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1. ABSTRACT 2. INTRODUCTION

In this era of coexistence of high-throughput The availability of a large quantity of data on
sequencing technologies and serious difficulties in the microbial genomes enables the scientists to address
management of both common and novel infectious challenging questions about biological functions and
syndromes, new techniques which improve the study of correlations of genes and encoded proteins, their regulatory
micro-organisms is timely. In bacteriology, the most networks and, after all, on how all this works in an
important subjects are bacterial pathogenicity, discovery of integrated manner. There are also other questions which
the genomic complexity of bacteria, and the epidemiology of have long been investigated, such as the presence and
antimicrobial resistance traits. From the clinical point of view, function of single genes or genetic elements in different
genetic testing is flanking phenotypic testing for the strains or species, and the role of regulatory elements that
assessment of new, difficult to test antibiotic resistance traits, still need to be answered as comprehensively as possible.
and for correlations with the microbial behaviour in vivo. The DNA microarrays are the only technique capable of
demand for faster, comprehensive and highly parallel screening an entire genome or transcriptome from any
microbial diagnostics is also cogent even at the basic organism in a single experiment. They can also be used to
laboratory level, where the ultimate objective is saving lives. screen for genes belonging to different species,
In this setting, DNA microarrays offer a pivotal contribution characterize unknown samples in a much shorter turnaround
by allowing performance of hybridization experiments in time than any other currently used technique. The range of
highly parallel formats, with an increasing reliability. Not possible applications of DNA microarrays is also very
only they are useful in deciphering host and microbial broad, ranging from gene expression profiling to DNA
pathophysiology, they can also make the difference in the sequencing, and sensitivity is improving year after year. For
management of prognostic and therapeutic aspects of many these reasons, this technique is emerging as a very useful
diseases. Here, we provide an overview of the current use and tool to widen actual research and diagnostic testing
the potential of DNA microarrays in clinical bacteriology, and capabilities in the field of infectious diseases and clinical
several applications and technical solutions are discussed. microbiology.
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Figure 1. Workflow for development of Bacterial DNA Microarrays. The steps involved in the construction and use of DNA
microarrays are shown in the same sequence as they are usually pursued. For each step, we outlined some of the most important
aspects to be considered. The Chest radiogram is reproduced with permission from Virtual Hospital (Courtesy of Michael

D’ Alessandro, Department of Radiology, University of lowa).

2. 1. What are DNA microarrays?

Generally speaking, they are used to assess
whether certain nucleic acid sequences are present in a
given template, or whether they are more abundant in one
of two templates (Figure 1). The basic principle of DNA
microarrays is the same as blotting procedures (1-3), in
which the presence or absence of selected sequences in the
tested nucleic acid template is ascertained by checking
whether hybridization to complementary DNA probes
occurs. The difference is that the probes are great in
number, are “packed” on a suitable substrate in a
relatively small area (e.g., 1 cm?), and each of them is
placed exactly in the desired position. Thanks to this
positional tagging, the probes do not need to be labeled to
allow recognition. It is the test target that is labeled and
then allowed to hybridize with the probes. Also, more
targets can be tested simultaneously in a competitive
hybridization assay (Figure 2). The amount of hybridized
target per each feature is estimated by signal intensity
and can be acquired and managed as numerical data by a
variety of methods depending on the purpose of the
study.
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Hybridizations can be performed on substrates
obtained from commercial sources, but for large and
medium-sized laboratories it may be more convenient and
possibly cheaper to purchase the instrumentation to produce
substrates ad hoc: this allows the investigator to have low-
cost DNA microarrays with exactly the desired probes in
the desired quantity and replicates. Alternatively, it is
possible to order custom-designed microarrays.

2.2. Types of DNA microarrays

DNA microarrays can be divided into several
categories according to the nature and method of deposition
of the probes and the purpose of utilization: Oligo-
micorarrays are made with synthetic oligonucleotide probes
designed in silico from a database, while cDNA microarrays
are made of longer PCR fragments amplified from a
reference sample and then purified. All these DNA
sequences are subsequently printed on the substrate. High
density microarrays are characterized by a very high number
of closely packed features. The best performing high
density microarrays are obtained by photolithographic
synthesis directly on the slide (e.g., Affymetrix GeneChip
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Figure 2. Gene-detection and gene-expression microarrays. A. Gene detection microarrays: a sample with unknown genotype is
challenged: some genes are present in the template (red arrows), others are absent (yellow arrows). Probes are usually printed in
many replicates for each slide. Plotting of data allows setting a presence threshold (dotted line).B. Gene expression microarrays:
two samples with same genotype exposed to different environmental conditions are compared. Most genes are expressed in a
similar way (yellow). Some of the genes (typically less than 10%) are differentially expressed in either sample (red or green).
Among the different data plotting strategies, cluster analysis of replicate experiments allows detection of genes consistently

overexpressed in one (red) or the other (green) sample.

proprietary technology), instead of synthesizing and then
printing them. Oligonucleotides synthesized on the substrate
are usually very short, about 25 nucleotides in length.

2.2.1. Gene detection microarrays

Gene detection microarrays have a direct
application in clinical microbiology and can detect the
presence of selected genes of interest (e.g., species-specific
sequences, virulence island genes, antibiotic-resistance
factors) from cultured or amplified templates (Figure 2A).
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They are used for the discovery of new genes and the
detection and localization of genes in not fully characterized
templates. Compared to the large variety of literature
already present on gene expression microarrays, this field
has evolved rather recently but is now growing
expeditiously.

2.2.2. Gene expression microarrays
Gene expression microarrays are very popular
and allow the comparison of two differently labeled
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templates to verify whether some genes are more expressed
in one of the two samples (Figure 2B). They are
extensively used in many research fields, such as human
oncology and pharmacogenomics. Bacterial gene
expression  microarrays often target the whole
transcriptome and can be used, for instance, to compare
two isogenic mutants, or a given strain under different
environmental conditions (for instance, in vitro culture and
in an experimental infection model). A crucial step in gene
expression microarray experiments is extraction of total
RNA or mRNA from the cells. RNA is then usually
reverse-transcribed into cDNA and labeled during or after
transcription. If the amount of starting RNA is very limited,
a prior amplification step may be necessary. Among the
many labeling substances, two fluorophores which respond
to laser excitation with different absorption and emission
wavelengths are often used. The labeled cDNAs from the
two templates are then applied to the array, and each
labeled sequence is allowed to diffuse over the array to find
its complementary probe. After washing away all unbound
labeled targets, an array is obtained which carries, for each
feature, a certain quantity of signal depending on the
quantity of its labeled target complementary to the feature’s
probe. The array is scanned and the signal intensity of each
feature is measured and acquired. For each probe it is now
possible to determine, through differences in the signal
intensity, which labeled target is more or less abundant.
Since a great number of different experiments are
performed every day based on different design, platforms,
substrates, protocols, and data analysis tools, to avoid an
overwhelming publication of useless if not misleading data,
the Microarray Gene Expression Data Society has
developed the Minimal Information About a Microarray
Experiment (MIAME) protocol to comply with when
reporting and publishing microarray data (4).

The study of gene expression is the most frequent
pursuit entrusted to DNA microarrays, not only because
they can offer a simultaneous view of complex genetic
networks, but also because they eliminate the bias
generated by prior selection of genes believed to be
involved in a certain event (5). Studies assessing the
influence of global regulators (6), other main regulators
such as two-component systems (7, 8), and sigma factors
(9) on the whole bacterial genome are amongst the most
common examples of the possibilities offered by this
technology. Other interesting applications are the study and
screening of operon organization (10), the response to
metabolites and micro-elements (11), or to antibiotics and
antibiotic-resistance mechanisms (12), the microbial
adaptation to host response, and the switch to different
growth modalities such as planctonic growth or biofilms
(13). Although information obtained by gene expression
microarrays will have a fundamental impact on the future
of clinical microbiology and in the prevention and therapy
of infectious diseases, at present they are not specifically
pursuing a direct clinical use. For this reason, they will not
be extensively reviewed here.

2.2.3. SNP microarrays
SNP microarrays are used to detect a large
number of single nucleotide mutations in a highly
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multiplexed fashion and without the need for sequencing
(e.g., rapid detection of multi-drug resistant M.
tuberculosis). Sequencing microarrays are high-density
SNP microarrays. When the number of probes is
sufficiently high, the sequence data obtained from the
single probes can be collected and ordered with dedicated
software to extrapolate the complete or partial sequence of
the tested organism. With a very large set of probes, it is
theoretically possible to obtain the complete sequence of
any template

2.2.4. Comparative Genomic Hybridization (CGH)
microarrays

Comparative Genomic Hybridization (CGH)
microarrays are obtained by overlapping large DNA
fragments selected from a library, or with high-density
oligonucleotides; in both cases probes represent an entire
genome or chromosome, but with different resolution
power. They are used to compare the DNA sequences of
entire genomes in order to check differences in the number
of copies of chromosomal loci or, recently, even single
genes (e.g., presence of complete or partial mobile genetic
elements in bacteria or allele loss in human karyotype).

2.2.5. Cell microarray

Cell microarrays are the bacterial counterpart of
human Tissue microarrays, and are made by immobilizing
a different bacterium in each feature of the array; the array
is then hybridized with a labeled probe, similar to a high
yield, automated blotting. Printed bacteria can be used to
detect molecules different from DNA, such as serum
antibodies that are detected using secondary labeled
antibodies (14). Plate microarrays are a series of 96
identical microarrays printed in the wells of microtiter
plates. In each well a different sample can be deposited and
hybridized in a high-throughput fashion following
automated liquid handling procedures: they are useful for
large and fast screenings.

In Electronic DNA Chips, the hybridization of
the template to the probe is directly transduced in a
quantitative signal by coupling to an electronic circuit.
Although projecting and fabrication costs are high, the
good sensitivity, the labeling-free template processing
speed, and the ability to feature many post-hybridization
controls make electronic chips good candidates for future
diagnostic applications. Microarrays involving probes other
than DNA have also been developed, although not well
standardized. In the field of microbiology, protein,
lipopolysaccharide and antibiotic microarrays have proven
useful to detect the host’s inflammatory response to
infection, microbial antigens and also antibodies at least as
accurately as conventional serology (15-22).

3. CLINICAL APPLICATIONS
BACTERIAL DNA MICROARRAYS

OF

3.1. Gene detection and high throughput typing

Genome typing is a basic research application,
used to gain important information about the genomic
content of a bacterium by comparison with a well known
counterpart which is used as reference. At present, the
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availability of complete genome sequences for some type-
strains belonging to the most important pathogenic species
allows us to obtain a very dependable reference for
genomic investigations. A typical example of the use of
DNA microarrays for whole genome typing implies the
discrimination between highly variable and highly
conserved genes among multiple isolates belonging to a
single species (23). The genomic regions displaying higher
and lower levels of homology can be the subject of further
characterization, taking into account the information
available on their biological function by phenotypic
characterization, mutagenesis or at least by protein
structural similarity searches. While the conserved genes
are good candidates as species-specific virulence factors,
antigens and drug targets, the highly variable regions are
often addressed in studies on the evolution and/or the
transfer of mobile antibiotic-resistance and virulence-
associated genes (24). Another possibility exploited is
detecting the presence of groups of several associated
virulence factors which may constitute a fundamental
attribute to the physiology and pathogenicity of
environmental and human colonizing bacteria; those results
can be then translated to downstream applications such as
“pathotyping” (25-27). Pathogen typing microarrays are
very promising from many points of view, since they are
opening the doors for further investigations on a limited set
of genes, with unlimited research and clinical diagnostic
applications.

3.1.1. Genomic variability studies

Different strains of the same species may vary
considerably (Fitzgerald et al. reported more than 20%
variability in the genome of S. aureus) (24), but the
complete sequence of only a few reference strains is
available. By comparing templates to probes originating
from sequenced reference strains, microarrays provide an
as yet unparalleled tool to screen for the sequences of as
many strains as desired without sequencing, as discussed
in a comprehensive early review of this topic (28). A
Mycobacterium tuberculosis high-density oligonucleotide
microarray was implemented in 2001 to detect small-scale
genomic deletions in clinical strains; the deletions pattern
and quantity correlated respectively to the clonality and to
the likelihood of cavity formation, thus proving
particularly useful for epidemiological surveys (29). The
versatility of in-house made microarrays was used for an
inter-species study of large plasmids in Salmonella
enterica and Escherichia coli (30). The authors
constructed an array of 500-800 base-pair plasmid
fragments, allowing assessment of the heterogeneity and
also of some evolutionary aspects of these plasmids and
their transmission between species. Bae and colleagues
designed probes specific for unsequenced genes of
Salmonella strains (31). They isolated specific sequences
by means of a suppressive subtractive hybridization
against sequenced reference strains. Those probes were
used to obtain sub-species specific microarrays. In a
recent study, the authors used the seven complete
sequences of Staphylococcus aureus reported so far to
develop a complete, multi-genomic array able to obtain
sensitive discrimination of related isolates (23). Thanks to
this approach, the authors offered a clear description of
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how isolates attributed to the same clone of epidemic
methicillin-resistant S. aureus differ substantially in their
carriage of mobile genetic elements, including virulence
and antibiotic resistance genes. While other typing
techniques such as Multi Locus Sequence Typing (MLST)
and Pulsed Field Gel Electrophoresis (PFGE) are based on
a limited set of targets such as some ‘“house-keeping”
genes or a restriction site, DNA microarrays can rely on a
high number of probes. Their reproducibility, although not
extensively tested, is not inherently limited by technical
drawbacks such as in PFGE. In a recent study, the authors
performed MLST-like typing using DNA microarrays
with 30mer oligonucleotides based on the previous
knowledge of polymorphic loci (32). A good performance
of the test was reported, although still below the MLST
gold standard. DNA microarrays cannot be considered as
a substitute for classical typing techniques. Indeed, they
offer a large body of relevant information from a different
point of view. For instance, they have been used to
analyze genetic similarities and differences between
Salmonella enterica serovars, and between strains
belonging to the same serovar, possibly allowing a better
discrimination of traits contributing to pathogenicity (33).
The authors of this study constructed an array carrying
PCR products amplified from almost all the genome of a
S. typhi and a S. typhimurium serovar, plus several
virulence plasmids. Random priming allowed uniform
labeling of the template for broad-range interrogation.
Another group validated a Y. pestis whole-genome
microarray consisting of 4,000 PCR products each
representing an almost entire Open Reading Frame
(putative translated region) (34). This array was used to
hybridize the whole genome of Yersinia strains belonging
to different species against reference Y. pestis strains. The
authors were able to select a panel of 28 species-specific
genes of Y. pestis.

3.1.2. Studies targeted on specific genes

Many studies have been carried out with
microarrays that focused on a limited set of genes.
Although information at the single-base level may be
obtained if needed (35), a more common use of DNA
microarrays in the clinical microbiology setting is to
detect the presence and association of selected genes
involved in the pathogenesis of infection, in resistance to
antimicrobials and other genes or groups of genes directly
involved in disease (25, 36-39). Arrays, falling in the
category of “gene detection”, are less expensive due to a
more limited number of probes required, but can be very
useful in studying specific aspects of microbial genetics.
Although companies are now offering more and more
“detection” microarrays, they may just as well be
independently developed by a medium-sized laboratory to
satisfy specific research needs, and the data they provide
are easy to handle and share. Typing is usually aimed at
the assessment of unknown patterns of genes among
known isolates; on the other hand, species identification
relies on the detection of a set of well-known genes on
unknown isolates. The strategy in the earlier studies was
to obtain labeled amplicons by PCR from conserved genes
and subsequently hybridize them (36). Although similar
information can be obtained by TagMan Real-Time PCR,
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DNA microarrays are much better suited to this task when
the number of probes is high. In an early study, an
oligonucleotide-based array was developed to screen for
the presence of selected species-specific sequences in six
Listeria genes, allowing the univocal distinction of six
different species (40). In another study, 18 different
microorganisms chosen from potential biowarfare agents
were identified and typed by hybridizing fragments of
about 100 bases obtained from genomic DNA or retroviral
RNA to 50,000 oligonucleotide probes (35). Thanks to a
high number of probes, it was possible to target many
species-specific sequences with a redundancy of all but
the last base, so as to gain a wealth of information on the
nucleotide sequence to be drawn; this last aspect reflected
the need to differentiate warfare strains from other
environmental strains. A study focused on sensitivity
rather than on broad spectrum addressed the three class A
bacterial biowarfare agents (B. anthracis, F. tularensis,
and Yersinia) by developing a microarray able to detect
amplified DNA from 50 bacteria/ml of blood (41). In
another study aimed at obtaining a good sensitivity, the
authors identified specific 23s sequences amplified from
P. aeruginosa and A. baumanii cultured from clinical
samples (42). They reported comparable or superior
sensitivity to microscopy and cultures, with 100%
specificity. Using a similar approach, Lehner and
colleagues validated an oligonucleotide array specifically
aimed at the identification of enterococcal species (43). In
a study carried out to discriminate Chlamidiae at species
level, the Authors targeted the most variable part of a
conserved ribosomal operon sequence to detect single
base variations (44). They hybridized control strains to a
high density photolitographic array, selected the best
performing probes and used them to construct a much less
expensive, low-density spotted array. In a recent study, a
microarray was developed with 19mer probes targeting
variable regions in the 5’-end of 16s RNA genes of some
of the most frequent blood isolates (45). Total RNA from
sub-cultured bacteria was chemically labeled, and
hybridization data were analyzed using an artificial
intelligence-based algorhytm instead of comparing
intensities of single probes. Marlowe and colleagues (46)
were also able to identify single and multiple isolates
from a large number of blood cultures with 100%
sensitivity and 96% specificity using specific rRNA
probes. Since univocal specific probes could not be
designed for each of the many targeted species, the
authors implemented a flux diagram to interpret the data
and report correct identification results.

Specific detection of genes related to
pathogenicity is another important application of “gene
detection” microarrays. For instance, an oligonucleotide
microarray was used for detection of species-specific
sequences of 16s RNA genes as well as virulence genes
from B. anthracis and other bacteria (47). The authors
amplified templates using either a conventional PCR with
specific primers and a three-step random-primed PCR,
which proved to be less sensitive but more discriminatory.
In a recent study, Neisseria meningitidis and other
Neisseria isolates were hybridized to a microarray with
the whole genomes of the four sequenced Neisseria
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strains, to identify genes present in N. meningitidis strains
and absent in the other species as candidates for a
pathogenetic role in meningitis (27). A membrane array-
based approach had been used by another group in 2002
for a similar purpose (48). Rasooly and colleagues (49)
targeted several enterotoxin genes of S. aureus. Since
multiplex PCR with several primer pairs was not efficient,
the authors performed a PCR amplification step with
universal primers and a subsequent single-strand,
fluorescently labeled DNA synthesis. In an interesting
study of Escherichia coli, 40 isolates were screened with
32 gene probes specific for extraintestinal as well as
intestinal pathotypes (26). The template was amplified
with a multi-step procedure, with random priming
followed by biotinylation with specific primers. The small
microarray was placed and hybridized directly in the 1.5
ml polypropylene reaction tube containing the labeled
template. The authors observed a high heterogeneity
regarding the presence of virulence and pathogenicity
genes. Also, a direct link between presence of selected
genes and clinical presentation was not always observed.
Bekal and colleagues developed an array aimed at typing
pathogenic E. coli from random primers, uniformly
amplified templates and composed of 105 PCR amplicons
targeting virulence genes (25). The probes were also
divided into discrete subarrays according to their usual
association in “pathotypes”; thus just by watching the
hybridization image it was possible to have a preliminary
glance of the strain’s pathotype, and the presence of genes
belonging to different pathotypes.

3.2. Drug resistance and epidemiology

DNA microarrays can be used to screen for the
presence of a much larger number of antimicrobial
resistance genes than any other molecular method. Also,
they are complementary to phenotypic screening since
they can allow the specific distinction of different genes
responsible for an undistinguishable in vitro phenotype,
but different in vivo outcomes. For basic research
purposes they have been utilized to infer much interesting
and sometimes unexpected information about the response
of bacteria to drugs. Those results offer a general view of
the transcriptomic response to drugs, and require a
comprehensive  evaluation  and  time-consuming
confirmatory studies before a clinical or pharmacologic
conclusion can be drawn. Although not strictly inherent to
clinical microbiology, gene expression microarrays are
the first step in increasing our knowledge of the
mechanism of action of antibacterial drugs. Whole-
genome surveys of the microbial response to antibiotics
can display unexpected findings even for “best-seller” and
very commonly used and studied drugs. Just as an
example, two research groups studied the in vitro
response  of  different  bacterial  species to
fluoroquinolones. In one of those studies, Pseudomonas
aeruginosa showed a uniform upregulation of the pyocins
chromosomal region (about 35 Open Reading Frames)
when challenged with ciprofloxacin (50). Construction of
mutants resulted in the increase of MIC for the antibiotic.
While pyocins seemed to be involved in the susceptibility
to this antibiotic, DNA gyrase expression did not show
significant changes. In the other study, investigating
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Haemophilus influenzae, the expression of DNA gyrase
showed modifications only with an antibiotic
concentration of ten-fold the MIC, while other distinct,
antibiotic-specific pathways were induced in response to
two different antibiotics both targeting DNA gyrase (51).
In a recent study, a database of gene expression profiles
from Bacillus subtilis exposed to 14 different antibiotics
as well as from antibiotic susceptible mutants was
acquired (52). Against this database, the authors
compared data obtained from Bacillus treated with two
new antibiotics, with the aim of uncovering their
mechanism of action. From an epidemiological point of
view, DNA microarrays offer the opportunity to
comprehensively and definitively screen large numbers of
isolates from collections, to obtain data about the
prevalence and diffusion of resistance determinants over
time and geographic areas or different clinical settings. A
multiplex PCR-based technique was used by the
Rasooly’s group for identification of six erythromycin
resistance genes in S. aureus (53). Each gene was targeted
by as many as seven oligonucleotide probes. Call and
colleagues (37) used microarrays with PCR products from
17 tetracycline resistance genes as probes to detect
resistance in the uniformly labeled total genomic DNA
from several different species of bacteria. Broad species-
range oligonucleotide microarrays have also been
developed for a comprehensive detection of 65 genes
conferring resistance to macrolide antibiotics (39). Using
this approach, the authors were able to detect the presence
of unexpected resistance determinants even in previously
characterized strains, highlighting the epidemiological
usefulness of a test which is not limited to the most
known and frequently found resistance genes. The
specificity of the system was high as a result of the direct
labeling of the extracted DNA without PCR amplification
Another group was able to identify 90 amplified antibiotic
resistance genes common in Gram positive bacteria using
a 30mer oligonucleotide microarray with two different
probes for each gene (54). Van Hoek and colleagues
constructed a 50-60mer oligonucleotide microarray for
detection of antimicrobial resistance genes in cultured
Salmonella strains (55). Also in this case, the authors
were able to avoid PCR amplification of the template. In
the few cases of non correspondence between the
phenotypic resistance and microarray results, the authors
pointed out the possible occurrence of mutations or
deletions which may be detected only with dedicated
microarrays carrying more (and shorter) probes covering
the whole gene. However, this would be very expensive
since the cost of oligonucleotides is the main limiting
factor for in-house spotted oligonucleotide microarrays. In
another study underscoring the link between a high
number of specific probes and amplification-free labeling
methods, 61 antimicrobial resistance genes were detected
in 51 different species (56). More sharply focused
oligonucleotide-based microarrays have been developed
to detect resistance due to single nucleotide mutations. An
important application is detection of Extended Spectrum
Beta-Lactamases (ESBL) or inhibitor resistance
phenotype (57). Another research group targeted selected
M. tuberculosis rpoB gene sequences to detect single
nucleotide mutations causing rifampicin resistance in an
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amplified portion of this gene (58). Yu and colleagues
were able to correctly detect mutations in the amplified
DNA gyrase gene in E. coli conferring resistance to
quinolone antibiotics (59). Although they selected just
two mutation sites, more than 50 19-mer probes were
designed to take into account all the possible silent and
resistance-causing mutations.

3.3. Diagnostics

PCR is an invaluable tool in many fields of
bacterial diagnostics, such as the detection of slowly
growing or uncultivable organisms such as
Mycobacterium or Chlamydia, or to demonstrate the
presence of very small loads of infectious agents in sterile
tissues like liquor or blood. PCR diagnostics also require a
very limited turnaround time, but only a few sequences
can be amplified and detected at a time. For this reason, it
is used only if one or a few infectious agents are
suspected in the differential diagnosis. An appealing
feature of DNA microarrays in the diagnostic setting is
that, thanks to the highly miniaturized and parallel nature
of this technology, the presence of many infectious agents
can be simultaneously assessed. However, very few
studies involving the use of microarrays in a diagnostic
setting have been made because the complexity and/or the
limited yield of samples pose, at present, severe
limitations to the high throughput of this technique. For
this reason, it is no surprise that most published diagnostic
microarrays have been designed to detect a few
sequences, and have to be viewed as preliminary works
demonstrating the feasibility of the microarray-based
diagnostic approach, rather than as ready-to-use
diagnostic platforms, which probably need a few more
years to be on the market. To overcome inherent
sensitivity limitations, amplification of selected sequences
is almost mandatory, although it may cause a degree of
bias that may be not acceptable in a clinical setting. To
match the high sensitivity of amplification with definite
primer pairs to the specificity of target species-specific
sequences, most authors have addressed small variable
regions in the 16s or 23s rRNA genes by amplification of
their conserved flanking regions. Although this approach
is satisfactory for some applications and appears to be
quite feasible, it has inherent limitations. The first
limitation lies in the necessity of designing short probes
(20-25 nucleotides), which may suffer from possible,
unexpected single nucleotide mutations. Another
drawback is the impossibility to develop a high
multiplexed technique, since it is very difficult to select
several groups of short variable sequences with common
flanking regions that correctly span a high range of
pathogens. In complex samples like most of the clinical
ones, short oligonucleotides would suffer from a lack of
relative discriminatory sensitivity. Of some concern, in
view of a clinical use, is also the fact that rRNA genes are
present in a high and variable number of copies. This
would create many difficulties at the time of providing a
semi-quantitative analysis, whether absolute or relative.
This would especially be a problem with assays designed
for detection of antibiotic resistance genes, many of which
are present in single copy in the bacterial genome. In an
early study, 20 predominant human intestinal bacterial
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species were identified by amplifying 16s RNA gene
sequences in genomic DNA extracted from stool samples
and targeting them to 60 spotted oligonucleotide probes (3
for each species) (60). Similar to other authors, their work
stressed the importance of designing multiple probes for
each target gene/sequence, since each probe yields a
different fluorescence intensity which is difficult to
predict in advance at the design stage. However, with a
correct test design a satisfying sensitivity can be obtained.
In one study (61), as little as 60 fg of Campylobacter
DNA was detected in fecal swabs after amplification of
both 23s and species specific genes. Another study
focused on a single bacteria (S. pyogenes) along with its
more relevant antibiotic resistance determinants, was
carried out to develop a narrow-focused, re-sequencing
assay for the screening of this pathogen in clinical
samples (62). One of the few papers aimed at multi-
species detection targeted variations in the DNA gyrase
gene amplified from DNA extracted from sputum samples
as a means of identifying 14 Mycobacterium species (63).
Roth and colleagues developed an array targeting variable
regions of the topoisomerase genes of nine species
representing the majority of bacteria causing upper
respiratory infections (64). Another group successfully
detected and characterized at the species or genera level
several agents of sepsis from blood culture amplification
of 16s rRNA genes and amplicon hybridization (65). Shi
et al. (66) performed a multiplex asymmetrical PCR with
fluorescently labeled primers differentially detecting N.
gonorrhoeae, C. trachomatis and U. wrealyticum in
clinical samples by hybridization to oligonucleotide-based
arrays. This valuable approach is exemplary of the
diagnostic performance of DNA microarrays, and
underscores a potential application whereby microarrays
may aid in coping with difficult tasks for the
microbiology laboratory. In the above study, intracellular
bacteria which are difficult or impossible to grow and/or
isolate with common laboratory techniques, and which
may be present in low number though being the sole
causative agent of disease, were detected and accurately
identified. Vora et al., 2005, set up a single multiplex
PCR to amplify 95 sequences. Hybridization of the
amplified template on long oligonucleotide microarrays
allowed reliable identification of Vibrio species along
with their antibiotic resistance profiles and made it
possible to detect the presence of mobile genetic elements
(67). Another research group addressed the problem of
quantitative profiling of complex microbial populations,
which is a fundamental item in the microbiology of
samples from non-sterile sites, such as the upper
respiratory tract, urine and feces (68). They developed a
medium-length oligonucleotide microarray and used it for
comparative hybridization of clinical fecal samples with
reference samples of known composition.

Some studies have been carried out to validate
automated methods for processing diagnostic samples.
Although promising, those methods, which are based on
pre-hybridization amplification strategies, have not been
tested to parallel identification of complex samples, in
which they may encounter the same technical difficulties
as manual methods. A fully automated device was
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developed for  extraction, PCR  amplification,
hybridization and detection of bacterial DNA from
clinical sample fluids (69). The device was tested for
detection of 10%- 10° spiked E. coli cells in 1 ml of rabbit
blood. Straub and colleagues validated another integrated
method relying mainly on the ability to purify and
concentrate environmental samples, and the ability to
amplify and identify DNA from 100 bacterial cells, but
reported some bias due to amplification (70). They used
their device to address this problem by direct extraction
and hybridization of RNA, but with lower sensitivity
compared to conventional PCR detection. Another group
used a microarray-format TagMan PCR plate,
encompassing a post-hybridization amplification strategy,
allowing the parallel performance of a great number of
reactions in separate microchambers, 40 nL each (71). An
indirect quantification of the sample DNA was made
possible by processing several dilutions of the templates
in the many reaction chambers.

4. PERSPECTIVE

DNA microarrays are a fully validated and now
largely used technique for detecting and comparing many
genes in parallel. The recent increase in efforts made to
refine their reliability and reproducibility, and the fast
growing interest by top life science and medical companies
is justified by great expectations of the role of this
technique in the management of most diseases.
Bacteriologists have used DNA microarrays to study
pathogenicity, virulence, host-pathogen interactions,
epidemiology, drug resistance, diversity, evolution, intra-
and inter-species interactions, and more. Many are under
development for clinical and diagnostic use. Different
applications need different project and development
strategies. The main and most discriminating attribute of
any microarray is the probe set. Hence, in the preliminary
phase of the project, the most important choice to be made
is that of using short (20-30mers), longer oligonucleotide
probes, or PCR amplicons. PCR amplicons offer the best
hybridization-signal intensity, since their length is
comparable to the mean length (200-500 bases) (72) of the
target labeled fragments which contribute more to the
hybridization process. However, they are not suitable to
detect small sequence variations in different target
templates, and they require much work and expense for
amplification, purification, quantification and sequencing.
PCR product-based arrays are scarcely represented among
company product lists, but those developed in academic
settings and research laboratories are widely used.
Conversely, microarrays carrying short oligonucleotides are
less sensitive, but allow detection of single base mutations.
These characteristics have proven to be very useful in many
fields of research and diagnostics, to be exploited to
develop multi-probe features with single-mismatch internal
controls (Affymetrix), multiple diagnostic or typing probes
targeting a variable region of a single conserved sequence
such as the 16s rRNA gene, or to gain indirect sequence
information (35). Short oligo microarrays can also prove
casy to construct, and the probes cast the same as PCR
primers. Needless to say, long oligonucleotide (50-70mers)
microarrays show intermediate features, approaching PCR
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amplicons in terms of sensitivity and short oligo arrays in
terms of cost and ease of fabrication, but lack single-base
discriminatory capabilities. Indeed, long oligonucleotides
are often the best choice for many applications, especially
for differential expression studies, are easily printable and
there is a wide choice available from companies. Whatever
their nature, the probes must have a unique, highly specific
sequence to eliminate biases due to non-specific
hybridizations. A second crucial, but sometimes
overlooked, step in the choice of the DNA microarray is the
need to take into careful account the differences in the
sequence of the target to be studied and the sequenced
genome of the bacterial strain from which the probes have
been developed (73, 74). If a microarray designed to a
strain isogenic to our study strain is not available, it is
mandatory to compare their sequences before carrying out
the microarray experiment, to get an estimate of the
differences in the presence or sequence of each gene, since
that will obviously alter the meaning of hybridization
results. When the published data are not enough to allow in
silico analysis, it is possible to obtain a good estimate in
vitro by comparing the two strains’ DNAs in a competitive
hybridization experiment. Another critical point is the
choice of template amplification procedure: PCR
amplification with specific primers exponentially increases
the quantity of target genes, but is a source of bias due to
different efficiencies of the reaction with the different
primer pairs, and is not feasible when the probes are
numerous, and may also introduce contamination artifacts.
Random priming produces a much lower increase of the
total template DNA, but uniformly acts on the whole
template, maintaining the original variety of sequences that
can be interrogated by as many probes as desired. For this
reason it is currently used in most cases, especially if the
starting sample is quantitatively adequate.

Having these technical precautions and
developing perspectives in mind, it is an accepted opinion
that some of the many DNA microarray platforms currently
available will in the near future have an important role in
infectious disease and microbiology laboratories, or even
directly at the patient’s bed. More platforms, mostly
encompassing  electronic  microarrays,  silica-based
microarrays and even highly-multiplexing techniques
different from microarrays, are under development by
biotechnology companies and also by very large chemical
and electronics companies new to this market. It is also
common sense that for any microarray assay to prove
competitive in a clinical setting, four conditions must be
met: ease of use, cost-effectiveness, short turnaround time,
and sensitivity-specificity, comparable to, or exceeding the
current gold standards. Although often required by current
protocols, amplification and labeling of the samples can
have a negative impact on all these mandatory conditions.
This can be a major source of bias, since the efficiency of
amplification (especially by PCR) and of many labeling
methods on different sequences is unpredictable, leading to
poor specificity. Vora and colleagues addressed this issue
by comparing specificity and sensitivity of 70mer
oligonucleotide microarrays for detection of
enterohemorragic E. coli DNA amplified and labeled with
different procedures (75). Regarding sensitivity, they
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reported an important increase in sensitivity by performing
two rounds of random primer-based isothermal
amplification, with labeling performed during the second
step only. Using this protocol they obtained the same
sensitivity (about 1,000 copies from complex samples) of
PCR-based methods with 450-fold less amplification-
related bias. Labeling and amplification also affect
turnaround time, which is of vital importance in infectious
diseases. The labeling technique during PCR amplification
has the most impact on bias, while labeling with random
primers requires the longest time. Labeling is also
expensive, and in many protocols it accounts for more than
half of the management cost after the initial, start-up costs
of probe synthesis are covered. Amplification can also be
very expensive depending on the used protocol, for
example in post-hybridization amplification protocols for
SNP detection, or in protocols involving multiple primer
pairs or even amplification of the template directly on the
substrate (71). Both steps, finally, require trained
specialized personnel, so 24h-7d service may be a problem
in small laboratories and hospitals. To eliminate those
potential drawbacks, many companies and institutions are
developing new generation, labeling- or amplification-free
microarrays, relying on newly developed technologies or
technologies already used in other scientific areas. Easier
and more reliable labeling techniques will also be
developed by companies. What is most needed, however, is
a better insight into the features and implications of the
biological scenarios to be addressed, along with its very
specific requirements for developing targeted diagnostic
and epidemiologic techniques, which will inevitably prove
to be the joint task of scientists and technical investigators.
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