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The knowledge of microbial community com-
position is important to understand the role of 
microorganisms in various environmental proc-
esses, their response to changing conditions or 
their preference for certain types of environment. 
Microarray technology, originally developed for 
gene-expression studies (Schena et al. 1995), has 
been adapted in the last decade for a rapid assess-
ment of the composition of complex microbial 
communities.

A microarray consists of a large number of DNA 
probes that are fixed on a solid support (Figure 1). 
The solid support is miniaturized; hence micro-
arrays are also called microchips. The probes 
hybridize, based on DNA complementarity, with 
corresponding targets. Target nucleic acids are 
extracted directly from environmental samples 

(thereby avoiding cultivation), amplified and 
fluorescently labeled prior to hybridization. If a 
targeted microorganism is present in a sample, a 
fluorescent signal is detected on the corresponding 
probe(s) after hybridization. In addition, if probes 
targeting higher taxonomical levels are included, 
a microarray may also detect unknown microor-
ganisms, i.e. those for which a low-taxonomic 
level probe is not available. Signal intensity is 
proportional to target quantity. Signals recorded 
from individual probes are numerized and ana-
lyzed statistically. Oligonucleotide microarrays 
comprise short (usually 20–70 nucleotides) DNA 
probes. Besides them, whole genome microarrays 
are used in environmental microbiology for de-
tection and monitoring of selected strains (Zhou 
2003, Wu et al. 2006). This approach, which is 
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limited by the fact that strains must be cultivated 
prior to microarray development, is not a subject 
of this review.

This review aims to summarize the recent progress 
in the methodology of oligonucleotide microarrays 
for microbial ecology. It deals with technical aspects 
typical for microarray technology, i.e. probe set 
design, microarray manufacturing, sample prepara-
tion and labeling, and data handling. In addition, we 
discuss key issues related to microarray methodol-
ogy, i.e. specificity, sensitivity and quantification 
potential.

Taxonomic vs. functional microarrays

Taxonomic (phylogenetic) microarrays are an 
effective tool for the assessment of the taxonomic 
composition of a microbial community. They are 
based on molecular phylogeny markers, mostly 
on 16S rRNA gene rrs in the case of bacteria. The 
different level of conservation of regions within the 
rrs sequence allows to design probes with different 
taxonomic resolutions. For some groups of micro-
organisms, however, the taxonomic resolution of 
the rrs gene is poor and some related species (e.g. 
within the Pseudomonas genus, Sanguin et al. 2008) 
or even genera (e.g. within the Enterobacteriaceae 
family, Naum et al. 2008), cannot be distinguished 
from one another based on its sequence. To achieve 
species/strain-level resolution, the 16S rRNA gene 
may be replaced by the sequence of the internal 
transcribed spacer (Günther et al. 2006) or a house-
keeping gene like the ribosomal protein S1-cod-
ing gene rpsA (Martens et al. 2008). The number 
of currently available rrs sequences nevertheless 
exceeds several times that for other genes (see 
e.g. Greengenes, http://greengenes.lbl.gov/cgi-
bin/nph-index.cgi; Ribosome Database Project 10 
(RDP 10), http://rdp.cme.msu.edu/; SILVA (http://
www.arb-silva.de/), making rrs the number one 
choice for taxonomic probe definition in bacteria. 
Taxonomic microarrays available so far focus either 
on a particular taxonomic group of bacteria, e.g. 
Bacillus spp. (Liu et al. 2001), Rhodocyclales (Loy 
et al. 2005), Alphaproteobacteria (Sanguin et al. 
2006a), or attempt to cover most bacterial phyla 
(Brodie et al. 2006, Kyselková et al. 2009).

Functional microarrays may be based either on 
one functional gene, e.g. pmoA coding for methane 
monooxygenase, and thus allowing to characterize 
the methanotrophic community (Stralis-Pavesse et 
al. 2004, Gebert et al. 2008), or several genes en-
compassing different functions. Rhee et al. (2004) 

for instance developed a functional microarray 
targeting genes involved in organic compound 
degradation and metal resistance, which is suit-
able for the assessment of polluted soils. The most 
comprehensive functional microarray developed so 
far is GeoChip of He et al. (2007), targeting genes 
involved in various biochemical and ecological 
processes such as carbon, nitrogen, phosphorus 
and sulfur cycling. Functional communities may 
be also assessed with rrs gene-based microarrays, 
provided that a function is carried out by distinc-
tive bacterial taxonomic group(s), as for example 
in the case of nitrifiers (Kelly et al. 2005) or sulfate 
reducers (Loy et al. 2002).

Technical aspects

Probe definition. Definition of a probe for a 
desired taxonomic or functional group requires 
comparison of a large number of aligned sequences 
and is therefore rarely performed manually (Günther 
et al. 2006). Usually, probes are designed with a 
software, e.g. CommOligo (Li et al. 2005, He et 
al. 2007), PRIMEGENES (Xu et al. 2002, Rhee 
et al. 2004), ARB (Urakawa et al. 2002, Ludwig 
et al. 2004, Stralis-Pavese et al. 2004, Franke-
Whittle et al. 2005) or CASCADE-P (DeSantis et 
al. 2003). For rrs gene-based taxonomic probes, 
a length around 20 nucleotides was shown a good 
compromise between probe specificity and sensi-
tivity (Liu et al. 2001, Sanguin et al. 2006a). For 
functional gene-based probes, the length is usually 
50–70 oligonucleotides (He et al. 2007), which is 
appropriate for transcriptional studies (Kane et al. 
2000). When designing probes, one must be aware 
of some common pitfalls due to deficiencies in 
sequence databases (i.e. sequencing errors, wrong 
taxonomic affiliation of targets, under-representa-
tion of certain groups) or the targeted gene itself. 
In the case of rrs, this includes (in addition to its 
limited taxonomic resolution, as mentioned above) 
different copy numbers of ribosomal operons in 
bacterial genomes (up to 15, Klappenbach et al. 
2001), rrs gene polymorphism within a single spe-
cies (Marchandin et al. 2003, González-Escalona et 
al. 2005) and (rarely) horizontal transfer (Schouls 
et al. 2003), which may affect identification and 
abundance assessment based on rrs probes.

Microarray manufacturing. Microarrays developed 
so far vary in types of solid support and techniques 
for probe synthesis and attachment. Accordingly, 
they differ in (i) probe density, which may range 
from hundreds to hundreds of thousands probes per 
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square cm for ‘high-density microarrays’ (Lipshutz 
et al. 1999, Bodrossy and Sessitch 2004), as well as 
(ii) sensitivity and signal background (Lindroos et 
al. 2001, Hessner et al. 2004). The two main types of 
solid support are glass slides and gel pads.

The majority of microarrays used in microbial ecol-
ogy are based on glass slides after surface modification 
with various functional groups allowing covalent bind-
ing of probes. Aldehyde, epoxysilan or 3D-Link (long 
hydrophilic chains with amine-reactive groups) surface 
groups bind covalently with amino-modified probes 
(Kane et al. 2000, Zammatteo et al. 2000, Lidroos et 
al. 2001). Good accessibility of the amino group for 
slide binding is ensured by adding a short carbon chain 
(usually C6) between the amino group and the 5' (or 
3') end of the oligonucleotide (Franssen-val Hal et al. 
2002). Some microarrays are based on peptidic bond 
formed between aminopropyl or aminophenyl group 
and succinate-modified probe (Dolan et al. 2001, Oh 
et al. 2002). Aminopropyl slides are suitable for long 
probes (about 50 nucleotides – usually on functional 
microarrays, He et al. 2007). Alternatively, probes 
may be bound non-covalently to positively charged 
surfaces by electrostatic adsorption (Belosludtsev et 
al. 2001). Lindroos et al. (2001) compared different 
probe immobilization techniques in terms of attach-
ment efficiency and background signals. In their study, 
3D-Link slides yielded high signals, but also high 
background. Aldehyde slides, when intact aldehyde 
groups were reduced with sodium borohydride after 
spotting, gave a good signal-to-noise ratio. Indeed, 
aldehyde slides are often used in microbial ecology 
studies (Loy et al. 2002, Stralis-Pavese et al. 2004, 
Franke-Whittle et al. 2005, Sanguin et al. 2006a).

The highest density of probes on glass microarrays 
is achieved when probes are synthesized in situ (i.e. 
directly on a slide). This is possible with (i) light-
directed synthesis (photolithography, McGall et al. 
1996), as used by Affymetrix (Lipshutz et al. 1999), 
or (ii) thermal inkjet printing, used by Agilent’s Life 
Science (Fisher and Zhang 2007). Affymetrix tech-
nology was used to create the PhyloChip high density 
taxonomic microarray (Brodie et al. 2006).

Gel pad chips consist of thin polyacrylamide gel 
pads bound to the surface of glass slide. The gel 
contains aldehyde groups that bind covalently to 
the amino group of probe aminolinker (Fotin et al. 
1998). This type of microarray was used mainly by 
the group of Kelly et al. (2005), for example for 
detection of nitrifying bacteria in wastewater.

Sample processing. Total DNA or RNA is extracted 
directly from environmental samples. This is usually 
followed by (RT) PCR amplification of the target(s). 
This step may already include sample labeling, when 

fluorescently-labeled primers (Franke-Whittle et al. 
2005) or deoxyribonucleotides (Sanguin et al. 2006a) 
are used. Alternatively, the PCR step may be followed 
by incorporation of a fluorescent dye [most often Cy3 
or Cy5 bound to one (deoxy) ribonucleotide], with 
the use of Klenow fragment (Loy et al. 2002) or in an 
additional in vitro transcription reaction (Bodrossy et 
al. 2003). The additional in vitro transcription brings 
several advantages, i.e. further amplification of target 
genes, efficient sample labeling and possibility of 
random chemical fragmentation of RNA, which leads 
to increased signal intensity (Bodrossy et al. 2003). 
PCR may affect relative abundances of targets and is 
difficult to implement when a high number of differ-
ent functional genes are to be analyzed, but it can be 
avoided with the whole community RNA amplification 
technique developed by Gao et al. (2007). Whole com-
munity RNA amplification involves RNA extraction, its 
reverse transcription using random primers (adjusted 
with T7 RNA polymerase promoter sequence) and 
finally in vitro transcription of cDNA using labeled 
nucleotides. This method seems to preserve the original 
relative abundances of RNA targets.

Data processing. Even the data from carefully-
performed microarray experiments may exhibit sub-
stantial variability, for example due to different level 
of fluorescent target hybridization, bad spot quality, 
or improper slides (Lee et al. 2000). To minimize 
the possibility of misinterpretation, microarray data 
should be filtered and normalized. Filtration is usu-
ally based on the comparison between probe signal 
and probe background intensity. Only probes whose 
signal significantly exceeds the background fluores-
cence level signal are considered positive (Peplies 
et al. 2004). Generally, the local background level is 
subtracted from probe signal (Sanguin et al. 2006a). 
Non-specific signal may also be estimated by using a 
mismatch probe in pair with each perfect-match probe. 
In that case, the resulting probe signal is computed by 
subtraction of mismatch probe signal from perfect-
match probe signal (De Santis et al. 2005). Several 
repetitions of a probe per slide (or even better several 
hybridization repetitions) and statistical evaluation 
of repetitions are necessary to circumvent mistakes 
caused by local aberrancies (bad spots, impurities) 
on slides (Lee et al. 2000). To obtain normal distribu-
tion of signal intensities, microarray data are often 
transformed. The most common approaches for data 
transformation are square root and log2 transforma-
tions (DeSantis et al. 2005, Sanguin et al. 2006b).

Overall signal intensity on slide may vary among 
slides, e.g. due to different levels of fluorescent dye 
incorporation into target. This may be wrongly inter-
preted as difference in target abundance. Microarray 



Plant Soil Environ., 55, 2009 (9): 379–388	 383

data normalization helps to overcome this problem. 
The simplest method of normalization is to divide 
probe signal by the signal of a positive control, which 
is expected to hybridize to all sequences. On rrs-based 
microarrays, the universal eubacterial probe EUB338 
(Amann et al. 1990) is usually used as positive control 
(Loy et al. 2002, Bodrossy et al. 2003, Sanguin et al. 
2006a). Sanguin et al. (2006b) showed that variability 
among technical repetitions was lower when probe 
signal was divided by the sum of all probe signals 
obtained per spotted motif rather than by the universal 
probe signal only. Alternatively, data can be normal-
ized to the signal obtained with an internal standard 
added to each sample (Brodie et al. 2006).

Outputs from microarray analysis of microbial 
communities are large data sets often difficult to 
interpret. Output data matrices may contain tens to 
thousands variables (probes representing microbial 
groups or genes) and it is therefore tedious to employ 
classical univariate analysis like ANOVA (analysis 
of variance) for assessing treatment differences for 
each variable. In addition, biological data do not 
necessary fulfill all conditions required for formal 
application of such a parametric test.

Multivariate analyses are well adapted to facilitate 
interpretation of multivariate data and are used when 
assessing microbial communities with microarrays 
or fingerprinting methods (Ramette 2007). Based on 
data knowledge prior to analysis, these techniques 
are either exploratory (nothing is assumed about the 
samples, e.g. principal component analysis, corre-
spondence analysis, non-metric multi-dimensional 
scaling, hierarchical clustering) or hypothesis-driven 
(some explanatory data are also considered in the 
analysis). The explanatory data may be either a 
factor (grouping of the samples into classes, e.g. 
between-group analysis, or analysis of similarities) 
or another table containing environmental data, 
e.g. chemical composition of samples (so-called 
‘two-table methods’, e.g. redundancy analysis, 
canonical correspondence analysis). Hypotheses 
may be tested by permutation (Monte Carlo) test 
(Hope 1968).

Microarray specificity and sensitivity

Both probe specificity (distinguishing between 
targets and non-targets) and sensitivity (the smallest 
amount or relative abundance of sequence detected) 
depends on thermodynamics of probe-sequence 
binding. Ideally, target (matching perfectly with 
probe) is bound with much lower free energy than 
non-target (having some mismatches with probe), 

or in other words, melting temperature of matching 
duplex should be much higher than that of mismatch 
duplex. Algorithms available at present (e.g. nearest 
neighbor method, SantaLucia et al. 1996) allow to 
estimate melting temperature of duplexes in solution. 
However, they are not very reliable when design-
ing microarray probes, since melting behavior of 
immobilized oligonucleotides differs from that in 
solution (Pozhitkov et al. 2006).

The effects of mismatch type and position (Pozhitkov 
et al. 2006, Zhang et al. 2006), type and length of 
probe spacer (Shchepinov et al. 1997, Peplies et al. 
2004, Franke-Whittle et al. 2005), type and length 
of target (Kelly et al. 2005, Liu et al. 2007), and 
formamide concentration (Urakawa et al. 2002) 
on microarray duplex stability were assessed. For 
20-mer oligonucleotides, Pozhitkov et al. (2006) 
compared the effect of all combinations of mismatch 
type × mismatch position on probe signal intensity 
for RNA/DNA hybridization. They reported that the 
best discrimination between target and non-target 
molecules was achieved with mismatches at the po-
sitions 5 to 13. Liu et al. (2007) found that optimal 
target length (for rrs genes) was between 20 and 100 
nucleotides and longer targets should be therefore 
fragmented before hybridization. Long targets may 
form stable secondary structures within the molecule, 
which hinders probe binding (Southern et al. 1999). 
Secondary structures may result also in the opposite 
situation, i.e. false-positive result, when a hairpin 
formed within a target or probe molecule masks a 
mismatch, allowing the ends of molecules to form 
a stable duplex (Kyselková et al. 2008).

Optimal hybridization conditions (probe melting 
temperature, formamide concentration, etc.) may differ 
among probes spotted and this may pose a problem 
when designing a specific probe set (Loy et al. 2002). 
Several approaches were adopted to deal with this 
problem. First, probe-target hybridization behavior is 
carefully checked in silico and only probes meeting 
some narrow criteria are spotted (Bodrossy et al. 2003). 
Second, probe set specificity is tested a posteriori, by 
hybridization to pure strains/clones with known target 
gene sequence and non-specific probes are excluded 
(Loy et al. 2002, Sanguin et al. 2006a, b). Third, 
tetramethylammonium chloride (TMAC) or betaine 
added to hybridization reaction allows GC content-
independent hybridization (Maskos and Southern 1992, 
Rees et al. 1993). Fourth, multiple probe subsets are 
designed for each taxon and a given taxon is consid-
ered present in a sample if the majority of probes in 
the subset are positive (Brodie et al. 2006).

Sensitivity of microarrays varies with microarray 
type and hybridization protocol. Different micro-
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arrays are therefore difficult to compare, as their 
authors may have used different approaches for 
sensitivity assessment and result representation. 
Some spiked microorganisms to environmental 
sample (Franke-Whittle et al. 2005), others mixed 
known quantities of labeled PCR products before 
hybridization (Palmer et al. 2006, Sanguin et al. 
2006a), and others used a complementary method 
for quantity estimation, e.g. Fluorescence In Situ 
Hybridization (FISH, Loy et al. 2005). When known 
quantities of targets are mixed before hybridiza-
tion, targets with 0.03–5% relative abundance in 
a sample can usually be detected (Peplies et al. 
2004, Sanguin et al. 2006b, Wagner et al. 2007). 
This is in line with the finding of Loy et al. (2005), 
who could detect bacteria whose relative abun-
dance was less than 1% in activated sludge based 
on comparison with FISH. Franke-Whittle et al. 
(2005) could evidence 105 cells introduced into a 
complex community (compost). With a functional 
microarray (50-mer oligonucleotides), Rhee et al. 
(2004) could detect about 107 cells in the presence 
of background RNA.

Quantification with microarray

Changes in bacterial community composition 
in time occur typically because changes in en-
vironmental conditions have different conse-
quences for the fate and abundance of different 
taxa. Quantitative community assessment may be 
therefore important to understand environmental 
processes. Different approaches were proposed for 
quantification with microarray, but only a restricted 
number of targets could be precisely quantified 
in these studies (Cho and Tiedje 2002, Palmer et 
al. 2006, Pozhitkov et al. 2007). Even if bias due to 
nucleic acid extraction and PCR amplification can 
be minimized, parallel microarray quantification 
of multiple taxa or functional groups in environ-
mental samples is complicated by two facts:

First, a change of probe signal intensity may be 
due a change of target quantity as well as a change in 
number of weakly-binding mismatch targets (Zhou 
and Thompson 2002). The weak binding of mismatch 
sequences by probes was observed in several studies 
when pure strains were hybridized to microarray 
(Loy et al. 2002, Sanguin et al. 2006b, Kyselková et 
al. 2008). Whether this is also the case of complex 
environmental samples remains unknown. We sup-
pose that, if perfectly matching targets are present 
in the sample, they probably outcompete mismatch 
targets from probe binding. In absence of perfect tar-

gets, weak signals may result in binding of mismatch 
sequences, but they should be much weaker than 
those obtained with pure cultures (as the mismatch 
target is diluted in the complex sample). To avoid 
this bias, the very weak non-specific hybridizations 
may be filtered with the use of negative controls, i.e. 
probes that theoretically should not hybridize with 
any rrs sequence, and whose possible weak signal 
is subtracted from each probe signal (Sanguin et 
al. 2006b).

Second, with the same quantity of matching tar-
gets, signal intensity is probe-dependent (Loy et al. 
2002). This puts in doubt the possibility of absolute 
target quantification, regardless of the efficacy of an 
internal standard. For a given probe, however, the 
signal intensity was shown to be linearly dependent 
on target quantity (Rhee et al. 2004). In this context, 
the microarray is useful to assess the relative quanti-
tative differences of a target group between samples 
(but not of different groups within a sample).

A promising alternative for parallel quantification 
of microorganisms in environmental samples is based 
on the use of padlock probes (van Doorn et al. 2007). 
With this approach, quantity is not inferred from 
hybridization signal but from TaqMan real-time 
amplification of ligated probes. A padlock probe is 
ligated (and may be therefore amplified) only when 
hybridized with a perfectly matching target from the 
sample. In addition to parallel quantification, this 
method has the advantage of distinguishing between 
perfect-match and one-mismatch targets.

Outlook

Because of the enormous diversity and complex-
ity of microbial communities in the environment, 
research on microbial community composition 
has often been restricted to the description of a 
situation at one place, lacking a general theory 
(Prosser et al. 2007). When a theory is to be tested 
for its general applicability, high number of samples 
must be processed and this may be achieved with 
microarray analysis, allowing high-throughput 
assessment of taxonomic or functional diversity 
of microorganisms in the environment, as well as 
genotypic characterization of community mem-
bers. Indeed, microarray analysis has proved ef-
fective to reach these goals with various types of 
microbial ecosystems, using microarrays focused 
on particular taxonomic groups or with a broad 
coverage of bacterial diversity (DeAngelis et al. 
2009, Franke-Whittle et al. 2009, Sanguin et al. 
2008, Zhou et al. 2008). Yet, bioinformatics and 
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biostatistics tools will have to be improved fur-
ther to handle more effectively the huge amount 
of data produced, and to find significant features 
in noisy biological data.

In the context of microbial community analysis, 
current progress in sequencing technology (e.g. 
pyrosequencing, Roesch et al. 2007) is making this 
approach increasingly interesting to characterize 
community members. However, sequencing remains 
more useful to target dominant populations than 
to assess community members present in lower 
amounts. For example, to quantify a taxa with a rela-
tive abundance of 0.1% in the community (i.e. at a 
relative abundance where it can be commonly studied 
by microarray analysis), as many as 46 020 clones 
would need to be sequenced per sample replicate to 
expect (at P = 0.01) 10 sequences of this taxa (based 
on the equation of Taylor 2002). Indeed, microarray 
analysis was shown to reveal much more diversity 
than cloning/sequencing approach based on current 
sequencing efforts (DeSantis et al. 2007). However, 
sequencing is very useful in parallel to microarray 
approaches, both to guide design of new microarray 
probes and (when necessary) for a posteriori confir-
mation of particular microarray results.

A key challenge in microbial ecology is the rela-
tion between diversity and function. This may be 
resolved by coupling genotyping microarrays with 
other techniques, e.g. stable isotope probing. With 
this latter approach, microbial subcommunities 
that metabolized an isotope-labeled substrate may 
be revealed by comparative microarray analysis 
of heavy and light nucleic acids isolated from a 
sample (Cébron et al. 2007). This is one of several 
approaches (Loy et al. 2005) by which the high-
throughput capacities of microarrays for analysis 
of microbial community composition can be com-
bined with other methodologies for hypothesis 
testing and a better understanding of the ecological 
significance of the microbial world.
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