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Recent Advances in Diagnostic Microbiology

Lulette Tricia C. Bravo and Gary W. Procop

The past decade has seen a surge in the development of a variety of molecular diagnostics designed
to rapidly identify or characterize medically important microorganisms. We briefly review impor-
tant advances in molecular microbiology, and then discuss specific assays that have been imple-
mented in clinical microbiology laboratories throughout the country. We also discuss emerging
methods and technologies that will soon be more widely used for the prompt and accurate
detection of the agents of infectious diseases.
Semin Hematol 46:248–258 © 2009 Elsevier Inc. All rights reserved.
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linical microbiology has entered a new era of
diagnostic testing, in which molecular tests
have transcended the confines of the basic sci-

nce research laboratory and become important tools
n the clinical laboratory. Traditional and cumbersome
olymerase chain reaction (PCR) methods have given
ay to simpler, faster, and less costly techniques that

an be used by smaller clinical laboratories that lack
xtensive training in molecular methods. The past de-
ade has seen a surge in the development of various
olecular diagnostics to rapidly identify or character-

ze infectious microorganisms, with each test designed
o improve sensitivity, specificity, and/or turnaround
imes of conventional methods. A significant propor-
ion of the recent developments described below are
olecular tests. For this reason, a brief overview of
olecular microbiology is provided, followed by a dis-

ussion of the most important advances in diagnostic
esting that have been employed by key clinical micro-
iology laboratories throughout the country.

OLECULAR MICROBIOLOGY

Molecular microbiology can be divided into three
ain categories: signal amplification, rapid cycle nu-

leic acid amplification, and a variety of methods of
ost-amplification analysis.

Signal amplification consists of the generation of a
ignal, usually in the form of light or color, which is
ormed when hybridization occurs between a probe
nd its complementary nucleic acid sequence (“the
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arget”). Some of the first molecular assays to be com-
only used in clinical microbiology laboratories con-

isted of oligonucleotide acid probes used for the direct
etection of bacteria, mycobacteria, and fungi.1

In situ hybridization is another type of signal ampli-
cation reaction that uses the human eye as the com-
lex detection device. When a fluorophore-labeled oli-
onucleotide probe is used to hybridize to its target
equence and the fluorescent signal is observed using a
uorescent microscope, the procedure is fluorescent in
itu hybridization (FISH). Although in situ hybridization
echniques have been used for many years in anatomic
athology and research laboratories, they are relatively
ew to the clinical microbiology laboratory.

A number of rapid cycle nucleic acid amplification
ssays are available for the rapid detection, differentia-
ion, and, if needed, quantitation of microorganisms in
linical specimens. Most of them use PCR as the base
hemistry, but other forms of nucleic acid amplifica-
ion are also available in a rapid cycle or “real-time”
ormat. Traditional PCR, which in the distant past took
ays to accomplish, has often been supplanted by
aster and more user-friendly rapid cycle or real-time
CR methods. These assays are performed in a closed
ystem, in which both amplification and detection oc-
ur within the same reaction vessel. Opening of the
essel and further manipulation of the amplicon are
nnecessary, which greatly minimizes the risk of am-
licon contamination of the laboratory and significantly
iminishes the possibility of subsequent false positive
mplification results. Although many of these are labo-
atory-designed and verified assays, several have been
ubmitted and approved by the US Food and Drug
dministration (FDA), and many more are under devel-
pment or in clinical trials.

Monoplex PCR refers to the detection of a single
arget sequence, and this method is most commonly
sed in a qualitative manner, wherein the expected

esult is the presence or absence of a microorganism in
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Recent advances in diagnostic microbiology 249
clinical specimen. For example, one may use this type
f approach for the detection of Mycobacterium tu-
erculosis, Legionella pneumophila, or Pneumocystis
iroveci from respiratory specimens.2-4 The technique
s most advantageous for the rapid diagnosis of serious
nfections with microorganisms that are slow-growing,
astidious, or that cannot be cultivated in the routine
aboratory. When multiple organisms cause similar or
dentical clinical manifestations, or an internal amplifi-
ation control is desired, then a multiplex PCR reaction
s needed (that is, two or more nucleic acid amplifica-
ions are performed in one assay). Multiplex assays that
ddress the most likely causes of a particular disease
for example, community-acquired pneumonia or diar-
hea) would be the most helpful and cost-effective way
o diagnose the responsible pathogen in many in-
tances. Multiplex assays have recently been developed
or the viruses that cause meningitis, and two FDA-
pproved assays are available for the rapid detection of
ommon respiratory viruses.5,6

Post-amplification analysis represents the third cate-
ory in which there has been, and we predict will
ontinue to be, advances in diagnostic molecular mi-
robiology. Post-amplification analysis consists of a va-
iety of methods that involve additional amplicon pro-
essing or analysis, in order to obtain more information
han is available from the amplification reaction alone.
ost-amplification analysis allows more accurate iden-
ification or characterization of a microorganism, often
o the species level. Methods include melt curve anal-
sis, reverse hybridization, DNA sequencing, and mi-
roarray analysis. Melt curve analysis consists of differ-
ntiating amplified DNA products after real-time PCR
ased on the probe dissociation characteristics. In

igure 1. The post-amplification melt curve analysis of t
mbedded tissue demonstrates that this patient (PT) has a
ost-amplification melt curve threshold is designated by th

MK), M avium (MA), and M intracellulare (MI). The cultures from
rief, amplicons from a PCR reaction that are detected
s fluorescently labeled oligonucleotide probes that are
ot consumed by the reaction (such as FRET or Eclipse
robes) may yield additional information based on melt
urve analysis. Oligonucleotide probes that hybridize
o their target sequence with 100% complementarity
ill have a particular dissociation or melt curve that
ay be analyzed by heating the reaction mixture while
onitoring fluorescence. If any nucleotide polymor-
hisms exist at the probe hybridization site, then the
elt curve will be shifted. There have been amplifica-

ion assays and probes designed that will afford micro-
rganism differentiation through post-amplification
elt curve analysis. This type of analysis has been used

o detect and differentiate M tuberculosis from non-
uberculous mycobacteria (Figure 1), and to distinguish
he subtypes of herpes simplex virus (HSV). Whiley et
l described an assay that detected both the BK and JC
olyomaviruses but differentiated them from one an-
ther based on the unique melt curves generated.7

ost-amplification melt curve analysis may also be ac-
omplished using nonspecific DNA binders like SYBR
reen, or more recently with newer modifications of
hese chemistries that afford high-resolution melt curve
nalysis without the need for an oligonucleotide probe.

Reverse hybridization is a simple-to-perform method
or detecting a variety of pathogens following either a
ultiplex or a broad-range amplification reaction. In

rief, the amplicon is labeled and then applied to a
itrocellulose membrane strip that contains the probes
or the microorganisms of interest; the amplicon will
ybridize to the location on the nitrocellulose strip of
he complementary probe. Thereafter, a chemical re-
ction demonstrates the location of the amplicon, and

d-range mycobacterial PCR from formalin-fixed, paraffin-
tion caused by a nontuberculous mycobacteria (NTM). A
tween M tuberculosis (TB) and the NTM tested: M kansasii
he broa
n infec

e line be

this patient grew M avium.
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250 L.T.C. Bravo and G.W. Procop
he identification of the microorganism of interest is
hereby obtained. This technology has been used to
etect common and unusual mycobacteria, human im-
unodeficiency virus (HIV) and hepatitis C virus

HCV) genotypes, and more frequent causes of fungal
nfections.8-11

DNA sequencing likewise has important uses in di-
gnostic microbiology, including identification and
haracterization of organisms to the species, as well as
train level differentiation (eg, multilocus sequence typ-
ng [MLST]); it may also be used to detect resistance-
ssociated mutations from bacteria, fungi, and viruses.
his method of post-amplification analysis consists of
etermining the nucleic acid sequence of the ampli-
on, usually through either Sanger or pyrosequencing
Figure 2). Once a sequence of an unidentified micro-
rganism is determined, it is queried against a genetic
atabase to find a match. DNA sequencing is becoming,

f it is not already recognized as such, the method of
hoice for identifying Mycobacterium sp., Nocardia,
nd other aerobic actinomycetes.12,13

Microarray technology, which has been used for
iscovery by researchers for many years, has come to
he clinical laboratory. Research tools, which have the
apability to detect thousands of reactions simulta-
eously, have been pared down to address complex
iagnostic problems that usually have one of numerous
ossible answers. These have been used to differentiate
umerous microbial pathogens within a group, as well
s to identify a large variety of genetic determinants of
rug resistance. FDA-approved microarray-based assays
re currently available for the genetic characterization
f patients with cystic fibrosis, and for the detection
nd differentiation of respiratory viruses, discussed in
ore detail below.
There have been many advances in traditional and

olecular microbiology within the past few years, and
here are many more on the horizon. What follows is a
rief review of some of the assays that likely will have
n impact for patients with hematologic disorders who

igure 2. Pyrosequencing may be used after broad-ran
ycobacteria. This sequence was used to characterize the m

omplex.
re at risk for opportunistic infections. t
ACTERIA AND YEAST

apid Cycle PCR

Staphylococcus aureus
and Methicillin Resistance

Staphylococcus aureus is one of the most common
irulent bacterial pathogens, and it is responsible for a
ignificant proportion of nosocomial infections. Two
olecular tests have received FDA-approval for S au-

eus detection: the BD GeneOhm IDI-MRSA/StaphSR
BD, Sparks, MD) assay and the GeneXpert MRSA (Ce-
heid, Sunnyvale, CA). Both IDI-MRSA and GeneXpert
ave been approved for methicillin-resistant S aureus
MRSA) screening from nasal swabs, whereas StaphSR,
hich detects and differentiates MRSA and methicillin-

usceptible S aureus (MSSA), has been cleared for use
n positive blood cultures.

IDI-MRSA is a qualitative multiplex real-time PCR
ssay that is MRSA-specific (that is, the target encom-
asses sequences within SCCmec—the mobile genetic
lement that contains the mecA gene—and orfX).14

he ability to detect the mecA gene that is associated
ith S aureus but not with coagulase-negative staphy-

ococci is advantageous when testing clinical speci-
ens, particularly nasal swabs containing microbiota

hat may include coagulase-negative staphylococci. An
nternal amplification control is included in order to
etect inhibition.

The BD GeneOhm StaphSR test also is a multiplex
eal-time PCR assay, consisting of the same targets for
RSA as has IDI-MRSA but with the addition of primers

hat amplify a target sequence specific for S aureus.15

his modification affords the differentiation of MSSA
nd MRSA within 2 hours after a blood culture bottle
ignals positive. In a study of 300 blood cultures posi-
ive for gram-positive cocci, Stamper et al found the S
ureus PCR component of the assay 98.9% sensitive
nd 96.7% specific compared to bacterial culture,
hereas the MRSA component was 100% sensitive and

8.4% specific compared to culture and susceptibility

obacterial PCR to identify the most common types of
cteria present as a member of the M chelonae/M abscessus
ge myc
ycoba
esting.15 Overall negative predictive value (NPV) and
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Recent advances in diagnostic microbiology 251
ositive predictive value (PPV) were 99.5% and 93.6%,
espectively.

The GeneXpert MRSA test is another FDA-approved
olecular test for MRSA screening from nasal swabs.
he GeneXpert real-time PCR platform is a fully auto-
ated, walk-away system that requires minimal exper-

ise and hands-on time. The total assay time is approx-
mately 75 minutes. Although it is clearly the leading
echnology with respect to ease-of-use, it is more ex-
ensive at $35-$55 per test. A comparison between the
eneXpert MRSA and IDI-MRSA tests showed compa-

able sensitivity and specificity for MRSA detection
rom nasal swabs16 The limits of detection of this test
rom nasal specimens was found to be only 58 colony-
orming units (CFU) per swab compared to direct cul-
ure at 171 CFU per swab.17

There are several validated assays for S aureus and
he mecA gene. We have used the sa442 gene target
or many years to detect S aureus18-20; this may be
ultiplexed with a mecA gene PCR, or the mecA gene

CR may be performed separately. Although these as-
ays have proven to be highly sensitive and specific for
etecting S aureus and the mecA gene, limitations

nclude the inability to distinguish a mixture of MSSA
nd methicillin-resistant coagulase negative staphylo-
occi (MRSE) (the sa442 PCR would be positive and
he mecA PCR would detect the mecA gene in the
RSE, and this could be interpreted as MRSA).

Clostridium difficile

The cell cytotoxicity assay is presently considered
he standard for Clostridium difficile testing.21 How-
ver, rapid enzyme immunoassay (EIA) testing has been
sed more commonly in clinical laboratories, due to its
aster turnaround time and ease-of-use. The EIA tests
ary widely in sensitivity (50%-99%) and specificity
70%-100%), depending on the study and the reference
tandard.22 Ticehurst et al showed the sensitivity of one
IA to be as low as 36% when they compared this test
o the two-step diagnostic algorithm for Clostridium
ifficile–associated disease (CDAD) consisting of a
creening glutamate dehydrogenase (GDH) by solid-
hase EIA (C diff Check-60; Techlab, Blacksburg, VA),

ollowed by a confirmatory cell culture cytotoxicity
eutralization assay (CCNA) for those specimens that
est positive with the GDH assay. Sensitivity for screen-
ng GDH EIA was 96% with a negative predictive value
f �99%. This approach rapidly screened out the neg-
tive specimens (75%-80% of samples); confirmatory
esting was then performed on the remaining 20% by
CNA. Negative results could be reported on the same
ay, whereas the GDH-positive specimens had to be

ncubated for another 2 days before CCNA results
ould be finalized.23 Gilligan also found a low sensitiv-
ty of 59.5% for the Premier (Meridian Biosciences,

incinnati, OH) toxin A and B EIA compared to the b
wo-step diagnostic algorithm. The use of the screening
DH followed by CCNA enhanced the detection of C
ifficile–positive specimens by 40% in this study.24

Although the GDH EIA test is easy to perform and
ives rapid results, the CCNA portion of the assay is
abor-intensive, requiring both filtration and centrifuga-
ion steps, and takes 18 to 48 hours of incubation
efore results can be finalized. Several laboratory-vali-
ated real-time PCR assays have subsequently been
eveloped that demonstrate superior sensitivity com-
ared to EIA; these also have a fast turnaround time and
re easy to use.25-27 In a prospective multicenter study,
IA, an enzyme-linked fluorescent assay, a laboratory-
erified real time-PCR assay targeting the tcdB gene,
nd CCNA were compared; PCR had the highest con-
ordance with CCNA (the reference standard) at 71.4%
nd was recommended as the preferred method for
iagnosing CDAD.25 In another study, Peterson and
olleagues, using clinical criteria as part of their refer-
nce standard, demonstrated that a real-time PCR was
ignificantly more sensitive than EIA (sensitivity 73.3%)
ith sensitivity, specificity, PPV, and NPV of 93.3%,

7.4% 75.7%, and 99.4%, respectively.22

Most recently, the FDA has approved a real-time PCR
ssay for CDAD detection, the BD GeneOhm Cdiff
ssay (BD GeneOhm, San Diego, CA), which amplifies
highly conserved region of the tcdB gene. This assay
as compared to CCNA (Wampole C difficile Toxin B
est [TOX-B]; Techlab) and to toxigenic culture.28 The
verall agreement was high (94.8%) between the PCR
ssay and CCNA. Sensitivity and specificity of the BD
ssay were 83.6% and 98.2%, respectively, compared to
oxigenic culture. Real time-PCR proved to be more
ensitive than CCNA, which had 67.2% sensitivity and
9.1% specificity in detecting C difficile from fecal
pecimens. We believe these new testing algorithms
nd new approaches to C difficile testing represent
ignificant advances in clinical microbiology. In the
uture, clinicians will likely be offered tests that will
ore reliably help them to confirm or exclude enteritis

aused by C difficile.

Chromogenic Media

Chromogenic media are rapid culture-based tests
hat can provide an alternative to molecular testing in
erms of cost, need for technical expertise, and equip-
ent. They have been used for the detection of MRSA,
nterococcus, group B streptococcus, and Candida
pecies.29,30 These selective media contain a propri-
tary colorless chromogenic substrate(s) that is cleaved
y enzymes produced by the microorganism of inter-
st. This chemical reaction results in a product that is
olored, which thereby imparts a color to the entire
olony as it grows on the medium. Additional selectiv-
ty may be obtained through the incorporation of anti-

iotics. Direct identification of the organism from pri-
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252 L.T.C. Bravo and G.W. Procop
ary culture is thus possible within 24 hours in some
nstances, but some products require 48 hours of incu-
ation if the color is not present or is not fully devel-
ped.

ChromID (bioMerieux, Marcy l’Etoile, France) is a
elective, chromogenic medium for S aureus that tar-
ets the alpha-glucosidase enzyme and incorporates
efoxitin (4 mg/L). The growth of MSSA is inhibited by
he cefoxitin, whereas the MRSA grows as green-col-
red colonies. CHROMagar MRSA (CHROMagar Micro-
iology, Paris, France; BD Diagnostics, Erembodegem,
elgium) also contains cefoxitin but has a different
hromogenic reaction that yields rose to mauve MRSA
olonies. The sensitivities of these assays vary some-
hat between media and incubation, but the specific-

ties are uniformly high for 24 hours of incuba-
ion.16,31-33 A comparison of two chromogenic media,
RSA ID (bioMérieux, La Balme et Craponne, France)

nd CHROMagar MRSA, with oxacillin screening agar
erformed on swabs submitted for nasal screening,
emonstrated sensitivities of 77% for MRSA ID and 73%
or CHROMagar MRSA at 24 hours. Specificity was 98%
or both media at 24 hours, but declined to 94% for
RSA ID and 90% for CHROMagar MRSA at 48 hours.34

he bacteria that caused false positives on the MRSA ID
ncluded Enterobacter sp. and coagulase-negative
taphylococci (CoNS), whereas on CHROMagar MRSA
hey were streptococci, CoNS, and Corynebacterium
pp. In general, an extended incubation for these chro-
ogenic media results in increased sensitivity but de-

reased specificity at �24 hours for MRSA detection.
ence, some authors recommend additional confirma-

ory testing in the form of Gram stain and latex agglu-
ination tests to improve specificities, especially if in-
ubation times �24 hours are used.16,34 It is also
mportant to note that if this chromogenic media alone
s used for MRSA screening, as many as 18% of the

RSA-colonized patients may be missed compared to
eal-time PCR.35

Chromogenic media are relatively new methods that
fford the rapid detection of select isolates in a culture-
ased format. It suffers from many of the limitations of
ulture and may not be as sensitive as nucleic acid
mplification, but the assay also has many of the ben-
fits of culture (for example, the organisms are avail-
ble for subsequent testing, such as susceptibility test-
ng or typing). These products provide options to

icrobiology laboratories that are not yet ready to offer
olecular diagnostic testing.

Peptide Nucleic Acid FISH

As briefly described above, traditional FISH uses
uorophore-labeled oligonucleotide probes that bind
o genetic targets within the cell. Peptide nucleic acid
robes (PNA) are used in the same manner, but they

re chemically unique and believed by some to have c
dvantages over DNA oligonucleotide probes with re-
pect to penetration across the intact cell walls and cell
embranes of microorganisms. There are several com-
ercially available PNA FISH assays for use on blood

ulture bottles that signal positive and have a particular
rganism morphotype present. Test results are ob-
ained within approximately 2.5 hours.36-38 These as-
ays have been adapted by several clinical laboratories
n the United States, and a number of publications have
een generated that demonstrate both feasibility and

mproved clinical outcome.39-41 One of the most popu-
ar assays available tests for S aureus when gram-posi-
ive cocci in clusters are present in the blood cultures.

positive appears as multiple clusters of brightly fluo-
escent green cocci, signifying the presence of S au-
eus. Non–S aureus cocci in clusters are nonfluores-
ent. The sensitivity and specificity of this assay
ompared to culture were found to be 100% and 99.2%,
espectively.42 A newer version contains probes for
oth S aureus and coagulase-negative staphylococci,
herein the S aureus is fluorescent green and the
oNS is red. Traditional or molecular susceptibility

esting is, however, required to determine if the isolate
s an MRSA.

There is also a two-color PNA FISH assay that can be
sed to rapidly identify Enterococcus faecalis, which
an be treated with ampicillin, and differentiated from
ther enterococci that are more likely to be resistant to
his drug as well as to vancomycin.43 The Candida
lbicans PNA FISH assay (Figure 3) was designed for
imilar reasons, since C albicans isolates are usually
usceptible to fluconazole unless the patient has had
ignificant exposure to this drug. Two additional yeast
NA assays have been approved for use by the FDA.
here is a dual probe assay that detects both C albicans

igure 3. The Candida albicans in this positive blood cul-
ure demonstrates a green fluorescence following hybrid-
zation with the C albicans PNA FISH probe (AdvanDx,

olburn, MA). Fluorescence microscopy; original magnifi-

ation 500x.
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Recent advances in diagnostic microbiology 253
green) and Candida glabrata (red).41,44 Interestingly,
he most recently released assay does not definitely
dentify the yeasts, but rather highlights species that

ill likely be susceptible to fluconazole (green and
ellow) and those that either may not be or are innately
esistant (red).45 In this assay, C albicans and Candida
arapsilosis are highlighted green, Candida tropicalis

s highlighted yellow, and C glabrata and Candida
rusei are highlighted red. These assays produce rapid

dentification or differentiation that may be used to
uide antifungal therapy.

YCOBACTERIA, NOCARDIA, AND
THER AEROBIC ACTINOMYCETES

irect Detection

Immunocompromised patients are at increased risk
or disease caused by mycobacteria, Nocardia, and
erobic actinomycetes. The rapid determination of the
resence or absence of M tuberculosis from a respira-
ory specimen is critical from both clinical and public
ealth perspectives. Traditional methods are time-con-
uming and labor-intensive. A modification of culture
ethods, the microscopic-observation drug-suscepti-

ility (MODS) assay, was recently described: broth cul-
ures are performed in multiple wells and viewed daily
nder light microscopy at 40x magnification.46 The
resence of cording is considered diagnostic for the
resence of M tuberculosis in this assay. The sensitivity
as 97.8% for MODS culture, 89% for automated my-

obacterial culture, and 84% for culture using Lowen-
tein-Jensen medium. Importantly, the median times to
ulture positivity were 7 days, 13 days, and 26 days,
espectively. When prospectively evaluated in Brazil
nd Honduras, this assay was proven to be suitable for
hese resource-limited areas that perform high-volume
esting.47 The method is, however, quite labor-inten-
ive and time-consuming for laboratory personnel.

There are two FDA-approved nucleic acid amplifica-
ion tests available for the rapid detection of M tuber-
ulosis in respiratory specimens: the Cobas Amplicor

tuberculosis assay (Amplicor; Roche Diagnostic Sys-
ems, Branchburg, NJ) and the Amplified M tuberculo-
is direct test (AMTD; bioMérieux, Gen-probe, Inc, San
iego, CA). Both of these tests are approved for use on

mear-positive samples. An enhanced version of the
MTD test, the AMTD2, had been approved for use on
mear-positive cases by the FDA in 1999. The Cobas
mplicor assay has a sensitivity for smear-positive spec-

mens of 87.5%-100%; sensitivity is much lower for
mear-negative specimens (17.2%-70.8%).48 Specificity
anges from 91.3%-100%. Tuberculosis cannot be ex-
luded by a negative test, but positive assays are use-
ul.49,50 Finally, multiple laboratory verified PCR assays
ave been described, which are used throughout the

orld.51-53 A real-time PCR assay by Buggraf et al, for m
xample, had excellent sensitivity (100%) and specific-
ty (98.6%) compared to the Cobas Amplicor assay.54

linicians should be aware that both FDA-approved
nd laboratory-verified assays are available, which can
e used to rapidly detect M tuberculosis, particularly in
atients with smear-positive respiratory specimens.

dentification of Mycobacteria From Culture

DNA probe technology is a rapid method that has
een used for many years by clinical mycobacteriolo-
ists for the rapid identification of select Mycobacte-
ium species. These widely used assays are commer-
ially available (AccuProbe; Gen-Probe, San Diego, CA).
ssays are suitable for the identification of M tubercu-

osis complex, Mycobacterium avium complex, Myco-
acterium intracellulare, Mycobacterium avium and
ycobacterium intracellularae combined, Mycobac-

erium kansasii, and Mycobacterium gordonae. Al-
hough these assays are not new to the laboratory, they
rovide an easy-to use and highly reliable technique for
he rapid identification of these medically important
ycobacteria.
Reverse hybridization (such as line probe technology)

as also been shown to be useful for the detection of
ommon and less frequently encountered mycobacteria.
n this method, biotinylated PCR products are afforded
he opportunity to hybridize to corresponding species-
pecific probes that have been immobilized on a nitrocel-
ulose strip. This reaction forms a banding pattern on the
trip that is diagnostic of the Mycobacterium species
resent. Currently, there are two commercially available
ssays: the InnoLiPA Mycobacteria (Innogenetics NV, Gh-
nt, Belgium) and the Genotype Mycobacterium (Hain
ifescience, Nehren, Germany). These assays are easy to
erform and can rapidly and accurately detect as many as
6 mycobacterial species in a single strip. Their cost has

imited the routine use of these otherwise excellent prod-
cts in some laboratories.

DNA sequencing following PCR is currently the cor-
erstone for molecular-based identification of myco-
acteria and related organisms. Where conventional
ethods of morphology and biochemical testing can

equire weeks and may still yield ambiguous results,
NA sequencing can provide rapid and more precise

dentification. This method has led to the discovery of
umerous new mycobacterial species, many of which
re difficult or impossible to differentiate using pheno-
ypic methods alone. The most commonly used targets
or amplification are the 16S rRNA , 65-kd heat shock
rotein, the 16S-23S rRNA internal transcribed spacer,
nd the recA gene.55 The sequence obtained is com-
ared to a database such as GenBank, the Ribosomal
ifferentiation of Medical Microsystems database

RIDOM), or others.
DNA sequencing has also become the preferred
ethod for accurate identification of Nocardia species.
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any of these species, although genetically distinct,
ave similar physical and biochemical properties
hat make them difficult to distinguish by phenotype
lone.13 Additionally, other aerobic actinomycetes,
uch as Rhodococcus, Gordonia, and Tsukamurella,
hich are also challenging to identify using traditional
ethods, may be readily identified by DNA sequenc-

ng.56

In contrast to traditional Sanger sequencing, pyro-
equencing is a novel method of DNA sequencing. This
ethod is also known as sequencing by synthesis, since

he sequence of DNA is determined based on the in-
orporation of each nucleotide as the strand of DNA is
eing synthesized. We and others have used this pyro-
equencing to sequence select variable regions of the
enome that contain signatures for the identification of
ycobacteria, Nocardia, and select aerobic actinomy-

etes.12,13,57

IRUSES

espiratory Viruses

Respiratory viruses such as influenza A and B, respi-
atory syncytial virus (RSV), and parainfluenza 1, 2, and
cause significant morbidity and mortality among the

ery young, the elderly, and within the immunocom-
romised population.58 Until recently, standard diag-
ostic methods consisted solely of culture and rapid

mmunochromatographic antigen and immunofluores-
ent tests. These are now slowly being replaced by
olecular diagnostics.
Although direct immunofluorescent assays (DFA)

nd culture are highly sensitive and specific, they are
aborious and time-consuming. Multiple studies have
hown increased sensitivity of PCR over both DFA and
ulture.59-62 Multiplex rapid cycle PCR detects multiple
rganisms simultaneously from a specimen in a single
ssay. The ProFlu-1 real-time assay (Prodesse, Wauke-
ha, WI) was approved by the FDA in 2008 for the
imultaneous detection of influenza A/B and RSV A/B
rom nasopharyngeal specimens. This one-step multi-
lex reverse transcription (RT)-PCR takes only 3 hours
o perform.63 In comparison to immunofluorescence
esting and cell culture, the sensitivities of this assay for
nfluenza A, influenza B, and RSV were 100%, 100%,
nd 97.8%, respectively.63 Specificity was found to be
00% overall when discrepant results (PCR-positive,
ulture-negative) were resolved using laboratory-veri-
ed assays that target different genes than those tar-
eted by the ProFlu-1 assay. Based on this analysis,
onventional methods missed 8.7% of influenza A,
6.7% of influenza B, and 2.7% of RSV infections.

Another FDA-approved molecular test for respira-
ory viruses is the Luminex xTAG RVP Assay (Luminex
olecular Diagnostics, Toronto, Ontario, Canada). This
ssay detects 20 distinct respiratory viruses and sub- s
ypes for three of these viruses in a single reaction and
as the ability to detect influenza A (H1, H3, and H5)
nd influenza B, RSV A and B, parainfluenza 1, 2, 3, and
, rhinovirus, adenovirus, coronavirus (SARS, NL63,
29E, OC43, HKU), and human metapneumovirus; the
ARS coronavirus and avian influenza, H5N1, are in-
luded in the assay distributed in Canada. By contrast,
urrent culture and DFA have the ability to detect only
ix or seven conventional respiratory viruses. In a pro-
pective study comparing the RVP assay and DFA/
ulture using 294 nasopharyngeal swab specimens, the
VP test detected 134 of 137 true positives (97.8%
ensitivity), whereas the latter detected only 126 of 137
91.9% sensitivity). In addition, the RVP assay detected
virus or viruses in 47 other specimens where a virus
ad not been detected by DFA and culture. These
esults showed greatly increased sensitivity of this mul-
iplex test compared to conventional methods.64

ytomegalovirus,
pstein-Barr Virus, and BK Virus

The monitoring of the cytomegalovirus (CMV) viral
oad in blood is essential in both treatment and pre-
mptive therapy of CMV infection, especially in solid
rgan transplant recipients. Several quantitative real-
ime PCR assays have been developed, as well as a
ommercially available PCR-EIA assay by Roche Diag-
ostics, the Cobas Amplicor CMV Monitor. The newer
apid cycle PCR assays in general show increased sen-
itivity over the CMV antigenemia assay for early de-
ection of CMV infection/reactivation, the benefit of
tability of target DNA in blood specimens, better
erformance in neutropenic patients, greater accuracy
nd precision, and increased automation for testing of
arge number of specimens.65 Viral load monitoring is
apidly becoming, or is already considered to be, stan-
ard of care for the monitoring of patients at risk for
MV disease.

Similarly, quantitative assays are commonly used for
pstein-Barr virus (EBV) and the BK polyoma virus.
uantitative EBV is used to monitor the load of this
irus in the blood of patients at risk for EBV-associated
ost-transplant lymphoproliferative disorder. Quantita-
ive BK viral load assays are monitored in renal allograft
ecipients who are known to be infected with the BK
irus, in an effort to avoid BK nephropathy. These
ssays, although not currently FDA-approved, will con-
inue to be used to periodically assess patients at risk
or EBV and BK disease. Likely FDA-approved products
ill be available for testing within the next 1-2 years.

nterovirus

Enteroviruses are the most common cause of aseptic
eningitis in both children and adults. Similar to the
eneXpert platform for rapidly testing S aureus de-
cribed earlier, the same manufacturer offers a fully
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utomated real-time multiplex RT-PCR assay for entero-
iruses. This FDA-approved assay affords the qualitative
etection of enterovirus RNA from cerobrospinal fluid-
pecimens. In a prospective 1-year study by Seme et al,
he GeneXpert Dx system (Cepheid, Sunnyvale, CA)
howed excellent agreement (98.1%) with two other
CR-based assays for detection of enterovirus RNA
rom 162 CSF samples.66

UNGI

easts and Filamentous Fungi

Some of the methods to rapidly identify yeasts in
linical specimens, particularly blood cultures, have
een described above. Both these fungi and filamen-
ous fungi that are difficult to identify may be charac-
erized by broad range PCR and DNA sequencing. This
ype of testing is available in research settings and at
arge reference laboratories, but significant limitations
xist, one of the main being the reliability of the exist-
ng databases. While significant work needs to be done
n database construction, DNA sequencing will likely
ontinue to be employed and potentially used more
requently for the identification of fungi that are diffi-
ult to identify by traditional methods.

There are also numerous opportunities for advanced
olecular diagnostics for the detection of opportunis-

ic fungal infections in the immunocompromised host.
urrently, antigen-based assays and nucleic acid-based

ests are being explored. The antigen-based assays,
hich are better standardized and commercially avail-

ble, include the galactomannan and the beta-glucan
ssay. These tests allow the clinician to follow anti-
enic trends in the blood of patients at risk for invasive
ungal infections. Similarly, it has been postulated that
ungal DNA loads, the quantified resultant product of a
road-range fungal PCR, could be similarly monitored
o follow patients at risk for opportunistic fungal infec-
ions. A potential advantage of this approach is that
ost-amplification analysis may be used to discern the

dentity of the infecting fungus, with obvious therapeu-
ic implications. Time and well-controlled studies will
elp to determine which of these methods will be most
seful to monitor immunocompromised hosts for early
vidence of an opportunistic fungal infection.

Pneumocystis jiroveci

Pneumonia caused by Pneumocystis jiroveci (PCP)
s an important disease in immunocompromised hosts.
he current standard of diagnosis is direct identifica-

ion using direct microscopy since PCP cannot be cul-
ured in the routine laboratory.67 A number of staining
echniques have been used, each with strengths and
imitations.68 Real-time PCR for the detection of P
iroveci has many potential advantages over morpho-

ogic detection by direct microscopy: rapid turn-
round, greater sensitivity, and accuracy. The quantita-
ive aspects of rapid cycle PCR also afford the setting of
hresholds for detection and the monitoring of patients
ndergoing therapy. Several laboratory verified real-
ime PCR assays have been described and have been
hown to be highly sensitive and specific compared to
FA.4,69,70 In our laboratory, PCR has been shown to be

uperior to toluidine blue staining and comparable to
oluidine blue staining, cytopathology, and surgical pa-
hology combined.71

UMMARY

The past decade has witnessed advances in the rapid
etection, identification, and characterization of infec-
ious microorganisms. Although there have been some
mprovements in culture-based assays such as chromo-
enic media for S aureus and the MODS assay for M
uberculosis, the majority of the vanguard work has
een related to molecular diagnostic methods. Many of
hese assays, which were first performed in sophisti-
ated university or reference laboratories only, have
een made user-friendly and are now utilized routinely

n many clinical laboratories worldwide. Complex mo-
ecular diagnostics that use DNA sequencing and mi-
roarrays are available, but there are also significant
fforts to make such assays easier to use and more
eproducible so that they too may be implemented as
iagnostic tools in more laboratories. The more wide-
pread implementation of these and similar technolo-
ies will undoubtedly improve the laboratory-based di-
gnosis of infectious diseases.
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