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KEY POINTS

� Molecular biological techniques have evolved expeditiously and in turn have been applied
to the detection of infectious disease.

� Maturation of these technologies and their coupling with technological advancements
have afforded clinical medicine additional tools toward expedient identification of infec-
tious organisms at concentrations and sensitivities previously unattainable.

� These advancements have been adapted in select settings toward addressing clinical
demands for more timely and effective patient management.
INTRODUCTION

When Kary Mullis developed the polymerase chain reaction (PCR) in 1983, its potential
benefits were obvious to clinical microbiologists: faster, cheaper, more accurate
detection and enumeration of all organisms in a specimen, without waiting for a cul-
ture. The discipline of infectious disease also sought the opportunity for simultaneous
antimicrobial susceptibility testing. These dreams have slowly matured into realities.
Multiplex arrays are approved or in development for the diagnosis of respiratory
and gastrointestinal infections direct from patient specimens with results obtained
in under an hour. An array was cleared by the US Food and Drug Administration
(FDA) in August, 2013 that can detect common bacterial and fungal agents of blood-
stream infections, as well as several important antibiotic-resistant genes, within about
an hour after the culture bottle turns positive. Approaches are being made to organism
identification and susceptibility testing directly from a blood sample without the
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necessity for culture. Microbiology lines are available, starting with automated plate
streakers and ending with molecular identification of organisms grown on solid media.
Despite these molecular and technological advancements, humans must still view the
culture plates, perhaps on a television screen, and select colonies to analyze.
Furthermore, although cost containment is of paramount importance in today’s

medical marketplace, “cheaper” is an ambiguous target. Microbiology laboratories
are diagnostic facilities that drive subsequent therapy. Increased laboratory costs
for more rapid microbial identification have been shown to result in the earlier use
of appropriate antibiotics, shorter durations of hospital stay, better outcomes, and
decreasing overall health care costs.1–3

The diagnosis of persistent human papilloma virus (HPV) infections followed by
appropriate therapeutic interventions should decrease the incidence of cervical carci-
nomas, the cost of treatment, and the attributable morbidity and mortality.
New technologies have enabled microbiologic investigations that were not included

in our original diagnostic approaches. Next-generation sequencing (NGS) can detect
and quantify populations of organisms in patient specimens. This raises the possibility
of distinguishing pathogenic organisms, present in high numbers, from colonizers that
are generally presumed to be present in lower numbers. Certain colonic organism pro-
files seem to correlate with the development of cardiovascular disease.4 A patient’s
colonic flora could be analyzed, and if the profile were unfavorable, the bacteria could
be eradicated and replaced.
Tests in use in 2018 have evolved significantly from those cited in our 2013 review5

and will continue to do so. Thus, this article is a snapshot of rapidly changing diag-
nostic microbiology laboratory techniques and its clinical applications. Emphasis
has been placed on tests with high market share in diagnostic microbiology and on
those with technologies that are personally regarded by the authors as particularly
interesting. The role of specimen processing in concentrating nucleic acid targets
and removing inhibitors of amplification is largely neglected, despite its important
role in the sensitivity of the assay. However, many new procedures are automated
and include specimen processing as part of a hands-off procedure. Most techniques
mentioned here involve real-time PCR (RT-PCR), unless otherwise specified. Because
most RT-PCR platforms are closed systems, they decrease the incidence of amplicon
contamination in the laboratory, and have allowed many nucleic acid amplification
techniques to become commercially available. The authors have also attempted to
select current citations to support salient points, and these selections are arbitrary.
Failure to mention a publication, technique, or trade name should not be construed
as denigrating that article, technique, or manufacturer.
PROBE TECHNIQUES

The first molecular diagnostic tests approved by the FDA were probe techniques.
Many probe tests are still in wide use today because they fill important niches.
Some involve novel detection methodologies.

Hybridization Protection Assays

Among the first FDA-approved molecular tests were the Gen-Probe ([San Diego, CA],
which became a wholly owned subsidiary of Hologic [Bedford, MA] in 2012). Pace 2
probe hybridization protection techniques are used for the diagnosis of Chlamydia tra-
chomatis and Neisseria gonorrhoeae from patient specimens. They have been largely
replaced by more sensitive amplification tests. A number of their AccuProbe culture
confirmation tests remain available. Among the most useful are Mycobacterium
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tuberculosis complex,Mycobacterium avium, Mycobacterium intracellulare (separately
or together), Mycobacterium kansasii, and Mycobacterium gordoni. These and other
tests available from the same manufacturer all use most of the same reagents and
instrumentation, which facilitates the use of multiple assays in the same laboratory.
These tests succeed because they target ribosomal RNA (rRNA), which is present in

up to 105 copies per organism. In bacterial ribosomes, there are common sequences,
as well as genus-specific and species-specific sequences. The culture confirmation
tests remain viable because they are intended to detect organisms in visible colonies
or in liquid medium with detectable growth. Thus, 2 amplification steps have already
been performed by nature. Sensitivities reported in the Hologic/Gen-Probe package
inserts range from 98% to 100%.
At development, these assays were novel; they were nonradioactive and performed

totally in solution, with 1 sample transfer step and no nucleic acid extraction. The hy-
bridization protection assays are based on the differential sensitivity of the acridinium
ester, which is used to distinguish the relatively labile ester on nonhybridized probes
from the more stable form in DNA–RNA hybrids. This detection system is also used
in this manufacturer’s nucleic acid amplification tests (NAATs). All the AccuProbe as-
says are similar, but the nucleic acid release steps are variable, depending on the ease
of disruption of the organism.6

The mycobacterial probe tests are particularly valuable when used in conjunction
with liquid medium or 7H11 thin-plate techniques7 used for the rapid detection and
identification of mycobacteria required by the College of American Pathologists
(Northfield, IL). Thin-plate colonies can be probed the day they are detected, and their
morphology can be used as a guide to selection of the appropriate probe. This repre-
sents significant time and money savings, although it does not eliminate the need to
grow M tuberculosis for susceptibility testing. Cultures in Middlebrook 7H9 broth
must be AFB stained to confirm the presence of mycobacteria8 and then probed
with all 4 probes. The probe techniques described are also used to detect amplifica-
tion products in amplification assays developed by GenProbe/Hologic for sexually
transmitted diseases and blood bank testing (discussed elsewhere in this article).

Hybrid capture technique
Since the 1940s, Pap smears have contributed to great advances in the prevention
and diagnosis of cervical carcinoma. In the 1980s and 1990s, it was recognized that
infection with HPV is necessary but not sufficient for the development of cervical car-
cinoma. More than 100 HPV genotypes exist, of which 13 are associated with a high
risk of cervical carcinoma (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, and 68). More
than 70% of sexually active women become infected with HPV. Most infections, even
with high-risk organisms, resolve without apparent sequalae. Why others progress is
still unknown.9 The Digene Hybrid Capture 2 (hc2; Qiagen, Gaithersburg, MD) is FDA
approved for primary screening, and to determine whether women with atypical squa-
mous cells of undetermined significance should be subjected to culposcopy. It may be
used with the Cytyc PreservCyt Solution for the Cytyc ThinPrep Pap Test (Hologic).10

In the first step, the patient specimen is allowed to react with a pool of RNA probes
designed to hybridize specifically to the DNA of high-risk HPV strains. Antibody to
RNA/DNA hybrids coats the wells of a microtiter plate and captures any hybrids. After
washing away unbound specimen and reagents, detector antihybrid antibodies, each
conjugated with multiple molecules of alkaline phosphatase, bind to each capture
target, thereby amplifying the signal. A colorless substrate for the alkaline phospha-
tase is added and chemiluminescence develops proportional to the amount of second
antibody bound.
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More sensitive tests, typically involving target amplification, have been devised, but
most clinical outcomes data are available with hc2. The need for more sensitivity has
been questioned, because hc2 has already been shown to be sensitive, but not highly
specific, for the development of cervical intraepithelial neoplasia or overt malignancy.
The presence of high-risk DNA below the detection limit of hc2 seems to be associ-
ated with a low risk for malignancy.9 However, new information suggests that infec-
tions acquired in the early years of sexual activity may reactivate with aging.11 If this
is supported by further studies, more sensitive assays might be indicated. There is
also a suggestion that unusual HPV strains may cause cervical carcinoma or precursor
lesions in restricted populations.12 Thus, the strains included in the assay may need
periodic review. Amplification techniques are now available which can distinguish
HPV-16 and HPV-18 from the other high-risk organisms, which has facilitated targeted
follow-up algorithms, and outcomes data are increasing so that this unique probe
technique is becoming less common. The use of hybrid capture as the basis a detec-
tion system in amplification assays is still possible, and used in some assays; however,
it is not considered a method with high sensitivity.
Peptide nucleic acid fluorescence in situ hybridization
Peptide nucleic acid fluorescence in situ hybridization (PNA-FISH; AdvanDx, Inc,
Woburn, MA, now owned by OpGen) accelerated the diagnosis of sepsis. Common
agents of sepsis can be identified in about an hour after the blood culture bottle has
been gram stained. Although behaving like a standard FISH assay, the PNA-FISH
probes consist of an uncharged peptide backbone to which the bases are attached.
This is thought to allow the probes to enter the permeabilized bacterial cell more easily
and then bind more tightly to the negatively charged rRNA target. Numerous publica-
tions confirm that the use of this technique for rapid identification of the common organ-
isms growing in the blood culture bottles improves antibiotic stewardship and shortens
length of stay.1,2 Depending on the patient, identification of a coagulase-negative
Staphylococcus may facilitate discontinuation of antibiotics and early discharge.
Our high-throughput laboratory (>200 blood cultures per day) was an early adapter

of the staphylococcal, enterococcal, and candida probes, although we do not
currently use those for bacteria owing to the availability of more sensitive platforms
with the ability to detect a great number of pathogens involved in bacteremia and
sepsis. Multiple PNA-FISH assays received FDA clearance, including the assay for
the detection of Staphylococcus aureus/coagulase-negative Staphylococcus, Entero-
cocuus fecalis/E faceium, gram-negative traffic light (identification of E coli, Klebsiella
penumoniae, and Pseudomonas aeruginosa) and yeast traffic light (identification of
Candida albicans,C krusei,C tropicalis, C glabrata, and C parapsilosis). Our laboratory
has been involved in clinical trials of AdvanDx PNA-FISH products and our data
showed high sensitivity and specificity of these products as well as the ease of
use.13–16 Although the popularity of PNA-FISH as a diagnostic test in large laboratories
is declining, the FISH technique is being used by Accelerate Diagnostics (Tucson, AZ)
to facilitate organism identification in positive blood culture bottles.

Affirm VPIII microbial identification test The VPIII probe test (Becton Dickinson,
Franklin Lakes, NJ) is intended for the diagnosis of vaginitis/vaginosis, conditions
causing millions of physician visits annually. Affirm detects rRNA from Gardnerella
vaginalis, used as an indicator for bacterial vaginosis (BV), C albicans, and Trichomo-
nas vaginalis. The sensitivity has been adjusted to avoid giving positive results with low
concentrations of G vaginalis and C albicans, which often colonize the normal vagina
using a lateral flow immunochromatographic enzyme assay. This assay maintains low
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sensitivity (requiring about 5000 copies of trichomonas nucleic acid to give a positive
result), which may be ideal for Gardnerella but bad for Trichomonas species. It is
formatted to be performed in a cassette superficially resembling the lateral flow tests
used for the serologic detection of influenza or rotavirus antigens and was the first
FDA-approved molecular test based on lateral flow. The methodology for lateral
flow is as follows: after collection on a proprietary swab, the specimen is lysed to
release the nucleic acids, buffered to stabilize the nucleic acids and establish strin-
gency, and added to the cassette, which is incubated at the proper temperature for
nucleic acid hybridization. The cassette contains 5 “beads,” each coupled to a capture
probe: 1 for each of the 3 analytes, plus positive and negative controls. Next, enzyme-
linked detector probes bind to specific sequences on the target organism’s rRNA. Un-
bound sample components and probes are washed away. A colorless substrate is
converted to a blue product if sufficient target and detector probe have bound. A
blue “bead” indicates a positive result.17

Numerous publications have revealed that health care providers are significantly
less accurate than VPIII for the diagnosis of significant candidiasis and T vaginalis.
The Affirm test has highlighted the fact that multiple infections are common. The
role of the VPIII in the diagnosis of BV is the subject of debate, however, because
the use of G vaginalis alone as an indicator of BV is not optimal. In addition, there
have been criticisms of the limit of detection (LOD) of the assay, particularly for T vag-
inalis, and of the inability of the assay to highlight the presence of drug-resistant
Candida spp. Automated NAAT assays (including the MAX Vaginal Panel assay by
Becton Dickinson) resolve many of these problems. Becton Dickinson now suggests
that the Affirm assay may be appropriate for smaller laboratories, whereas larger lab-
oratories may wish to transition to its NAAT assay.
The BectonDickinsonMAX Vaginal Panel is the first FDA cleared,microbiome-based,

PCR assay that directly detects the 3 most common infectious causes of vaginitis: BV,
vulvovaginal candidiasis, and trichomoniasis. The MAX Vaginal Panel performed on the
Becton Dickinson Max instrument is fully automated and diagnoses BV using a unique
algorithm that quantitates the presence of Lactobacillus spp. (good bacteria) as
compared with G vaginalis, Atopobium vaginae, BV-associated bacteria, and Mega-
spherae (BV-associated bacteria). It separately determines the presence of T vaginalis,
as well as the presence of the Candida group (albicans, tropicalis, parapsilosis, and
dublinensis), and of C glabrata and C krusei, which are more antibiotic resistant.18

Advances in Sexually Transmitted Disease Testing

Culture, immunoassay, and probe tests for both N gonorrhoeae also known as Gon-
ococci and C trachomatis are less sensitive than NAATs, and NAATs have been the
standard of care since the late 1990s, although certain jurisdictions still require culture
for legal cases. In this text N gonorrhoeae and Gonococci are used interchangeably.
C trachomatis and gonococcal infections of the female genital tract present a diag-

nostic challenge because many patients with C trachomatis and Gonococci are
asymptomatic. Sexually transmitted diseases are becoming more prevalent even in
the United States and Europe. This has led to the implementation of widespread
screening, using urine or self-collected swabs, collection procedures with increased
patient acceptance. All of these tests are also available for physician-collected vaginal
swabs and for male urethral swabs and urines.
Commercial qualitative NAATS for diagnosis of C trachomatis and Gonococci have

been available for about 20 years. The first PCR assay, the semiautomated Amplicor C
trachomatis/N gonorrhoeae test, was developed by Roche (Basel, Switzerland). It was
closely followed by the Abbott LCX assay (Abbott Laboratories, Chicago, IL) for the
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simultaneousdetection ofC trachomatis andNgonorrhoeae, which used ligase chain re-
action technology toamplify the targets. In2003, theAbbott LCXassay forC trachomatis/
Gonococciwaswithdrawnabruptly from themarket. In the late1990s, otheramplification
assays became available, a strand-displacement amplification assay from Becton Dick-
inson, the ProbeTec ET, and a transcription-mediated amplification test fromGenProbe
were introduced.Both of these evolvedover the yearsand additional testswerealso FDA
approved. Other testing approaches include the Becton Dickinson ProbeTec C tracho-
matis/Gonococci Qx assay performed on the Viper XTR, Hologic/Gen-Probe Aptima
Combo 2 assay performed on both the Panther and Tigris instruments, the Abbott
Real-TimeC trachomatis/Ngonorrhoeae assay, and theRocheDiagnosticsCobasC tra-
chomatis/N gonorrhoeae assay run on the Cobas 4800 instrument.
A current problemwith all molecular diagnostic tests forC trachomatis/Gonococci is

the inability to test for antibiotic resistance. N gonorrhoeae has inexorably developed
resistance to each antibiotic regimen that became widely used, and the question of
antimicrobial resistance in C trachomatis has hardly been considered, although treat-
ment failures are well-known. Because the transport systems for C trachomatis and
Gonococci are not compatible with culture and susceptibility testing, it seems inevi-
table that molecular susceptibility testing must be developed, but we are unaware
of any such development.

Hologic/Gen-Probe Aptima Combo 2 assay
This assay is performed on either the Tigris or the Panther instruments. It targets a re-
gion of the 23S rRNA of C trachomatis and one from the 16S rRNA from Gonococci.
They are amplified via DNA intermediates by using transcription-mediated amplifica-
tion, a technique that uses both a reverse transcriptase enzyme and a phage-derived
RNA-dependent RNA polymerase. The detection of the amplicons is achieved using
the hybridization protection assay described herein in the section on probe tests.
Briefly, single-strand chemiluminescent DNA probes bind to their complementary
target, protecting the labile acridinium ester. After hydrolysis of the esters on unbound
probes, light emitted from the ester that had been protected within the target-probe
hybrids is measured and reported as relative light units. Assay results are determined
by a cutoff based on the total relative light units and the curve type.19,20

Becton Dickinson ProbeTec C trachomatis/Gonococci Qx assay on the Viper XTR
This assay uses the isothermal DNA nick translation technique called strand-
displacement amplification for the detection of target sequences in the patient
sample. It targets a sequence in the cryptic C trachomatis plasmid and a sequence
of Gonococci genomic DNA, respectively. Extraction of DNA from clinical samples
is based on pH-dependent binding of the DNA to ferric oxide particles followed by
binding of the combination to paramagnetic beads. After removing the contaminants,
the purified DNA is released and amplified by real-time strand-displacement amplifi-
cation in the presence of a fluorescently labeled detector probe. The presence of
the target DNA is determined by comparing the peak fluorescence with a cutoff value.
Many articles have discussed the performance of this assay to detect the targets in
clinical specimens, such as urine or vaginal/cervical samples. This assay is not eval-
uated for pregnant women as well as patients younger than 18 years of age.21–23

The Abbott RealTime C trachomatis/N gonorrhoeae assay
This RT-PCR assay targets 2 sequences within the cryptic plasmid of C trachomatis.
This plasmid is found in all serovars of Chlamydia to date. The dual targets
allow detection of both the wild-type C trachomatis and the variant, which has a
deletion in one of the target sequences. The Gonococci target is found within the
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organism’s Opa gene. Cheng and colleagues24 evaluated the Abbott RealTime C tra-
chomatis/Gonococci assay in comparison with the Roche Cobas Amplicor C tracho-
matis/N gonorrhoeae assay. They showed high agreement between the 2 assay.
However, their data demonstrated that the Abbott assay was more sensitive than
the Roche assay for both C trachomatis and N gonorrhoeae with enhanced ability to
detect dual infections.

Roche Cobas 4800 instrument and C trachomatis/N gonorrhoeae assay
This multiplex PCR assay simultaneously detects 2 independent DNA targets forC tra-
chomatis, one in the cryptic plasmid and the other on the C trachomatis genome. This
assay can detect infections caused by the wild-type C trachomatis, in addition to other
Chlamydia strains that may have deletions in the cryptic plasmid, or those that might
not carry the cryptic plasmid at all. DR-9, a direct repeat region, is the target of the N
gonorrhoeae assay. The use of this target makes the assay highly specific to N
gonorrhoeae. This target does not cross-react with sequences found in commensal
Neisseria, a feature that hampers the use of some otherGonococci assays for oropha-
ryngeal and rectal samples.
Chernesky and colleagues25 performed a direct comparison of 4 second-generation

C trachomatis/Gonococci assays to obtain information about their relative sensitivities
and specificities. They used both first void urine and self-collected vaginal swabs. The
sensitivities for C trachomatis using self-collected swabs were: Aptima Combo 2 run
on the Tigris, 98.1%, and on the Panther, 96.2% (Hologic/GenProbe): RealTime assay
on the m2000, 98.0% (Abbott): ProbeTec Qx assay on the Viper, 90.6% (Becton Dick-
inson), and the Cobas assay tested on the Cobas 4800, 84.6% (Roche).

Other qualitative assays
Hologic-Gen-Probe manufactures several widely used qualitative, transcription-
mediated amplification-based microbiology tests; included among these are a direct
test for M tuberculosis and the Procleix Ultrio Plus assay (Ultrio), which has also been
licensed to Novartis (Emoryville, CA). The first assay (without the Plus) has long been
approved for detection of human immunodeficiency virus (HIV) and hepatitis C virus
(HCV) in specimens fromblooddonorsand fromorgandonors, both livinganddeceased,
but is not intended for the diagnostic workup of the diseases in the general population.
Testing a pool of samples from up to 16 blood donor units is approved for blood bank
testing. Recently, the FDA approved the inclusion of hepatitis B virus in this assay, and
it has been renamed Ultrio Plus. It contains several HIV targets that allow it to detect
HIV-1 (several strains) and HIV-2. Because test results are generally negative and high
sensitivity is necessary, the inclusion of an internal control is essential. Components of
positive pools are retested individually and then by assays for each individual analyte.26

Other published data contain a listing of more than 135 published RT-PCR assays
developed for the detection of 32 species of bacteria.27 This list does not include mul-
tiplexed tests or assays for viruses. The publication acknowledged that the list is
incomplete and commented that most are laboratory-developed tests, with only
35 (counted from the list) being commercially available, whether FDA approved or
not. This finding emphasizes the need for more rapid commercial development and
FDA approval methods.
Although cyber green, a nonspecific detector, is still used occasionally, 3 main mo-

lecular detection systems are used: dual hybridization (fluorescent resonance energy
transfer), TaqMan, and molecular beacon.
The fluorescent resonance energy transfer detector consists of 2 different probes,

complementary to adjacent sequences on the target amplicon, and each attached
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to a different fluorophore. When activated by incident ultraviolet light, the first fluoro-
phore emits energy at an unmonitored wavelength. If the second probe is bound adja-
cent to it, the energy is transferred to the second fluorophore, which then emits light at
the wavelength monitored by the sensor. At the end of the PCR assay, a melting curve
for the amplicon–probe complex can be generated. The melting temperature is char-
acteristic of each amplicon–probe combination. If there is a mismatch between the
probe and the amplicon, the melting temperature decreases.28 The melting tempera-
ture difference has been exploited in a test that distinguishes between herpes simplex
1 and 2 (Roche). The PCR primers bind sequences common to both viruses within
the HSV DNA polymerase gene. The amplicon detector probes match the HSV-2
sequence, which differs from that of HSV-1 by 2 bp. Melting curve analysis reveals
a reproducible melting temperature for HSV-2 that is about 10�C higher than that
exhibited by HSV-1.29 Occasional mutant HSV strains have been detected that have
intermediate melting temperatures. These tests can be reported as positive for
HSV, but the type is not clear. Types 1 and 2 could be distinguished by sequencing
the amplicons, by using an assay using a different target sequence, or by the melting
temperature of the amplicon, which is said to be 0.9�C higher for the HSV-2 variant
than the type 1 variant.30

The MultiCode RTx system uses an unusual PCR amplification technique in which
no detector probe is used and in which the fluorescence actually decreases as ampli-
fication progresses. It was developed by EraGen BioSciences, Inc (Madison, WI; ac-
quired by Luminex Corporation [Austin, TX] in 2011). Their MultiCode-RTx herpes
simplex virus 1 and 2 kit was FDA approved in 2011. MultiCode RTx assays use 2 un-
usual nucleotide bases iC (2-deoxy-5-methylisocytidine) and iG (2-deoxyisoguano-
side) that base pair only to one another and that are efficiently incorporated into
PCR products. iG is put at the 5

0
end of the RTx primers along with its linked fluoro-

phore. The reaction mix contains iC covalently linked to a quencher. In the initial cycle
amplification, the iG, with its attached fluorophore, appears at the 5

0
end of the primer

and hence at the 50 end of the nascent amplicon strands. When these serve as tem-
plates for copying in the other direction, an iC, with its attached quencher is added
to the 3

0
end of the new strand, opposite the iG and its fluorophore. The approximation

of fluorophore and quencher decreases the fluorescence. In melting curve analysis,
fluorescence increases as the amplicons melt, and the melting temperature allows
determination of the nature of the analyte.31
QUANTITATIVE TECHNIQUES

Quantitative PCR in clinical microbiology are confined mainly to NAATs used for HIV
viral load testing, although there are also FDA-approved quantitative RT-PCR assays
for HCV, hepatitis B virus, and recently for cytomegalovirus. The trend is to make the
assays referable to a World Health Organization international standard. Quantitative
techniques have advanced significantly since the early days when Alice Huang first
demonstrated that quantitative PCR was possible (for a detailed discussion and re-
view of the literature, see Fairfax and Salimnia28).
RT-PCR is inherently semiquantitative. Theoretically, one can construct a standard

curve of copy number versus cycle threshold—and determine the quantity of analyte
in a patient specimen by referring to the curve. However, variations in extraction effi-
ciency and the presence of inhibitors can introduce significant errors, particularly at
low levels of analyte, when one is attempting to distinguishing “only a few” from
“none.” One relatively straightforward method to overcome this problem includes
the addition of a control target or quantitation standard into the patient sample before
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extraction. The target and the quantitation standard are extracted, amplified, and
detected together, controlling for the extraction and for any inhibitors present.
The ideal quantitation standard should be the same size and base composition as

the target to be quantified, with the same primer binding sites. It should differ enough
in sequence that the detector probe or probes for the target do not bind to it, and its
own detector probe should fluoresce at a different wavelength from that of the target.
Then, quantitation should be a simple mathematical calculation.28 However, at low
target concentrations, the standard curve is no longer straight. Roche has incorpo-
rated complex mathematical calculations into its recent viral load assays to account
for this divergence.
Conversations have recently begun about possible “cures” of HIV infection, and as

highly active antiretroviral therapy and improved plasma HIV viral load techniques
converge, discussions have ensued about how to evaluate residual virus in well-
controlled or possibly cured individuals. The most sensitive assays for determination
of low-level infection are likely to be assays for HIV DNA copies in single cells. How to
determine which ones are replication competent is crucial to this discussion. Aside
from circulating CD4 cells, what cells should be investigated is unclear at this time.
This active area of investigation was recently reviewed by Strain and Richman,32

who discussed very low-level contamination, signal-to-noise ratios in PCR testing,
single-cell PCR, and other techniques that are beyond the scope of this article.
With respect to HIV quantification in plasma, further considerations affect testing

and result interpretation. The most obvious problem results from the increase in
sensitivity as the assays improve. Patients who were told that their virus levels
were “undetectable,” suddenly have quantifiable virus. Time-consuming correla-
tions between viral load and prognosis have to be redone for each new, more sen-
sitive assay. Sequence differences between the numerous organism strains and
the inherent mutability of the organisms also make accurate quantification difficult,
especially for RNA viruses, such as HIV and HCV. One must target a stable
sequence. However, the viral RNA polymerase enzymes are error prone and lack
proofreading activity. Changes in the genetic sequence, particularly in the primer
or probe-binding sites, may reduce the detected viral load. Minority quasi-
species also cause problems (discussed elsewhere in this article). It seems that
more than 1 target will be necessary for future assays.
Because approval and release of diagnostic tests by different manufacturers are not

coordinated, it is difficult to find articles comparing the performance of the latest offer-
ings by different companies. Two current assays for HIV quantification in the United
States are the Roche Cobas AmpliPrep Cobas TaqMan HIV viral load version 2.0
(CAP/CTM2) and the Abbott RealTime HIV-1 assay (ART HIV). The 2 assays have
different lower limits of quantitation, 20 copies/mL for CAP/CTM2 and 40 copies/mL
for ART HIV, which introduces difficulties in comparison. They have, however, been
compared in 2 recent articles.33,34 Sire and colleagues33 extrapolated the ART HIV
curves, and found that 10 of 17 specimens that were quantifiable by the CAP/CTM2
but not by the ART HIV could actually be quantified. The assays correlated well
(r 5 0.96),32 although CAP/CTM2 was more than 0.5 log10 higher than the ART HIV
in 20% of 51 samples, whereas the ART HIV was more than 0.5 log10 higher in only
2 of them.33 Whose result is more accurate remains to be determined.
HIGHLY MULTIPLEXED POLYMERASE CHAIN REACTION PANELS

This section focuses only on highly multiplexed assays, roughly defined as those
detecting more than 10 targets. Although many assays for individual etiology
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agents of disease are available, testing for individual organisms is often uninforma-
tive. Numerous viral and some bacterial agents of respiratory disease cause similar
symptoms. It is usually not obvious which agent or agents are infecting a given pa-
tient. Even at the peak of an influenza epidemic, an individual may be infected with
respiratory syncytial virus instead or concurrently. Furthermore, mixed infections
are more common than many had imagined. 35,36 Some virus infections are treat-
able, and others have different isolation requirements if the patient is hospital-
ized.36 Thus, molecular panels that could detect multiple etiologic agents of
diseases clearly are desirable. As of December 2017, 6 multiplex respiratory panels
are FDA approved: Luminex xTAG RVP (xRVP) and RVP Fast (xRVPF) and Verigene
respiratory pathogen flex (LUMINEX corporation); Film Array Respiratory Panel
(FARP; BioFire Diagnostics [Now bioMerieux], Salt Lake City, UT), and the eSensor
respiratory viral panel, ePlex Respiratory Pathogen Panel (GenMark Diagnostics,
Carlsbad, CA). In comparison with other systems, the FARP detects the greatest
number of pathogens, including 3 bacteria and 17 viral pathogens. One head-to-
head comparison of all 4 test modalities was recently published.37 The various ana-
lytes differ in sensitivity and specificity, but this study found that the eSRP had
100% sensitivity for all analytes compared. The xRVP was second, and more sen-
sitive than the xRVPF, which was similar to the FARP. These results will require
confirmation by other researchers; Babady and colleagues35 found the FARP to
be more sensitive than the xRVPF for many analytes. All tests are capable of
detecting mixed infections.
Ultimately, the final decision as to which test to implement in one’s laboratory may

come down to questions of cost, hands-on time, complexity, time to result, and con-
venience. The FARP provides a result within about 1 hour, requiring only a fewminutes
of hands-on time, but can handle only 1 sample at a time. It seems ideally suited to a
medium-sized laboratory where technologists without specialized molecular expertise
can perform the tests. Some larger laboratories have bought multiple instruments or
instruments with higher throughput (eg, Torch from BioFire) to facilitate throughput.
But surge capacity may be lacking. The other systems test samples in batch mode
with high throughput, but they require sample extraction before testing, and amplicon
manipulation afterward, which may confine them to a “PCR laboratory.” Each handles
21 samples per run. None is suitable for 2 runs per shift, although staggered technol-
ogist start times could allow it with the xRVPF. The xRVP and eSRP require 7 to 8 hours
for results.37

A problem with panels is that they tend to maximize the number of analytes
detected in their initial offering, based on instrument constraints. Therefore, adding
something new seems to require that something old be removed. FDA reapproval re-
quires significant financial outlays for any change, and new respiratory viruses keep
appearing. Newly detected viruses since 2001 include human metapneumoviruses
(2001), severe acute respiratory syndrome (2003), human bocavirus (2005), new influ-
enza A viruses (H1N1, 2009; H7N9, 2013), and now, Middle East respiratory syndrome
corona virus (2012), the latter 2 of which apparently have not (yet) appeared in the
United States. MERS and H7N9 have not been reported in the United States between
2014 and 2017 (source: CDC https://www.cdc.gov/features/novelcoronavirus/index.
html) but they apparently have a high mortality rate.38–40 The human metapneumovi-
ruses and human bocavirus are included in some of the previously mentioned assays.
It is not clear whether MERS corona virus can be detected by the coronavirus
detector systems in these assays, but if so, it could not be distinguished from those
that cause more common respiratory infections. Thus, keeping panels updated may
prove difficult.

https://www.cdc.gov/features/novelcoronavirus/index.html
https://www.cdc.gov/features/novelcoronavirus/index.html
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New multiplex panels have been developed and received FDA clearance for
viral, parasitic, and bacterial agents of gastrointestinal diseases, and central ner-
vous system infections. A BioFire assay for usual agents of bloodstream infec-
tions was FDA approved in August 2013. The Biofire gastrointestinal panel and
meningitis panel also received FDA clearance on May 2014 and November
2015, respectively. In addition to the detection of bacterial pathogens, it detects
several antibiotic resistance genes. Another system known as Verigene blood-
stream tests (made by Nanoshere, now Luminex Corporation) provides bacterial
identification and antibiotic resistance determination directly from positive blood
culture bottles. The assay includes 2 cartridges, gram positive and gram negative.
A Gram stain of positive blood culture bottle is needed to decide if a gram-
positive or a gram-negative cartridge should be used. Luminex and BioFire also
offer FDA-cleared gastrointestinal panels that detect and identify viral, bacterial,
and toxins such as shiga1/2 directly from stool samples, whereas the blood cul-
ture panels should be run from positive culture bottles (which may take up to
5 days to become positive). Some can detect several antibiotic resistance genes
as well as infecting bacteria.

Prove-It Sepsis

The Prove-It Sepsis assay can identify bacteria and fungi from positive blood cul-
ture in about 3.5 hours. The assay is approved in Europe, but not FDA cleared in the
United States. Prove-it Sepsis runs on a strip with 8 wells, each of which can iden-
tify 2 sample. Each microarray identifies more than 60 bacteria, mecA, vanA, and
vanB resistance markers and 13 fungi in a single assay. Tissari and colleagues,41

evaluated the clinical performance of this assay using 3300 patient samples and
found. Based on their data, Prove-it Sepsis showed 95% sensitivity and 99%
specificity.

Quantitative Digital Polymerase Chain Reaction with Increased Accuracy at Low
Copy Numbers

Digital PCR (dPCR) is a quantitative method that provides a sensitive and reproducible
way of measuring the amount of DNA or RNA present in a sample that is present in low
copy numbers. It is similar to quantitative PCR in the reagents and amplification reac-
tion. The method is simple and reproducible, and does not need quantitation stan-
dards or standard curves. Before amplification, the initial sample mix is partitioned
into multiple individual wells or droplets, many of which end up containing no target
sequence. After amplification, the number of positive and negative reactions is deter-
mined and the absolute number of target present in the initial reactionmix is calculated
using Poisson statistics.
The dPCR is advantageous for applications requiring high sensitivity combined with

accurate and reproducible enumeration of small numbers of targets. This method is
obviously useful for quantification of viral loads, but can also be used for detection
of rare alleles, determination of copy number variations, quantification of NGS li-
braries, as well as measurements of gene expression heterogeneity and multiplexing.
There are currently no FDA-approved, commercially available dPCR systems in United
States. However, several companies such as Raindrop Digital PCR System (Rain-
dance Technologies, Lexington, MA), QX200 Droplet Digital PCR System (Bio-Rad,
Hercules, CA), BioMark HD System, qdPCR 37K IFC (Fluidigm Corporation, South
San Francisco, CA) and QuantStudio 3D Digital PCR System (Life Technologies, Carls-
bad, CA) offer dPCR systems for research use. More information on dPCR, can be
found in references.42–45
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Use of Mass Spectrometry and Spectroscopy for the Identification of Pathogens

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
Although “molecular diagnostics” is generally assumed to imply nucleic acid–based
methods, mass spectroscopy has been used in microbiology since the 1970s. At
that time, mass spectroscopy was used almost exclusively for the identification of an-
aerobes by analysis of volatile or volatilized short-chain organic acids. New mass
spectroscopy techniques provide a general tool for the identification of microorgan-
isms growing in colonies on culture plates. This requires 2 to 5 minutes and has the
potential to improve significantly the turnaround time for microbiology culture reports
and to reduce labor costs, especially when coupled with other laboratory automation
that is now becoming available. Up-front costs are high, but the cost per test is low
and the rapidity of results and low cost per individual result can impact antibiotic us-
age and patient outcomes, shortening hospital stays and lowering total costs.3

The new technology is matrix-assisted laser desorption/ionization time of flight
(MALDI-TOF). Currently, there are 2 FDA-approved MALDI-TOF instruments available
in the United States for rapid identification of microorganisms: one developed by Shi-
madzu Scientific Instruments (Columbia, MD) and licensed to BioMerieux (Durham,
NC) and a second, manufactured by Bruker Daltonics (Billerica, MA), and licensed
to both Siemens Healthcare Diagnostics (Tarrytown, NY) and to Becton Dickinson
(Sparks, MD). The great benefit of quick, easy, and accurate identification of microor-
ganisms has encouraged larger laboratories to implement these systems for routine
organism identification despite their initial high instrument cost.
Microorganism identification by MALDI-TOF is based on the observation that each

pathogenic organism has its own unique protein signature. Bacterial cells are fixed in a
matrix and irradiated by a laser beam that releases and ionizes the proteins. These
enter a vacuum column and move toward the detector based on charge and mass.
The protein signature is checked for a match against a large and still growing database
derived from different genera and species of microorganisms. Different instruments
have different databases, and the government has limited laboratory access to data-
bases containing the protein signature of potential agents of bioterrorism, although
these are endemic in certain areas of the United States.
MALDI-TOF can identify bacteria, both aerobic and anaerobic, mycobacteria, and

fungi. The analysis of organisms with tougher cell walls, such as gram-positive bacte-
ria, yeasts, and fungi, requires slight modifications of procedure.46 Hundreds of ab-
stracts and articles attest to its ability to rapidly and accurately identify bacteria and
fungi to the genus and species level.
MALDI-TOF for the identification of etiologic agents of sepsis generally cannot be

performed until the pathogen has first been grown in blood culture bottles and subcul-
tured onto standard solid media. These steps are time consuming and lead to the use
of broad-spectrum, empiric antibiotics. To increase speed of identification, protocols
have been developed to use MALDI-TOF directly from newly positive blood culture
bottles,47–49 although it should not be used in samples containing multiple organisms
Data are also accumulating illustrating the ability of MALDI-TOF to identify some
antibiotic-resistant organisms.50 However, more work is needed in this area before
MALDI-TOF could become a valid alternative to routine antibiotic susceptibility
testing.

Laser-induced breakdown spectroscopy
Rapid advances in the development of laser-induced breakdown spectroscopy (LIBS)
have transformed it from an elemental analysis technique to one that can be used
directly for the identification of complex materials, including clinical microbiology
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specimens. A growing number of recent articles have illustrated the ability of LIBS to
rapidly detect and accurately identify various biological, biomedical, or clinical sam-
ples. These analyses are sensitive, specific, and rapid, requiring no sample prepara-
tion. LIBS can identify microorganisms based on a determination of their elemental
compositions. LIBS uses a strong laser pulse to atomize the content of bacterial cells.
Light from these “high-temperature sparks” is collected. Analysis of the peaks in the
atomic emission spectrum allows the identification and relative quantification of
the atoms present in each sample. The “spectral fingerprint” of the peaks and their ra-
tios is compared with a database of LIBS spectra derived from different genera
and species of microorganisms to allow identification of bacterial genus and species.
As yet, there is no FDA-cleared LIBS system for rapid identification of pathogen
microorganisms.51,52

Raman spectroscopy
Interest has also recently been generated in the possibility of using Raman spectros-
copy for the rapid identification of a variety of bacteria. Raman spectroscopy uses the
interaction of light with molecules to measure functional group vibrations. When pho-
tons from an incident, focused laser interact with a molecule, they cause the molecule
to transition to an excited vibrational state, accompanied by a corresponding energy
loss in the photon; this energy loss results in the light undergoing a frequency shift, and
hence a change in color, which is measured. The spectrum is unique for each bacterial
species. It can be checked against a database for rapid identification of the pathogen.
Raman spectroscopy is distinct from other current techniques because of its ease, low
cost, and high speed. It provides information on the chemical composition and the
structure of biomolecules within the microorganisms. Thus, slight changes in the
chemical makeup of organisms can be determined by Raman spectroscopy and
used to differentiate genera, species, or even strains. A study by Chouthai and
colleagues,53 showed reliable, rapid, and accurate identification of Candida species
using Raman spectroscopy. Detection of pathogens is possible from complex
matrices, such as soil, food, and body fluids. Further, spectroscopic analysis may
allow determination of the effect of antibiotics on bacteria.53–55

Multiplexed Automated Digital Microscopy (Time Lapse Imaging): Accelerate
Pheno System

The automated Accelerate Pheno technique (AXDX; Accelerate Diagnostics) received
FDA approval in February 2017. It performs both bacterial identification and antibiotic
susceptibility testing directly from the positive blood culture bottle, without requiring
the isolation of purified colonies, cutting almost 40 hours off the time to identification
and antibiotic susceptibility testing. The techniques use digital microscopy and allow
identification of 1 to 4 bacterial pathogens from a positive blood culture bottle in
around 1 hour and antibiotic susceptibility testing about 6 hours later. It succeeds
where other techniques fail because it analyzes single cells. Organism identification
is performed using multiplexed automated digital microscopy and FISH probes
(described elsewhere in this article). Antibiotic susceptibility testing is performed by
observing the growth of individual, live, immobilized bacterial cells in the presence
of antimicrobial agents. Phenotypic antibiotic susceptibility testing results with a panel
of standard antibiotics require about 7 hours after the blood culture bottle turns pos-
itive. By guiding appropriate antibiotic therapy this microscopic technique can reduce
mortality and morbidity.
AXDX identifies and performs antibiotic susceptibility testing on 6 gram-positive and

8 gram-negative bacterial genera/species and 2 Candida species. In this system,
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bacterial cells are first purified from blood culture growth medium by gel electrofiltra-
tion followed by cell immobilization via electrokinetic concentration before FISH and
antibiotic susceptibility testing.
Our laboratory has evaluated the performance (accuracy) of Accelerate system. In

2015 and 2016, we tested 300 clinical samples on this system and compared
the result with our standard method, which currently consists of a combination of
phenotypic, biochemical, and/or MALDI-TOF techniques for pathogen identification
combined with antibiotic susceptibility testing via the Becton Dickinson Phenix auto-
mated microbiology system. The data revealed high sensitivity (93.8%) and specificity
(99.7%) for identification of pathogens as well as high categorical (94.8%) and essen-
tial agreement (96.3%) for antibiotic susceptibility testing results. The system was
robust and on average provided identification in 1.4 and antibiotic susceptibility
testing results in 6.7 hours after bottle positivity.56

Marschal and colleagues compared the performance of AXDX with conventional
culture-based methods. AXDX correctly identified 88.7% (102 of 115) of all blood
stream infections (BSI) episodes and 97.1% (102 of 105) of 28 isolates that are
covered by the system’s identification panel. The AXDX generated an antibiotic sus-
ceptibility testing result for 91.3% (95 of 104) samples in which it identified a gram-
negative pathogen. They found the overall category agreement of 96.4%, for sensitive,
intermediate, and resistant interpretation between AXDX and culture-based antibiotic
susceptibility testing, with the rate for minor discrepancies 1.4% (change between
sensitive or resistant and intermediate), major discrepancies 2.3% and 33 very major
discrepancies 1.0%.57

Resonant mass measurement for determination of antibiotic susceptibility in bacteria
LifeScale biosensor rapid antimicrobial susceptibility LifeScale (Affinity Biosensors,
Santa Barbara, CA) uses resonant mass measurement to enumerate and deter-
mine the mass of bacteria exposed to antibiotics, allowing it to determine anti-
biotic susceptibility within approximately 3 hours. A beam suspended at 1 end
resonates at a specific frequency. If a mass is added to the beam, the resonant
frequency decreases an amount related to the added mass. The beam is sus-
pended in a vacuum and the bacteria, in growth medium, pass through a micro-
channel in the beam. This technology has been developed into the Life Scale
Biosensor, which can make these determinations in a standard 96-well plate,
including the minimum inhibitory concentration plates prepared by Sensititre
(ThermoScientific, Waltham, MA). Individual bacteria can be enumerated and their
individual masses rapidly determined (in femtograms 10�15 g) can be determined
rapidly as they pass through the microchannel in the beam. Two posters were
presented at the 2016 ASM Microbe to demonstrate proof of concept. Antibiotic
susceptibility was determined using multiple gram-negative organisms that are
generally used in clinical laboratories as antibiotic susceptibility testing control
organisms. Resonant mass measurement and standard laboratory antibiotic sus-
ceptibility testing results were compared. More than two-thirds of these antibi-
otics demonstrated 100% essential agreement with the standard results
after 3 hours or less, whereas the standard techniques required 16 to 24 hours.
Two antibiotics were in less than 90% categorical agreement and required a
longer incubation time. The results indicate that a rapid antibiotic susceptibility
testing based on resonant mass measurement produces reliable antibiotic sus-
ceptibility testing results on gram-negative strains. Ongoing investigations are
planned to extend these results to gram-positive strains and to validate the
method on clinical samples from positive blood cultures.58,59
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Colorimetric sensor array: use of volatile organic compounds and color active indicator
array for rapid bacterial identification The SpecID (Specific Technologies, Mt. Lakes,
CA) blood culture system provides organism detection and identification while the
etiologic agent of sepsis is growing in a modified blood culture bottle and does so
more rapidly than detection alone can occur in similar comparator blood culture bot-
tles. When bacteria grow, they produce characteristic volatile organic compounds
(VOC) that accumulate in the head gasses above the culture medium in the bottle;
the spectrum of VOC produced is characteristic of a given genus and species of bac-
teria. An inexpensive, disposable array can be substituted for the top of a bottle or built
into a proprietary bottle. This array consists of chemical indicators that change color
differently when exposed to the VOC mixtures, allowing for the determination of the
VOCs released. The first instrument using this technique was shown in Amsterdam
at European Society of Clinical Microbiology and Infectious Diseases 2016. In a
proof-of-principle paper, Lim and colleagues60 demonstrated that the SpecID finger-
print can detect and identification the VOC fingerprints of organisms in pure culture
with a sensitivity and specificity of 91% and 99.4%, respectively. It could distinguish
between strains of S aureus, suggesting that it may be used for epidemiologic pur-
poses as well. Furthermore, detection was rapid, with organism identification with
the arrays detecting growth almost 2 hours faster than the standard system. Whether
it will work in mixed infections remains to be determined.
Shrestha and colleagues61 studied the ability of the SpecID arrays to identify a panel

of important yeast pathogens. BacT/Alert bottles modified to contain the arrays were
compared with standard bottles, all of which were inoculated with 10 mL of blood
either unspiked or spiked with different quantities of the yeast species. Bottles con-
taining no yeast were reported as negative, and the yeast in all positive bottles were
detected correctly, regardless of a wide range of inoculum sizes. Growth by colori-
metric sensor array was detected 6.8 hours faster than BacT/Alert system. The
mean sensitivity for species-level identification by colorimetric sensor array was
74% at the time of growth detection, and increased with time, reaching almost 95%
at 4 hours after growth detection.60,61

Cultureless systems for rapid detection and identification of pathogens directly
from patient’s specimen

Magicplex sepsis real-time test (SeeGene) Magicplex screens for more than 90
pathogens that cover more than 90% of sepsis-causing pathogens as well as 3
drug resistance markers for methicillin and vancomycin (mecA, vanA, and vanB)
from whole blood sample. Also, this test is able to further identify the pathogens
that are detected in the previous screening step with an additional 30 minutes. There
are 73 gram-positive, 12 gram-negative, 6 fungi, and 3 antibiotic resistant genes that
can also be discriminated. The Magicplex Sepsis Test requires 1 mL of a patient’s
whole blood and provides test results within 3 hours (after extraction). The microbial
DNA enrichment is based on Molzym’s MolYsis technology (Bremen, Germany)
enabling up to 40,000-fold DNA enrichment over conventional technologies. Auto-
mated DNA isolation is performed with Seegene’s Seeprep12 (Seoul, Korea) instru-
ment based on Nordiag’s “Arrow” technology/system. The pathogens identified by
MagicPlex Sepsis assay are Streptococci (S agalactiae, S pyogenes, S pneumoniae),
Enterococci (E faecalis, E gallinarum, E faecium), Staphylococci (S epidermidis, S
haemolyticus, S aureus), P aeruginosa, Acinetobacter baumannii, S maltophilia, S
marcescens, B fragilis, S typhi, Klebsiella pneumoniae, K oxytoca, P mirabilis, E
coli, E cloacae, E aerogenes, C albicans, C tropicalis, C parapsilosis, C glabrata, C
krusei, and A fumigatus. The MagicPlex is compatible with AB7500 RT-CR (Lifetime
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Technologies, Hanoi, Japan), CFX96 Real-time PCR (Bio-Rad), and SmartCycler II
RT-PCR.
In a clinical validation of MagicPlex, Serra and colleagues62 demonstrated the

detection of Candida DNA in pediatric patients in which the culture result was nega-
tive. However, the assay also had some false-negative results. In this study at least
1 mL of blood sample was inoculated into a VersaTREK REDOX1 bottle, which was
incubated at 37�C for 3 hours or longer before DNA extraction. Carrara and col-
leagues63 showed the result of a comparative study of MagicPlex and standard blood
culture on 267 patients. From 98 positive results, 11% were positive by both system,
11% only by MagicPlex, and 15% only by blood culture. Sensitivity and specificity
were 65% and 92%, respectively, for the Magicplex Sepsis Test and 71% and
88%, respectively for blood culture. Denina and colleagues64 in a study of 89 pediatric
patients, found that Magicplex allowed a 143% increase in the detection of septic ep-
isodes. However Ziegler and coworkers65 found that the test detected many organ-
isms suspected to be contaminants and investigated increasing the cut-off value for
positive. They concluded that MagicPlex shows a high specificity but changes in
design are needed to increase pathogen detection. For viability in clinical laboratories,
technical improvements are also required to further automate the process. This prod-
uct is IVD CE marked and is not available in the United States.

LightCycler SeptiFast test MGRADE SeptiFast (Roche Molecular Systems), provides
rapid identification to the species level of 25 common etiologic agents of BSI (bacterial
and fungal) in less than 6 hours directly from 1.5 mL of whole blood without prior cul-
ture. The assay targets a multicopy region (internal transcribed spacer) to increase
sensitivity (the detection limit is approximately 300 colony-forming units [CFU]/mL).
Targets include 8 gram-negative bacteria or related groups, 6 gram positives, and
8 fungi including Aspergillus fumigatus. The test is designed to be run on the LightCy-
cler2.0 Instrument manufactured by Roche, which combines rapid amplification with
melting point analysis for rapid results. A related assay also can detect the mecA
gene detection from S aureus, in a subsequent run using the LightCycler SeptiFast
MecA Test MGRADE. SeptiFast is CE marked but not available in the United States.
Markota and colleagues66 demonstrated a sensitivity of 87.5%, a specificity of
92.6%, and a negative predictive value 97.8% in comparison with standard blood cul-
ture and suggested that this system can be used as a supplement to the standard
blood culture.

SepsiTest-UMD SepsiTest-UMD (Molzym) can use 1 to 10 mL of whole blood or tissue
samples for detection of bacterial pathogens and yeast. After sample preparation and
DNA concentration, the PCR assay amplifies 16S and 18S ribosomal sequences.
Primers for Sanger sequencing are included in the assay. If positives are detected,
they are identified by basic local alignment search tool analysis using an online data
base. Additional kits are available for other fluids and swabs, but many are for research
use only. Disqué and colleagues67 compared the SepsiTest with blood culture and
found a sensitivity of 60%, a specificity of 98%, a negative predictive value of 91%,
and a positive predictive value of 86%. The system is not fully automated, and the re-
sults are not available quickly. The test is approved for in vitro diagnostics in Europe
but not in the United States.

T2 biosystems sepsis solution The T2 biosystem is recognized in the US market for
their FDA-approved assay for the diagnosis of candidemia directly from a blood sam-
ple of a patient in about 5 hours. T2-weighted MRI is a small instrument that uses
PCR, followed by hybridization on probe-decorated nanoparticle microclusters.
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Hybridization will induce changes in magnetic resonance signals, resulting in rapid
identification of candida. One of the important features of this technique is direct
use of blood samples by the instrument without any prior processing steps. It also
benefits from high sensitivity that enables the system to detect a few CFU per milliliter
of the target in whole blood. In a report from Mylanakis and colleagues,68 the perfor-
mance of T2 system for rapid detection of Candida species directly from the bloods of
patients with suspected candidemia was evaluated. The report indicates that T2-
weighted MRI demonstrated an overall specificity per assay of 99.4% (95% confi-
dence interval [CI], 99.1%– 99.6%) with a mean time to a negative result of
4.2 � 0.9 hours. Subanalysis yielded a specificity of 98.9% (95% CI, 98.3%–99.4%)
forC albicans/Candida tropicalis, 99.3% (95%CI, 98.7%–99.6%) forCandida parapsi-
losis, and 99.9% (95% CI, 99.7%–100.0%) for Candida krusei/Candida glabrata. The
overall sensitivity was found to be 91.1% (95% CI, 86.9%–94.2%) with a mean time of
4.4 � 1.0 hours for detection and species identification. The subgroup analysis
showed a sensitivity of 92.3% (95% CI, 85.4%–96.6%) for C albicans/C tropicalis,
94.2% (95% CI, 84.1%–98.8%) for C parapsilosis, and 88.1% (95% CI, 80.2%–
93.7%) for C krusei/C glabrata. The LOD was 1 CFU/mL for C tropicalis and C krusei,
2 CFU/mL for C albicans and C glabrata, and 3 CFU/mL for C parapsilosis. The nega-
tive predictive value was estimated to range from 99.5% to 99.0% in a study popula-
tion with 5% and 10% prevalence of candidemia, respectively.68 The T2 bacterial
panel is another assay for detection of bacterial pathogens directly from the blood
of patients with suspected bacteremia/sepsis. It can detect Escherichia coli, K pneu-
moniae, Pseudomonas aeruginosa, A baumannii, S aureus, and Enterococcus faecium
and is expected to be FDA cleared by 2018. The usefulness of this system in the
clinical setting and its potential impact on patient outcome await data from clinical
studies.

Qvella FAST ID BSI panel The Qvella blood pathogen detection system (FAST ID BSI
Panel) has been developed to identify bacterial and fungal pathogens directly from
blood samples in less than 1 hour. It uses the rRNA as the target in a multiplex PCR
for bacterial identification. The system benefits also from a tailored electric field for
the lysis of the bacterial cells present in the blood sample, followed by a concentration
step to obtain a highly concentrated and purified bacterial genomic materials. The pu-
rified nucleic acids are used in the multiplex real time reverse transcriptase PCR for
rapid detection and identification of microorganisms directly from blood.
The FAST technology is implemented in the FAST ID BSI Panel, which is an inte-

grated and closed device designed to fully automate the isolation, concentration,
and lysis, as well as amplification and detection of nucleic acids from pathogens
from whole blood samples. To perform a test, a whole blood tube is inserted into a
FAST ID BSI Panel and it is placed into the FAST analyzer. The following processes
occur automatically during the processing of a FAST ID BSI Panel by the analyzer:
Target cell isolation and concentration, target cell electrical lysis and treatment, and
amplification and detection of bacterial and fungal ribosomal targets in a spatially mul-
tiplexed array. This assay can detect the majority of sepsis-causing species. The sys-
tem has been shown to be able to identify polymicrobial infections in spiked samples.
Khine and colleagues69 presented data at the 27th European Society of Clinical

Microbiology and Infectious Diseases regarding the lower LOD of the Qvella FAST sys-
tem. The LOD was determined to be approximately 1 CFU/mL for the various cell
types. This low LOD is consistent with pathogen concentrations typically found in
infected whole blood samples. For this dataset, detection was made at 100% of the
time for Klebsiella pneumoniae, Pseudomonas aeruginosa, E faecium, C albicans,
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and C glabrata down to 1 CFU/mL. For S aureus, detection was made at 100% of the
time at or greater than 2 CFU/mL and greater than 80% of the time for 1 CFU/mL.
However, less than 100% detection of S aureus was at least partly attributable to
the inherent difficulty and accuracy associated with spiking certain gram-positive bac-
teria at very low concentrations. The Qvella blood identification system is designed to
detect more than 90% of pathogens isolated from patients with sepsis. Clinical trial of
this system is expected to start in the second quarter of 2018.
NEXT-GENERATION SEQUENCING

The advances in sequencing technology known as NGS have led to significant ad-
vances in basic sciences and clinical laboratory medicine, including microbiology.
Currently available NGS techniques are based on using clonal amplicons for parallel
multistrand sequencing. The combination of high-speed and high-throughput data
analysis has made NGS an excellent tool to take clinical analysis of nucleic acid se-
quences to a new level. With NGS, it is possible to detect and quantify quasispecies
of HIV, HCV, or hepatitis B virus circulating at low levels in the blood of infected pa-
tients and to learn more about their roles in the development of resistance and asso-
ciated treatment failures. This was difficult or impossible by using methods mentioned
previously. Despite increasing numbers of articles on the applications of NGS, this
system has not found its way into routine clinical microbiology testing because of
lack of FDA approval, high cost, and availability of alternative technologies.28 From
the diagnostic microbiology viewpoint, NGS has significantly improved our ability to
study the makeup of entire communities of microorganisms without culture.
NGS can provide the genetic sequences of the members of entire microbial commu-
nities (microbiomes) and determine their relative frequencies. It could also be used to
determine gene expression and metabolic pathway use in a microbial community,
although this is currently beyond the scope of the clinical microbiology laboratory.
Many studies of human microbiomes are focusing on the relationship between micro-
bial communities and health and disease, including for example, the effect of colonic
microorganisms on cardiovascular disease.4 NGS has also been applied to rapid in-
vestigations of outbreaks in hospital settings. We discuss herein 2 NGS-based diag-
nostic microbiology systems that are currently fairly advanced in development. They
highlight the potential of NGS to improve detection and identification of pathogens
in the clinical laboratory, especially those involving organisms that may be difficult
or impossible to identify, or those situations that are otherwise technically
demanding.70–72

Systems Based on Next-Generation Sequencing for the Identification of Pathogens
from Clinical Specimens

Karius digital culture
Karius (Redwood City, CA) has developed an NGS-based test to detect the presence
in plasma of cell-free DNA, which is presumably derived from infecting pathogens. Af-
ter amplification, human DNA is removed by a proprietary technique. NGS is per-
formed on the total nucleic acids, enriching for the microbial sequences. These
sequences are aligned with a pathogen sequence bank that consists not only of pub-
licly available genetic information, but also of Karius’s internal data. Thus, it can poten-
tially detect thousands of infecting organisms. The system is unique in that it can
detect sequences from DNA viruses in addition to those from bacteria and fungi.
Like standard organism detection assays, this system can detect bacteremia and
fungemia.



Diagnostic Molecular Microbiology 271
In several studies Karius and collaborators have also shown that the system is able
to diagnose infections with certain highly fastidious organisms or after antibiotics have
rendered the infecting organism nonviable. The system could also detect the infecting
organism in infections outside of the bloodstream when organismal DNA is released
into the blood, including osteomyelitis, and deep infections that would otherwise
require biopsies. In patients with known or suspected bacteremia, their system
showed 80.0% positive agreement and 73.8% negative agreement (overall agreement
of 76.7%) with standard blood culture. In comparison with the clinical diagnosis, their
system showed 82.4% and 79.1% positive and negative agreement, respectively.73–75

PathoQuest iDTECT

The iDTECT Blood (PathoQuest, Paris, France) also combines untargeted NGS with
their sample preparation process and their genome sequence database, which is
said to cover all clinically relevant human pathogens. It is the first CE-marked (October
2016), NGS-based method to detect bacteria and viruses in patients with known or
suspected infections directly from patient blood thereby improving pathogen detec-
tion in biological samples. PathoQuest’s technology combines an NGS platform and
a proprietary sample preparation process with a proprietary pathogen genome
sequence database and automated analysis software covering all known clinically
relevant human pathogens. Parize and colleagues,76 using a prototype version of
iDTECT, identified a relevant pathogen in more patients in a difficult-to-diagnose pop-
ulation than conventional testing.

SUMMARY

The application of molecular testing to the discipline of infectious disease diagnosis,
prognosis and management has matured exponentially over the last few years. Future
improvements will no doubt avail additional milestones in sensitivity, specificity, cost
reduction, and turnaround time from specimen procurement to result for effective and
expeditious patient management.
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