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ABSTRACT

Sensitive pathogen detection in clinical and environmental (including food and water) samples is
of greatest importance for public health. Standard microbiological methods have several
limitations and improved alternatives are needed. Most important requirements for reliable
analysis include: (i) specificity; (ii) sensitivity; (iii) multiplexing potential; (iv) robustness; (v)
speed; (vi) automation potential; and (vii) low cost. Microarray technology can, through its very
nature, fulfill many of these requirements directly and the remaining challenges have been
tackled. In this review, we attempt to compare performance characteristics of the microbial
diagnostic microarrays developed for the detection and typing of food and water pathogens, and
discuss limitations, points still to be addressed and issues specific for the analysis of food, water
and environmental samples.
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1. Introduction

Microbiological analysis of food, water and environmental samples is an important aspect
of public health involving a great number of samples to be analyzed daily. These analyses are, to
a great extent, performed by responsible state laboratories, by private laboratories or by
companies as a quality control measure. Methods used mostly rely on cultivation of target
pathogens or indicator microorganisms on certain media and are thus simple, but require days or,
in some cases, weeks until results are obtained. In the last decades molecular methods have been
developed, most importantly PCR-based techniques, which rapidly detect DNA of a specific
microorganism.

PCR is a very convenient technique for the detection of single microbes and multiplex-PCR
systems may be applied for the detection of few target organisms. Nevertheless, the multiplexing
potential is limited and thus the approach is sub-optimal when parallel detection of all relevant
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pathogens is needed. This high degree of parallelism can be achieved by the use of microarrays.
DNA-based microarrays may contain hundreds to thousands of different, selective probe
molecules, which are designed to hybridize with their respective target DNA; i.e., the DNA of
those microorganisms to be detected in a single assay. Gene expression analysis was the first
issue to be addressed by microarray technology [1], however, recent years have witnessed
widespread expansion to other application fields such as comparative genomics, sequence
analysis and diagnostics. This development has been supported and accompanied by further
technological achievements, e.g., by different kinds of probe molecules, surface chemistries,
amplification/labeling methods and microarray platforms. These developments have been
reviewed extensively [2,3,4,5,6,7] and therefore only the most critical parameters related to the
development of microbial diagnostic microarrays (MDMs) will be discussed in this review.

Specific criteria apply to the analysis of food and water samples. One key aspect to consider
is that the target microorganisms have to be detected in a background microflora, whose
composition and abundance will vary greatly and depend on the type of food/water sample.
Furthermore, food matrices vary and will substantially influence the analytical process. It should
also be considered that routine laboratories have to handle a large number of samples and that
analysis costs play a more important role than, e.g., for clinical samples. This review will focus
on the MDMs that have been developed up to date for food and water analysis (for an overview
see also Table 1) and discuss their potential to fulfill the analytical requirements.

2. Microbial Diagnostic Microarrays (MDMs)
Selection of Diagnostic Markers

Molecular diagnostic markers are DNA fragments which allow identification and/or
characterization of organisms. Issues that have to be considered when selecting diagnostic
markers are: (i) distribution of the marker in the target microorganisms; (ii) differentiation
potential; (iii) informational content (phylogenetic affiliation vs. pathogenicity); and (iv)
sequence availability. Conventional phylogenetic markers (e.g., ribosomal RNA
genes, gyrB or rpoB) are ubiquitously distributed among all bacterial species. In general, it can
be said that the degree of conservation is disproportional to the differentiation potential, i.e.,
highly conserved genes such as the 16S rRNA gene allow the design of genus- and in some cases
species-specific probes, whereas less conserved markers such as the gyrB gene allow, in most
cases, the design of species-specific probes. However, the 16S rRNA gene is the most frequently
analyzed bacterial marker and therefore the most extensive sequence database is available
enabling in-depth phylogenetic analysis of bacteria. The availability of a sequence database as
well as its quality and size strongly influence probe design as highly specific probes can only be
based on an appropriate set of sequences. Another important issue is the informational content of
the selected diagnostic markers. Especially when considering the analysis of food, water and
environmental samples, it is important to discriminate between the presence of ubiquitous
bacterial species and their potentially pathogenic relatives (e.g., E. colivs. EHEC). For this
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purpose, e.g., virulence genes may be a good choice. Alternatively, increasing availability of
whole genome sequences allows for the in-silico determination of novel diagnostic markers [8].

2.2. Probe Selection

MDMs utilize in most cases three kinds of probes: short and long oligonucleotides and PCR
amplicons. Short oligonucleotides have high differentiation potential (1-2 mismatches) and are
therefore indicated in connection with highly conserved phylogenetic markers. As a disadvantage
they display lower binding capacity and thus necessitate utilization of PCR amplification. Long
oligonucleotide probes and PCR products on the other hand are characterized by a lower
discrimination potential (80-85% sequence homology will suffice for a positive hybridization
event) but higher binding capacity and can thus also be combined with more generic
amplification approaches (e.g., whole genome amplification, WGA). In addition to the probe
length, mismatch position also plays a major role in hybridization specificity. These effects were
nicely described by Letowski and co-workers [9].

2.3. Selection of DNA Amplification/Labeling Methods

Amplification of targeted nucleic acids has a significant effect on the sensitivity of the
diagnostic system. PCR amplification is the most sensitive method; however, it has limited
multiplexing potential and is therefore not very compatible with systems that employ numerous
targets (e.g., virulence gene arrays). As alternatives, whole genome or linear amplifications may
be considered. A comprehensive study on the effects of selected DNA amplification was
published by Vora and co-workers [10].

Another  parameter that should be considered is the utilization of
fluorescence vs. colorimetric labeling approaches. Especially in the case, where costs are an
important issue colorimetric labeling can be of advantage. A comparison of sample-labeling
techniques was performed and published by Baggerly and co-workers [11].

2.4. Selection of the Assay Format

A planar glass slide with different surface modifications that allow covalent binding of
probe molecules is the conventional microarray format widely accepted in research labs.
However, this format necessitates skilled handling and does not meet high acceptance in routine
laboratories. Therefore, alternative formats have been developed. Microarrays in tubes or 96-well
plates for example represent user-friendly formats, often used in commercialized products for the
routine market (e.g., StaphyType96 from Alere Technologies GmbH (previously ClonDiag;
[12]), Legionellachip® from LEGYON® [13], CLART® FIuAVir or CLART® FIuAVir from
Genomica [14]. Bead-coupled microarrays represent another alternative (e.g., XMAP technology
from Luminex [15,16])).

Even though, all these elements are essential building blocks of a good MDM, most
challenging and most important task is to enable and demonstrate that the developed tool can
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perform as required in the scope of a complete analytical chain. This review will attempt to
answer the question if currently available MDMs for pathogen detection in food, environmental
and water samples are really ready for this challenge and if some bottlenecks can still be
identified.

3. Application of Microbial Diagnostic Microarrays for Pathogen Detection in Food,
Environmental and Water Samples

3.1. 16S rRNA Gene-Based MDMs

The 16S rRNA gene serves as an evolutionary clock and taxonomic marker in bacterial
systematics [17,18]. Consequently, the 16S rRNA gene is a commonly used marker for MDMs.
The ubiquitous distribution, the presence of both highly conserved and variable regions, and the
availability of an extensive and publicly accessible database are appealing reasons to choose 16S
rRNA genes as a diagnostic marker. Furthermore, multiple copies of 16S rRNA genes are
present in the majority of bacterial genomes [19], which contributes to enhanced sensitivity.
However, due to the high conservation degree, the resolution potential of the 16S rRNA gene is
limited and can therefore prevent the differentiation of closely related species. Few
representative 16S rRNA gene-based MDMs for pathogen detection in food, environmental and
water samples will be discussed in more detail.

Wang and co-workers [20] reported on the development and application of a 16S rRNA
gene-based microarray for the detection of food-borne pathogens. Twenty-eight short
oligonucleotide probes were designed (including positive and negative control probes) based on
128 bacterial 16S rDNA sequences (ranging from 1 to >10 sequences per targeted species). The
authors applied a hierarchical probe design including universal bacterial probes as well as genus-
and species-specific probes (single probes for each target). The specificity of the microarray was
validated using more than 200 strains of target organisms (inclusivity), exclusivity tests have not
been performed. Since microarray could not differentiate between strains belonging
to Shigella spp./E. coli and Salmonellaspp. a second microarray, based on species
specific virA and invA genes, was developed. The array was further validated by using 115
bacteria isolated from food samples, in 112 cases (97.4%) microarray results agreed with those
obtained by employing conventional methods. The absolute limit of detection was determined
with spiked food samples and was reported to be at the level of 10* to 10° cfu/g food. There is no
information on the relative sensitivity of this system.

A 16S rRNA gene-based MDM for the detection of wastewater bacterial pathogens was
developed by Lee and co-workers [21]. This microarray consists of 62 short oligonucleotide
probes targeting 38 bacterial species, 4 genera, and 1 family, all known to include pathogens.
Probe coverage ranged from one (e.g., Vibrio cholerae) to five per target (e.g., Helicobacter
pylori). Probe specificity was confirmed only by in-silico analysis (BLAST search of NCBI
database) and the authors did not report on any in vitro validation. The sensitivity of the
microarray was determined using dual genomic DNA dilutions of Aeromonashydrophila and E.
coliand was found to be 1% (relative sensitivity) or 10* copies of rRNA genes (absolute
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sensitivity, corresponding to 10°cells). To demonstrate the applicability of the proposed
detection system the authors used wastewater samples collected from two municipal wastewater
treatment plants (both prior and after the disinfection step). Microarray results were compared to
those obtained by species-specific TagMangPCR and in general good agreement between both
methods was observed. Minor observed differences were attributed to the different number of
detection probes and/or target genes.

A major drawback of 16S rRNA gene-based arrays is the limited differentiation potential of
the 16S rRNA marker gene. This can be especially problematic if detection is performed on
complex matrices such as wastewater or food. For example, a more detailed investigation (using
NCBI BLAST tool; [22]) of published V. cholerae 16S rRNA gene-based probes revealed a
rather questionable specificity. Probe Vchol16S 5° AAGTTAATACCTTAATCATTTGACG 3°
[21] showed 100% homology with V. mimicus and V. albensis 16S rRNA genes. Probe #19 5’
gctecaccttegeggtattegetgeect 3° [20] was homologous with only one V. cholerae 16S sequence in
NCBI database (accession no: X76337). Modified probe sequence 5 gctccacctcgeggtatcgetgecect
3’ that would detect most V. cholerae isolates (according to the at this time available sequence
data) showed also 100% homology with 16S rRNA genes of a range of other species
including V. mimicus, Desulfovibrio vulgaris and Colwellia spp. Similar observations can be
made for a range of other published putatively species-specific 16S rRNA probes. These findings
indicate the importance of extensive in vitro validation that should always include both
inclusivity (multiple strains of each targeted species) and exclusivity tests (strains of closely
related species).

Cremonesi and co-workers [23] developed a 16S rRNA gene-based microarray employing a
ligation detection reaction (LDR). This approach utilizes the discriminatory power of ligase that
joins ends of two discriminatory probes, thus allowing single nucleotide differentiation. LDR
probe pairs targeting 15 groups of bacterial pathogens frequently contaminating dairy products
were developed and validated using a set of targeted reference strains (including one negative
control strain). Validation results confirmed the high differentiation potential of the LDR
approach; even though the E. coli probe targeted some Shigella spp. strains (and was thus kept as
a “E. coliet rel” probe), clear differentiation @ was  demonstrated  for
different Streptococcus species. The performance of the array was additionally evaluated with 50
milk samples. Results obtained with the microarray correlated well with conventional,
microbiological analysis, although the array detected contamination with multiple pathogens,
which was not the case with standard methods. However, one disadvantage of the LDR system is
the high cost of the probes.

The 165-23S rDNA gene internal transcribed spacer (ITS) was employed as a marker for
the development of a MDM for the detection of 10 different pathogenic bacteria associated with
powder infant formula (PIF) contamination [24]. One to four probes for every target were
designed. In addition to the ITS marker, the wzy gene, encoding O antigen polymerase, was used
for the detection of E. coli O157. Microarray specificity was tested in vitro through the analysis
of 185 strains (134 target pathogen strains and 51 closely related bacteria). Obtained results
allowed the selection of 27 species-specific probes, from the 79 probes initially screened, that
enabled correct identification of all test strains. Microarray sensitivity was shown to be target-
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specific and ranged between 0.001 and 0.1 nggDNA and 10* cfu/mL in a pure culture. Even
though the authors reported reliable detection from binary and ternary mixtures, data on the
relative sensitivity of the microarray have not been provided. Analysis of mock spiked PIF
samples revealed sensitivity in the range of 1-10 cfu/25 g sample after biological pre-
enrichment. A proof-of-principle study was performed with 21 batches of PIF samples obtained
from different sources; two samples were positive for one of the tested pathogens whilst the
others displayed signals for the positive control only indicating the presence of other non-
targeted microorganisms. These results were in 100% agreement with reference methods. This
study revealed that the ITS offers a higher resolution potential than the 16S rRNA gene. As the
16S rRNA gene, the ITS is present in multiple copies in most bacterial species. However, far less
ITS sequences are available indicating the need for a more thorough in vitro validation.

3.2. MDMs Based on Alternative Marker Genes

Advantages and disadvantages of 16S rRNA gene-based bacterial identification have been
comprehensively discussed and alternative markers have been suggested [18]. These include
universally  conserved genes (e.g., gyrB or rpoB), group-specific functional genes
(e.g., pmoA or nirK), virulence (e.g., set—S. aureus eneterotoxin genes) or other target-specific
genes such as iap (Listeria spp. invasion-associated protein). Alternative markers have been
often employed for the development of microbial diagnostic microarrays and some
representative examples will be discussed.

Maynard  and  co-workers [25] compared  the  suitability of  16S
rRNA, cpn60 and wecE genes for the detection of waterborne pathogens. The cpn60 gene codes
for GroEL, a highly conserved chaperonin protein. The wecE gene is part of
the Enterobacteriaceae-specific wec gene cluster involved in antigen biosynthesis. Utilization of
different marker genes resulted in a more complicated analytical process—three different PCR
amplifications were required, and differences in respective annealing temperatures did not allow
for implementation of multiplex PCR. The specificity of the system was tested using single
strains of the microorganisms to be detected (E. coli, S. Typhimurium and Y. enterocolitica).
Even though initial results seemed to confirm the predicted probe specificity, a more detailed in-
silico analysis revealed inherent differentiation problems of 16S rRNA gene-based probes. This
was especially the case for putative Salmonella spp. serovar-specific probes that were in fact
only specific for the reference sequence. For example, BLAST analysis of the S. Agona specific
probe S-Ss-S.entA-0076-a-S-22 5 GAAGCAGCTTGCACGTAGCTGA 3’ revealed only partial
homology with other available S. Agona sequences (e.g., CP001138); in addition the same level
of partial homology was observed with a range of other serovars (e.g., S. Dublin (CP001144)
or S. Paratyphi C (CP000857)). More thorough tests were performed on the sensitivity of the
assay. Relative sensitivity of the assay was explored by using binary and ternary mixtures of test
strains and was found to be at the level of 0.1-1% depending on the organism and gene
(the cpn60 gene displayed a 10-fold higher detection limit than 16S rRNA and wecE genes). The
absolute sensitivity was in the range of 5 to 50 pggDNA and corresponded to 10° to 10* genome
equivalents. An additional test was performed with gDNA derived from artificially spiked
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wastewater. The results of this experiment nicely demonstrated the challenges encountered with
the application of microarrays on real-life samples. For example, DNA isolated from an un-
spiked wastewater sample did not hybridize with the Salmonella spp. specific 16S rDNA probe
(S-G-Salm-0467-a-S-22) but hybridized with both S. Typhimurium-specific wecE probes (W-Ss-
Salm-0588-a-S-22 and W-Ss-Salm-0497-a-S-22). Furthermore, the detection of Klebsiella spp.
and Yersinia spp. (wecE probes W-G-Kleb-unk.-a-S-20 and W-G-Yers-unk.-a-S-23 respectively)
was compromised when the wastewater sample was spiked with higher amounts
of S. TyphimuriumgDNA. These effects were probably caused by inherent PCR amplification
bias.

In our laboratory we explored the usability of the gyrB gene (encoding the subunit B of the
bacterial gyrase) as a marker for the detection of most common food and water-borne pathogens
and indicator organisms [26]. The advantage of gyrB gene is its better resolution on the species
level. However, a major problem was the rather low availability of sequences and ensuing effects
on the probe design quality. The implementation of the SSELO (sequence—specific end labeling
of oligonucleotides) method [27], a labeling approach which targets only those regions actually
used in the hybridization reaction, together with the competitive oligonucleotides enabled
differentiation of highly homologous sequences. Specificity of the probe set was tested using a
set of reference strains including both target and non target species. Detection sensitivity was
assessed using pure cultures and artificial mixes and was found to be in a range of 0.1% (relative
sensitivity) and 10* cfu (absolute sensitivity). In a proof-of-principle study the microarray was
challenged with artificially spiked food samples. Qualitative results were in good agreement with
the standard microbiological reference methods (ISO) and detection sensitivity was demonstrated
to be in the range 1-10 cfu/25 g food (with biological pre-enrichment). Increasing availability
of gyrB sequences and extended in vitro testing revealed that the specificity of some probes were
sub-optimal (unpublished data; e.g., probe Cperf 1443 5> AAGAGGGGCTGTGCTTAC 3’ had
only 94% homology with a set of C. perfringensgyrB sequences) and therefore, also in this case,
further optimization of the system is indicated.

Utilization of more specific alternative marker genes (e.g., virulence or toxin genes) allows
for additional typing of the detected microorganisms. For example, Call and co-workers [28]
reported on the development of a microarray for the detection and typing of E. coli O157:H7.
Four virulence loci (intimin, Shiga-like toxins | and Il, and hemolysin) were targeted by short
oligonucleotide probes (with a coverage of one probe per gene). A multiplex PCR system was
developed for the parallel amplification of all target genes, thus simplifying the analytical
process. The specificity of the microarray was tested and confirmed by using five isolates of E.
coli O157:H7 representing different genotypes regarding Shiga-like toxins. Additional E.
coli controls were also included in the test. The sensitivity of the detection system was 10
fggDNA used as PCR template. In a proof-of-principle study spiked chicken carcass rinsates
were used. In this case the analytical process included an additional IMS (immune-magnetic
separation) enrichment step. Reliable detection was demonstrated for 168 cfu/mL spike level.
Lower spike levels could not be detected with 100% reliability.

A more comprehensive detection/typing microarray was described by Sergeev and co-
workers [29]. The FDA-1 microarray allowed simultaneous detection of several food-borne
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pathogens and their virulence factors including Listeria spp., Campylobacter spp., S.
aureus enterotoxin genes and C. perfringens toxin genes. Robustness of the system was ensured
by using both redundant genes and redundant probe sets for each gene. However, this
necessitated utilization of multiple PCR amplification reactions (8 single PCRs) resulting in a
somewhat complicated analytical set-up. Specificity of the system was tested using a set of target
strains and mixtures thereof, i.e., only inclusivity tests were performed. Information on the
detection sensitivity is not available. Even though the system appeared to function well during
the initial validation process, results with real-life samples have not been published, and thus
there is no information on its performance with real samples.

Wilson and co-workers [30] reported on the development of a high density microarray for
the detection of 18 pathogenic microorganisms, including 11 bacteria, 5 RNA viruses, and 2
eukaryotes. The microarray contained more than 50,000 short oligonucleotide probes targeting
142 unique diagnostic regions (3 to 10 per pathogen). For each designed probe a mismatch
control probe was designed and used for the discrimination between cross-hybridization and true
signals. High diversity of both target organisms and diagnostic regions resulted in a complex
analytical procedure including multiplex PCR amplifications as well as reverse transcription
(RT)-PCR for the detection of viruses. Probe specificity was tested using a representative isolate
of each target pathogen. The positive fraction (i.e., the number of positive probes divided by the
total number of probes for a given target) for all probe sets was >80%, and thus 80% was set as a
cut-off value for positive calls. The absolute sensitivity was determined to be 10 fggDNA
for Bacillus anthracis. The relative detection sensitivity was determined by
spiking Francisellatularensis and Yersinia pestis gDNA in the background of air gDNA. At the
higher spike level (2.5% relative abundance) all probe sets (8 per pathogen) were positive. At the
lower spike level (0.025% relative abundance) detection was dependent on the probe set, for
example 5/8 and 3/8 probe sets positive for F. tularensis and Y. pestis respectively.

Another interesting pathogen detection microarray was described by Miller and co-workers
[31]. This microarray targeted 12 microbial pathogens relevant for water and food safety.
Multiple virulence and marker genes were used (1 to 5 genes per targeted pathogens, 35 genes in
total) and each gene was targeted by multiple probes (8 to 35 probes per gene, average 17). In
total, the microarray consisted of 791 target probes. In addition more than 2000 non-target
probes (oligonucleotides targeting genes not amplified by PCR) were included on the
microarray. For the PCR amplification of 35 target genes 47 primer pairs were selected and
combined into 5 multiplex PCR reactions (9 to 10 primer pairs each). With the exception
of Pseudomonas aeruginosa each targeted pathogen was included in at least two different
multiplex PCRs. Comprehensive validation was performed firstly by using pooled PCR products
from individual singleplex PCRs and subsequently pooled PCR products from multiplex PCR
amplifications. 720 (91%) targeted probes passed specificity test in the first (singleplex PCR)
and 673 (85%) in the second (multiplex PCR) test run. The differences were mostly attributed to
the different PCR yields, and most probes that were negative in the multiplex approach were also
weak in the singleplex approach. Only 3% of non-targeted probes displayed false positive
results. Sensitivity of detection was tested using spiked water samples, and, depending on the
pathogen and gene, demonstrated to be in the range of 0.1%—0.01%.
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As discussed above, the utilization of different marker genes frequently necessitates the
development of complex multiplex PCR systems whose performance is often difficult to
optimize. As an alternative a combination of whole genome amplification and long
oligonucleotide probes can be employed. Such an approach was, for instance, employed by Kim
and co-workers [32]. In this study a MDM targeting 11 major food-borne pathogens was
developed. Comparative genomic analysis was used to identify DNA regions specific for a
certain pathogen (and which had low homology to other species) and 10 overlapping 70-mer
oligonucleotide probes were selected for each region. Specificity was tested with a set of 68
bacterial strains including the target pathogens and other related bacteria. With the exception of
cross-hybridization of Listeria ivanovii to L. monocytogenes specific probes (closely related
virulence locus) and B. anthracis and B. thuringiensis to B. cereus specific probes (all closely
related and designated as B. cereus group) all targeted organisms were identified correctly, and
all non-targeted organisms yielded negative results, thus confirming that comparative genomics
is a promising approach to select discriminative markers. Further studies will be needed to
determine the sensitivity and to demonstrate the applicability of the system.

A more comprehensive MDM, that allows identification and characterization of pathogens
as well as detection of their antimicrobial resistance genes, was developed by Peterson and co-
workers [33]. This MDM targeted 113 virulence genes from 43 pathogenic bacteria, 227
antimicrobial resistance genes conferring resistance to 30 antimicrobials, 99 genes that encode
resistance against 20 metals and cover 31 horizontally transferable elements. Each gene was
targeted by single 70mer oligonucleotide, and between one and several virulence genes were
used to detect individual organisms. The specificity of this probe set was tested with only 7
organisms containing only a sub-set of targeted virulence and antimicrobial resistance genes.
Resulting hybridization profiles were highly complex and not completely unambiguous. In cases
when species were targeted via multiple virulence genes apparently not all signals are expected
(e.g., from 8 probes targeting virulence genes of Enterococcus spp. three are positive with E.
faecalis and only one with E. faecium). This makes it difficult to validate potential cross-
hybridization events (e.g., such as Fusobacteriumnecrophorum hybridization with one out of two
Cryptosporidium spp. specific virulence probes, or S. Typhimurium and E. coli hybridization
with a single Streptomyces aureofaciens specific probe). The detection limit was tested with
spiked manure samples and was found to be in a range of 10° to 10'° cfu/g. The addition of gene-
specific primers during the labeling step resulted in a two log improvement of sensitivity. Further
improvement in detection limit was achieved by implementing biological enrichment step
(detection limit 10% cfu/g). However, taking the number of different targets and the diversity of
target organisms into consideration both proposed sensitivity enhancement approaches do not
appear to be practicable.

The sensitivity issue of long oligonucleotide microarrays was also addressed by Sou and co-
workers [34]. The developed microarray was limited to only four highly relevant food-borne
pathogens, E. coli O157:H7, Salmonella enterica, Listeria monocytogenes and Campylobacter
jejuni and encompassed 14 virulence genes (on average 2 per pathogen). This allowed for the
implementation of a multiplex PCR amplification in the analytical chain and resulted in the
absolute sensitivity of 0.1 pggDNA, corresponding to approximately 20 genome equivalents. An
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additional advantage of PCR-based amplification is enhanced specificity. A proof-of-principle
study was performed with 39 fresh meat samples and microarray results were in good correlation
with the conventional microbiological analysis. However, in this case, the analysis was
additionally coupled with biological pre-enrichment, which significantly influenced both
specificity and sensitivity of detection (e.g., reduction of enrichment time from 20 h to 6 h in
multipathogen selective enrichment broth (SEL) resulted in a 10-fold decrease in sensitivity,
from 4 cfu/25 g food to 40 cfu/25 g food).

A higher density and multiplexing level can be accomplished by using Affymetrix-based
systems. Berthet and co-workers [35] described a highly complex system (2.56 million 25-mer
probes) targeting 42 viruses and more than 50 bacterial species, as well as 390 antibiotic
resistance and 229 pathogenicity and virulence genes. The analytical approach was based on
whole-genome amplification and re-sequencing microarrays. Even though the specificity (e.g.,
differentiation of Smallpox and Monkeypox virus) and sensitivity (single genome copy absolute
of >0.01% relative sensitivity for Staphylococcus aureus) of the system were notable, high costs
and the need for complex data analysis algorithms lessens the application potential of such
systems in food-, water- and environmental monitoring.

3.3. MDM s for Typing of Microorganisms

Microarrays are increasingly used for the typing of the microorganisms. In this case,
starting material is mostly an isolate and therefore sensitivity is not an issue. However,
specificity and resolution have to be very high and these arrays have often to be phenotype-based
(e.g., serotyping) and are therefore challenging to decode at the genetic level. Most
developments target clinically and epidemiologically important species.

Anjum and co-workers [36] developed an E. coli pathotyping microarray which was
established on the ArrayTube platform and included 39 virulence, 7 bacteriocin and 15 control
short oligonucleotide probes (coverage: mostly one and up to four probes per gene). Utilization
of a linear amplification reaction allowed for a high degree of multiplexing. The specificity of
the probe-set was tested with a panel of E. coli strains and additionally confirmed through PCR
and sequencing. Subsequently, the microarray was used to type 63 human and animal clinical E.
coli isolates. All isolates gave signals with control probes and 55/63 (87.3%) were typeable and
the results mostly matched clinical diagnosis (where available). Several isolates displayed a
novel combination of genes. A more comprehensive system, based on long oligonucleotide
probes, was described by Bruant and co-workers [37]. This microarray enabled the detection of
189 E. coli virulence genes and 30 antimicrobial resistance genes. After detailed validation with
a set of reference strains the microarray was used for a screening of E. coli in river waters [38].

Microarray for E. coli serotyping was developed by Ballmer and co-workers [39]. The
probe set targeted wzx (O-antigen flippase), wzy (O-antigen polymerase) and fliC (flagellar
monomer) genes and enabled differentiation of epidemiologically most relevant O and H
antigens (24 out of >180 and 47 out of 53 respectively). Validation was performed with a set of
reference strains and reported sensitivity and specificity were 96% and 90% respectively. Among
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others, differences were also observed for reported non-motile strains (H-) that showed a
clear fliC signal on the microarray, indicating that the gene was present but not expressed.

The issue of Salmonella spp. typing was addressed by Huehn and co-workers [40]. The
probe set targeted genes encoding for pathogenicity, antimicrobial resistance, serotype markers,
fimbriae, DNA mobility, metabolic functions and prophages and was validated with set of
23 Salmonella isolates and one E. coli strain. PCR screening was used as a reference method.
Comparison between two sets of data revealed high agreement (96.4%) and the disagreements
were mostly due to high homology of mobile elements that could not be distinguished by long
oligonucleotide probes. In a follow-up study, Gronlund and co-workers [41] tested the
performance of this Salmonella spp. typing array in an inter-laboratory evaluation. Four
parameters (spotting, DNA extraction, hybridization and wash buffers) were tested, and the
hybridization buffer was identified as the most critical factor. This is not surprising since the
hybridization buffer (i.e., formamide and salt concentration) has a significant effect on the
hybridization stringency. However, it is important to perform such studies in order to ensure
robustness and transferability of diagnostic tools.

Different Salmonella spp. serotyping microarrays were developed. The Salmonella
Premi®Test employs a ligation detection reaction and targets different, undisclosed genomic
loci. Wattiau and co-workers reported on two performance studies [42,43]. In the first one
754 Salmonella strains belonging to 58 different serovars were analyzed. By classical serotyping
685 tested isolates (90.8%) could be identified. Performance of the Premi®Test was influenced
by the quality of DNA extraction (crude extracts vs. purified gDNA) and better results (714
typeable isolates, 94.7%) were obtained with purified gDNA. Remaining isolates yielded either
non-interpretable (19, 2.5%), dual (16, 2.1%) or wrong (5, 0.6%) results. The second study
included 443 Salmonella strains. Eighty-four unique profiles were identified with the
Premi®Test, whereas classical serotyping identified 62 serovars. These differences were the
consequence of the different markers employed by these two typing systems. Another
development was described by Tankouo-Sandjong and co-workers [44]. This Salmonella spp.
serotyping microarray was based on two housekeeping (gyrB and atpD) and two flagellar
(fliC and fljB) genes and targets two species of Salmonella (S. enterica and S. bongori), the five
subspecies of S. enterica (I, Illa, Illb, 1V, VI) and 43 S. enterica ssp. enterica serovars. This
microarray was validated with 57 Salmonella strains and 35 blind samples (including mixtures of
different serotypes). Even though some cross-hybridization events were observed, high probe
redundancy allowed reliable differentiation of targeted serotypes. In addition, a potential for
multiple detection was demonstrated, although this was limited by the combination of serotypes
present in a mixture. Performance of the microarray was also tested with spiked food samples
and sensitivity was shown to depend on the biological pre-enrichment (10° cfu/25 g food after 8h
and 1 cfu/25 g food after overnight enrichment).

A more comprehensive Enterobacteriaceae typing tool was developed by Friedrich and co-
workers [8]. A whole genome comparison was performed with available genomes of E.
coli, Shigella spp., Salmonella spp., Yersinia spp. and Klebsiellapneumoniae. A major problem
encountered was the limited genome availability for certain pathotypes (e.g., EAEC or EPEC).
The aim was to establish a hierarchical array with 20 probes targeting each designated
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pathogroup (with detailed differentiation of the “Shigella/E. coli” group). However, no targets
could be identified for entities “E. coli” and “pathogenic E. coli” and some pathogroups were
targeted by less than 20 probes. In addition to typing probes, antimicrobial resistance gene
probes were added. The microarray was thoroughly validated using more than 100 isolates.
Subsequently, the microarray was challenged with 92 clinical isolates and the results correlated
well with phenotypic characteristics.

Pathogens are commonly characterized by screening for antimicrobial (antibiotic)
resistances. This is particularly the case for clinical pathogens, however antimicrobial typing of
environmental (mostly food-borne) pathogens is gaining importance. One of the first reports on
the development of an antimicrobial MDM was described by Call and co-workers [45]. PCR
amplicons were used as probes targeting 17 tet (tetracycline resistance) and blaTEM-1 (B-
lactamase) genes. The microarray was tested with a set of strains belonging to different species
and including both tet+ and tet- strains, and results agreed well with the phenotype.

More comprehensive antimicrobial resistance MDMs were later described for gram-positive
[46] and gram-negative [47] bacteria. Both systems were developed on the ArrayTube platform
and DNA amplification/labeling protocols were selected to enable a high degree of multiplexing
(randomly primed polymerization and linear amplification). The MDM developed by Perreten
and co-workers [46] targets 90 antimicrobial resistance genes (coverage: 1 to 2 probes per gene).
The validation with 36 strains carrying specific antimicrobial resistances allowed testing of the
sensitivity and specificity of 125 probes (out of 137) and the microarray results corresponded to
the phenotype. Similar results were obtained for multidrug-resistant field isolates. One limitation
of this microarray, however, was the inability to distinguish antimicrobial resistances, which
arose from single base mutations. Forty-seven antimicrobial resistance genes were targeted with
the microarray developed by Batchelor and co-workers [47] and the system was validated with a
set of selected reference strains. PCR was used as a reference method and correlation between
two methods was 98.8%. Some minor cross-hybridizations were observed (high homology of
targeted genes), however, differentiation was not compromised since the resulting patterns were
still distinguishable. Interestingly, in most control strains additional genes were detected.
Additional tests were performed using 50 E. coli (human) and 37 Salmonella spp. (human,
animal and food) isolates. Phenotype and genotype (microarray) data showed good agreement
(70—100%) for approximately 75% of the tested isolates. However, a range of false positive and
false negative results were also observed.

4. Conclusions

As demonstrated in this review, recent years witnessed numerous developments of
diagnostic microarrays for the detection or typing of pathogens. Even though this review focused
on MDMs developed for applications in food, water and environmental analysis (intentionally
omitting clinical applications) it does not address all developments, but rather focuses on a few
representative ones. Noteworthy, however, is the fact that in spite of the high quantity and mostly
good quality of published MDMs their transfer into routine diagnostics is still awaited. Some
potential explanations for this hold-up are discussed below.
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4.1. Specificity and Informational Content

In contrast to clinical applications, where only a group of potential agents has to be
considered and potential cross-reactivity with other, related but clinically not-relevant, species is
mostly not an issue, MDMs for applications in food, water and environmental analysis have to
consider (i.e., differentiate) a much broader spectrum of closely related organisms. This has to be
addressed by an appropriate probe design. As already discussed, the 16S rRNA gene is the most
commonly used phylogenetic marker with the most comprehensive, available sequence database;
however, the high degree of conservation does not allow for unambiguous differentiation on the
species level and can consequently give rise to false positive results. Alternative phylogenetic
markers (such as gyrB or rpoB) can alleviate this resolution problem, however, the quality of the
probe set is severely influenced by the limited availability of sequences. In order to ensure a
good quality and robustness of the system two approaches can be recommended: (i) high probe
redundancy; and (ii) in vitro validation with both different isolates of targeted species
(inclusivity) and a number of closely related, non-targeted organisms (exclusivity). Another issue
to be considered is the informational content inherent to the selected marker gene. Universal
marker genes (e.g., 16S rDNA, gyrB or rpoB) provide information about the phylogenetic level
of a microbe, but not about its potential pathogenicity (e.g., the analytical result E. coli itself is
insufficient and further affiliation to EHEC, EPEC or similar is required). This issue can only be
addressed through implementation of specific virulence genes. Analogously, typing of the
organisms (e.g., patho- or sero-typing) is also dependent on alternative, non-phylogenetic
markers. The use of such markers is associated with two major problems: (i) availability of
sequence data; and (ii) problems related to multiplex amplification of all targeted markers.

4.2. Sensitivity

Pathogenic organisms in the environment are mostly present in low abundance (low
absolute numbers), and are additionally masked by the natural microflora (low relative
abundance). Therefore, proposed detection tools have to demonstrate high absolute and relative
sensitivity. PCR amplification is one of the most commonly used DNA amplification methods
and utilization of gene specific primers allows for specific enrichment of targeted genes thus
promoting absolute sensitivity. However, and especially in the case of highly conserved
phylogenetic marker genes, conserved primers will ensure amplification of the target gene from
all organisms in the sample and might thus negatively influence relative sensitivity (i.e., if the
pathogen is present in low abundance in the background of the natural microflora it can be
suppressed below detectable levels in course of pre-analytical amplification). Another problem
correlated with PCR amplification is the limited multiplexing potential. Therefore, approaches
based on conventional PCR amplification are difficult to optimize for systems which target many
different genes (e.g., virulence gene-based typing arrays).

As an alternative, whole genome amplification methods can be employed. However, in this
case there is no specific enrichment of target regions and thus the sensitivity of the resulting
system might be problematic. Lee and co-workers [48] compared the performance of two MDMs
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for the detection of bacterial pathogens from municipal wastewater. One MDM employed 10
functional genes (targeted by long oligonucleotide probes) and was coupled with whole genome
amplification. The second MDM targeted the 23S rRNA gene (short oligonucleotide probes) and
was coupled with PCR amplification. The sensitivity of the second (PCR-based) system was
found to be 6 orders of magnitude higher (2 x 10%s. 1.4 x 10° gene copies respectively).

An interesting new development was described by Palka-Santini and co-workers [49], who
developed a large scale multiplex PCR (LSplex PCR) for co-amplification of 800 different gene
regions. Fidelity and sensitivity of this approach were analyzed by comparison with whole
genome amplification, and it was found that the sensitivity was improved by a factor of 100 to
1000 with fidelity of >95%. Even though, some of the targets amplified poorly, high redundancy
of the target-specific probes on the microarray still allowed for unambiguous detection. A proof-
of-principle experiment was performed using clinical material (swabs) and the results obtained
by using LSplex PCR followed by microarray hybridization were confirmed by routine
microbiological assays.

Biological pre-enrichment is another sensitivity enhancing method, and the only one that
can address the issue of live/dead differentiation, which is of major importance especially when
discussing issues of food and water safety. MDMs as well as PCR and whole genome
amplification are entirely molecular-based methods and thus detect the presence of targeted
DNA regardless of the fact if it comes from a living or dead organism. On the other hand, there
is a whole range of disadvantages related to such an approach. Firstly, biological enrichment
consumes a lot of time, and duration of the enrichment has a strong influence on the final
sensitivity of the system [34,44]. Secondly, biological enrichment has a very limited
multiplexing potential, since the combination of nutrients and environmental factors
(temperature, oxygen) has to address specific physiological requirements of the target organism
[34]. Thirdly, even cultivation-based approaches fail to detect viable but non-culturable bacteria
[50]. Another potentially problematic consequence of culture-based sample preparation is the
inhibitory effect that that some components of the culture media can have on the subsequent
enzymatic reactions [51]. Finally, an important consideration that has to be made when
employing a biological pre-enrichment strategy is the proper handling and disposal of the
enriched sample containing a high pathogen concentration.

4.3. Issues of Live/Dead Differentiation

Another important issue related with the molecular detection of pathogens is the live/dead
differentiation which cannot be facilitated through the detection assay itself. As already
mentioned, biological pre-enrichment is one approach that could be utilized. However, taking
into consideration associated disadvantages (especially limited multiplexing potential) it does not
seem to be appropriate for the application with diagnostic microarrays. However, several other
promising approaches for integration of the live-dead differentiation into microarray analysis
have been suggested. For example, Adamczyk and co-workers [52] reported on the development
of the isotope microarrays which allowed linking microbial community structure to its function.
Similarly, Bodrossy and co-workers [53] used mMRNA-based analysis in order to gain insight into
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functioning of microbial community. Both approaches seem to be promising, however, RNA-
based methods are technically more complex and less robust and therefore their applicability for
the routine analysis remains questionable. Pre-treatment with monoazide dyes (in particular
propidiummonoazide (PMA)) is a commonly used method for the integration of live/dead
differentiation in the molecular detection assays (especially PCR-based assays) [54,55]. A recent
study by Nocker and co-workers [56] demonstrated that PMA treatment can also be combined
with downstream microarray analysis. Furthermore, this study conveys first evidence that the
suggested method can be used on environmental samples (spiked water samples).

4.4. Development of the Comprehensive Analytical Chain

Another critical point is the applicability of microarrays for the analysis of the “real-life”
samples. Most publications report only on limited proof-of-principle studies and very often lack
comprehensive validation with “real-life” samples (for complete overview see Table 1). Major
challenges encountered in this phase can be summed up as background effect: (i) low abundance
of the pathogen; (ii) effect of the non-targeted background flora; and (iii) effect of the sample
matrix. Therefore it is not sufficient to develop a good diagnostic tool per se, but rather a
complete analytical chain for the intended application has to be established. This was nicely
addressed by Lemarchand and co-workers [57]. In a comprehensive study different protocols for
the extraction of nucleic acids from wastewater pellets (initial sample preparation step was low-
speed centrifugation) were examined. Tested methods included different (mechanical, chemical
and enzymatic) cell lysis protocols in combination with different purification protocols. The
quality of each protocol was assessed by analyzing the quantity, purity and degradation level of
obtained DNA, as well as the performance in the downstream microarray analysis. Out of ten
tested protocols, only three proved to be suitable for the proposed analysis (wastewater samples
and microarray analysis). In order to facilitate transfer of the MDMs into routine use, more of
such solutions will be necessary.

It is important to emphasize that the bottlenecks that were identified here are not limited to
microarray technology solely, but are related to molecular diagnostic methods in general [58,59].

Since its first publication in 1995 [1], microarray technology underwent significant
evolution, both technically, but also in terms of application fields. Nevertheless, it is obvious that
further improvements are required in order to facilitate implementation into routine diagnostics.
Last few years witnessed a rapid development of new high-throughput sequencing methods and
thus the question about the future of microarray technology and its applications arose. In general,
each method has its advantages and disadvantages and certain application areas where it is most
suitable. Although microarray technology will be replaced by the next-generation sequences in
some areas, it is not probable that it will be completely discontinued. Coppee [60] suggested that
“these approaches are rather more complementary than mutually exclusive”; and Ledford [61]
stated that “improved genetic understanding of disease actually opens up the microarray platform
to clinical diagnostics”.

Taking into consideration the increasing need for ensuring food and water quality and safety
(limiting resources, international trade, ageing society) and limitations of currently available
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methods, it is even more important to rapidly tackle these remaining problems and bottlenecks in
order to finally facilitate full transfer of this promising technology from the research laboratories
into routine use.
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