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Rapid molecular theranostics in
Infectious diseases
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The increasing availability of rapid and sensitive nucleic acid testing assays

for infectious diseases will revolutionize the practice of medicine by

gradually reducing the need for standard culture-based microbiological

methods that take at least two days. Molecular theranostics in infectious

diseases is an emerging concept in which molecular biology tools are used

to provide rapid and accurate diagnostic assays to enable better initial

management of patients and more efficient use of antimicrobials.

Essential conditions and the quality control required for the development

and validation of such molecular theranostic assays are reviewed.
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Vv Each year, infectious diseases are responsible
for more than 17 million deaths worldwide,
most of which are associated with bacterial
infections. The use of antimicrobials to treat pa-
tients without bacterial infection, as well as the
common use of broad-spectrum antimicrobials,
are associated with an increasing rate of resis-
tance which complicates treatment. This inap-
propriate use of antimicrobials is well illustrated
in a study from Spain, which showed that the
number of antimicrobial prescriptions was
three times higher than the number of patients
diagnosed with a bacterial infection [1]. Clearly,
the healthcare costs associated with infectious
diseases are enormous and growing.

Microbial identification and antimicrobial
susceptibility testing methods currently used
in clinical microbiology laboratories require
at least two days because they rely on the
growth and isolation of micro-organisms. This
long, but necessary, delay has enormous conse-
quences on antimicrobial usage [2]. It forces
physicians to frequently treat patients empiri-
cally with broad-spectrum antimicrobials,
which are often toxic and expensive [3]. The
slowness of the microbiology laboratory con-
trasts with the time required (less than one
hour) to get the results from other hospital lab-
oratories or departments, such as biochemistry,
hematology and radiology. Indeed, clinical

microbiology procedures remain based on the
use of a variety of growth-dependent biochem-
ical tests developed by Pasteur and others dur-
ing the 19th and 20th centuries. Consequently,
physicians rarely consult the microbiology re-
sults unless the patient is not responding to the
initial antimicrobial therapy, which is based on
key information obtained during the first hour
after patient admission, thereby excluding any
microbiology results. Clearly, there is a need
for rapid (less than one hour) and accurate
diagnostic tests for use in clinical microbiology
laboratories to enable optimal patient manage-
ment and treatment [4,5]. Rapid detection and
identification of microbial pathogens and their
antimicrobial resistance profiles would have a
tremendous impact on the practice of medi-
cine by providing physicians with key microbi-
ology results when needed. The consequent
improvement in antimicrobial usage should
lead to a better control of antimicrobial resis-
tance and to a reduction of healthcare costs. It
would also provide essential diagnostic tools
for the rapid investigation and development
of new and more specific antimicrobial agents
or futuristic drugs, such as anti-toxins and
biological response modifiers [6].

Molecular theranostics

Molecular theranostics for infectious diseases is
an emerging concept in which molecular bi-
ology tools are used to provide rapid (less-than-
one-hour), accurate and more informative
diagnostic microbiology assays, thus enabling
better therapeutic interventions (Fig. 1). It is
anticipated that the optimal selection of appro-
priate antimicrobials by clinicians, and the
ability to monitor the efficacy of prescribed
therapies, will be gradually improved as an in-
creasing number of rapid molecular diagnostic
tools for the detection, identification and
characterization of infectious agents become
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Figure 1. Rapid molecular theranostics in infectious diseases. Currently, microbiology results are usually not available for at least two days. The
rapid theranostic approach will provide results within one hour, at the same speed as most other hospital laboratories or departments. This will
revolutionize the practice of medicine by enabling appropriate management and immediate prescription of the optimal treatment, if necessary.
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commercially available. Assays based on the detection of nu-
cleic acids offer enormous potential for the rapid and accu-
rate diagnosis of microbial infections including detection
and identification of the causal infectious agent(s), as well as
the detection and characterization of genes or mutations
associated with antimicrobial resistance and virulence.
Diagnostic tools based on amino-acid sequence detection
and protein expression patterns should also have an impor-
tant role in the future. However, currently available protein-
based diagnostic assays are generally not sensitive enough
for direct detection from clinical samples and are not as spe-
cific as diagnostic tests based on nucleic acid detection [7].
Furthermore, protein information available in public data-
bases is limited compared with the enormous amount of
available nucleic acid sequences. Hence, this review will
focus primarily on nucleic acid-based theranostics.

Essential conditions for rapid molecular

theranostic assays

The development of molecular theranostic assays for diag-
nostic purposes in microbiology relies on the following:
(1) genomics or proteomics to provide the essential

nucleotide or amino-acid sequence data required to design
accurate assays; (2) the development of rapid, simple and
efficient methods for microbial nucleic acid or protein
extraction from a variety of clinical samples; (3) rapid, spe-
cific and ubiquitous (i.e. able to detect all or most targeted
micro-organisms) multiplex target amplification and detec-
tion, or signal amplification technologies required to reach
a level of analytical sensitivity appropriate for testing
directly from clinical samples without previous growth
enrichment; and (4) the careful monitoring of assay
performance with quality control reactions.

Genomics and proteomics

In 1995, Haemophilus influenzae became the first bacterial
pathogen for which the entire genome sequence was deter-
mined [8]. Subsequently, the amount of nucleotide and
amino-acid sequences in public databases has increased at
an accelerating pace because of technological advances in
sequencing and bioinformatics. In June 2002, the complete
sequence of 67 microbial genomes was publicly available
and the sequencing of ~200 additional microbial genomes
was in progress [The Institute for Genomic Research (TIGR);
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http://www.tigr.org/tdb/mdb/mdbinprogress.html]. Until
recently, microbiologists were sequencing only one genome
per microbial species. However, the emerging gold standard
is to generate multiple complete genome sequences from
strains of a single species and compare them because intra-
species variations could be of great biological importance
[9]. The first comparison of genome sequences from the
same species was performed with Escherichia coli strain K-12
and a representant of E. coli serogroup O157:H7, which is
associated with deadly food- and water-borne disease out-
breaks. This study revealed that the O157:H7 genome had
approximately one million more base pairs than strain K-12
and almost 1400 new genes [10]. In a similar fashion, and
as a consequence of such profound differences between
strains of the same species, TIGR is now sequencing multi-
ple strains of the same species, including 20 different
Bacillus anthracis strains from around the world [9]. The
combination of whole-genome shotgun sequencing ap-
proaches with powerful computational algorithms to facili-
tate sequence data assembly, gene prediction and functional
annotation has created a revolution in our understanding
of the biology of micro-organisms [11]. Bioinformatics,
comparative genomics, proteomics and functional genomics
are thus molecular biology tools essential for the progress
of molecular theranostics. These tools generate the genetic
and protein information required for the development of
diagnostic assays.

The growth of nucleotide sequence databases over the
past decade has enabled the development of a wide array of
molecular diagnostic assays targeting infectious disease
agents including viruses, bacteria, fungi and parasites [12-20].
Most of these assays are based on nucleic acid amplifica-
tion using PCR. They target a variety of nucleotide sequences
including sets from different genes that have evolved at
different rates. PCR technology has the flexibility to adjust
to the desired stringency of detection. For example, assays
for the universal detection of bacteria or for bacterial detec-
tion at the genus or family level must target highly con-
served nucleotide sequences that are associated with genes
involved in essential functions of the cell and constantly
challenged by a strong selective pressure during evolution.
By contrast, less conserved sequences must be used for
detection and identification at the species level or for
epidemiological purposes, such as strain typing.

The most widely used genetic targets for diagnostic pur-
poses in infectious diseases are ribosomal RNA (rRNA) genes
[mainly those coding for the bacterial and archaeal 16S
small subunit (SSU) rRNA] because these genes have been
used extensively for microbial evolution studies and phylo-
genetic analysis over the past 20 years. This has created an
intense need to generate the widest spectrum of nucleotide
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sequences for a given genetic target covering most known
bacteria, fungi and parasites [5,21]. Indeed, the Ribosomal
Database Project (http://rdp.cme.msu.edu/), which provides
data, programs and services related to rRNA sequences, con-
sisted of 16,277 bacterial and archaeal, 2055 eucaryotic and
1503 mitochondrial aligned SSU rRNA sequences as of
1 June 2000 [22]. More recently (June 2002), there were
more than 75,000 entries of 16S rRNA bacterial and archaeal
sequences available in public databases (http://www.ncbi.
nim.nih.gov/). rRNA genes are particularly flexible for diag-
nostic purposes because they are composed of (1) highly
conserved regions suitable for the universal detection of bac-
teria, fungi or parasites and (2) variable regions appropriate
for detection and identification at the genus or species level.
Other conserved genetic targets, including tuf (encodes
translation elongation factor), groEL (encodes HSP60 heat-
shock protein), recA (encodes the recA homologous DNA
recombination and repair protein) and 16S-23S intergenic
spacer region of bacterial rRNA operons, have also been used
for a variety of diagnostic purposes [23-29].

Nucleotide sequences for genes and polymorphisms
associated with antimicrobial resistance and virulence fac-
tors, such as the production of toxin or capsule, are also
rapidly accumulating in public databases. The genetic
diversity of factors contributing to resistance in viruses and
micro-organisms is particularly striking when currently
available databases for antimicrobial resistance genes and
polymorphisms are examined [30,31]. Indeed, there are
variable and multiple mechanisms of resistance to many
classes of antimicrobials. Antimicrobial resistance in bacte-
ria is associated with more than a hundred different clini-
cally relevant genes, as well as hundreds of mutations in
key chromosomal or plasmid-borne genetic loci or regu-
latory elements. The multiplicity of resistance mechanisms
is particularly high in Gram-negative bacteria, a situation
that will complicate the development of molecular thera-
nostic approaches to detect this diversity of resistance
genotypes. However, the task of detecting resistance geno-
types in Gram-positive bacteria should be easier because
fewer genes and mutations are involved.

It is estimated that [©0% of bacterial resistance mecha-
nisms are mediated by the acquisition of one or more genes,
whose presence is sufficient for a resistance phenotype
[30,32-34]. However, culture-based antimicrobial suscepti-
bility testing has revealed rare situations in which re-
sistance genes are present but not expressed, probably
because of mutations in regulatory sequences [35-38].
Several studies have demonstrated that it is possible to
select resistant cells from originally susceptible strains by
in vitro selection in the presence of increasing gradients of
an antimicrobial [35,36,38]. These findings suggest that a
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susceptible strain harboring, but not expressing, an antimi-
crobial resistance gene should be regarded as potentially
resistant to that antimicrobial. The remaining 10% of bac-
terial resistance mechanisms is associated with chromoso-
mal or plasmidic mutations mainly mediating resistance to
quinolones, B-lactams in Streptococcus pneumoniae, rifampin
in Mycobacterium and extending the spectrum of substrates
of B-lactamases [32-34]. By contrast, toxin and capsule pro-
duction genes exhibit a much lower genetic diversity and
the presence of these virulence factors is usually associated
with the acquisition of gene(s) [39].

Methods for microbial nucleic acid extraction

Extraction of nucleic acids from a wide variety of clinical
samples is a challenging and crucial step in molecular micro-
biology. It is compliated by the difficulty in lysing micro-
bial cells with sturdy cell walls to release nucleic acids. An
optimal sample preparation procedure for nucleic acid
testing (NAT) from clinical specimens must: (1) efficiently
release nucleic acids (DNA, RNA or both) from the target
micro-organism(s), (2) protect the released nucleic acids
from degradation by nucleases, (3) remove or neutralize
clinical specimen substances that are frequently present in
clinical specimens that inhibit reverse transcription, mol-
ecular amplification and/or detection of nucleic acids, and
(4) take into account the analytical sensitivity of the mol-
ecular assay required for the specimen-type tested, based
on clinical data.

Over the past decade or so, an impressive variety
of nucleic acid extraction procedures and commercial
reagents and kits have been used in molecular diagnostics
[15-17,40]. Initially, laborious protocols based on phe-
nol-chloroform extraction, proteinase K digestion and
ethanol precipitation were used. However, the use of these
protocols is not recommended for NAT in infectious dis-
eases because they are time-consuming, labour-intensive
and lead to an increased risk of false-positive results associ-
ated with carry-over contamination between samples, attrib-
utable to the large number of required manipulations
[15,41]. Currently, most molecular diagnostic microbiol-
ogy laboratories use commercially available prepackaged
extraction kits or reagents for extraction of DNA and/or
RNA (Table 1). These commercial systems for nucleic acid
extraction and purification are either manual or automated
and are often based on nucleic acid capture technologies
using, for example, magnetic beads, silica matrix or resins
[15,42,43]. The automated systems have the added advan-
tages of enabling high-throughput extraction and often
providing closed systems designed to reduce or eliminate
carry-over contamination. However, there is no commer-
cially available system, to date, that reliably lyses all types
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of microbes that might be found in a clinical sample and
that is sufficiently rapid to be compatible with the devel-
opment of less-than-one-hour molecular theranostic tools
(Table 1). The comparison of a variety of classical and com-
mercial nucleic acid extraction methods by various investi-
gators has revealed variable performances associated with
incomplete cell lysis and/or PCR inhibition [15,44-46].
Clearly, extensive validation of these methods is required
to evaluate their potential to extract and purify nucleic
acids from a variety of microbial cells and viruses. The real
challenge is to extract rapidly (ideally in less than 15 min)
and efficiently microbial nucleic acids from low amounts
of hard-to-lyse target cells, such as Gram-positive bacteria,
bacterial spores and yeasts, from within a variety of clini-
cal samples. Cepheid (http://www.cepheid.com) has ad-
dressed this challenge elegantly by developing a single-use
disposable cartridge for rapid (~10 min) sample prepara-
tion [47,48]. This cartridge is a closed microfluidic system
containing all necessary reagents, components and cham-
bers for microbial cell lysis and test sample preparation for
NAT. It has been validated for DNA extraction from Bacillus
spores using a system currently under development at
Cepheid called GeneXpert™, enabling subsequent PCR
amplification and fluorescence-based detection. Infectio
Diagnostic (IDI; http://www.infectio.com) has also devel-
oped a rapid (10-15 min) sample preparation method that
has been validated for the detection of both Gram-positive
and Gram-negative bacteria with various types of clinical
samples including vaginal and/or anal swabs, nasal swabs,
feces and urine [49-51]. Recently, this nucleic acid extrac-
tion method has been shown to detect as few as two
Bacillus anthracis spores per PCR reaction from clinical and
environmental samples [52].

The efficiency of the sample nucleic acid preparation
procedure is also highly dependent on the ability of the
specimen collection and transport device to: (1) stabilize
microbial cells and virus particles and more particularly
their nucleic acids, and (2) not interfere significantly with
the performance of NAT assays. Currently, most commer-
cially available sample collection and transport devices are
developed and validated exclusively for standard culture-
based diagnostic microbiology. However, over the past few
years several manufacturers have developed sample collec-
tion and transport systems that are compatible and vali-
dated with NAT assays, and in which nucleic acids are
stable. Examples of such systems designed to improve the
efficiency of molecular diagnostic test procedures include
the DNA/RNA Protect™ system from Sierra Diagnostics
(http://www.sierradiagnostics.com), the BD Vacutainer™
systems, CPT™ and PPT™, from Becton Dickinson
(http://www.bd.com/vacutainer) and the swab systems for
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Table 1. Examples of commercially available kits and automated systems for rapid nucleic acid extraction

from micro-organisms in various clinical samples

Company Commercial Kit® Time  Samples
(min)
Amersham GFX Genomic Blood DNA Purification Kit 30 Blood, buccal cells, yeast, bacteria
Biosciences
Q-BlOgene Fast DNA/RNA Kits 30 Plant and animal tissues, bacteria, yeast, fungi
(BIO-101)
bioMérieux Nuclisens™ Isolation Kits 90 Serum, plasma, whole blood, genital secretions, tissues,
cells, virus
Nuclisens™ Extractor System® 45 Serum, plasma, whole blood, genital secretions, tissues,
cells, virus
Bio-Rad AqguaPure DNA/RNA Isolation Kits 30 Cultured cells, plant and animal tissues, buffy coat, blood,
bacteria
Dynal Dynabeads® DNA DIRECT™ Universal 10 Cultured cells, clinical specimens, bacteria, fungi,
tissues from various species
Dynal MPC®-auto 96° 60-80 Blood
Epicentre MasterPure™ Complete DNA and RNA 60 Blood, cell cultures, plant tissues, mammalian tissues,
Purification Kit fluids, bacteria, yeast
MBI Fermentas Genomic DNA Purification Kit 20-25 Blood, serum, cell culture, plant, bacteria, mammalian
tissues
MoBio UltraClean Microbial DNA/RNA Kit 30-35 Yeast, bacteria, fungi, fecal samples
QIAGEN QlAamp DNA/RNA Mini Kits 20-60 Mammalian tissues and fluids, bacteria, parasites, virus
QlAamp 96 Virus Biorobot Kit* 150 Cell-free body fluids
Roche High Pure™ PCR Template Preparation Kit 35 Blood, buffy coat, cultured cells, yeast, bacteria

MagNA Pure LC DNA Isolation Kits® 60

Blood, tissues, cultured cells, yeast, bacteria

‘Automated high-throughput systems for nucleic acid extraction.

Amersham Biosciences (http://www.amershambiosciences.com), Q-BIOgene (http://www.qgbiogene.com), bioMérieux (http://www.biomerieux-vitek.com),
Bio-Rad (http://www.bio-rad.com), Dynal (http://www.dynalbiotech.com), MBI Fermentas (http://www.fermentas.com), QIAGEN (http://www.giagen.com),

Roche (http://www.roche.com).

NAT assays developed by Medical Packaging Corporation
(http://www.medicalpackaging.com).

Towards real-time molecular theranostic tools

Over the past decade, several companies have developed vari-
ous NAT assays for direct detection of viral pathogens and
some fastidious bacteria from clinical samples (Table 2).
However, most of these commercial tests require hours (time
to results range from 2-30 h) and numerous (up to 75)
technical steps and are thus incompatible with one-hour
molecular theranostics in infectious diseases. Moreover, these
assays focus on few bacterial pathogens (Chlamydia trachoma-
tis, Neisseria gonorrhoeae and Mycobacterium tuberculosis) and
on viruses, and consequently, do not address the crucial
identification of bacterial pathogens responsible for the most
treatable bacterial infections, where rapid and appropriate
intervention is necessary for quick prevention measures
(i.e. isolation of patients) or proper treatment. Assays based
on strand displacement amplification (SDA) developed by
Becton Dickinson are among the most rapid on the market
(approximately 2.5 hours including sample preparation). For
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these assays, isothermal amplification by SDA at 60°C was
coupled with real-time detection of amplicons using fluor-
escent probes [53,54]. Amplification by SDA coupled with
real-time detection of amplified products by fluorescence po-
larization in 15-30 min has been reported [55,56]. However,
this technology is not commercially available.

Regarding PCR, the recent availability of rapid cycling
instruments thus enabling fluorescence measurements dur-
ing each amplification cycle [e.g. the LightCycler™ from
Roche (http://www.roche.com) and the SmartCycler® from
Cepheid] coupled with recent advances in nucleic acid ex-
traction and homogeneous nucleic acid amplification based
on fluorescence detection has led to the development of less-
than-one-hour PCR assays [43,57-62]. In these systems, real-
time fluorescence monitoring can be performed by using
fluorescent dyes such as SYBR-Green |, which binds non-
specifically to double-stranded DNA generated during the
PCR ampilification. Alternatively, fluorescent probes (such as
the popular TagMant system) that bind specifically to ampli-
con target sequences can also be used. Besides their speed,
real-time PCR assays using rapid thermocycling technologies
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Table 2. Main commercial molecular diagnostic tests for detection of infectious disease agents directly from

clinical samples

Chlamydia trachomatis [endocervical, urethral (male), urine (male and female)]*

Neisseria gonorrhoeae [endocervical, urethral (male), urine (male and female)]*

Company Method Target (specimen type)
Abbott LCR
PCR HCV (blood)
HIV-1 (blood)®
Bayer bDNA HBV (blood)
HCV (blood)
HIV (blood)
bioMérieux NASBA CMV (blood)*

HIV-1 (blood)®
Becton Dickinson SDA

C. trachomatis/N. gonorrhoeae (urine)®

Mycobacterium tuberculosis (clinical respiratory samples)

Digene Hybrid capture

C. trachomatis (urine)®

CMV (peripheral white blood cells isolated from whole blood)®
EBV (cerebrospinal fluid)

HPV (cervical swab or brush)®

N. gonorrhoeae (urine)®

HBV (serum)

Gen-Probe Hybridization

C. trachomatis/N. gonorrhoeae [endocervical, urethral (male)]*

Streptococcus pyogenes (throat swab)®

TMA

C. trachomatis [endocervical, urethral (male), conjunctive]”
HIV/HCV (blood)®

M. tuberculosis (clinical respiratory samples)®

Roche PCR

C. trachomatis/N. gonorrhoeae [endocervical, urethral (male),

urine (male and female)]*

CMV (blood)
HBV (blood)
HCV (blood)”
HIV-1 (blood)®

M. tuberculosis (clinical respiratory samples)®

Visible Genetics PCR and DNA sequencing HIV (blood)*

Abbreviations: bDNA, branched-DNA; CMV, cytomegalovirus; EBV, Epstein-Barr virus; HBV, hepatitis B virus; HCV, hepatitis C virus; HIV, human immunodeficiency
virus; HIV-1, type 1 human immunodeficiency virus; HPV, human papillomavirus; HSV, herpes simplex virus; LCR, ligase chain reaction; NASBA, nucleic acid
sequence-based amplification; PCR, polymerase chain reaction; SDA, strand displacement amplification; TMA, transcription-mediated amplification.

°‘FDA-approved molecular diagnostic tests.

Abbott (http://www.abbott.com), Bayer (http://www.bayer.com), bioMérieux (http://www.biomerieux-vitek.com), Becton Dickinson (http://www.bd.com),
Digene (http://www.digene.com), Gen-Probe (http://www.gen-probe.com), Roche (http://www.roche.com), Visible Genetics (http://www.visgen.com).

offer additional advantages including: (1) reduced risks of
carry-over contamination by amplicons because amplifica-
tion and detection occur within a closed system, and (2) the
ability to quantify more accurately the starting amount of
target nucleic acids because fluorescence is measured at the
end of the primer annealing step of each amplification cycle.
Presently, there is no real-time PCR assay for infectious agents
approved by the US Food and Drug Administration (FDA).

A real-time, fast PCR assay for the detection of Group B
streptococci from combined vaginal and anal swabs in
parturient women at delivery to prevent meningitis in
newborns, is likely to be commercialized by IDI in the near

future. This assay, developed in our laboratory, can identify
this pathogen directly from the swabs in less than 45 min [50],
and has been shown to have good sensitivity and specificity
(Table 3). Other examples of useful real-time molecular
theranostic tools, which will greatly impact on clinical
practice include: (1) assays for the rapid screening of methi-
cillin-resistant Staphylococcus aureus (MRSA) from nasal
swabs, and of vancomycin-resistant enterococci (VRE) from
rectal swabs to enable better management of both colo-
nized and infected patients; (2) broad-range assays for the
universal detection of bacteria from blood samples; and
(3) species-specific assays for the rapid detection of Bacillus
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Table 3. Clinical evaluation of conventional and real-time PCR assays
for the detection of GBS in combined vaginal and anal specimens

from 112 pregnhant women at delivery

assays for infectious diseases thera-
nostics [68]. PCR amplification onto a
microarray of gel-immobilized oligo-
nucleotides, anchored SDA on micro-

PCR method  Sensitivity"  Specificity” Positive
predictive value’

Conventional 97.0% 100% 100%

(32/33) (79/79) (32/32)

Real-time 97.0% 100% 100%

(32/33) (79/79) (32/32)

Negative

dicti ue* electronic chip arrays, rolling circle am-
predictive value

plification directly onto a solid support

98.8% and array-based ultra-sensitive electrical
(79/80) detection of nucleic acids with gold
98.8% nanoparticle probes are particularly
(79/80)

promising [68-72].

*Number of both culture-positive and PCR-positive/number of culture-positive.
"Number of both culture-negative and PCR-negative/number of culture-negative.
‘Number of both culture-positive and PCR-positive/number of PCR-positive.
‘Number of both culture-negative and PCR-negative/number of PCR-negative.
Source: Ref. [50]

anthracis from clinical and environmental samples. In July
2002, the first vancomycin-resistant Staphylococcus aureus
(VRSA) was described. If this resistance disseminates like
most other resistant bacteria have done in the past, a rapid
test could again be extremely useful in the future. In the
years to come, a myriad of other rapid DNA-based tests for
immediate patient care in hospitals and medical clinics will
probably be developed using these real-time technologies.

Oligonucleotide microchips for more complex and more
informative NAT assays

Real-time NAT technologies are limited by the number of
different wavelengths of fluorescent emission that can be
simultaneously monitored (i.e. maximum of four wave-
lengths) [43,61]. The challenge of detecting and identifying
the wide variety of genetic polymorphisms important for
microbiological diagnostic purposes requires the develop-
ment of much more informative assays. In this respect, the
biochip technology is extremely promising. Oligonucleotide
microchips have been used for amplicon detection after nu-
cleic acid amplification for microbial identification at the
species level and resistance genotyping [63-65]. However,
complex multiplex PCR assays, which are often difficult to
optimize, must be developed with these systems because of
the wide variety of genes involved, particularly for antimi-
crobial resistance. The use of oligonucleotide analogs, such
as locked nucleic acids (LNAs), peptide nucleic acids (PNAs)
or various DNA ligands, is known to facilitate the develop-
ment of multiplex PCR assays by reducing secondary
structures and improving the binding properties of oligonu-
cleotides [66,67]. However, emerging biochip technologies,
such as nucleic acid amplification directly onto the oligonu-
cleotide biochip or the use of arrays coupled with ultra-
sensitive detection methods not requiring previous amplifi-
cation of the nucleic acid target, represent more promising
strategies for the development of highly informative NAT
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Most microchip technologies require

tagging of the analyte with fluorescent,

radioactive or electroactive labels [73,74],

which require additional transforma-

tion steps that are time-consuming and

costly. Future technologies will incorporate more active

electronics and optics to improve sensitivity, reduce costs

and increase speed of analysis. An example of this is a re-

cently developed methodology using a polymeric biosensor

enabling optical (colorimetric or fluorometric) or electrical

detection of nucleic acids [75]. This method is rapid, sim-

ple, sensitive (detection limit of 1.5 x 104 target nucleic

acids per pl) and does not require any chemical reaction of

the probes or the analytes because it is based on conforma-

tional modification of the polymer when mixed with

single-stranded or double-stranded target nucleic acids.

Such technologies should lead to solution and solid-state

colorimetric or electrical nucleic acid sensors that can be

incorporated into microfluidic systems for point-of-care
diagnostics in the future.

Monitoring of assay performance using quality control
reactions

The following controls must be included to verify the per-
formance of a NAT assay:

Contamination control reactions These control reactions
not containing any target nucleic acid must be performed
with each run to exclude false-positive results associated
with carry-over contamination by target nucleic acids. The
contaminating nucleic acids can originate from one or
more of the four following sources: (1) target amplification
products from previous reactions, (2) microbial cultures of
the target organism, (3) test samples positive for the target
infectious agent(s), and (4) NAT reagents including lytic
enzymes used for DNA extraction, Taqg polymerase and
water (which have all been shown to be contaminated by
microbial genomic DNA [76-78]).

Carry-over contamination by positive test samples, micro-
bial cultures or amplicons can be efficiently prevented by
using good laboratory practices [76,79,80]. Degradation of
uracil-containing DNA by the uracil-N-glycosylase is often
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used in combination with good laboratory practice to further
reduce the risks of carry-over contamination by amplicons
[16]. By contrast, NAT reagents contaminated by target mi-
crobial nucleic acids must be submitted to a chemical or en-
zymatic inactivation treatment before testing to prevent their
amplification and/or detection. This type of contamination
particularly hampers the development of sensitive broad-
range molecular diagnostic assays based on nucleic acid
detection. Indeed, analysis of the conserved bacterial rRNA
gene sequences contaminating different preparations of Taq
DNA polymerase revealed that these nucleic acids origi-
nated from various bacteria [78,81]. DNA inactivation using
UV light exposure in the presence of photoreactive com-
pounds (e.g. psoralen or isopsoralen) represents the most
widely used method to prevent amplification of microbial
DNA contaminating PCR reagents [77,82]. Psoralens and
isopsoralens form covalent monoadducts and crosslinks
with nucleic acids upon activation with UV light.

Internal controls Internal controls (IC) must be performed.
They are integrated into the NAT assay, and are designed
to verify the efficiency of each amplification and/or detec-
tion reaction. The IC must always show a uniform positive
signal for all test samples negative for the target micro-
organism(s) and/or associated resistance and virulence
genes. An absent or low IC signal is commonly associated
with total or partial inhibition of the NAT assay by the test
sample. Technical failures at the reagent or instrument
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level can also prevent normal amplification of the IC.
Thus, all NAT reactions showing (1) a negative signal for
the target infectious agent(s) and (2) a lower than expected
IC signal must be considered non-conclusive because assay
performance is not optimal for these reactions.

External controls These are positive and negative con-
trols that must be incorporated into each run to validate
reagents integrity and monitor assay specificity. The posi-
tive control should be at or near the detection limit of the
NAT assay to efficiently detect any technical failure that
might reduce its performance. Ideally, the negative control
should be nucleic acids similar to those targeted by the
assay, such as DNA from a closely related microbial species
or virulence factor.

Dried reagents

The need for standardized and quality controlled reagents
for NAT renders the use of frozen ingredients impractical.
The availability of ready-to-use freeze-dried NAT reagent
mixes of proven quality would greatly facilitate implemen-
tation of these assays in microbiology laboratories including
those with relatively limited facilities. Indeed, dried reagent
formulations, which are already used for the manufacturing
of some commercially available molecular diagnostic tests,
will become increasingly popular because they ensure maxi-
mum performance and highest reproducibility of NAT as-
says and are stable for at least a year at 4°C or at [20°C [83].

Sample preparation Real-time PCR Point-of-care tests Microchips Novel biosensors
DNA extraction (SmartCycler®, Integration of sample Post-amplification Single and multiple targets
LightCycler®) preparation and real-time detection of multiple detected without amplification
PCR (e.g. GeneXpert®) targets
. . Optical Electronic
<15 min 30-40 min detection detection

<1 h Diagnostic
of infectious diseases

<1 h Diagnostic
of infectious diseases

[ ;14

Diagnostic of
infectious diseases
within minutes

<1 h Diagnostic
of infectious diseases

| Present

Future>

Drug Discovery Today

Figure 2. The future of DNA-based theranostic technologies. Currently available real-time PCR technologies, coupled with rapid sample
preparation, enable less-than-one-hour diagnostic of infectious diseases. Within the next few years, microfluidic devices will integrate
sample preparation and nucleic acid extraction with amplification and detection technologies. Subsequently, post-amplification detection
on microchips, and eventually, ultra-sensitive detection technologies enabling direct detection from clinical samples without prior nucleic
acid amplification should become available. These novel molecular diagnostics tools will bring faster and more comprehensive diagnostic
information that will enable optimal management of patients.
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Conclusions and perspectives

Stat molecular microbiology is here! The rapidly growing
database of nucleotide sequences combined with recent
technological advances in the fields of microbial nucleic
acid extraction from biological samples, real-time NAT
assays and microchips, form the basis for a wide array of
rapid diagnostic tools for microbiology laboratories and
point-of-care testing. Integration of these technologies
into microfluidic systems will ensure a single-step assay
not requiring technical skills. Simple dipstick diagnosis
using polymeric detection without amplification also
seems possible. Decision algorithms for diagnostic and
therapeutic guidance will be needed to facilitate clinical
practice. These novel diagnostic tools will also have an im-
portant role in the rapid detection and characterization of
biothreat agents from various clinical and environmental
samples to effectively protect military and civilian popu-
lations against biological weapons. Overall, these new
technologies will offer multiple rapid diagnostic possibili-
ties that will slowly replace classical phenotypic methods
for identification of microbes and determination of their
antimicrobial susceptibility pattern (Fig. 2).

The increasing availability of rapid (less-than-one-hour),
sensitive, accurate and highly informative NAT assays for
the detection of infectious agents and associated resistance
and virulence genes will revolutionize the practice of
medicine by gradually reducing the reliance on standard
culture-based microbiological methods that require at
least two days. Eventually, physicians will be able to sim-
ultaneously obtain microbiology, biochemistry, hematol-
ogy and radiology results for their patients. This will enable
better initial management of patients including the need
for isolation, the choice of appropriate routine examina-
tions and, if required, the selection of an optimal treat-
ment with antimicrobials. Consequently, more rational
and effective use of antimicrobials should lead to a better
control of the emergence of microbial drug resistance.
Thus, novel rapid molecular theranostic tools will provide
clinicians with real-time, crucial, clinical information that
should greatly improve the management of microbial infec-
tions and, ultimately, will save lives, improve the quality of
life of infected patients and reduce healthcare costs.
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