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Summary

 

Soil microbial communities are responsible for important physiological and metabolic
processes. In the last decade soil microorganisms have been frequently analysed
by cultivation-independent techniques because only a minority of the natural
microbial communities are accessible by cultivation. Cultivation-independent com-
munity analyses have revolutionized our understanding of soil microbial diversity
and population dynamics. Nevertheless, many methods are still laborious and time-
consuming, and high-throughput methods have to be applied in order to under-
stand population shifts at a finer level and to be better able to link microbial diversity
with ecosystems functioning. Microbial diagnostic microarrays (MDMs) represent a
powerful tool for the parallel, high-throughput identification of many microorgan-
isms. Three categories of MDMs have been defined based on the nature of the
probe and target molecules used: phylogenetic oligonucleotide microarrays with
short oligonucleotides against a phylogenetic marker gene; functional gene arrays
containing probes targeting genes encoding specific functions; and community
genome arrays employing whole genomes as probes. In this review, important
methodological developments relevant to the application of the different types of
diagnostic microarrays in soil ecology will be addressed and new approaches, needs
and future directions will be identified, which might lead to a better insight into the
functional activities of soil microbial communities.
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I. Introduction

 

Soil is an environment that is characterized by high hetero-
geneity and extremely diverse microbial populations, which
are responsible for important physiological and metabolic
processes (Alexander, 1977). The genetic diversity of
several soils was studied by reassociation kinetics (Torsvik

 

et al

 

., 1990, 1996; Øvreås & Torsvik, 1998), leading to
the identification of up to 10.000 genome equivalents in
undisturbed soils and 350–1.500 genome equivalents in
arable or heavy metal polluted soils (Torsvik & Øvreås, 2002).
The phylogenetic diversity of soil microorganisms and
particularly their functional potential, however, are to a
large extent unknown. This is because only a minority of
microorganisms can be cultivated (Amann 

 

et al

 

., 1995),
and the fraction of readily culturable cells tends to be
unrepresentative of the total microbial community (Dunbar

 

et al

 

., 1999; Kaiser 

 

et al

 

., 2001; Smit 

 

et al

 

., 2001). Most soil
microbes do not grow on standard cultivation media and
novel strategies are being developed in order to cultivate and
further analyse previously uncultured microbes ( Joseph 

 

et al

 

.,
2003; Svenning 

 

et al

 

., 2003; Stevenson 

 

et al

 

., 2004; Sangvan

 

et al

 

., 2005).
Cultivation-independent molecular analysis of soil microbial

communities has been widely performed because issues of microbial
diversity, community patterns and community shifts can be
addressed without the bias that is associated with cultivation-
based analyses. Generally, novel microorganisms are detected
and included in the analysis so that time-consuming steps
involved in the cultivation of microbes are avoided. Molecular
methods are frequently based on the use of ribosomal genes
as phylogenetic markers, with the advantage that a large
number of sequences are available in public databases. Nucleic
acids can be directly isolated from terrestrial environments and
are used as templates in polymerase chain reaction (PCR)-
mediated amplification of phylogenetic marker genes. Sequence
analysis is used in order to obtain taxonomic information on
soil microorganisms, whereas community ‘fingerprinting’ tools
such as denaturing gradient gel electrophoresis (DGGE) or
terminal restriction fragment length polymorphism (T-
RFLP) analysis are now routinely applied to follow popula-
tion changes under particular conditions. Such studies have
identified the major bacterial phylogenetic groups in
numerous soils, namely Alphaproteobacteria, high G + C
Gram-positive bacteria, 

 

Acidobacteria

 

 and 

 

Verrucomicrobia

 

,
and have provided insight into the relations of soil microbial
communities with soil type, agricultural practices, vegeta-
tion composition and climatic factors (Kuske 

 

et al

 

., 2002;
Hackl 

 

et al

 

., 2004; Lipson 

 

et al

 

., 2005). The taxonomic
variability of microbial communities has been linked with
the analysis of functional genes and activity measurements
in order to obtain an understanding of the functional roles
of natural microbial communities. Molecular tools based on
16S rRNA or functional genes have also taken the hetero-

geneity of soils into account, revealing extremely high micro-
scale diversity (Grundmann & Normand, 2000; Sessitsch

 

et al

 

., 2001).
Cultivation-independent community analyses have revolu-

tionized our understanding of soil microbial diversity and
population dynamics. Nevertheless, many methods are still
laborious and time-consuming, and frequently detailed analy-
sis and characterization of microbial populations responding
to different treatments or within replicates is not feasible using
present-day standard techniques for molecular community
analysis. Owing to the high versatility and rapid adaptation of
microbial populations and the high heterogeneity and micro-
scale diversity in soils, high-throughput methods have to be
applied in order to understand population shifts at a finer level
and to be better able to link microbial diversity with function-
ing of ecosystems. Microarrays represent a powerful tool for
the parallel, high-throughput identification of many micro-
organisms. They were originally developed for the analysis
of gene expression in a variety of model organisms, but have
great potential in microbial diagnostics, community analysis
and in the detection of different functional characteristics and
their expression.

Microbial diagnostic microarrays (MDMs) (related terms
are identification arrays, phylochips, phylogenetic nucleotide
arrays, functional gene arrays and genotyping arrays) may
comprise up to several thousand probes, which are, depending
on the design of the probes, specific for different strains,
species, genera or higher taxa (Bodrossy & Sessitsch, 2004;
Loy & Bodrossy, 2006). Microbial diagnostic microarrays
therefore allow the parallel detection of many microorganisms
and find application in many areas such as clinical, veterinary,
food and biodefence microbiology (Stenger 

 

et al

 

., 2002;
Clewley, 2004). In these applications usually few, well-defined
microorganisms have to be reliably detected and identified,
whereas in environmental studies generally the whole
community structure is of interest. Microarrays have proven
useful to study soil microbial ecology, however, because of the
high complexity of the soil microflora and the high biomass,
the frequently high concentration of substances inhibiting
enzymatic reactions, and the novelty of the technology,
many studies are of technical nature. Optimal conditions are
being elaborated in order to improve sensitivity and selectivity
of the analysis, and suitable probes are developed in order to
detect either specific phylogenetic groups or relevant func-
tional genes.

In this review, we address important methodological develop-
ments relevant to the application of diagnostic microarrays
in soil ecology. The application of MDMs to obtain better
information on the diversity and functionality of soils will be
reviewed and microarray-based results giving new insights in
soil ecology will be highlighted. Finally, new approaches,
needs and future directions will be identified, which may lead
to a better insight into the functional activities of soil micro-
bial communities.
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II. General methodology

 

The first and still most used format for microarrays are planar
1 

 

×

 

 3 inch (approx. 2.5 

 

×

 

 7.6 cm) glass slides. Oligonucleo-
tides are in most cases bound via their 5

 

′

 

 ends to reactive
groups on the coating layer of the glass surface. Conversely,
gene fragments are usually immobilized in a less described,
more or less random manner. The establishment of
microarray core facilities (including microarray spotting and
detection devices) in many laboratories and the general utility,
flexibility and moderate price are mainly responsible for the
success of this standard format. Other formats, offering clear
advantages, such as much higher probe density (Wilson 

 

et al

 

.,
2002) or a time-course analysis of the hybridization event
(Urakawa 

 

et al

 

., 2003; Anthony 

 

et al

 

., 2005) are currently
available only in a few laboratories.

Three main categories of MDMs for microbial community
analysis have been defined (Zhou, 2003) based on the nature
of probe and target molecules used (Table 1):
• Phylogenetic oligonucleotide microarrays (phylochips),
with short oligonucleotides designed against a phylogenetic
marker gene (such as the 16S rRNA gene or 

 

gyrB

 

).
• Functional gene arrays (FGAs), using gene fragments or oli-
gonucleotides targeting genes of the function of interest as probes.
• Community genome arrays (CGAs), employing whole
bacterial genomes as probes.

 

1. Phylochips

 

Phylochips contain short oligonucleotide probes, targeting
phylogenetic marker genes (evolutionary conserved genes,
the sequence of which reflect the phylogenetic relationship
of the carrying organisms). The most widely employed
target molecule for the detection and phylogenetic analysis
of microorganisms is the small-subunit ribosomal RNA
(SSU rRNA) and its gene (Guschin 

 

et al

 

., 1997; Ludwig &
Schleifer, 1999; Loy 

 

et al

 

., 2002; Wilson 

 

et al

 

., 2002; Loy

 

et al

 

., 2003; Warsen 

 

et al

 

., 2004; Sanguin 

 

et al

 

., 2005). This
is also reflected in the existence of large and regularly updated
sequence (Cole 

 

et al

 

., 2003; Ludwig 

 

et al

 

., 2004) and probe
databases (http://www.microbial-ecology.net/probebase/)
(Loy 

 

et al

 

., 2003) for this target molecule. The main limita-
tion of using the SSU rRNA (gene) as a marker in microarray
assays is that its phylogenetic resolution is limited at, or, in
some cases, above the species level. Alternative probe targets
with a species-level resolution include the large-subunit
ribosomal RNA (LSU rRNA) (Anthony 

 

et al

 

., 2000; Mitterer

 

et al

 

., 2004; Lehner 

 

et al

 

., 2005), the SSU–LSU rRNA
intergenic spacer region (Cook 

 

et al

 

., 2004; Nübel 

 

et al

 

.,
2004; Günther 

 

et al

 

., 2005) and various house-keeping genes
such as 

 

rpoB

 

 (Mollet 

 

et al

 

., 1997; Dahllöf 

 

et al

 

., 2000;
Drancourt 

 

et al

 

., 2004), 

 

gyrA

 

 (Brisse & Verhoef, 2001), 

 

gyrB

 

(Kakinuma 

 

et al

 

., 2003), 

 

recA

 

 (Lloyd & Sharp, 1993), 

 

tuf

 

(Ludwig 

 

et al

 

., 1993; Baldauf 

 

et al

 

., 1996), 

 

groEL

 

 (Wong &
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Chow, 2002), 

 

atpD

 

 (Ludwig 

 

et al

 

., 1993), 

 

ompA

 

, 

 

gapA

 

, 

 

pgi

 

(Wertz 

 

et al

 

., 2003) and tmRNA (Zwieb 

 

et al

 

., 2003).
However, individual sequence databases for these alternative
markers, if they exist at all, currently contain considerably
fewer entries than the SSU rRNA databases, constraining the
development and evaluation of encompassing probe sets for
microarrays (Hashsham 

 

et al

 

., 2004).
The fungal internal transcribed spacer (ITS) region could be

amplified by using universal fungal primers directed toward
conserved regions of the 18S and 28S rRNA and is widely used
for the molecular detection and identification of fungi
(Druzhinina 

 

et al

 

., 2005). The fungal ITS region has been targeted
to develop a DNA microarray for detection and clear differentia-
tion of species belonging to 

 

Candida

 

 and 

 

Aspergillus

 

 (Leinberger

 

et al

 

. 2005) and for the identification and differentiation of
trichothecene producing and nonproducing 

 

Fusarium

 

 species
occurring on cereal grain (Nicolaisen 

 

et al

 

., 2005).

 

2. Functional gene arrays

Functional gene arrays (FGAs) contain DNA probes targeting
genes conferring a specific function to the carrying micro-
organisms, such as nitrogen metabolism (Wu et al., 2001;
Taroncher-Oldenburg et al., 2003) or methane oxidation
(Bodrossy et al., 2003) (for a general procedure see Fig. 1).
The probes applied may be short (typically 15- to 30-mer)
(Bodrossy et al., 2003; Stralis-Pavese et al., 2004) and long
(typically 40- to 70-mer) (Denef et al., 2003; Taroncher-
Oldenburg et al., 2003; Tiquia et al., 2004) oligonucleotides
as well as PCR-amplified gene fragments (Wu et al., 2001;
Cho & Tiedje, 2002; Dennis et al., 2003).

Microarrays (both FGAs and phylochips) based on short
oligonucleotides are bound to be applied in combination with
a consensus PCR amplifying the target gene from a wide
range of (optimally all) microbes (Loy et al., 2002; Wilson
et al., 2002; Bodrossy et al., 2003; Bonch-Osmolovskaya
et al., 2003). The PCR amplification is required to narrow
down the complexity of the labelled target, allowing for the
development of detectable signal.

Short oligonucleotide FGAs enable a phylogenetic investi-
gation of a functionally defined microbial community. The
phylogeny in this case is that of the functional gene, the validity
of which needs to be investigated in advance (i.e. compared
with that based on 16S or other established phylogenetic
markers). The advantage of this type of MDM is that it
focuses the labelling onto this defined group of bacteria,
enabling the detection of otherwise minor microbial groups.
Furthermore, the presence and existence of as yet unknown
members of a functional group may also be indicated (as
opposed to rRNA based microarrays) (Fig. 2).

Long oligonucleotide and gene fragment FGAs enable a
more limited resolution, thus signals arising from bacteria
carrying closely related enzymes are not readily differentiated
(Li et al., 2005). By contrast, a range of genes, encoding for

enzymes with related functions, can easily be targeted on a
single array, which in turn can deliver information on the
metabolic potential of the entire microbial community.

3. Community genome arrays

Reverse sample genome probing (RSGP) technique, introduced
in the early 1990s, uses entire bacterial genomes (suitably
fragmented) as probes on traditional nitrocellulose or nylon
membranes and radioactively labelled environmental DNA
as target (Voordouw et al., 1991; Greene & Voordouw, 2003).
Community genome arrays or CGAs are based on the same
principle, using microarrays and fluorescent labelling (Murray
et al., 2001; Zhou, 2003). Being based on whole-genome
hybridization the method is directly linked to the microbial
species concept (> 70% genome homology). By careful adjustment
of hybridization conditions, species-level differentiation was
achieved (Wu et al., 2004). Subspecies specificity was achieved
for Salmonella when probes were generated from whole
genomes via subtractive suppression hybridization (Bae et al.,
2005). However, cross-hybridization between various genomes
is complicated and depends largely on the experimental conditions,
the genomes used as probes and on the complexity of the
environmental sample, and is thus not a trivial task to predict
and account for. A major drawback of the CGA approach is
that only cultivated bacteria can be used to generate probes.
Novel metagenomic techniques generating large genome
fragments from uncultivated microbes (Handelsman, 2004)
may help in overcoming this limitation, even though the
identification of the bacteria harbouring the arrayed genome
fragments may still be a challenging task. A clear advantage of
CGAs is that there is no need for PCR amplification of the
target, avoiding various problems associated with PCR bias.
Furthermore, a linear relationship was found between target
concentration and signal, offering a good quantification
potential (Wu et al., 2004).

III. Methodological considerations

1. Probe set design

The design of a suitable probe set is the first step in microarray
development. It is indeed a rather challenging stage, crucial
for the success of the project. All probes on a microarray
should (i) be highly specific for their target genes, i.e. not
cross-hybridize with nontarget sequences (specificity); (ii)
bind efficiently to target sequences to allow the detection
of low abundance targets in complex mixtures (sensitivity);
and (iii) display similar hybridization behaviour (i.e. similar
thermodynamic characteristics under the same experimental
conditions – homogeneity, uniformity). Unfortunately, these
represent conflicting goals in practice, and thus efforts to
fulfil these criteria need to be carefully balanced during probe
design and experimental procedures. Again, there is a marked
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difference between microarrays based on short oligonucleotide
probes vs those employing long oligonucleotides or gene
fragments. In the following text we summarize the major
challenges for short oligonucleotide microarrays, then high-
light unique considerations for the development of long
oligonucleotide/gene fragment microarrays.

Short oligoprobes have to be fine-tuned for uniform thermo-
dynamic behaviour. One way to achieve this is by using probes

that are identical in length and adding tertiary amine salts
such as tetramethylammonium chloride to the hybridization
and/or washing buffers (Loy et al., 2002, 2005). Thereby, dif-
ferences in the G + C contents and thus duplex stabilities
among the probes are attenuated (Jacobs et al., 1988; Maskos
& Southern, 1992). Another strategy to equalize melting
properties of different oligonucleotide probes is to manipulate
their length (Bodrossy et al., 2003; Stralis-Pavese et al., 2004).

Fig. 1 Analysis of methanotroph communities in soils of a lysimeter experiment simulating landfill conditions. (a) Lysimeter experiment testing 
the effect of different vegetation regimes on methane oxidation. (b) Sampling soils at different depths of lysimeter pots. (c) Microarray analysis 
by using a pmoA oligonucleotide microarray (Stralis-Pavese et al., 2004). (d) Summarized results of the microarray analysis. Results of individual 
microarray experiments were first normalized to positive control probe mtrof173, then to the reference values determined individually for each 
probe, averaged between parallels and displayed using the GENESPRING software. In essence, a value of 1.0 indicates maximum achievable signal 
for an individual probe, while a value of 0.1 indicates that c. 10% of the total polymerase chain reaction (PCR) product hybridized to that probe. 
Grey shading is indicated on the side bar. GA+, Grass–alfalfa mixture; G+, grass; P+, poplar; M+, Miscanthus; BS+, bulk soil. For each vegetation 
cover and each depth layer, results from three parallel lysimeters are shown.
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For single oligonucleotide probes, it is in most cases pos-
sible to adjust experimental conditions in such a way that no
cross-hybridization occurs. However, the most widely used
microarray hybridization formats only allow hybridization
and/or washing at a single stringency, making it impossible
to provide optimal hybridization conditions for all probes
on a microarray. Thus, probes frequently bind to nontarget
sequences (false-positive signals) (Loy et al., 2002; Bodrossy
et al., 2003). Nonetheless, several approaches still guarantee
the reliability of identification by microarrays. One approach
involves the design of multiple probes with identical specifi-
cities for the same target sequence or group of sequences.
Therefore, all probes in a set of probes perfectly matching the
target organism must show positive hybridization signals to
minimize the risk of false-positive identification (Al Khaldi
et al., 2004; Sergeev et al., 2004; Volokhov et al., 2004). This

multiple probe concept can be further extended by probes
with hierarchical (nested) specificities for the target sequences,
also enabling the detection of novel members of known
groups (Behr et al., 2000). Probe sets based on rRNA make
the application of nested probes easier (Behr et al., 2000; Liu
et al., 2001; Loy et al., 2002, 2005), compared with those
based on protein-coding genes. This is because the highly
variable third codon (‘wobble’) position in these genes may
hamper the design of probes with broader specificity, span-
ning more distantly related sequences. In addition to, or
instead of, the use of multiple probes for one marker gene, it
is possible to use more than one marker gene of a target org-
anism as a probe target during hybridization. This multiple
probe–multiple target strategy also increases redundancy and
hence the confidence in a positive result (Al Khaldi et al.,
2004; Volokhov et al., 2004). Furthermore, careful selection

Fig. 2 Analysis of methanotroph communities inhabiting different upland soils by using the pmoA microarray. Samples #7 and #9 indicate the 
presence of novel methanotrophs as hybridization signals were only obtained with generic probes for methanotrophs. Confirmatory results were 
obtained by analysis of pmoA clone libraries (Knief et al., 2005).
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of multiple marker genes may also allow genotyping of the
microbes detected. Another way to ensure specificity is the
inclusion of so-called mismatch-control probes on the micro-
array (Wilson et al., 2002; Huang et al., 2004; Lee et al.,
2004). Comparison of signal intensities from perfectly
matched and mismatched probes allows cross-hybridization
to be identified and its extent estimated.

Long oligonucleotides and gene fragments have a higher
binding capacity, thus sensitivity is less a problem for micro-
arrays based on them. It is easier to achieve relatively uniform
hybridization behaviour for such probe sets as random differ-
ences in their GC content are usually balanced across the
length of the probes. However, when probes are designed
against microbes with markedly different GC content, adjust-
ment of the probe lengths may be necessary. Because single
nucleotide differentiation cannot be achieved, specificity has to
be based on the overall variability of the gene region targeted.
Alternatively, probes may target a broad range of diversity of the
targeted gene.

The hybridization properties of short and long oligonucleotide
probes are fundamentally different, with consequences for
their application potential. While in principle short oligo-
nucleotides allow the discrimination of single nucleotide dif-
ferences under optimal conditions, this does not hold true for
long oligonucleotides. Their threshold for differentiation is
approximately 75–87% sequence similarity (Kane et al.,
2000; Taroncher-Oldenburg et al., 2003; Tiquia et al., 2004).
Long oligonucleotide probes show pronounced hysteresis
(higher temperatures for dissociation than for association)
(Wetmur, 1991; Hughes et al., 2001). As a direct consequence
they display orders of magnitude higher target binding
capacities and hence the use of long oligonucleotides should
generally improve the detection sensitivity of a microarray
(Letowski et al., 2004). Typically, long oligonucleotide micro-
arrays are used in combination with universal (not PCR
based, low bias) amplification strategies or without any ampli-
fication (Wang et al., 2002; Tiquia et al., 2004; Vora et al.,
2004). Probes are then targeting various, nonconserved genes
which are specific to the microorganisms to be detected. Thus,
the low differentiation power of long oligonucleotide probes
is compensated for by the host specificity of the genes they are
designed against. With or without universal amplification, the
resulting target represents the entire gene pool present in the
investigated sample, without any reduction in its complexity.
Higher binding capacities of the long oligoprobes and higher
target complexity results in similar relative detection thresh-
olds to that of short oligoprobes in conjunction with PCR
amplification (approximately 5% of the total microbial com-
munity) (Bodrossy et al., 2003; Denef et al., 2003). Improv-
ing the detection limit to 1% was recently achieved for
long oligoprobe microarrays upon method optimization
(Tiquia et al., 2004; Kostic et al., 2005). The FGAs based on
PCR-amplified gene fragments display very similar hybridiza-
tion behaviour to those based on long oligoprobes.

2. Validation

In silico predictions of the hybridization behaviour of
microarray probes are limited in their accuracy. This is
especially true for short oligoprobes (typically 15–30 nt
long). At best, such predictions will deliver a prefiltered set of
candidate probes, the specificity of which has to be extensively
tested under the intended experimental conditions. In
practice, a suitable set of test targets should contain at least
one, but ideally three perfectly matched target for each probe
on the microarray. After testing the probe set by individual
hybridizations with each test target, ‘bad’ probes showing
low sensitivity and/or specificity are removed or replaced.
Subsequently, concentration series of targets perfectly match-
ing those probes that have displayed the highest and lowest
duplex yield should be hybridized to the microarray to give
an impression of the range of sensitivities achievable for
the individual probes. (Loy et al., 2003; Stralis-Pavese et al.,
2004). Thorough, rigorous validation, involving an evaluation
and refinement of in silico predictions, as well as the adjustment
of hybridization conditions is the key to the development
of reliable microbial diagnostic microarrays. Validation, as
outlined earlier, may, however, be unfeasible for various
reasons. Sequences released in GenBank are frequently not
readily available as clones, genomic DNA or microbial isolate.
Thorough validation of arrays covering a broad phylogenetic/
functional diversity of microbes presents a serious challenge
(Franke-Whittle et al., 2005; Sanguin et al., 2005).

The validation of high-density MDMs, consisting of
thousands of probes, as described earlier, is clearly unrealistic.
Their high probe density, however, offers ample compensa-
tion for this. (DeSantis et al., 2005) designed an Affymetrix
GeneChip consisting of over 60 000 16S rDNA-based oligo-
probes. The array contained mismatch control probes for each
(perfect match) probe and a very high probe redundancy,
resulting in a robust, sensitive and high-resolution character-
ization of the composition of airborne bacteria.

The hybridization specificity of long oligoprobes and
gene fragments is more predictable (He et al., 2005). Such
microarrays, if the probes are targeting genes with little
sequence homology (i.e. less, then 70% sequence similarity),
require a less vigorous validation. In such cases, it is more the
specificity of the overall methodology, rather that of the indi-
vidual probes that need to be validated (Wang et al., 2002;
Taroncher-Oldenburg et al., 2003).

3. Data analysis

Microbial diagnostic microarray experiments usually involve
the hybridization of a single sample per microarray (single
colour experiment, as opposed to two-colour hybridizations
typical for transcriptome analysis, employing competitive
hybridization of a control sample vs the sample of interest;
Schena, 2003). Fluorescence signals are normalized against
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positive controls (targeting conserved regions, PCR primers
applied or exogenous spiking DNA). Normalized signals for
the individual probes are then typically rated as present or
absent. This decision is usually made depending on an
arbitrary signal intensity threshold, ideally reflecting both the
overall limitation of the microarray platform and of the
hybridization potential of the individual probes (Loy et al.,
2002; Bodrossy et al., 2003; Lin et al., 2004; Mitterer et al.,
2004; Nübel et al., 2004; Peplies et al., 2004). The complex
hybridization patterns of MDM experiments are thus usually
still translated manually into inventory lists of organisms
present in the samples analysed. In an attempt to bridge the
gap between data collection and analysis, a simple command
line-based program was recently developed for diagnostic
microarrays (Loy et al., 2002). (An advanced graphical user
interface-based version, ChipAnalyser, is under development;
H. Meier; unpublished).

4. Specificity, quantification and sensitivity

The ultimate specificity of microarray technology is the
discrimination between a fully complementary target and a
nontarget differing in only a single nucleotide. Recently,
various enzyme-assisted hybridization and signal amplification
strategies have been reported promising improved discrimination
of single mismatches located near the 3′ end of microarray
probes (Mikhailovich et al., 2001; Busti et al., 2002;
Gharizadeh et al., 2003; Rudi et al., 2003; Mitterer et al.,
2004) and enhancing the detection of low abundance
microorganisms (Denef et al., 2003), respectively.

The fundamental potential of microarrays to provide quan-
titative data on the abundance of the detected target in a
sample is widely acknowledged. Adopting the two-colour
hybridization approach from transcriptome microarray
analysis, relative abundance of targets in a sample (labelled in
colour one) can be measured by competitive hybridization
with target mixtures of known concentrations (labelled in
colour two) on the microarray (Rudi et al., 2002; Bodrossy
et al., 2003). For single-colour hybridizations, a linear corre-
lation between the signal intensity of a probe and the concen-
tration of the respective target sequence has been observed for
a certain range of target concentrations (Cho & Tiedje, 2002;
Taroncher-Oldenburg et al., 2003; Tiquia et al., 2004). A
semiquantitative comparison of similar community structures
has been demonstrated, enabling the researcher to detect spatial
and temporal changes in microbial community composition
(Stralis-Pavese et al., 2004). However, the slope and range of this
linear relationship will vary among the different probes immo-
bilized on a microarray because, as mentioned previously,
different probes display different affinities to their targets.

Semiquantitative information can be obtained on the
relative abundance of the microorganisms detected. This is
especially useful when comparing similar samples for changes
in the microbial community structure (e.g. temporal or spatial

changes in soil microbial community structure). Absolute
quantification is plagued by biases associated with, for exam-
ple, PCR amplification, nucleic acid recovery, and different
numbers of (marker) gene copies per genome.

The sensitivity of MDMs is normally limited by the relative
abundance of the microbial population within the targeted
community, with reported detection limits being 1–5%.
Some enzyme-based labelling methods (Busti et al., 2002;
Baner et al., 2003; Gharizadeh et al., 2003; Rudi et al., 2003)
have demonstrated the potential for an improved detection
sensitivity (down to c. 0.1% of the total community targeted).

IV. Application of microarrays in the soil 
environment

As outlined above environmental, diagnostic microarrays can
be divided into three classes: phylochips, FGAs and CGAs.
Phylochips are based on the use of rRNA genes or other
phylogenetic markers and they are usually applied in order to
detect specific bacteria such as pathogens (Franke-Whittle
et al., 2005) in an ecosystem or to study diversity and the
structure of microbial communities (Loy et al., 2002; Loy
et al., 2004; Günther et al., 2005). Phylochips, which address
phylogenetic groups inevitably required for specific ecological
processes, also yield substantial functional information on
a particular ecosystem (Loy et al., 2004). Functional gene
arrays target genes encoding enzymes, which play key roles
in various ecological processes such as nitrification, denitrifica-
tion, nitrogen fixation, methane oxidation, sulphate reduction
and the degradation of pollutants. They are particularly
useful in addressing specific environmental processes and
may be applied in order to reveal the community structure
of microorganisms involved in these processes as well as
addressing their activities. community genome arrays (CGAs)
are based on whole genomes isolated from cultured micro-
organisms (Krause et al., 2004; Wu et al., 2004). However,
they may be potentially be made from metagenomic
environmental libraries or community genomes with reduced
complexities (see below) and thereby would target also the
uncultured microflora.

1. Phylochips for the soil environment

Phylogenetic oligonucleotide microarrays have been developed
to study the diversity and community structure of certain
phylogenetic groups in the environment. Recently, a
microarray was designed to particularly address the genus
Kitasatospora belonging to the actinomycetes (Günther et al.,
2005). Kitasatospora, which is closely related to the genus
Streptomyces, is also known for the production of interesting
secondary metabolites with new chemical structures and
biological activities with high application potential. As the
16S/23S rRNA genes do not resolve close phylogenetic
relationships, such as those between kitasatosporae and
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streptomycetes, the ITS was used to design specific probes.
The microarray contains 29 specific oligonucleotides and was
applied to detect Kitasatospora in spiked soils and to identify
members belonging to this genus in a forest soil (Günther
et al., 2005). The authors proposed the application of the
microarray for an accelerated screening of soils for sorting
already known species and further processing interesting
samples (Günther et al., 2005).

A 16S rRNA gene based oligonucleotide microarray con-
sisting of 79 18-mer probes targeting different phylogenetic
levels of the Betaproteobacteria order Rhodocyclales was devel-
oped (Loy et al., 2005). Members of this order comprise a
physiologically versatile group of bacteria, many of them
responsible for the removal of anthropogenic compounds in
the environment including Azoarcus, Dechloromonas and
Azospira, which are known for their degrading capacities
(Coates et al., 1999; Achenbach et al., 2001; Song et al.,
2001; Mechichi et al., 2002). Other Rhodocyclales members
such as Azoarcus species live in association with grasses, where
they fix nitrogen (Reinhold-Hurek et al., 1993; Engelhard
et al., 2000). The Rhodocyclales microarray has so far been
applied in the diversity analysis of an activated sludge from an
industrial wastewater treatment (Loy et al., 2005), but may
find future applications in the analysis of soil microbial
populations. Furthermore, a prototype of a taxonomic 16S
rRNA-based microarray has been developed, which
contains 122 probes targeting bacteria at various taxonomic
levels from phyla to species belonging mainly to the
Alphaproteobacteria (Sanguin et al., 2005). The array has
been validated by using a range of bacterial strains as hybrid-
ization targets as well as by analysing Agrobacterium diversity
in the rhizosphere of maize and by comparing microarray
results with those obtained by the analysis of clone libraries.
As Alphaproteobacteria play an important role in the inter-
action with plants, such a microarray might be very useful in
understanding the ecology of plant-associated microorganisms,
particularly if amended with probes for additional, relevant
phyla.

The microbial community structure in compost deter-
mines greatly compost quality and different populations are
involved in different processes at different stages during com-
post development. A microarray has been designed targeting
the species usually encountered in compost (Franke-Whittle
et al., 2005). Furthermore, there are concerns regarding the
use of composts on agricultural soils and the spread of human,
animal and plant pathogens. The microarray developed there-
fore contains 12 probes with differing levels of specificity tar-
geting actinomycetes and other organisms with significance as
degraders in the composting process and 35 probes specific to
pathogens and was suggested to offer potential for process
monitoring, and the detection of pathogens as well as of
beneficial microbes (Franke-Whittle et al., 2005).

Several 16S rRNA gene based microarrays have been devel-
oped specifically to target important physiological processes

such as sulphate reduction. Sulphate-reducing prokaryotes are
of major importance mainly in marine systems (Jørgensen,
1982), however, they are also important in specialized terres-
trial habitats that are frequently flooded, including rice fields
(Wind et al., 1999) and fens (Alewell & Novak, 2001; Loy
et al., 2004). Small et al. (2001) used the metal- and sulphate-
reducing bacteria of the genera Geobacter and Desulfovibrio as
a model system to make a prototype oligonucleotide microar-
ray consisting of universal and species-specific probes. Loy
et al. (2002) developed a microarray for the detection of all
known lineages of sulphate-reducing prokaryotes, which con-
sist of more than 130 described species so far, falling into four
bacterial phyla and one archeal phylum. Sulphate reducers
were thoroughly investigated in low-sulphate, acidic fens of
a forested catchment in Germany, where the deposition of
sulphur resulted from the combustion of soft coal (Loy et al.,
2004). Results confirmed the hypothesis that dissimilatory
sulphate reduction is an on-going process in that environ-
ment. Microarray analysis which was supplemented with
comparative analysis of 16S rRNA genes and dissimilatory
(bi)sulphite reductase (dsrAB) genes indicated novel sulphate-
or sulphite-reducing prokaryotes possibly adapted to low-
sulphate habitats (Loy et al., 2004).

Phylochips have been also applied in bioremediation
research, although FGAs appear to have a higher potential to
reveal information on degradation activities. Neufeld et al.
(2006) prepared a library of hypervariable 16S rRNA gene
sequences from a composite of uncontaminated soils and soils
contaminated with hexachlorocyclohexane (HCH), and fur-
ther selected the 100 most abundant types to be spotted on an
array. Hybridization with PCR-amplified DNA from individual
soil samples showed strong correlations of several probe sig-
nals with soil physicochemical parameters. Results demon-
strated that probes targeting unknown Gammaproteobacteria
and members of the genus Sphingomonas were associated with
high HCH concentrations, implying the involvement of these
bacteria in HCH degradation. Their results also showed good
agreement between microarray and DNA fingerprinting data.
Dendrograms based on Pearson correlations of DGGE finger-
prints and microarray probe signals were highly similar, show-
ing distinct clustering of contaminated and uncontaminated
soil samples (Fig. 3; Neufeld et al., 2006).

A new approach to study functional activities by using a
phylochip was presented by Adamczyk et al. (2003). A small
microarray consisting of 16S rRNA-based oligonucleotide
probes targeting ammonia-oxidizing bacteria was used to
identify cells that consume a 14C-labelled substrate. In the
isotope array approach, total RNA is isolated, fluorescently
labelled and hybridized with the microarray and subsequently
scanned for fluorescence as well as for radioactivity. The
suitability of the approach was demonstrated for monitoring
community composition and CO2 fixation activity of
ammonia-oxidizers in two nitrifying activated sludge samples
(Adamczyk et al., 2003).
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2. Microarrays targeting soil functional genes and 
activities

With the application of FGAs usually a well-defined,
physiologically restricted group of bacteria is investigated.
The gene encoding the particulate methane monooxygenase
gene ( pmoA) – the key enzyme in methane oxidation – was
chosen for the development of a microarray to identify
methanotrophs (Bodrossy et al., 2003), bacteria which are
capable of utilizing methane as their sole source of carbon and
energy. They therefore play an essential role in mitigating the
greenhouse effect by metabolizing most of the methane
produced, for example, in landfill sites. Understanding the
factors influencing their diversity and activity is of high

importance in order to adapt environmental remediation
strategies for optimal methane oxidation. The improved
pmoA microarray contains 68 (18- to 28-mer) probes
targeting all known methanotrophs (including uncultivated
members) as well as the related ammonium monooxygenase
(amoA) genes of ammonium-oxidizing bacteria, and the
phylogenetic resolution achieved was below the species level.
It was applied in a lysimeter (mesocosm simulating landfill
site conditions) experiment to study methane oxidation
capacity and methanotroph diversity (Stralis-Pavese et al.,
2004). This experiment simulated landfill sites with different
plant vegetations and included also bare soil as well as
biogas-free control lysimeters in order to investigate whether
vegetation of landfill sites has the potential to improve

Fig. 3 Pearson correlation UPGMA 
dendrograms for the habitat-specific 
microarray and denaturating gradient gel 
electrophoresis (DGGE) analysis of microbial 
soil community compositions (Neufeld et al., 
2006). Dendrograms for (a) DGGE 
fingerprints, (b) microarray signals for probes 
corresponding to DGGE bands and (c) 
microarray signals for all probes on the array. 
Microarray probe signal intensities are 
indicated with arbitrary shading. The darkest 
fill represents the most intense signal.
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methane oxidation. As lysimeters were also sampled at five
different depths, the methanotroph community composition
in more than 150 samples were thoroughly analysed, revealing
a competitive advantage of type II methanotrophs under the
conditions applied (Stralis-Pavese et al., 2004). Although all
vegetated lysimeters performed much better than the bare soil
control, the best performance was identified in lysimeters
where Methylocystis was dominating, indicating efficient
methane oxidation by members of this genus. The pmoA
microarray was also applied to analyse PCR products from
mRNA transcripts in selected lysimeter samples detecting
essentially similar type II methanotrophs; however, in
addition a broad diversity of type Ia methanotrophs were
identified, none of which had been detectable when the
microarray analysis had been done from DNA (Bodrossy
et al., 2006) (Fig. 4). These results indicate that very different
information can be obtained when gene transcripts are
detected rather than the genes themselves. These results
show that mRNA-based analyses may provide additional
information on the composition and functioning of a
microbial community, however, results should be treated
with care. As mRNAs are very short-lived, expression analysis
yields information on bacterial activities at the time point of

sampling and transcript levels may be highly sensitive to
altering environmental conditions, whereas DNA-based
community analysis results are expected to be more stable but
suffer from the limitation that cells are detected irrespective of
their activity.

Various FGAs have been developed in order to address
microorganisms and their genes involved in biogeochemical
cycling (Wu et al., 2001; Cho & Tiedje, 2002; Taroncher-
Oldenburg et al., 2003; Steward et al., 2004; Tiquia et al.,
2004). The main metabolic activities addressed include
nitrification (amoA), denitrification (nirK and nirS ), nitrogen
fixation (nifH ) and in some cases methane oxidation (pmoA )
as well as sulphite reduction (dsrAB), and these FGAs have
been mainly developed to understand microbial ecology and
biogeochemistry of aquatic systems (Taroncher-Oldenburg
et al., 2003; Jenkins et al., 2004; Tiquia et al., 2004). The
same processes are highly important in soils, and therefore
these arrays could provide an important basis for further
development, however, the design of additional probes, which
target soil microorganisms, might be required. A 70-mer long
oligonucleotide FGA for the study of the nitrogen cycle, con-
taining nirS, nirK, nifH and amoA probes, was developed
(Taroncher-Oldenburg et al., 2003). The specificity threshold

Fig. 4 Methanotroph community analyses with the pmoA oligonucleotide microarray using environmental DNA and mRNA as target.
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was 87%, enabling perfect signal separation between and
differentiation of major lineages within the different gene
families. Studies using the nirS set of 64 70-mer probes
showed significant changes in the denitrifier community
along a gradient of salinity, dissolved organic carbon and
inorganic nitrogen. A related microarray was developed by
Tiquia et al. (2004), which contained 763 50-mer probes
targeting genes involved in nitrogen and sulphur cycling,
and gene sequences with less than 86–90% similarity were
discriminated. Initial environmental applications demon-
strated that the microarray hybridized with DNAs obtained
from marine sediments (Tiquia et al., 2004). In order to study
diazotroph diversity of a marine sediment, nifH gene frag-
ments amplified from a clone library were spotted onto nylon
membranes (Steward et al., 2004), and the macroarray was
applied to study the spatial variability of diazotroph commu-
nities in this sediment ( Jenkins et al., 2004).

A variety of microarrays has been developed for application
in bioremediation studies. The most comprehensive array
was developed by Rhee et al. (2004), which comprises 1662
unique and group-specific 50-mer probes targeting most of
the genes and pathways known (at that time) to be involved
in biodegradation and metal resistance. It was shown to
differentiate sequences that had < 88% similarity. Its applic-
ability was demonstrated in naphthalene-amended enrich-
ment cultures as well as in microcosm experiments with soil
containing polyaromatic hydrocarbons. Denef et al. (2003)
constructed a microarray containing 45-mer and 70-mer
probes targeting genes involved in the degradation of poly-
chlorinated biphenyls (PCBs) and chlorobenzoate. Several
parameters such as probe modification, microarray type and
signal amplification were evaluated in order to achieve a
detection signal of 1% of the total community. The appli-
cability of the microarray and its detection limit were verified
in a microcosm experiment with contaminated sediment,
which was inoculated with a PCB-dechlorinating community
(Denef et al., 2003). Furthermore, a prototype microarray
consisting of 64 gene fragment probes targeting various known
catabolic and metabolic microbial genes was developed and
tested for expression analysis of these genes in microbial com-
munities (Dennis et al., 2003). Induction of two of five 2,4-
dichlorophenoxy acetic acid (2,4-D) catabolic genes (tfdA
and tfdC ) from populations of a degrading inoculant strain
as low as 105 cells ml−1 was clearly detected against a back-
ground of 108 cells ml−1 (Dennis et al., 2003).

3. Whole-genome microarrays in soil microbial ecology

Whole genome-based information is widely used to analyse
gene expression in both prokaryotes and eukaryotes and to
understand gene regulation (DeRisi et al., 1997; Wodicka
et al., 1997; Ye et al., 2000). Furthermore, whole-genome
arrays have been applied for profiling individual organisms
and to identify molecular markers correlating with specific

phenotypic traits (Chee et al., 1996; Wenzl et al., 2004).
Whole-genome microarrays have proven particularly useful
in comparative genomics identifying genomic differences
between closely related species or even strains (Salama et al.,
2000; Dong et al., 2001; Kato-Maeda et al., 2001; Murray
et al., 2001). Ongoing sequencing efforts in combination
with comparative genomics analyses will substantially help in
the identification of novel genes which tightly correlate with
a particular phenotype such as degradation activities or heavy
metal resistance. Microbial genomic hybridization will also
provide useful in further understanding microbial speciation
and taxonomic relationships.

Recently, a prototype whole-genome community array was
constructed and evaluated with environmental samples (Wu
et al., 2004). The microarray contained whole genomic DNA
(probes) from 32 type strains and from 35 environmental iso-
lates and when applied for the analysis of spiked soil samples
showed a detection limit of approximately 2.5 × 105 cells of
an individual target genome in the presence of other bacterial
cells. It was further applied for profiling microbial communi-
ties in surface soils, river sediments and marine sediments and
as the CGA prototype revealed differences in these environ-
ments, it was suggested that CGAs have potential to be
applied in the detection and identification of microorganisms
in environmental samples (Wu et al., 2004). Similarly, Krause
et al. (2004) constructed a CGA based on 96 bacterial
genomes, which was applied to study the effect of a diet
containing Acacia angustissima, which is rich in nonprotein
amino acids and tannins potentially toxic to animals, on
rumen microbial communities.

Whole-genome microarrays are a promising tool for inves-
tigating strain-specific characteristics and genes that cannot be
targeted easily by other approaches. However, they are usually
developed from cultivated microorganisms, which only represent
a small fraction of microbial communities. Diversity Arrays
Technology (DArT) is an innovative, cultivation-independent
and sequence information-independent approach to the
whole-genome-based analysis of microbial communities. It
uses an array of individualized clones of a metagenomic
representation (e.g. amplifiable restriction fragments)
prepared from a pool of DNA samples similar to those
to be analysed. Representations derived from individual
samples are hybridized to the array to identify informative
array features that discriminate samples. It does not require
any previous knowledge of functional relationships and
has the potential to identify diagnostic sequence motifs that
technologies focusing on ‘functional genes’ may miss.

Originally, DArT was developed for whole-genome profil-
ing of a range of plant species ( Jaccoud et al., 2001; Lezar
et al., 2004; Wenzl et al., 2004; Kilian et al., 2005; Witten-
berg et al., 2005; Xia et al., 2005) but has also been used to
genotype individual microorganisms such as fungal plant
pathogens (A.H.J. Wittenberg et al. unpublished). In addi-
tion, the initial ‘proof of concept’ paper reported the ability of
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DArTs to detect microbial variation in complex DNA mix-
tures ( Jaccoud et al., 2001). A pilot study was performed to
explore the potential of expanding the technology to the analy-
sis of microbial communities. Endophytic microorganisms of
potato plants were selected as an example for microbial com-
munities of intermediate complexity. A small number of
restriction enzyme-based methods were tested to prepare
metagenomic representations with a sequence complexity
that is suitable for DArT assays. Figure 5 shows a test of an
array developed with one of these methods from the pooled
metagenomes of endophytic communities. The array discrim-
inated the endophyte metagenomes against DNA prepara-
tions of soil and rhizosphere microbial communities and
potato plants (a potential contaminant in the endophyte
preparations) and revealed differences in the composition of
the endophytic communities. Experience with DArT analyses
of fungi and plants suggests that an optimization of the
method(s) used to prepare metagenomic representations is
likely to increase the discriminatory power of DArT arrays for
microbial communities.

V. Conclusions

Many, often conflicting aspects and goals have to be considered
and integrated during microarray design and application in
order to fulfil the potential of MDMs as high-throughput
screening tools for routine analysis. The key to a reliable
MDM, and consequently to meaningful results, is rigorous in

silico and in vitro performance testing. An additional point
that has to be taken into consideration is that microarray-
based analysis may be biased by the kind of DNA isolation
method applied or by PCR amplification procedures.

Technologies used for MDMs are highly diverse but PCR
amplification, followed by conventional fluorescence labelling
is frequently used. Specificity is then achieved by the hybrid-
ization step. Depending on the marker genes applied, current
MDMs can provide resolution at various taxonomic levels
down to species or even strain level. Ribosomal RNA genes are
often used as marker genes, however, they confer only limited
phylogenetic resolution, and therefore rRNA genes are of
limited use in many applications. Sometimes rRNA genes can
be used as a marker for functionally related organisms, but in
many cases functional information is not obtained by using
rRNA-based microarrays. Alternative, higher resolution phy-
logenetic markers are thus beginning to be applied, with short
oligonucleotide probes, used in a hierarchical and parallel
manner, being the preferred choice.

The prediction of the hybridization behaviour of the
probes is still rudimentary and requires improvement.
This can be achieved via input from bioinformatics and the
establishment of datasets on array-specific effects such as
immobilization and steric hindrance.

Large databases, comparable in size to that of the 16S
rRNA databases, are critically needed for high-resolution phy-
logenetic markers. Such markers will drastically improve the
applicability of MDMs for soil microbial analysis but also for
other fields including clinical and food microbiology, and
epidemiology. If, in such databases, sequence information is
linked to functional activities or clinical traits (e.g. biodegra-
dative abilities, involvement in nutrient cycling, pathogenicity,
host specificity, antibiotic resistance and geographic origin),
MDM-based detection will serve the additional purpose of
providing a prediction of these functions, and at least on some
of them at a given level of certainty. Similarly, the build up
of databases containing information on key enzymes/genes
involved in important soil functions would be extremely
helpful for the development of MDMs to be applied for
monitoring biogeochemical processes or addressing other
important functional activities of microorganims in soil. This
implies that relevant genes from yet uncultivated microbes
have to be available, here metagenomic approaches will
greatly contribute.

In the process of understanding the functioning of micro-
bial communities in soil, microarrays greatly contribute by
their application as a high-throughput analytical tool for
monitoring population changes in detail, both at a temporary
and spatial scale. Coupling such a thorough community
analysis with data on physical and chemical processes will
certainly contribute to a better understanding of the soil
ecosysem. In many cases, the design of microarrays specific for
a particular soil environment/site will be useful in order to
address important microbial players in that environment

Fig. 5 Principal components analysis (PCA) of the hybridization data 
obtained with a Diversity Arrays Technology (DArT) array developed 
from a pool of endophytic microbial communities of potato plants. 
The array was hybridized with metagenomic representations of 
different endophyte, rhizosphere and bulk-soil microbial communities 
collected during an experiment in which potato plants were grown on 
a variety of agricultural soils. Circles, endophyte communities; 
triangles, rhizosphere communities; squares, bulk-soil communities; 
hexagons, plant DNA (potato variety Merkur). Closed symbols 
represent samples derived from trials with potato plants inoculated 
with the pathogen Erwinia carotovora.
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(Neufeld et al., 2006). This will particularly apply for
functional genes, which frequently show a rather low degree
of conservation and are highly adapted to that environment/
site. Finally, the application of microarray technology is
not restricted to identification of genes/microorganisms in
the environment, it also has great potential for ecophysio-
logical characterization of microbial populations. Transcript
analysis with microarrays must to be treated with care because
of the rapid changes in expression that may occur. However,
when used at high throughput, this may lead to novel func-
tional information not available by DNA-based analysis.
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