus often well suited for initial
Bquick-and-dirty^ community screening. Taken together,
DNA microarrays are, in our opinion, the preferred
option for investigating the biogeography of defined
groups of known microorganisms or for intensive
monitoring of community dynamics in defined habitats
for which the microbial diversity is largely known.

Today, DNA microarrays are mainly used in micro-
bial ecology to infer the composition of microbial
communities or of defined guilds. In addition to this
application, we foresee that microarrays will become
indispensable for the highly parallel analyses of the in situ
function of microbes and their interactions with each
other. We expect major breakthroughs in the near future
by combining DNA microarrays with other recently
developed techniques for structure–function analysis of
microbial communities. For example, the composition of
light and heavy DNA or RNA fractions obtained from
stable isotope probing experiments [45, 56] can be
compared by using microarray experiments to identify
rapidly organisms with a defined ecophysiology. Further-
more, isotope arrays [1, 78] offer unique insights into the
ecophysiology of microorganisms and, if several samples
are taken at different time points during an incubation
experiment, even allow microbial ecologists to begin deci-
phering microbial food webs. Given the rapid methodo-
logical development in the microarray field and the advent
of the environmental genomics approach [15, 26], it
might even become possible (at least in systems with
relatively limited diversity) to monitor multiple gene
expression patterns of uncultured microorganisms within
their natural environment and to begin to understand
how these patterns are influenced by changes in key
abiotic and biotic parameters. Together with the suite of
recently developed methods for monitoring the ecophys-
iology of microorganisms in the wilderness [76, 77] such
insights should allow us to fully bring microbial ecology
from the pure culture level Bback to nature^.
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