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1. Introduction

Searching for the keyword ‘microarray’ in the NCBI database
(June 2008 release) retrieved more than 25,000 hits, illustrating
the popularity of this relatively recent technology that was first
described in 1995 (Schena et al., 1995). Microarrays consist of
multiple probes (nucleic acids, proteins, carbohydrates, antibo-
dies) deposited or directly synthesized on a surface in an ordered
fashion. This approach has several advantages over classical probe-
based methods: high-throughput, parallelism, miniaturization and
automation.

Conventional DNA microarrays consist of nucleic acid probes
deposited on a planar glass surface. The surface is usually coated
with chemically reactive groups (epoxy, poly-L-Lysine or aldehyde)
to ensure efficient binding of nucleotidic probes on the surface. To
assess the presence of target genes, nucleic acid samples are
labeled, either chemically or by an enzymatic reaction. Labeled
samples are then hybridized onto the array, and washed using
different stringency buffers. The remaining signal resulting from
specific interactions between probes and target nucleic acids is
measured using a confocal microarray scanner. Only probes
hybridized to a labeled target will yield signal, thus revealing
the presence of the cognate nucleic acid motif in the sample.
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High-density DNA microarrays have been used in a broad variety
of applications such as transcriptomics, comparative genome
hybridization (CGH), resequencing, drug discovery, microbial
community characterization or single nucleotide polymorphism
(SNP) analysis. The field of application depends primarily on the
strategy and the marker genes used to design the probes. A variety of
genes (virulence factors, phylogenetic markers, antibiotic resistance
genes, etc.) have been employed on microbial diagnostic micro-
arrays, depending on the question raised by the researcher.

Microarrays have thus been instrumental in the detection of
known pathogens as well as in the discovery of novel infectious
agents, such as SARS (Wang et al., 2003). Their performance has
also been described in the detection of co-infecting agents during
mixed infections (Lin et al., 2006, 2007). To the best of our
knowledge, the utilization of microarrays is currently limited to
research laboratories and no such technology is yet employed in
routine clinical practice. In this review, we will inventory the
proposed strategies for the detection of microbial pathogens.

2. Strategies and markers

2.1. Genome-oriented strategies

2.1.1. Whole-genome ORF arrays

A whole-genome ORF array contains probes recognizing the
majority of the ORF content of one or several genomes.
This approach is applicable to many different types of studies,
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explaining its popularity. Typically, this strategy is implemented
for gene expression profiling studies (i.e. transcriptomics) to
monitor the expression of mRNAs in the organism of interest under
different growth conditions or during time-series analyses.
Alternatively, whole-genome ORF arrays can be exploited for
comparative studies, now relying on the hybridization of genomic
DNA. Such comparative genome hybridization (CGH) studies can
permit assessment of the genetic relatedness between a collection
of organisms from the same genus and/or species, by evaluating at
the genome scale the presence of various microevolution events
(acquisition of genes by lateral transfer as well as deletions and
rearrangements). Typically, the DNA of the reference genome is co-
hybridized with the strain being characterized (Fig. 1A), in order to
provide a positive control on each probe (Koessler et al., 2006).
Comparison of log ratio values for all fluorescent signal intensities
makes it possible to distinguish the presence/absence of genes in
Fig. 1. (A) Principle of the comparative genomic hybridization (CGH). Equal amounts of g

tiling array design. (C) Virtual hybridization of two methicillin-resistant S. aureus strains o

hybridization (red) of the related S. aureus strains N315 and Mu50 (displaying decreased

di-nucleotides). The differential pattern (green) represents probes that hybridize exclusi

the four NCHS chips.
the studied strain (Kim et al., 2002). Whole-genome comparisons
typically identify sets of core genes that are shared by a large
majority of strains in the same species (Grasselli et al., 2008;
Leonard et al., 2003; Lindsay et al., 2006), as well as accessory
genes that are present in a subset of strains from the species that
typically result from lateral gene acquisition. These differences can
often be used to identify genes and/or genetic islands related to
‘gain-of-function traits’ in pathogenic strains.

A CGH study (Fitzgerald et al., 2001) that was carried out to
investigate molecular population genetics on a panel of Staphy-

lococcus aureus clinical isolates showed that about 22% of the genes
are accessory. Most of the species-specific genes are located in
chromosomal regions carrying genes involved in virulence or
antibiotic resistance mechanisms. This study also underlined the
importance of horizontal gene transfers in the evolution of S.

aureus genome, notably in the acquisition and evolution of the
enomic material appear in orange on the scanned array. (B) Probes disposition in a

n NCHS chips and their differential hybridization patterns. This figure shows in silico

susceptibility to glycopeptides) on the four different types of NCHS chips (13-mers

vely to either one of the two strains, yielding to a total of 216 informative probes for
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mecA gene responsible for methicillin resistance. Similarly, a CGH
study focusing on the genomic characterization of community-
and hospital-acquired methicillin-resistant S. aureus (Koessler
et al., 2006) showed that this approach is well suited for
discovering novel marker genes and chromosomal regions in a
collection of clinical isolates. CGH is an ideal genomotyping tool
with a better resolution than more typical molecular techniques
such as characterizing variable numbers of tandem repeats (VNTR)
or multilocus sequence typing (MLST).

2.1.2. Tiling arrays

With this strategy, probes are tiled along the entire genome
length in an overlapping fashion or in close proximity (Fig. 1B).
Although the number of probes required to cover a whole genome
can rapidly become unwieldy, tiling arrays are conveniently used
in resequencing and for single nucleotide polymorphisms (SNP)
detection studies (Herring and Palsson, 2007; Kozal et al., 1996; Lin
et al., 2006; Wong et al., 2004).

Use of resequencing microarrays allows generating sequences
and determining SNPs to provide a way to track genetic variants,
making this approach ideally suited for outbreaks surveillance.
Typically, a resequencing microarray is composed of probes tiled
on a sequence of interest with the central nucleotide permutated
with all four possible combinations. The introduction of this
central polymorphic site makes this approach ideal to define SNPs
in a gene (Hu et al., 2008).

Wang et al. (2006) used this approach to identify influenza
viruses involved in respiratory infections. This team developed a
respiratory pathogen microarray including probes targeting partial
sequences from hemagglutinin (HA), neuraminidase (NA) and
matrix (M) genes of influenza A and B viruses. Using a random
amplification protocol, this study demonstrated that the sequences
obtained with the array were identical to conventional sequencing
except for ambiguous base calls, and enabled comparison of the
sequence of the isolated virus to previously sequenced reference
viruses. Resequencing microarrays not only permit characteriza-
tion of respiratory viruses at the species level (pattern recognition),
but also at the strain level, which makes this a powerful tool for
epidemiologic surveillance.

2.2. Metagenomic strategies

2.2.1. rRNA gene arrays

Conventional molecular diagnosis tests designed to identify
bacterial strains usually rely on the amplification of the universal
rRNA genes. These genes are particularly relevant targets for
identification purposes for several reasons: (i) universality among
bacteria, (ii) a combination of both conserved and divergent
sequence regions, (iii) abundance in cells (frequently present as
multi-copy genes and very highly transcribed, leading to high rRNA
concentration), (iv) and the fact that lateral transfer of rRNA genes
is extremely rare, explaining why they can be used as phylogenetic
markers (Claridge et al., 1997). The resulting amplicons can be
analyzed by various techniques such as denaturing gradient gel
electrophoresis (DGGE), single strand conformation polymorphism
(SSCP), terminal restriction fragment length polymorphism (T-
RFLP) or sequencing. Unsurprisingly, a plethora of microarray
designs take advantage of the intrinsic potential of this gene as a
phylogenetic marker to characterize microbial pathogens.

Among rRNA molecules, the bacterial 16S rRNA is particularly
popular and benefits from a large array of public sequence
databases (ARB (Ludwig et al., 2004), Greengenes (DeSantis et al.,
2006) or RDP-II (Maidak et al., 2001) among others), making this
gene particularly appealing for routine bacterial identification. A
variety of microarrays using probes targeting the 16S rRNA gene
have been successfully validated for the identification of bacteria
from clinical samples (Francois et al., 2006; Liu et al., 2005; Zhu
et al., 2007) or environmental niches (Neufeld et al., 2006; Brodie
et al., 2006; Loy et al., 2005). A diagnostic array based on 16S rRNA
was developed to detect 23 bacterial bloodstream pathogens
(Wiesinger-Mayr et al., 2007) using 74 short (20–30 bp) oligonu-
cleotidic probes. This team showed that the approach was able to
detect and identify closely related species in a range of 101–103

bacteria from pure cultures, and 101–105 bacteria per ml of spiked
blood. The observed performance was markedly dependant on the
bacterial species. Although all probes did not show species-specific
signals, a machine learning algorithm (k-nearest neighbor) was
used to classify hybridization patterns by similarity to hybridiza-
tions of known organisms. Similarly, Francois et al. (2006) used
classification algorithms on a Ta2O5-coated microarray coated
with 19-mer signature oligonucleotides targeting the 50-end of 16S
rRNA genes of human pathogenic bacteria. In an approach unique
to this study, the authors hybridized labeled RNA directly coupled
to fluorescent dye to avoid biases related to the amplification
method. In this study, classification of hybridization patterns was
performed using decision tree and artificial neural networks, most
recently achieving a confidence >96% in bacterial identification.
Interestingly, the authors of both studies did not record any cross-
hybridization due to the presence of human nucleic acid but
highlighted the need for sophisticated analytical methods instead
of simply monitoring signal levels of cognate probes.

However, the main limitation of the 16S rRNA gene relies in its
high degree of conservation. In some cases, it can be impossible to
design species-specific probes. A notable example exists in the
Enterobacteriaceae family. To overcome this problem, alternative
regions within the ribosomal operon have been proposed, such as
the 5S and 23S (Hong et al., 2004) as well as the rDNA internal
transcribed spacer (ITS) region (Leaw et al., 2007; Nübel et al., 2004).
Various properties make the ITS region especially suitable for the
identification of fungi: (i) this region is ubiquitous to all fungi, (ii) it is
present in multiple copies, and (iii) ITS regions offer a higher level of
variability compared to rRNA genes, thus making this region suitable
for identification at the species level. In order to characterize fungal
pathogens, a large variety of microarrays were developed on the
basis of the ITS region with good reproducibility and specificity
(Hsiao et al., 2005; Leinberger et al., 2005; Huang et al., 2006).

2.2.2. Functional gene arrays

Functional gene arrays (FGAs) are DNA microarrays containing
probes that target a conserved region within a family of genes of
interest, displaying specific functions. FGAs can be used to ensure a
higher phylogenetic granularity when the degree of similarity
between species/strains is too narrow to perform reliable
identification using only ribosomal regions. Secondly, this
approach appears particularly useful for assessing the presence
and activity of key enzymes, antibiotics resistance genes or
virulence factors from microbial samples, which may be more
important, in some instances, than identifying species with other
phylogenetic criteria. Primarily used to study the metabolic
potential of environmental bacterial samples (e.g. biodegradation
microbial communities (Rhee et al., 2004), biogeochemical
processes (He et al., 2007) or nitrogen cycling (Tiquia et al.,
2004)), this approach successfully detected genes involved in
virulence and antibiotic resistance mechanisms (Jaing et al., 2008;
Sergeev et al., 2006; Volokhov et al., 2002). For instance, Sergeev
et al. (2006) implemented a FGA testing for the presence of 18
virulence factor genes in the subtype Bacillus group and they
showed that this strategy can indeed provide strain typing
information in addition to the inventory of virulence factors. A
similar strategy was also described for different bacteria of clinical
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importance (Saunders et al., 2004; Perreten et al., 2005). The
description of a high density arrays targeting a comprehensive
collection of genes involved in virulence and antibiotics resistance
mechanisms was recently reported (Jaing et al., 2008). For the first
generation array, this team identified 1245 target sequences
representing 160 virulence and antibiotics resistance gene families
derived from 2 Escherichia coli strains (CFT073 and K12), E. faecalis

and S. aureus. Two important observations emerge from this study.
Firstly, when using proper whole-genome amplification, this array
was able to detect low quantities (3.1 fg) of purified DNA spiked in
aerosol samples. Secondly, this FGA proved successful in detecting
orthologs of different species in the same genus. Thus, while
providing strain-level identification, this array could also be used
as a tool to describe virulence factors in environmental samples
containing yet un-sequenced organisms.

2.2.3. Phylogenetic arrays

Characterizing the content of complex microbial samples is
usually achieved by sequencing cloned PCR products, after
amplification of the small rRNA subunit (16S rRNA) using
‘‘universal’’ primers. Still considered the ‘gold standard method’,
this approach remains laborious, costly and the number of clones
required to obtain a comprehensive inventory of the bacterial
content of a sample can be tremendously large. Note also that the
first amplification step introduces – by definition – a bias between
the original sample composition and the final amplification
products. Taking advantage of the high parallelism property of
microarrays, phylogenetic microarrays have been proposed as a
convenient alternative to study complex bacterial flora. The
underlying concept is to design probes recognizing sequence
signatures specific for each node of the phylogenetic tree,
extending the scope of oligoarrays to the whole bacterial kingdom.
Many phylogenetic markers can be used for the design, such as
groEL (Wertz et al., 2003; Wong and Chow, 2002), gyrA/gyrB
(Antwerpen et al., 2007), rpoB (Drancourt et al., 2004; Troesch
et al., 1999) or rpsA (Martens et al., 2007), but once again the rRNA
gene remains the preferred candidate because of the number of
available databases dedicated to this marker (see Section 2.2.1).
Several teams developed and validated this approach (Palmer et al.,
2006; Huyghe et al., 2008; Brodie et al., 2007), proving its efficiency
in monitoring the contents of complex bacterial mixtures in a
quantitative (fractional abundance <0.1%) and qualitative fashion.
Our group recently published a validation of a bacterial phyloge-
netic microarray (Huyghe et al., 2008) composed of oligonucleo-
tidic probes targeting the 16S rRNA gene. Microarray design was
performed by selecting about 9500 short oligonucleotides (25-
mers, poly(T)-tailed to reach an overall length of 60 nucleotides)
specific to nodes matching the different levels of the whole
bacterial phylogenetic tree (Fig. 2). As part of the validation
process, this array was used to characterize the bacterial gingival
flora of two healthy subjects and results showed good agreement
with previous cloning sequencing studies. Compared to cloning
libraries, we also noted that phylogenetic microarrays revealed a
broader bacterial diversity, a finding already reported by similar
studies (Brodie et al., 2007; DeSantis et al., 2007), which could be
explained by cloning bias, or by the paucity of clones sequenced.
We developed this strategy in order to elucidate the etiological
agent(s) of noma (Baratti-Mayer et al., 2003), a gangrenous disease
affecting children and leading to the destruction of hard and soft
tissues of the face. Our preliminary results (manuscript in
preparation) suggest an imbalance in bacterial composition when
comparing healthy children and noma patients, with a broader
bacterial diversity in unaffected children. In contrast, Peptostrep-

tococcus spp., Prevotella spp. and Spirochaetaceae are dominant
phylotypes in noma lesions. Briefly, this study illustrates the
usefulness of phylogenetic strategies in the understanding of
unknown etiologies when a microbial origin is suspected.

Applying an rRNA phylogenetic microarray to monitor the
temporal and geographical dynamics of bacterial populations in
urban aerosols, Brodie et al. (2007) detected a surprising variety of
human and animal pathogenic bacteria in the air of two American
cities (Austin and San Antonio). The causative agents of glanders
and melioidosis, Burkholderia mallei and B. pseudomallei, respec-
tively, were regularly detected during the study; similarly,
different pathogens such as Campylobacteraceae, Clostridium

botulinum, Helicobacter and tick-borne Rickettsia were also
detected in aerosol samples. This study showed that phylogenetic
oligoarrays can be easily used to characterize bacterial pathogens
from a dense background of non-pathogenic bacteria and could, for
example, be exploited as part of a bio-surveillance initiative.

2.3. Universal pathogen diagnostic microarrays

In comparison to bacteria, the absence of ubiquitous gene targets
makes the design of viral microarrays much more complex. An
interesting approach was proposed by Wang et al. (2002) using a
pan-viral microarray composed of approximately 1600 probes
representing the most highly conserved 70-mers from 140 animal
and human viruses. Probes were selected from each virus in order to
maximize potential cross-hybridization to conserved regions and
allowing detection of non-sequenced or unknown viruses. This
strategy was combined with random PCR amplification, i.e. without
use of sequence-specific primers. It proved very useful in identifying
a previously uncharacterized coronavirus as the causative agent of
an outbreak of severe acute respiratory syndrome (SARS) in 2003
(Wang et al., 2003). An unknown virus recovered from a SARS patient
was cultured and hybridized on this pan-viral array. Probes with the
highest hybridization intensities suggested that the virus belonged
to – but was likely a new member of – the coronavirus family.
Another original feature of this study was that the hybridized
material was again retrieved from the array, cloned and sequenced
for further characterization of this novel virus, highlighting the
potential of microarrays as preparative molecular biology tools. In a
previous study (Wang et al., 2002), the same team demonstrated
that this approach, besides being able to distinguish between related
viral serotypes, seems well adapted for detecting previously
uncharacterized viruses. Indeed, maximizing potential cross-hybri-
dization in conserved regions within the same viral genus allows
identification of unsequenced viruses.

To date, the most comprehensive multi-microbial detection
microarray was proposed by Palacios et al. (2007). This team
developed a panmicrobial microarray comprising oligonucleotide
probes targeting 1710 virus species and 135 bacterial, 73 fungal
and 63 parasite genera. In addition, a few hundred probes
recognizing host immune response genes were added to the
design to potentially assess the host response. Unsurprisingly, the
ribosomal RNA region was selected as a target marker for the
detection of bacterial (16S), fungal (18S) and parasitic (18S)
pathogens, while viral probes were selected from highly conserved
regions. Using viral RNA extracted from cultured cells, detection
limits of this microarray ranged from 1900 RNA copies for RNA
viruses to 10,000 RNA copies for DNA viruses. The performance of
the array was tested on clinical samples from patients suffering
from various bacterial and viral diseases, and results correlated
well with determinations performed by using classical methods.
This panmicrobial approach has many interesting aspects,
especially the possibility to identify unexpected pathogens. For
example, the authors identified Plasmodium falciparum (the
causative agent of malaria) in a patient formerly suspected of
viral hemorrhagic-like disease.



Fig. 2. Schematic representation of the probe selection process characterizing the 16S rRNA phylogenetic microarray as proposed by Huyghe et al. (2008). Candidate probes

are compared to a 16S rRNA sequences database and assigned to the most distal common node. For example, probe D, which is common to the Streptococcus and Lactococcus

genera, is assigned to the Streptococcaceae family level. In contrast, probe B is specific to some Lactococcus species, and it is therefore assigned to the genus level.
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The design of the broadest panmicrobial diagnosis microarray
involves the extensive knowledge of pathogen sequences, meaning
that classical probe designs relying on prior knowledge of
nucleotide sequences are limited by the number of known
sequenced species and the quality of sequencing. To overcome
this limitation we proposed a non-cognate approach relying on a
probe design scheme that enables targeting multiple organisms
without having prior knowledge of their genomic content. This
experimental strategy, Non-cognate hybridization system (NCHS;
patent WO/2000/075377; manuscript in preparation), is based on
the utilization of two microarrays containing short probes (Fig. 1C)
providing all combinations of only two nucleotides (i.e. A and C for
the first array; A and G for the second array). Hybridization of
genomic DNA from bacterial strains using this strategy results in a
strain-specific probe pattern allowing direct identification of
bacterial contents in samples. Though pattern identification relies
on sequence databases, pattern recognition algorithms (such as
self-organizing maps) can be used to identify unknown pathogens
by homology to closely related and known organisms. However,
due to the high variation in the GC content of capture elements,
experimental conditions have to be tailored to limit potential bias
during hybridization. The utilization of chemical compounds such
as formamide (Sarkar et al., 1990), betaine (Henke et al., 1997) or
tetramethylammonium chloride (Sorg et al., 1991) during hybri-
dization or washing steps generally limit effect related to
heterogeneity in melting temperatures of probes. Although this
approach needs extensive enhancement and validation, it should
prove efficient in detecting a broad variety of microbial pathogens.
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3. General considerations for probe selection

The key point for setting up oligonucleotide microarray studies
is the selection of an adequate set of probes. Ideally, three points
must be considered during the probe selection process. First, all
probes must be highly specific for the target gene while avoiding
cross-hybridization with non-target sequences (specificity). Sec-
ondly, probes must display a high sensitivity in order to detect low
abundant target sequences from a sample. Finally, the set of probes
must exhibit homogenous thermodynamic properties ensuring
similar hybridization behavior.

Oligonucleotide length plays a crucial role in the probe
tolerance to mismatches towards its target. Short probes (25–
35 nt) tend to be more adapted to identify mismatched positions,
and are thus probably more suitable for phylogenetic microarrays.
However, longer probes display better sensitivity but weaker
specificity (Relogio et al., 2002). A good strategy to increase
sensitivity relies on the use of spacers, such as thymidine tails, on
short oligonucleotides. Increasing the length of short probes
reduces steric hindrance by pushing the probe away from the array
surface (Peplies et al., 2003).

Presence of mismatches at the central position of short
oligonucleotides tends to affect probe-target duplex stability.
For longer oligonucleotides, mismatches in the distal region
(solution end) have less impact on the probe-target duplex
stability than mismatches on the proximal region (surface end)
of the probe (Hughes et al., 2001).

Both PCR products (cDNA) and oligonucleotides can be used as
probes for microarray fabrication. Although PCR is relatively
simple to implement in an average laboratory, oligonucleotide
probes are more reliable in terms of sensitivity and specificity (Li
et al., 2002; Kothapalli et al., 2002; Barczak et al., 2003), and
provide a flexible design.

From a structural point of view, probe-target hybridization is
influenced by the formation of inter- and/or intra-molecular
secondary structures (stem loops, helices, dimerization) and by the
affinity of the probe to bind to a target; which follow thermo-
dynamic predictions. Various free tools, such as Hyther (Bommar-
ito et al., 2000), Mfold (Zuker, 2003), or RNAfold (Hofacker and
Stadler, 2006), are available for the estimation of thermodynamic
properties of probes and probe-target duplexes, including predic-
tion of Gibbs free energies (DG) and melting temperatures (Tm).
However these tools rely on nearest-neighbor models and have
been described with experimental observations performed in
solution and may not reflect the actual properties of probes
attached on a solid surface. This difference was recently illustrated
by Pozhitkov et al. (2006) who observed a poor statistical
correlation between prediction of Gibbs free energies and signal
intensities of oligoarray probes targeting eukaryotic rRNA genes.

In summary, thermodynamic evaluation of oligonucleotide
properties helps for optimizing hybridization sensitivity and
specificity; nonetheless, careful wet-lab testing is required to
evaluate hybridization properties of oligonucleotide probes before
considering their use in other studies.

4. Sample preparation

Several caveats should be considered when discussing potential
application of diagnostic arrays for routine bacterial identification.
The risk of false-negative results is real and should be minimized.
Most published microarray methods use amplification strategies
prior to hybridization that are based on the polymerase chain
reaction (Saiki et al., 1988; Mullis et al., 1986), a proven and
sensitive technique. However, PCR is susceptible to numerous
inhibitory compounds commonly present in clinical materials
(Monteiro et al., 1997; Fredricks and Relman, 1998; Longo et al.,
1990); fastidious sample preparation is thus required to obtain
robust detection (Klein et al., 1997). In addition, some micro-
organisms potentially responsible for infections harbor specific
envelopes or cell-walls which are either difficult to disrupt or
further release inhibitors of enzymatic reactions. All these
parameters should be considered carefully depending on the
intended application and the types of samples to be analyzed,
which both affect the various steps needed for detection or
identification purposes.

Labeled nucleic acids consist of either DNA or RNA. Most of the
time, nucleic acids require enzymatic reactions to be performed
prior to hybridization, to either amplify and/or label the products.
Characterization or genotyping microarrays typically rely on
randomly amplified DNA fragments, often generated by the
Klenow fragment (Koessler et al., 2006; Charbonnier et al.,
2005) or a phage polymerase. The latter allows converting minute
amounts of DNA to mg of hybridizable products (Pinard et al.,
2006). Expression microarrays use either labeled RNA (Francois
et al., 2006) or products of these RNAs obtained by reverse-
transcription (Scherl et al., 2006). Recently, alternative RNA
amplification strategies have been used, allowing for a reduction
of the amount of starting cell numbers (Francois et al., 2007; La
et al., 2007), an important issue in many biological applications.

At least two different strategies are currently available to
fluorescently label nucleic acids, either directly or indirectly. The
direct incorporation uses nucleotide derivatives that are directly
coupled to fluorescent molecules (Scherl et al., 2006). An
enzymatic amplification enables the incorporation of such
residues and yields to fluorescently-labeled nucleic acids that
can be resolved by hybridization on the array. Indirect labeling is a
two-step reaction (Schroeder et al., 2002): the first step consists of
incorporating nucleotides containing small chemically reactive
groups, generally aminoallyl dUTP. Subsequently, activated
fluorescent dyes are coupled (generally N-hydroxysuccinimidyl
ester cyanine, such as Cy-3 and Cy-5) yielding labeled nucleic
acids. This two-step strategy reduces the risk of biases introduced
during the enzymatic incorporation of modified nucleotides,
mostly due to the steric effects related to the presence of large
aromatic fluorescent molecules.

While the use of fluorescent dyes is well established, alternative
non-fluorescent labeling methods are available. An affordable
alternative is to couple biotin-derivatives to target molecules, and
then capture them with a streptavidin-conjugate enzyme (e.g.
horseradish peroxidase HRP – streptavidin). Afterwards, numerous
HRP chromogenic (e.g. tetramethylbenzidine) or chemilumines-
cent substrates can be used to detect hybridized targets. Resonance
light scattering (RLS) can also be used as a more sensitive
alternative to fluorescent labeling methods. When a gold (or silver)
nanoparticle is illuminated with a white light beam, scattering
produces an emitted light characterized by a defined wavelength.
RLS can be exploited as a labeling method after hybridization of
biotinylated targets and incubation with nanoparticles coupled
with streptavidin. The procedure was tested against conventional
fluorescence methods (Francois et al., 2003) to directly label and
detect bacterial RNA without prior enzymatic amplification, thus
limiting potential amplification bias and processing time. Com-
pared to fluorescent labeling, RLS produces a consistently higher
signal-to-noise ratio while providing a gain of about 50-fold in
detection sensitivity.

5. Conclusion

DNA microarray technology, consisting of the hybridization of
nucleic acid fragments (either from chemical or enzymatic



Table 1
Comparison of microarrays used for microbial pathogens characterization.

Array type Target Prior

knowledge

of sequence

Applicable to

uncharacterized

organisms

Highest

resolution

Sensitivity Limits

Whole-genome arrays ORF (and inter-ORF) Yes Yes Strains – Organism specific

Functional gene arrays Family of

functional genes

Yes Yes Species 3.1 fg (Jaing et al., 2008) Limited to specific

functional families

� 101 bacteria

(Wiesinger-Mayr et al., 2007)

Conventional rRNA arrays rRNA gene Yes Yes Species � 101 bacteria

(Wiesinger-Mayr et al., 2007)

Design of species-

discriminating probes

can be tricky

� 2.5–5.0 fmole of S. aureus 16S

(Francois et al., 2006)

Phylogenetic microarrays rRNA gene or

housekeeping genes

Yes Yes Species 0.1% of total community

(Palmer et al., 2006)

Limited to

phylogenetic studies

Tiling arrays Whole genome Yes Yes Strains-SNP – Organism specific

Universal microarrays

Palacios et al. rRNA gene and

functionally

related sequences

Yes Yes Species � RNA viruses: 1900 RNA copies Design of species-

discriminating rRNA

probes can be tricky

� DNA viruses: 10,000 RNA copies

NCHS Whole genome No Yes Strains To be determined Inhomogeneous GC

content requires use

of additives
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synthesis) immobilized onto a solid surface with the nucleic acid of a
test sample, was first reported at the end of the 1990s (Schena et al.,
1995). Constant improvements have been made regarding on
properties of chip surfaces, nucleic acid density, the design of
capture element, the dyes used to label the samples as well as in the
sensitivity of detection devices. The format of DNA microarrays
appears particularly adapted to the identification, characterization
or genotyping of isolated microbial pathogens as well as to more
clinical questions such as the assessment of virulence or antibiotic
resistance genes. However, direct analysis of nucleic acid is generally
not possible and the lack of sensitivity of the technology requires the
use of amplification methods, introducing some potential biases in
the content of the sample. To date, no commercial microbial
diagnostic microarrays, approved by the food and drug adminis-
trations, are available on the clinical diagnostics market.

One of the major challenges in that field derives from the nature
of the sample. Biological fluids are complex medium potentially
containing pathogenic organisms (often rare) in a community of
commensal organisms and in the presence of variable amounts of
host material. In such cases, amplification of the pathogenic material
is essential while the detection strategy must avoid amplified host
nucleic acids. In addition, characterization and identification of co-
infective agents represents another major challenge.

The high parallelism of microarray platforms makes it possible
to address thousands of questions during a single experiment; they
appear therefore particularly suited for bacterial detection or
identification. Furthermore, isolated microorganisms can be
further characterized using high resolution genotyping (Quiñones
et al., 2007; Zhang et al., 2006), by providing an extensive
documentation of virulence factors (Lindsay et al., 2006; Saunders
et al., 2004) or for specific epidemiological survey purposes
(Garaizar et al., 2006). Note that the depth or precision of data
collected is generally dependent on the number of capture
elements present on the surface of the microarray. This number
varies from hundreds (Saunders et al., 2004) for virulence factors to
hundreds of thousands for a resolution at the nucleotide level
(Zhang et al., 2006). For specific applications, a resolution at the
nucleotide level is also achievable using more elaborated strategies
such as padlock probes (Szemes et al., 2005).

Generally, the question to be answered will guide the choice of
both the approach and the markers (see Table 1) to assess
identification. For example, rRNA genes are undoubtedly the most
common gene marker used in microbial detection microarrays.
However, this phylogenetic marker is not always adapted for species
determination, due to: (i) its high conservation between certain
closely related species, and (ii) lack of accurate thermodynamic
properties to assess quality of probes targeting rRNA genes
(Pozhitkov et al., 2006). Alternative phylogenetic markers may be
preferable in that specific situation. In addition, the design of
microarrays based on cognate approaches is entirely dependent on
the quality of sequence databases available to researchers. To date, a
small fraction of the microbial world has been sequenced and
characterization of unknown pathogens using microarray involves
making assumptions from sequenced genomes. These different
challenges appear surmountable using adapted design strategies,
technical procedures and specific analytical solutions.

Over the past year, high throughput DNA sequencing technol-
ogy has become more accessible to the scientific community and
could, in the very near future, become an alternative to microbial
diagnostics microarrays. However, microarrays will not necessa-
rily be put aside as they could, for example, be exploited as a
preparative platform to capture nucleic acids (Porreca et al., 2007;
Wang et al., 2003). Clinical microbiology is rapidly evolving and
molecular methods are now extensively challenging conventional
microbiology techniques. The diagnostic field will benefit from this
evolution as microarray technology appears to be the ideal tool to
assess the diversity of the microbial world as well as to improve
our knowledge of host–pathogen interactions.
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Büchen-Osmond, C., Ellerbrok, H., Sanchez-Seco, M.P., Lussier, Y., Formenty, P.,
Nichol, M.S., Feldmann, H., Briese, T., Lipkin, W.I., 2007. Panmicrobial oligonu-
cleotide array for diagnosis of infectious diseases. Emerg. Infect. Dis. 13, 73–81.

Palmer, C., Bik, E.M., Eisen, M.B., Eckburg, P.B., Sana, T.R., Wolber, P.K., Relman, D.A.,
Brown, P.O., 2006. Rapid quantitative profiling of complex microbial popula-
tions. Nucleic Acids Res. 34, e5.
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