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SUMMARY

In this review we examine the literature related to emerging tech-
nologies that will help to reshape the clinical microbiology labo-
ratory. These topics include nucleic acid amplification tests such
as isothermal and point-of-care molecular diagnostics, multi-
plexed panels for syndromic diagnosis, digital PCR, next-genera-
tion sequencing, and automation of molecular tests. We also re-
view matrix-assisted laser desorption ionization–time of flight
(MALDI-TOF) and electrospray ionization (ESI) mass spectrom-
etry methods and their role in identification of microorganisms.
Lastly, we review the shift to liquid-based microbiology and the
integration of partial and full laboratory automation that are be-
ginning to impact the clinical microbiology laboratory.

INTRODUCTION

Despite technological advances in laboratory diagnostics, the
clinical microbiology laboratory continues to rely heavily on

traditional methods, including culture, phenotypic, and biochem-
ical tests, to identify microorganisms present in clinical speci-
mens. This is due, in part, to the complexity and variability of
specimens received by the clinical laboratory. The specimen type
and test order dictate the processing and culture medium that are
used for bacterial and fungal culture, and they also play a role in
interpretation of culture results. Much of clinical virology has
shifted to tests based on molecular methods due to the increased
sensitivity and specificity and reduced turnaround time (TAT)
compared with those for viral culture. This shift has also resulted
in reduced labor by eliminating time-consuming tasks, including

maintenance of permissive host cell lines, repeated microscopic
examination, and immunostaining, associated with viral culture.
Historically, nucleic acid amplification tests (NAATs) for both
viral and bacterial etiologies were largely considered “high-com-
plexity” tests and were limited to molecular laboratories staffed
with skilled technologists. Many molecular tests used by clinical
laboratories are still developed in-house or utilize analyte-specific
reagents (ASRs) and are considered laboratory-developed tests
(LDTs). These tests, as well as many U.S. Food and Drug Admin-
istration (FDA)-cleared tests, require offline nucleic acid extrac-
tion and addition of several reagents to make PCR “master mixes.”
The multistep process can make these assays laborious to set up
and allow for the introduction of contamination at several steps.
Advances in technology such as real-time PCR (RT-PCR),
quantitative PCR (qPCR), and automation in the form of sample-
to-result instrumentation have alleviated some of these issues. Au-
tomation and simplification of molecular assays have led to FDA-
cleared assays categorized as “moderate complexity,” which
facilitates adoption by smaller laboratories or those less well
staffed. Multiplex tests are now available that enable single speci-
mens to be interrogated for the presence of multiple pathogens
associated with various clinical syndromes. Digital PCR and
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next-generation sequencing (NGS) have pushed the landscape
of molecular diagnostics further, allowing for analysis of com-
plex, polymicrobial specimens and enabling accurate quantifica-
tion of organisms present as �0.01% of the microbial consortium
in a specimen. For specimens which are still best analyzed using
culture, automation of primary processing and plating, coupled
with initial culture examination aided by high-resolution optics,
has reduced time spent on mundane tasks associated with the
initial steps of clinical bacteriology and improved laboratory
efficiency. Meanwhile, rapid and accurate identification of
these cultured microorganisms is made possible using mass
spectrometry (MS).

While these advances aim to improve laboratory performance
and efficiency and the quality of patient care, they are not without
drawbacks. Higher levels of automation of preanalytic and post-
analytic processes can potentially diminish technologist skill sets
in those areas through attrition and loss of familiarity with basic
skills and concepts, such as the qualitative and quantitative streak-
ing of culture media or appropriate work practices to mitigate the
risk of contamination when working with molecular assays. The
challenge surrounding education of technologists is to learn new
skills while maintaining expertise in classic techniques. The tran-
sition from viral culture to largely molecular techniques has been
the best documented case study in embracing new technologies.
In virology, culture of many viruses is difficult or viruses cannot be
grown at all, while other viruses require specialized culture sys-
tems that are either not available or too complicated (1). Tradi-
tional tube cultures, although comprehensive, fail to isolate vi-
ruses in many instances and can take days to weeks to provide a
final result. In contrast, molecular assays allow the early detection
of pathogens prior to development of an immune response or
before a virus can be grown or its antigens detected. This can
result, according to Hodinka (1), in “an early and accurate diag-
nosis that can have a prompt and significant impact on patient
care by providing timely treatment that may limit the extent of
disease and reduce associated sequelae and by reducing or elimi-
nating unnecessary hospitalization, diagnostic procedures, inap-
propriate use of antimicrobial agents, and associated costs.” The
resulting change has reinvigorated the clinical impact of results
and is allowing physicians to make informed decisions regarding
therapeutic management rather than empirical guesses (1). With
these techniques, turnaround has improved and sensitivity has
increased, attributes that few would disagree with. However, the
transition to molecular biology has brought viral culture near to
extinction in the clinical laboratory. Many trainees in laboratory
science are no longer educated in viral cytopathic effect, tissue
culture, or reading of viral cultures. In contrast, in areas such as
parasitology and mycology, there remains a comparative lack of
novel methods for rapid identification of pathogens. In these areas
it will be important to maintain the traditional skills of clinical
microbiologists until new technologies are more widely available
and are fully vetted. Similarly, matrix-assisted laser desorption
ionization–time of flight (MALDI-TOF) MS has demonstrated
considerable improvement in accuracy, cost effectiveness, and
timeliness of bacterial and yeast identification; however, limita-
tions such as the differentiation of Escherichia coli from Shigella
spp. and identification of organisms not well represented in com-
mercially available reference libraries have been well documented
(2).Therefore, a combination of new technologies and classic
techniques is central to the successful accurate identification of all

microorganisms encountered in the laboratory. This supports the
need to maintain traditional microbiological skills.

In this review, we examine current literature related to emerg-
ing technologies that will help to reshape workflow and improve
the quality of results provided by the clinical microbiology labo-
ratory.

MOLECULAR METHODS (NUCLEIC ACID BASED)

Molecular methods, including PCR, microarray, and nucleic acid
sequencing, have taken a prominent place in the clinical labora-
tory. These methods provide sensitive and specific identification
of microorganisms or genetic polymorphisms through amplifica-
tion and detection of specific nucleic acid targets. Recent advances
in high-density or massively parallel sequencing technologies have
removed the limitation of a priori target selection inherent to tra-
ditional PCR/probe-based assays and as such have broadened the
diagnostic capabilities of these tests. Regardless of methodology,
molecular diagnostics have the capability to reduce the time to
results and provide more accurate diagnosis. Despite these clear
advantages, molecular diagnostic methods are not without draw-
backs.

Inherent to all nucleic acid amplification and non-culture-
based methods is the lack of a suitable “gold standard” for com-
parison. Molecular and amplified nucleic acid methods are often
more sensitive than the culture methods to which they are being
compared. This can be problematic during validation of new mo-
lecular tests when specimens are NAAT positive but culture neg-
ative. One solution is to use clinical diagnosis as a gold standard,
but it can often be difficult to reach a definitive clinical diagnosis
when symptoms are nonspecific (e.g., with viral respiratory ill-
ness). Alternative methods to validate a new molecular test in-
clude the use of well-characterized reference samples or a second
validated molecular test which targets a genetic sequence different
from the sequence targeted by the test undergoing validation (3–
5). For an excellent review of challenges and methods for valida-
tion of molecular diagnostic tests, the reader is directed to a review
by Burd (3). Still, it is important to recognize that these ap-
proaches only confirm the presence of a nucleic acid target and do
not prove the presence of a viable organism. In the absence of
culture positivity, it is impossible to conclusively rule out nucleic
acid (template or amplicon) contamination or the detection of
nonviable organisms which are not significant in making a diag-
nosis. Therefore, interpretation of NAAT-positive, culture-nega-
tive results can be challenging even following a rigorous labora-
tory validation.

In addition to the different chemistries and approaches used by
molecular assays, it is also worth considering the variety of plat-
forms on which these assays are designed to run. These platforms
can be available as “open” or “closed” systems. Closed-system
platforms are designed to run specific assays which are cleared by
regulatory agencies, including the U.S. Food and Drug Adminis-
tration (FDA), the European health, safety, and environmental
agency (CE-Mark) and Heath Canada. Examples include many of
the “sample-to-result” platforms such as GeneXpert (Cepheid,
Sunnyvale, CA), FilmArray (BioFire, Salt Lake City, UT), Tigris
(GenProbe, San Diego, CA), and Verigene (Nanosphere, North-
brook, IL). Many of these closed-platform tests can be simplified
to gain designation as “moderate complexity,” and as such, the
end user has limited ability to modify the assay or result interpre-
tation. Open-system platforms available for real-time and quan-
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titative PCR analysis include the SmartCycler (Cepheid), ABI
7500FastDx (Applied Biosystems), and LightCycler 2.0 (Roche).
There are also automated or “sample-to-result” open platforms
available, including the BD Max (BD, Sparks, MD) and Abbott
m2000 (Abbott, North Chicago, IL). FDA-cleared molecular
assays for use on these platforms may be available from the man-
ufacturer of the platform or another diagnostics company; how-
ever, the platforms are also suitable for running laboratory-devel-
oped tests (LDTs) or “home brew” assays. While the menu of
FDA-cleared in vitro diagnostic (IVD) molecular assays continues
to expand, the ability of laboratories to develop and validate their
own assays is critical to providing high-quality molecular diagnos-
tics for novel or esoteric targets, including those involved in infec-
tious disease. For this reason, open-system platforms will con-
tinue to have a prominent place in most clinical laboratories.

With these considerations in mind, we highlight several ap-
proaches to nucleic acid detection, including amplification and
nonamplification methods for singleplex and multiplex detection
of microorganisms.

Singleplex Nucleic Acid Tests

Nucleic acid amplification, including PCR and TMA. Nucleic
acid amplification using thermostable polymerase (PCR) was ini-
tially reported in 1988, and this method remains largely un-
changed as it forms the backbone of molecular diagnostics in clin-
ical microbiology laboratories today (6). Properties such as high
sensitivity and specificity, an extremely low limit of detection (1 to
10 copies of the target), and rapid results have led to proposed
changes in the definition of the “gold standard” method for detec-
tion and identification of microorganisms in clinical specimens,
especially for those that are difficult to culture, including fastidi-
ous bacterial or viral pathogens (7–10). While the basic principle
of nucleic acid amplification tests (NAATs) has not changed, tech-
nologies surrounding this core, including amplification strategy,
amplicon detection, multiplexing of reactions, and automation of
the entire process into sample-to-result platforms, have provided
a large menu of options for the molecular microbiology labora-
tory to choose from. One such modification is the departure from
PCR-based amplification to transcription-mediated amplifica-
tion (TMA) of a nucleic acid target. This method differs from PCR
in that the target sequence is typically an RNA molecule (mRNA
or rRNA), which may be present at a high copy number in the cell.
Reverse transcriptase and engineered oligonucleotide primers are
used to simultaneously generate a cDNA template and incorpo-
rate a promoter sequence recognized by a highly efficient, phage-
encoded RNA polymerase enzyme. This enzyme enables isother-
mal synthesis of 100 to 1,000 copies of each starting template
cDNA, which are in turn used as the template for subsequent
rounds of amplification (11) (Fig. 1). The multicopy nature of the
RNA target and ability to amplify beyond a log-linear rate without
the need for thermocycling theoretically increase the speed and
sensitivity of TMA compared to that of standard PCR. To date, the
most widely used molecular assays target a single or few analytes,
employing one or few oligonucleotide primer sets (11–13). Using
target amplification coupled with fluorescence probe-based de-
tection, these tests provide a mechanism for rapid and sensitive
diagnostic tests.

The majority of molecular tests in use today are qualitative
tests. Qualitative tests are best suited for the detection of micro-
organisms in specimens whose presence, at any level, is associated

with a disease state. This includes microorganism that are not
regarded as normal flora, as well as any organism isolated from a
sterile site. A prime illustration is the use of NAATs for the detec-
tion of microorganisms associated with sexually transmitted ill-
nesses, including Neisseria gonorrhoeae, Chlamydia trachomatis,
Trichomonas vaginalis, and Mycoplasma genitalium. Culture of
these organisms is either impractical or unreliable due to loss of
viability during transport, which further decreases the sensitivity
of culture methods. NAATs have demonstrated increased sensi-
tivity compared to that of culture methods and dramatically re-
duced turnaround time for detection of these pathogens (12, 14–
16). This enables more rapid, accurate identification of the
pathogen(s) responsible for nonspecific symptoms of urethritis or
pelvic inflammatory disease and also may aid in limiting the
spread of these organisms by identifying asymptomatic carriers.
Additionally, the increased sensitivity of NAATs can enable the
analysis of specimens obtained by less invasive techniques or of
patient-collected specimens, including urine and self-collected
vaginal swabs, without affecting the accuracy of the test (12, 13,
17–19). The ability to use these types of specimens can contribute
to higher participation in routine screening exams (12, 13, 17–19).
Other pathogens commonly identified using qualitative NAATs
include respiratory viruses, herpesviruses, Clostridium difficile,
Staphylococcus aureus, methicillin-resistant S. aureus (MRSA),
Streptococcus pyogenes, Streptococcus agalactiae, Bordetella pertus-
sis, and bacterial pathogens associated with atypical pneumonia.
Another use of qualitative tests is to obtain a rapid result for pre-
operative screening or for infection control purposes. A recent
randomized trial compared targeted screening and decoloniza-
tion of intensive care unit (ICU) patients to a universal decoloni-
zation program to reduce the rate of MRSA infection in hospital
ICUs (20). While universal decolonization of all patients was as-
sociated with the lowest hazard ratio for infection (0.62), targeted
screening and decolonization also demonstrated a reduced hazard
ratio (0.75). Although screening and targeted decolonization of
patients may not be as effective as universal decolonization, stud-
ies have demonstrated that sensitive detection of MRSA can sig-
nificantly reduce the rate of postsurgical infection by identifying
those patients who will benefit from preoperative prophylaxis and
decolonization (21, 22). As a result, reduced rates of postsurgical
infection resulting from molecular screening methods have been
shown to reduce the cost of health care to both the hospital and
third-party payer (23). Likewise, rapid and accurate detection of
MRSA, vancomycin-resistant Enterococcus (VRE), or carbap-
enem-resistant Enterobacteriaceae (CRE) may aid infection con-
trol efforts by identifying those patients requiring contact isola-
tion.

A potential drawback to the use of NAATS is the interpretation
of positive results from asymptomatic patients or those who have
received appropriate therapy following an initially positive result.
While other technologies, including direct microscopy and anti-
gen-based tests, are not immune from this shortcoming, the ex-
quisite sensitivity of the PCR and TMA-based methods used for
qualitative NAATs makes these methods most susceptible to po-
tential overreporting of positive results. For these assays, any
amount of nucleic acid detected in a specimen is reported as pos-
itive, regardless of whether it represents an infectious process due
to a live organism, low-level or asymptomatic colonization, or free
nucleic acid in the absence of a viable organism. This concern has
been highlighted recently by several publications focused on se-
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lection of the most appropriate test or algorithm for diagnosis of
C. difficile infection (24, 25). Because high rates of asymptomatic
carriage of C. difficile are reported among elderly residents in long-
term care facilities, it has been proposed that positive NAATs be
followed by a direct test for the presence of C. difficile toxins (tcdA
and tcdB) to differentiate between carriage and infection (26, 27).
Supporting this notion, detection of toxin from patients following

a positive NAAT has been correlated with worse prognosis than
for patients with a positive NAAT alone (28). Furthermore,
NAATs for C. difficile were positive up to 4 weeks following ap-
propriate antibiotic treatment and resolution of symptoms in
�50% of patients tested (29). These concerns were addressed di-
rectly in a study which demonstrated significantly reduced speci-
ficity of molecular modalities when patient symptoms were in-

FIG 1 Transcription-mediated amplification (TMA). The single-stranded RNA target is bound by a cDNA primer engineered to contain a T7 viral RNA
polymerase promoter sequence (red box). Reverse transcriptase (RT) extends the DNA primer to form an RNA-cDNA duplex, and the RNA template strand is
degraded by RNase H activity. A second primer anneals to the single-stranded cDNA (black) and is extended by RT, which incorporates the T7 promoter into the
double-stranded DNA sequence. T7 RNA polymerase recognizes the incorporated T7 promoter sequence and synthesizes 100 to 1,000 copies of single-strand
RNA amplicon (green). These amplicons serve both as a target for detection probes and as a single-stranded template for subsequent rounds of amplification
using the non-T7 primer to initiate cDNA synthesis by RT.
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cluded as criteria for “gold standard” positive results (30). An
excellent review of the diagnostic assays available and difficulties
in interpretation of results pertaining to C. difficile has been pub-
lished (31). Similarly, “pseudo-outbreaks” of Bordetella pertussis
have been reported due to the use of NAATs that target the mul-
ticopy IS481 chromosomal element (32, 33). In both pseudo-out-
breaks, NAAT-positive results could not be confirmed when using
an alternative NAAT targeting a single copy genetic target, and
92% to 100% of patients did not meet clinical criteria for pertussis,
or were seronegative for antipertussis toxin IgG (32). The effect of
these “false-positive” results was the unnecessary prescription of
antimicrobial therapy for the patient as well as close contacts and
temporary isolation of patients, which constitute a needless finan-
cial and social burden on those affected (32). It has been estab-
lished that NAATs that target the IS481 gene in B. pertussis are
capable of detecting �1 organism per sample and that detection at
PCR cycle thresholds of �35 has �50% correlation with clin-
ical pertussis disease (33, 34). Therefore, it may be useful to
incorporate clinical symptoms and results of other testing mo-
dalities when defining a positive cycle threshold for molecular
tests (34, 35).

In both examples, positive results may have been due to per-
sistence of nucleic acid or nonviable organism in the specimen.
This reinforces the point that molecular assays should be inter-
preted in the context of clinical presentation and should not be
used as a test of cure.

LAMP and HDA technologies. To maximize the benefits of
molecular testing, developers of diagnostics have begun to focus
on technologies that employ both simplified technology and sim-
plified specimen preparation in an attempt to bring molecular
assays closer to the patient. These technologies have the potential
to further reduce TAT, which may positively impact patient care
and reduce the overall cost of health care. Isothermal amplifica-
tion methods, including loop-mediated isothermal amplification
(LAMP) and helicase-dependent amplification (HDA), effectively
remove the need for expensive thermocyclers and technical opti-
mization of cycling conditions. These methods can be coupled to
alternative detection technologies (i.e., fluorescent probe-inde-
pendent detection methods) that eliminate the need sophisticated
optics. This further reduces the cost of instrumentation and en-
ables these tests to be used outside today’s “molecular laboratory”
and closer to the point of care (POC).

LAMP utilizes 4 primers and 6 recognition (annealing) sites
per target to create high levels of amplicon in �60 min. An “inner”
set of primers initiates target amplification, while a second,
“outer” set of primers initiates a round of replication that dis-
places the initial product, thus regenerating a single-strand tem-
plate without the need for heat denaturation (36) (Fig. 2). The use
of 6 primers and 4 recognition sites provides specificity higher
than that of standard PCRs that utilize only 2 primers. The in-
creased specificity eliminates the need for expensive fluorescence-
labeled probes and accompanying optics and allows detection of
amplified product based on by-products of DNA replication (37).
Pyrophosphate ion, generated by target amplification, can be pre-
cipitated by the addition of magnesium ion to the reaction mix-
ture. This enables visual inspection of the reaction tube for tur-
bidity as an indication of a positive result. An increase in the
turbidity of the reaction mixture can also be measured in real time
using comparatively simple optics to permit the use of LAMP in
quantitative assays (38). There are a number of FDA-cleared and

laboratory-developed tests that utilize the LAMP technology.
FDA-cleared tests utilizing LAMP include those for C. difficile,
group A and B Streptococcus, Mycoplasma pneumoniae, and B.
pertussis (39, 40). Clinical evaluations of the C. difficile and group
A Streptococcus tests have demonstrated sensitivity and specificity
similar to those of traditional real-time PCR, though a slight de-
crease in sensitivity for C. difficile has been noted (39–44). Labo-
ratory-developed and commercially available research-use-only
(RUO) tests using LAMP have targeted diverse groups of micro-
organisms, including Plasmodium spp., Giardia lamblia, Leish-
mania, Mycobacterium spp., and hepatitis viruses (45–50). Specif-
ically, LAMP-based testing for Plasmodium spp. and Plasmodium
falciparum demonstrated �97% sensitivity and �98% specificity
compared to nested PCR in patients with parasitemia of �1 par-
asite/�l and was significantly more sensitive than standard mi-
croscopy (49, 50). The use of heat-treated whole blood rather than
extracted nucleic acid, a simple heat block or water bath to main-
tain 60 to 65°C for isothermal target amplification, and visual
determination of a positive result based on turbidity give LAMP
an advantage over traditional PCR methods in resource-limited
regions of the world, including many countries where malaria is
endemic (51, 52). Further, the use of a pocket warmer (exothermic
chemical reaction pouch) to drive LAMP maintained 90.5% sen-
sitivity for detection of Mycobacterium ulcerans compared the
same test run using a powered heat block (48). A major limitation
of LAMP is the inability to multiplex. This is due to the nonspecific
and indirect turbidity-based detection of the amplicon. Still, the
noted advantages of inexpensive reagents, simple instrumenta-
tion, and “moderate complexity” designation make LAMP tech-
nology an emerging player in the field of molecular diagnostics.

Helicase-dependent amplification (HDA) is another isother-
mal amplification technology that could be adapted to point-of-
care testing. This technology utilizes UvrD (DNA helicase) and
MutL enzymes isolated from E. coli and single-strand binding pro-
teins to create and maintain a single-stranded template for primer
annealing and subsequent rounds of amplification (53) (Fig. 3).
An initial heat-based denaturation is required for optimal effi-
ciency; however, reliance on a single reaction temperature without
initial denaturation maintains 40% to 60% efficiency and is ade-
quate to generate sufficient amplicon for endpoint detection as-
says (53). Like LAMP, the isothermal amplification can be carried
out using simple instrumentation in the absence of electricity
(54). HDA has been applied to identification of C. difficile, Plas-
modium spp., and S. aureus (55, 56). An advantage of HDA is that
detection of target can be achieved by incorporation of fluorescein
or digoxigenin into the amplicon, followed by capture and visual-
ization of the amplicon as a colored line on an enzyme immuno-
assay (EIA) lateral-flow strip (56–58). This maintains the ability to
utilize these assays without sophisticated instrumentation but also
allows the detection of multiple targets in a single reaction. A test
developed to detect and differentiate herpes simplex virus 1
(HSV-1) and HSV-2 using this approach has demonstrated 100%
sensitivity compared to viral culture, with a limit of detection as
low as 5.5 copies per reaction (59). Further, this test could be
performed on oral and genital cutaneous or mucocutaneous
sources without the need for nucleic acid extraction and could be
completed within 75 min.

Automation of NAATs and impact on laboratory workflow
and patient care. Qualitative NAATs vary widely in the level of
automation, ranging from largely manual (offline nucleic acid ex-
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FIG 2 Loop-mediated isothermal amplification (LAMP). (A) LAMP-based amplification requires 4 primers complementary to 6 different regions of the nucleic
acid target (F1, F2, F3, B1, B2, and B3). The “inner primers” FIP and BIP each contain two regions complementary to the target sequence; one anneals to the
template strand (F2 and B2), and one anneals to the complementary strand (F1c and B1c). The “outer primers” (F3 and B3) are complementary to a single
sequence upstream of FIP and BIP, respectively. (B) Replication initiates with annealing and extension of the FIP and BIP “inner primers.” The “outer primers”
F3 and B3 anneal upstream of FIP and BIP and are extended, which displaces the strands initiated by the FIP and BIP inner primers. The displaced strands form
5= loop structures through complementary binding, resulting in a single-strand “dumbbell” structure. (C) The single-strand “dumbbell” serves as the template
for subsequent rounds of amplification using the FIP and BIP primers to initiate elongation. Single-stranded template is maintained through formation of loop
structures which can be extended to displace newly synthesized double-strand product (C5 through C8). (Adapted from reference 36 with permission from
Macmillan Publishers Ltd.)
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traction, manual preparation of master mix, and addition of tem-
plate) to fully automated “sample-to-result” platforms (Table 1).
Full automation is typically focused on high-volume or screening
tests such as those used for N. gonorrhoeae and C. trachomatis, C.
difficile, MRSA, VRE, and HSV. These highly automated sample-
to-result platforms decrease technologist hands-on time and may
provide more consistency by reducing the risk of cross-contami-
nation of specimens, pipetting error, or other preanalytic errors
attributable to human labor. Despite these obvious advantages,
there are still impediments to maximizing the value of molecular
testing when using these systems. Until recently, the majority of
molecular tests have been considered “high complexity” and as
such have been confined to molecular laboratories staffed with
skilled technologists. This requires that specimens be transported
to the laboratory for analysis. For inpatients, the delay resulting
from transport of a specimen may not be significant; however, for
outpatient clinics, the time between collection of the specimen
and receipt by the laboratory may be several hours. This delay due
to transport abrogates one of the key advantages of molecular

tests, namely, rapid TAT. Additionally, some molecular assays are
best suited for batch testing due to multistep processing or effi-
ciency factors related to batching of specimens on automated plat-
forms. Finally, the large capital expenditure for high-capacity fully
automated instruments must be considered.

The trends toward consolidation/centralization of laboratories
and bundled care reimbursement structures favors highly auto-
mated systems with large-throughput batch processing of speci-
mens to achieve a low cost per test (60). Systems like the m2000
(Abbott), and Cobas AmpliPrep (Roche) feature a two-step sys-
tem whereby automated nucleic acid extraction is followed by
automatic addition of all reagents required for an RT-PCR on one
instrument. These instruments can process up to 96 specimens
per run; however, prepared specimens must be physically moved
to a thermocycler within 30 to 150 min to complete analysis of the
specimen. The need for human intervention and a narrow win-
dow for transfer of specimens to a thermocycler limit the walk-
away capability and present difficulty for laboratories not well
staffed on all shifts. Other batch-type platforms such as the BD
Max and BD Viper (BD), Tigris (Hologic Gen-Probe), and Cobas
AmpliPrep/Cobas TaqMan system (Roche) are true sample-to-
result platforms. Most of these platforms are classified as high-
complexity molecular assays; however, the BD Max offers FDA-
cleared moderate-complexity in vitro diagnostic (IVD) tests as
well. These systems incorporate thermocyclers capable of RT-PCR
and result reporting along with sample preparation. In addition to
simplifying workflow, sample-to-result instruments may also re-
duce contamination or labeling errors by reducing the number of
times that specimens are manipulated by technologists. A major
disadvantage of batch platforms is the delay in availability of re-
sults compared to on-demand NAATs. In the case of outpatient
surgeries, some institutions maintain presurgical clinics sched-
uled 1 to 2 weeks prior to the scheduled surgery, while in other
institutions more than 80% of patients may be admitted on the
day of surgery (21). In these cases, a point-of-care or on-demand
test may be a better solution to benefit the patient rather than
batched molecular assays. For example, real-time on-demand
screening for colonization with MRSA or VRE could potentially
alter presurgery prophylaxis or infection control measures (20–
22, 61).

The advantages of point-of-care (POC) testing have reviewed
by Robinson et al. and include a reduction in repeat and unneces-
sary test orders, a reduced length of stay, and shorter times to
appropriate therapy; however, the authors acknowledge the lack
of published studies objectively examining quantifiable outcomes
related to the use of POC testing (60). There are several on-de-
mand sample-to-result molecular testing platforms, including the
GeneXpert (Cepheid, Sunnyvale, CA), Verigene (Nanosphere,
Northbrook, IL), Portrait (Great Basin, Salt Lake City, UT), and
FilmArray (BioFire, Salt Lake City, UT) (Table 1). Currently, these
platforms are best suited to the laboratory; however, movement
toward use as point-of-care (POC) tests is being pursued through
miniaturization, automation, and simplification of the testing
process. Other platforms, including Illumigene (Meridian Biosci-
ence, Cincinnati, OH), and AmpliVue (Quidel Molecular, San
Diego, CA) lack automation but have been simplified to poten-
tially enable use as POC or “near-POC” diagnostics. Fully auto-
mated on-demand or single-test formats are often significantly
more expensive on a per-test basis than batched testing formats;
however, the rapid results provided by these systems often enable

FIG 3 Helicase-dependent amplification (HDA). HDA uses the UvrD (heli-
case) (blue triangles) and MutL (accessory protein required for efficient UvrD
loading to DNA) enzymes from E. coli to catalyze temperature-independent
creation of a single-stranded DNA template for nucleic acid amplification. The
UvrD/MutL complex unwinds double-stranded DNA to form an open com-
plex. Single-strand binding proteins (SSB) (red circles) bind to the denatured
strands to prevent association of the complementary strands. Specific primers
are designed to anneal to the target sequence, and DNA polymerase (gray oval)
extends the primers to the generate target amplicon. This amplicon serves as
the template for subsequent rounds of amplification. (Adapted from reference
53 with permission [copyright Wiley-VCH Verlag GmbH & Co. KGaA].)
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patient management decisions that can reduce the total cost of
care. Many of the studies that demonstrate this principal utilize
on-demand molecular tests for the identification of S. aureus and
MRSA in positive blood culture broths. One such study compared
cohorts of patients with Gram-positive bloodstream infection
(BSIs) pre- and postimplementation of an on-demand molecular
test that identified S. aureus and differentiated S. aureus from
MRSA. The authors reported a 1.6-day reduction in time to opti-
mal antibiotic therapy and a 6.2-day reduction in hospital stay for
the cohort of patients tested using the NAAT (62). This also trans-
lated to �US$21,000 reduction in the total cost of care for these
patients. In contrast, a similar study conducted using a lower-
cost-per-test batch-format NAAT to identify S. aureus and MRSA
in positive blood culture broths failed to demonstrate such savings
(63). Importantly, failure to actively report laboratory values also
decreased the benefits of NAAT results in the latter study. Another
area of great interest is the use of rapid and accurate molecular
assays for the identification of Mycobacterium tuberculosis in pa-
tient specimens (64). The recent availability of an FDA-cleared
NAAT (Xpert TB/RIF; Cepheid) for the identification of M. tuber-
culosis, including strains resistant to rifampin, has prompted stud-
ies assessing the cost-effectiveness of such a test. The cost of spu-
tum smear as a primary diagnostic test for patients suspected of
having active tuberculosis is �7% the cost of Xpert TB/RIF; how-
ever, overall savings of US$2,278 per admission could be realized
when considering the reduced occupation of isolation rooms for
patients with a negative result (65). Other studies have reported
up to a 94% decrease in unnecessary antituberculosis treatment
and an average 1.5-month reduction in unnecessary therapy as
well as a reduction in time in isolation for patients who were smear
positive but culture negative for M. tuberculosis when an NAAT
was used (66, 67). Importantly, these data were based on a studies
conducted in high-prevalence populations (6% to 37% positive
for M. tuberculosis). For hospitals and laboratories serving low-
prevalence populations, implementation of a more costly molec-
ular test for all smear-positive specimens may increase the overall
cost of care for these patients. In these cases, communication be-
tween the laboratory and clinician to establish the patient history
and risk of M. tuberculosis may be beneficial to reduce unnecessary
cost of a molecular test.

In all cases, to reap the greatest benefit from these technologies,
the assays must be able to be conducted and results reported in a
true “real-time” 24-h-per-day, 7-days-per-week fashion, or the
benefit of rapid TAT to patient care will be lost.

Multiplex Nucleic Acid Tests

The combination of multiple primer sets into a single PCR (mul-
tiplex PCR) for simultaneous detection of several targets was re-
ported shortly after the initial description of PCR-based amplifi-
cation methods (68). Multiplex PCR can be very beneficial when
testing specimens from patients presenting with nonspecific
symptoms attributable to a number of different pathogens. Exam-
ples include respiratory specimens from patients with suspected
viral illness, stool specimens from patients with enteritis, and pos-
itive blood cultures. Approaches to multiplex PCR tests include (i)
single reactions containing fluorescently labeled probes for each
target, (ii) parallel singleplex reactions conducted in microwell-
size vessels in a single run, (iii) traditional microarray-based de-
tection utilizing capture probes immobilized on a solid surface,
and (iv) newer liquid-array approaches that involve capture

probes immobilized on microbeads which can be sorted using
flow cytometry. Each approach has characteristics amenable to
different aspects of diagnostic testing, including cost, throughput,
automation, and level of multiplex capability.

Multiplex PCR and probe-based detection. The introduction
of platforms equipped with optics capable of excitation and detec-
tion of multiple fluorophores in a closed system in real time (real-
time PCR [RT-PCR]) made multiplex pathogen detection a sim-
ple and viable option for molecular diagnostics in routine clinical
laboratories. Laboratory-developed tests (LDTs) have taken ad-
vantage of the different probes and platforms in the design of
multiplex tests for the detection of a variety of analytes. Only re-
cently have larger multiplex panels begun to be available as FDA-
cleared tests for use in clinical diagnostics. These PCR-probe-
based tests are typically capable of low-density multiplexing of 4 to
6 unique targets. This limitation is imposed by the number of
optical channels and ability to differentiate between fluorescent
dyes with similar emission wavelengths. The optics on early plat-
forms, including SmartCycler II (Cepheid, Sunnyvale, CA) and
first-generation BD Max (BD, Sparks, MD) were limited to a max-
imum of 4 channels. Newer platforms, including the GeneXpert
(Cepheid), LightCycler 2.0 (Roche, Indianapolis, IN), second-
generation BD Max (BD), and ABI 7500 Fast Dx and ABI Quant-
Studio (ABI, Foster City, CA) are capable of detection in up to 6
different channels. Compared to more recently developed multi-
plexing technologies, including solid and liquid microarray (dis-
cussed below) methods, the ability to multiplex 4 or 6 targets can
be a limitation. This is especially true for specimen types in which
there are numerous, diverse microorganisms capable of causing
similar symptoms or syndromes such as upper respiratory illness,
gastroenteritis, or bacterial and fungal sepsis. Despite the limita-
tions in the number of targets that can be detected simultaneously,
numerous FDA-cleared tests using these platforms have been fa-
vorably evaluated and are applicable in the clinical laboratory.

The SmartCycler II and LightCycler 2.0 are open platforms for
RT-PCR. Both require preextraction of nucleic acids to obtain
template and manual pipetting of each PCR component or master
mix into individual RT-PCR tubes. Multiplex assays using ana-
lyte-specific reagents (ASRs) for influenza viruses A and B, respi-
ratory syncytial viruses (RSV) A and B, and HSV-1 and -2 have
demonstrated high sensitivities compared to other rapid tests, and
results are available days earlier than with viral culture methods
(10, 69–72). A recently developed and FDA-cleared test for the
detection of bacterial causes of enteritis demonstrated 100% sen-
sitivity and �99% specificity for 5 targets (Salmonella spp., Shi-
gella spp., Campylobacter coli/jejuni, stx1, and stx2) compared to
culture and an alternative molecular assay (73). A drawback to this
test is the need for offline nucleic acid extraction and the necessity
to set up parallel reactions for each specimen to accommodate all
5 assay targets due to limitations of the SmartCycler II optics.

Molecular tests have also been developed for detection of bac-
terial and fungal pathogens associated with bloodstream infection
(BSI) (Table 2). Initial tests were developed using the SmartCycler
II or LightCycler 2.0 for low-density multiplexing (63, 74, 75). The
SeptiFast assay (Roche) is unique among these tests in that it is
intended for use with whole blood specimens prior to broth cul-
ture enrichment. This assay has not received FDA clearance for
use in the United States. Although run on the LightCycler 2.0, the
use of 3 parallel real-time PCRs with different primer/probe com-
binations and postamplification melt curve analysis expanded the
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number of bacterial and fungal targets that could be detected us-
ing SeptiFast to 20 (75). Importantly, the low number of organ-
isms per ml in direct whole-blood specimens limited the sensitiv-
ity to 42% to 79% compared to culture (75–77). The specificity of
this test was reported as 95.0 to 97.1% in patients without clinical
signs of sepsis but was 74% in symptomatic patients (76). A pos-
itive SeptiFast result was confirmed by culture in only 67% of
specimens; however, the detected organism was recovered from
other clinically relevant samples in approximately half of the dis-
cordant cases (75). Together this suggests that a NAAT may be
more sensitive than culture in patients with clinical symptoms of
sepsis; however, additional studies are needed to correlate positive
NAAT results with clinical outcomes. Because of the difficulties in
molecular analysis of whole blood, more recent molecular tests
have focused on analysis of positive blood cultures. The StaphSR
test is performed on positive blood cultures containing Gram-
positive cocci. This test is designed to detect and differentiate me-
thicillin-susceptible and -resistant strains of S. aureus (63, 74).
Initial studies reported sensitivity and specificity for identification
of S. aureus of 96.7% to 99.4% and sensitivity for MRSA of 100%
(63, 78); however, subsequent studies report sensitivities as low as
50% depending on the type of SCCmec cassette present in circu-
lating strains (79, 80) (Table 2). Another drawback of this assay is
the requirement for offline extraction and manual setup of indi-
vidual RT-PCRs, which lends to batching of specimens. In the case
of positive blood cultures, batching of specimens contributes to
delays in reporting of results, which can abrogate the benefit that
rapid molecular diagnostics can have for patient care (63). Finally,
while S. aureus is of major concern in BSIs, it comprises only about
20% of positive cultures (81). The limited number of fluorophores
that can be differentiated in a single reaction using standard RT-
PCR platforms prevents the inclusion of additional targets re-
quired to make this type of test applicable to the majority of pos-
itive blood cultures. For laboratories with larger specimen
volumes or limited staffing, the offline processing and manual

setup of reactions can complicate assay setup and strain resources
and may also be a potential source for cross-contamination of
specimens.

Miniaturization of singleplex reactions can overcome some of
the limitations to traditional PCR-probe-based multiplexing.
Conducting singleplex real-time PCR in multiple individual wells
enables simultaneous amplification and detection of different tar-
gets, but all within a single test device. This can be accomplished
using a thermocycler capable of real-time quantitative PCR such
as the ABI 7500 FastDx or ABI QuantStudio, which can accom-
modate 96- or 384-well microplates and can interrogate each well
separately. Importantly, these platforms are not sample-to-result
platforms, and this approach still requires extraction and manual
setup of multiple real-time PCR wells per specimen. In contrast,
the FilmArray system (BioFire, Salt Lake City, UT) is a sample-to-
result multiplex PCR system contained within a single test pouch.
In addition to simplifying workflow, this methodology also en-
ables the assay to be classified as a moderate-complexity IVD test.
The clinical specimen is diluted and added directly to a sample
port. The specimen then passes through multiple chambers con-
taining reagents for lysis and extraction of nucleic acids from the
specimen. Once extracted, the nucleic acids undergo a nested PCR
in which the first reaction utilizes degenerate primers to broadly
amplify target sequences. Products from the first PCR are then
diluted and inoculated into 102 microwells, each of which con-
tains reagents for singleplex amplification and detection of a spe-
cific target sequence (82). Each well can be individually interro-
gated for fluorescence, allowing the use of a single fluorophore for
detection of amplicon. Tests using this approach are available or
under development for the detection of respiratory viruses, bac-
teria, and fungi in positive blood cultures and bacterial, viral, and
protozoan pathogens in stool (82–85).

Many studies have evaluated the FilmArray respiratory panel
(RP), and the performance in these studies has been reviewed by
Babady (86). In general, evaluation of the FilmArray respiratory

TABLE 2 Comparison of FDA-cleared molecular methods for detection of microorganisms in positive blood culture broths

Test Targets
Sensitivity
(%)

Specificity
(%)

Time to
result (h) Format and setup References

Verigene BC-GP 12 Gram-positive genus or species
targets and 3 resistance markers
(mecA, vanA, vanB)

92–100 98–100 2.5 On-demand, microarray, automated
sample processor, manual transfer
of array to analyzer

95–97,
107

Verigene
BC-GN

8 Gram-negative genus or species
targets and 6 resistance markers
(KPC, NDM, CTX-M, VIM,
IMP, OXA)

81–100 98–100 2 On-demand, microarray, automated
sample processor, manual transfer
of array to analyzer

101, 102

FilmArray BCID 8 Gram-positive, 11 Gram-
negative, and 5 yeast genus or
species targets, 4 resistance
markers (mecA, vanA/B, KPC,
NDM)

88–100 94–100 1 On-demand, parallel miniaturized
singleplex RT-PCR, full sample-
to-result capability

85, 90

GeneOHM
StaphSR

S. aureus, MRSA 50–100 98–99 2 Batch, RT-PCR, offline manual
sample lysis, extraction, and RT-
PCR setup

63, 78–80

Xpert MRSA/SA
Blood Culture

S. aureus, MRSA 69–100 98–100 1 On-demand, RT-PCR, full sample-
to-result capability

259–261

Septifasta 6 Gram-positive, 8 Gram-
negative, and 5 yeast targets
and A. fumigatus

42–79 67–97 6 Batch, 1.5–10 ml whole blood;
offline extraction and setup of 3
parallel RT-PCRs

75–77

a Not cleared by FDA for clinical use. Data are from direct analysis of whole blood.
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assay in adult and pediatric populations has demonstrated 80% to
100% agreement with alternative molecular tests, with notable
deficiencies in detection of specific adenoviruses (83, 84, 87, 88).
This deficiency has been addressed in a more recent version of the
assay (version 1.7), which has demonstrated an increase in sensi-
tivity from 43% to 66% to 88% to 91% for detection of 39 clini-
cally relevant adenovirus serotypes (89). Compared to other mo-
lecular tests for respiratory viruses, the FilmArray had the highest
cost per test, but this was countered by the full sample-to-result
capability, highest number of targets detected (n � 20), and fastest
total time to result (1 h) (83). In addition to the relatively high
per-test cost, a second potential drawback to the use of the
FilmArray as a mainstream method for analysis of respiratory
specimens is the limited throughput. Each FilmArray is capable of
analyzing only a single specimen per run. This can be a significant
bottleneck for larger laboratories, which may receive hundreds of
respiratory specimens per day in peak respiratory illness season.
Therefore, use of the FilmArray with its broadly inclusive panel
may be best suited to critically ill or immunocompromised pa-
tients rather than for routine testing of all community patients
suffering from respiratory symptoms during “influenza season.”

Initial clinical evaluations of the FilmArray BCID blood cul-
ture assay demonstrated overall sensitivity of 91% to 99%, includ-
ing 98.5%, 96.7%, and 100% for 11 Gram-negative, 8 Gram-pos-
itive, and 2 yeast targets, respectively, with specificity of 97% to
100% for each of the individual targets on the panel (85, 90) (Ta-
ble 2). A potential weakness of the assay is the inclusion of a single
“Enterococcus spp.” target which is unable to differentiate between
E. faecalis and E. faecium. This distinction can be helpful when
considering antimicrobial therapy because of differences in sus-
ceptibility patterns between the two species. Specifically, resis-
tance to ampicillin and vancomycin are rare in E. faecalis, 1.3%,
and 0.5%, respectively, while 82.4% and 9.6% of E. faecium iso-
lates are resistant to ampicillin and vancomycin, respectively (91)
A second potential shortcoming is the failure to reliably detect all
components present in polymicrobial cultures. Overall, the
FilmArray BCID detected all microorganisms present in just 71%
of polymicrobial cultures. While many of these were organisms
not present on the BCID panel, E. faecalis was missed in two poly-
microbial cultures, while E. coli and a viridans group Streptococcus
spp. were missed in two other polymicrobial cultures (85). Finally,
while the assay includes a total of 24 genus or species targets com-
monly associated with bloodstream infection, up to 8% of blood
cultures contain organisms not present on the BCID panel (85,
90). Therefore, a primary Gram stain of all positive blood culture
broths as well as routine culture of broths which are both positive
and negative by BCID is prudent before finalizing results.

Microarray methods. Several approaches have been explored
to expand the number of targets detectable in a single multiplex
nucleic acid test. Collectively, these are referred to as microarrays.
Microarrays can be broadly broken into two classes: solid arrays,
which rely on spatial detection of targets arranged on a solid sur-
face, and liquid arrays, which utilize target-specific capture probes
conjugated to microspheres which can be detected using flow cy-
tometry. For a thorough review of microarray technologies, the
reader is referred to the article by Miller and Tang (92). Microar-
rays are attractive in diagnostics because they can reduce the cost
per target tested and allow simultaneous testing for multiple
pathogens associated with similar symptoms.

Traditional microarrays are composed of synthetic oligonucleo-

tides or peptides (capture probes) immobilized on a solid sub-
strate such as a glass slide or nitrocellulose membrane. The num-
ber of unique capture probes on a single array can range from 100
on low-density printed arrays to �1 million on in situ-synthesized
high-density arrays. The probes on high-density arrays are typi-
cally shorter (20 to 25 nucleotides [nt]) and are designed to have
target redundancy to increase the specificity of target detection
(92). Because of the large number of probes, these arrays are most
commonly used for whole-genome expression profiling or for
other genome-wide comparisons such as mutations or deletions.
Low-density arrays consist of longer probes, typically 50 to 800
nucleotides in length, which may be chemically synthesized or
created as amplicons by PCR. The use of PCR amplicons and
liquid spotting of probes makes this type of array comparatively
inexpensive to manufacture. The relatively long length of ampli-
con probes increases target sensitivity because several polymor-
phisms can be tolerated during hybridization steps; however, this
can also results in decreased specificity for the target (92, 93).
Therefore, each probe is typically spotted in replicate on a single
array to increase test specificity (92). Each synthesized oligonucle-
otide or amplicon probe corresponds to a single gene and is spot-
ted or printed to the array solid surface. Inexpensive manufactur-
ing and high sensitivity make low-density printed arrays a
reasonable choice for diagnostic tests designed for use in clinical
microbiology laboratories.

The commercially available and FDA-cleared Verigene system
(Nanosphere, Northbrook, IL) (Fig. 4) has offers microarray-
based tests for identification of respiratory viruses (RV�), C. dif-
ficile (CDF), blood cultures containing Gram-positive bacteria
(BC-GP) or Gram-negative bacteria (BC-GN), and identification
of genetic variants, including Factor V Leiden and CYP450 2C19
*2 and *3, which impact patients with coagulation disorders (94–
102).

The RV� test simultaneously tests specimens submitted in vi-
ral transport medium for influenza viruses A and B, including
subtypes H1, H3, and 2009 H1N1, and RSV A/B. Clinical evalua-
tions have reported sensitivities of 96.6% to 100% for influenza
virus A, 96.8% to 100% for influenza virus B, and 89.8% to 91.7%
for RSV, with specificities of �96.5% for all targets (100, 103,
104), which in one comparative study was superior to results for a
traditional RT-PCR test (103).

A clinical evaluation of the CDF assay demonstrated 98.7%
sensitivity and 87.5% specificity for detection of toxigenic C. dif-
ficile based on the presence of tcdA and/or tcdB, the primary toxin-
encoding genes present in toxigenic strains of C. difficile (94). In
addition, the CDF assay contains capture probes for detection of
the �117 deletion in tcdC, which encodes the repressor of tcdA and
-B expression, and genes encoding binary toxin (cdtA and cdtB)
(94). Strains with the �117 deletion produce up to 23-fold more
toxin than wild-type strains (105). Additionally, the �117 deletion
and the presence of binary toxin are characteristic of strains of the
O27/NAP1 ribotype, which has been associated with more severe
disease (105, 106).

Direct detection of microorganisms from positive blood cul-
tures is an area of great interest because of the potential benefits of
rapid identification to patient care, antimicrobial stewardship,
and health care cost. Clinical performance of the BC-GP assay has
been evaluated in several studies, including large multicenter ef-
forts encompassing all commercially available blood culture sys-
tems. These studies have reported sensitivities of �96% for most
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FIG 4 Verigene solid-phase microarray. (A) Single-stranded, target-specific capture probes are arrayed spatially and immobilized onto the surface of a glass slide.
The nucleic acid target (PCR amplicon or extracted nucleic acid) is denatured and applied to the glass slide. If present, the target nucleic acid will anneal to the
complementary capture probe. Gold microspheres coated with single-stranded nucleic acid complementary to a different region of the target sequence are added
and anneal to the capture probe-target sequence hybrid to form a “sandwich” nucleic acid structure. The array is washed to remove unbound nucleic acid and
gold microparticles. Application of colloidal silver increases the size of the bound microspheres to increase the sensitivity of detection. (B) Target-specific capture
probes, along with internal controls, are spotted in triplicate to different locations on the glass slide to ensure consistency of the annealing and hybridization steps
and increase accuracy of results. Target detection is accomplished using a light source shown across the plane of the array. If present, bound silver microspheres
diffract the light, which is then detected by an optical camera in the array reader.
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of the 12 identification targets on the panel; however, lower sen-
sitivities of 67.0% to 94.8% were reported for E. faecalis and E.
faecium, and false-positive Streptococcus pneumoniae results were
reported for isolates of Streptococcus mitis/Streptococcus oralis (95–
97, 107–109). Importantly, the sensitivity of BC-GP for detection
of mecA in methicillin-resistant S. aureus (MRSA) in these studies
was �99%. Additionally, the performance does not appear to be
affected by the type of blood culture broth used (i.e., aerobic ver-
sus anaerobic, pediatric versus adult, containing charcoal or resin,
etc.). Literature regarding the performance of the more recently
FDA-cleared BC-GN test is currently limited to studies including
a small number of prospectively collected clinical specimens or
studies using primarily simulated specimens (101, 102). In a mul-
ticenter evaluation of 104 clinical specimens, the overall sensitivity
of BC-GN was 91%, with sensitivities of 67% to 100% for the 9
Gram-negative genus or species targets (101). In a larger study of
397 blood cultures (75% simulated specimens), sensitivity was
�98% for 7 of the 8 targets present on the FDA-cleared panel. The
single target demonstrating poor performance was Klebsiella
pneumoniae, which was reported to be 86.1% sensitive (102). In-
terestingly, all of the specimens with false-negative results were
phenotypically identified as Klebsiella pneumoniae; however, 16S
rRNA gene sequence analysis identified these isolates as K. varii-
cola. A distinguishing characteristic of the BC-GN compared to
the FilmArray BCID is the inclusion of the resistance markers
blaCTX-M, blaIMP, blaVIM, and blaOXA in addition to blaKPC and
blaNDM, which are present in both assays. The sensitivity of
BC-GN for these 6 genetic markers of antibiotic resistance is re-
ported to be 100% compared to sequence analysis of the strains
(102). Importantly, additional studies to demonstrate phenotypic
correlation with detection of these markers are needed.

A potential strength of solid-array technology is the ability to
correctly identify multiple targets in the same specimen; however,
in studies involving the BC-GP and BC-GN, all targets in a poly-
microbial culture were correctly identified in only 60.0% to 81.3%
of specimens (96, 97, 101, 102). This limitation is similar to that
observed with the FilmArray BCID (discussed above). Addition-
ally, unlike the FilmArray, the Verigene blood culture assays are
restricted to Gram-positive or Gram-negative targets. Selection of
the correct test depends on accurate reading of the primary Gram
stain. These limitations again underscore the importance of pri-
mary Gram staining as well as routine culture of all positive blood
culture broths prior to finalizing the culture.

Liquid-array technology, typified by the xTAG assays (Lu-
minex, Toronto, Canada), involves an initial multiplexed PCR
step, followed by target-specific primer extension that incorpo-
rates a unique nucleic acid “tag” and biotin label into each target
amplicon. Tagged amplicons are then incubated with microbeads
of various fluorescent potential, each type coated with a unique
antitag sequence. Amplified target sequences with incorporated
tags complementary to those on a specific bead will hybridize.
Finally, a streptavidin-fluorophore conjugate is added and hy-
bridizes to biotin-labeled amplicons immobilized on the beads.
Detection of a target is accomplished using two lasers that inter-
rogate each bead for (i) the presence of a captured amplicon as
indicated by streptavidin-fluorophore and ii) the identity of am-
plicon as indicated by fluorescence of the bead specific for each
antitag (Fig. 5) (110). The xTAG test for agents of gastroenteritis
(xTAG GPP) includes targets for 15 bacterial, viral, and protozoan
pathogens associated with gastroenteritis. Few clinical evaluations

of the assay have been published, but initial reports demonstrate
sensitivity and specificity ranging from 82 to 100% depending on
the comparator used as gold standard (111, 112). A larger number
of studies have evaluated the xTAG assay for respiratory pathogens
(xTAG RVP), which detects 12 to 19 viruses (FDA-cleared versus
CE-Mark targets) associated with respiratory illness. These studies
have found 92 to 100% agreement of xTAG RVP with other molec-
ular platforms and sensitivities of 91 to 100% with specificities of
�99% for individual targets on the panel (87, 113, 114).

Impact of large multiplexed panels on laboratory workflow
and patient care. Multiplexed molecular panels containing up to
20 targets or more can simplify ordering for the physician and
simplify workflow in the laboratory by consolidating what were
previously individual tests into a single “complex panel” for pa-
tients with respiratory illness, gastroenteritis, or positive blood
cultures. An obvious benefit of these large multiplex molecular
tests is the ability to detect numerous pathogens in a specimen
without having to rely on different methodologies, including cul-
ture, molecular, EIA, or direct staining procedures as appropriate
for the various pathogens that may be present in a single specimen.
Especially in the case of fully automated platforms, this can ease
the burden on the laboratory and reduce the dependence on ex-
perienced technologists for such tasks as identification of proto-
zoan pathogens in a trichrome stain. Large multiplex panels also
simplify test ordering for physicians, who may miss a diagnosis
because of failure to order the correct test. For example, the diver-
sity of targets on the Luminex GPP test enabled detection of a
pathogen that would have been missed in up to 65% of specimens
because the appropriate routine test to detect these pathogens was
not ordered (111). An additional potential benefit is the ability to
detect multiple pathogens simultaneously. Up to 10% of stool
specimens may be positive for multiple targets which can be an
indication of coinfection; however, these results must be inter-
preted with caution, since the presence of nucleic acid does not
always correlate with clinical illness (111). Asymptomatic carriage
of C. difficile, which can be as high as 15 to 20%, asymptomatic
shedding of adenoviruses, or residual nucleic acid in the absence
of viable organisms following treatment are potential sources of
false-positive results (115–117). Other considerations include the
pretest probability for a given pathogen and the cost per test,
which is often higher for densely multiplexed and fully automated
tests. During peak respiratory illness season, use of a batched mo-
lecular test for influenza viruses A and B for the majority of clinic
patients may be more economical than a large on-demand multi-
plexed panel.

Identification of the organism present in positive blood culture
broths using multiplexed molecular assays has been the focus of
several recent publications because of the potential to dramatically
impact patient care and reduce the total cost of care for patients
suffering from bloodstream infections. Studies using NAATs or
fluorescent in situ hybridization (FISH) for rapid identification of
2 to 4 targets in a positive blood culture broth have demonstrated
significant reductions in the time on suboptimal antimicrobial
therapy, length of hospital or ICU stay, and overall cost of care for
patients infected with S. aureus, MRSA, Enterococcus, or Candida
species (62, 118–120). While these outcomes are impressive, each
test is limited to a relatively small number of microorganism tar-
gets, making each applicable to only 5% to 50% of cultures having
a Gram stain consistent with specific test targets (81). Larger mul-
tiplex panels containing 12 or more targets are more broadly ap-
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plicable across all blood cultures. For example, the Verigene
BC-GP test (12 Gram-positive identification targets) effectively
identified the bacterium present in 92.5% of cultures containing
Gram-positive organisms, and the FilmArray BCID test (8 Gram-
positive, 11 Gram-negative, and 5 Candida targets) accommo-
dated �90% of the microorganisms present in all positive blood
cultures (85, 97).

The level of automation of multiplexed tests and the level of
complexity (high complexity versus moderate complexity) are
features that broadly divide these tests and must be considered
when choosing the most appropriate test for a laboratory. Tests
that require “offline” extraction of nucleic acids and manual pi-
petting to set up the PCR(s) are designated high-complexity tests
and as a result may not be suitable for most laboratories with
restricted staffing or expertise. Alternatively, sample-to-result
platforms typically gain approval as moderate-complexity tests

which can be adopted by laboratories which lack staff with appro-
priate training/certification or which are not designated “high-
complexity” laboratories by CLIA. This may be an important fac-
tor for many laboratories when selecting a molecular platform
that best suits their needs. Another factor that needs to be consid-
ered is the per-test cost. As discussed above, the cost per test may
be reduced for batch-type platforms compared to sample-to-re-
sults tests; however, the turnaround time for reporting of results
will suffer. Evaluations of total time to result, throughput, and cost
of the xTAG, FilmArray, and Verigene have reported a total turn-
around time of 7 to 8 h for xTAG, with up to 21 samples reported
in this run time (87). The extended TAT for xTAG is a result of the
requirement for offline extraction and manual setup, which re-
quire 3 to 5 steps and over 1 h of hands-on time. In contrast, the
FilmArray and Verigene are true sample-to-result platforms that
provide a reportable result in 1 to 2 h, with �5 min of hands-on

FIG 5 xTAG liquid-phase microarray. Target sequences (blue and green) are amplified using multiplex PCR. Following amplification, a second set of target-
specific primers containing “universal tag sequences” (orange and red boxes) unique to each target primer are used for a primer extension reaction. During
primer extension, a biotin label is also incorporated into the amplicon. Labeled amplicons are then incubated with polystyrene microbeads. Microbeads are
uniquely colored, allowing differentiation of up to 100 different types of microbeads by the analyzer. Each color bead is also coated with a single-strand nucleic
acid probe complementary to one of the universal tag sequences (antitag). Amplicons labeled with universal tag sequences will hybridize to the microbeads
containing the antitag. Additionally, a streptavidin-fluorophore conjugate (green star) is added and hybridizes to biotin-labeled amplicons immobilized on the
beads. Following hybridization steps, beads are analyzed using a cell sorter equipped with two lasers. The first detects the presence of the fluorophore conjugated
to biotin, indicating the presence of an amplicon bound to a specific microbead. The second laser interrogates the bead to determine which dye is present, thereby
identifying the specific target amplicon present. The center bead in step 5 lacks amplicon and thus would be negative for the biotin-fluorophore signal. This bead
would not be analyzed by the second laser.
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time. As discussed above, a rapid TAT is essential to maximizing
the clinical benefits for identification of microorganisms in blood
culture but may not be as critical for other specimens types, such
as stool specimens, received from outpatient clinics. The major
drawback to both sample-to-result platforms is limited through-
put, which is only 4 to 8 tests per 8-h shift (87). Therefore, the
benefit of a rapid, on-demand result must be weighed against
specimen throughput capabilities. These decisions may be af-
fected by season (e.g., respiratory illness season) or by patient
population (inpatient versus outpatient), so it is important for the
clinical laboratory to fully assess the needs of its specific institution
or clinics when deciding on a platform for multiplex testing of
clinical specimens.

Digital PCR

Quantitation of nucleic acid in a specimen using quantitative RT-
PCR (qPCR) has become an essential task for clinical and molec-
ular microbiology laboratories. Disease progression, prognosis,
selection of antivirals, and response to therapy have been linked to
the initial viral load or changes in load observed during continu-
ous monitoring for HIV, cytomegalovirus (CMV), Epstein-Barr
virus (EBV), human herpesvirus 6 (HHV-6), and BK virus (121–
126). Likewise, identification and quantification of genetic mark-
ers of malignancy, including mutations, rearrangements, and ex-
pression of dysfunctional microRNAs (miRNAs), can aid in
management of these patients (127–130). Standard qPCR is de-
pendent on the measurement of increasing fluorescent signal gen-
erated during each cycle of RT-PCR. Quantitation is achieved
through establishment of a signal threshold, generally the cycle at
which the fluorescent signal is �10 times the standard deviation of
the background noise, and creation of a standard curve using
specimens with a known quantity of template (131). Although

qPCR is widely used, is suffers from some significant drawbacks.
First, the signal threshold and standard curve are test and instru-
ment specific and must be calibrated regularly to ensure accuracy.
Second, different RT-PCR platforms, probe types, and calibration
standards can all affect the cycle threshold obtained and thus im-
pact the quantitation of template in the original specimen. Finally,
quantitation is accurate only along the log-linear portion of the
calibration curve, where each PCR cycle represents a true dou-
bling of amplicon (131). For these reasons, there is often poor
correlation and high coefficients of variation (CVs) when speci-
mens are tested on different instruments or by different laborato-
ries. The intralaboratory CV has been reported to be as high as
246.8% in split-specimen surveys (132), and CVs of 20 to 70%
have been reported even when assays are run on the same instru-
ment by skilled technologists (131, 133–135). The CV is often
greatest in these cases when analyzing specimens with the tem-
plate near the lower limit of quantification, where amplification is
transitioning from early exponential to log-linear phase. These
shortcomings of qPCR highlight the analogue nature of quantita-
tion made using calculations based on amplification curves. Dig-
ital PCR (dPCR) aims to eliminate amplification curve-based cal-
culations by enumerating the actual number of templates in a
specimen. This is achieved by dilution and segregation of the spec-
imen into thousands of miniaturized parallel RT-PCR mixtures.
Each reaction mixture will contain either one or zero copies of
template. Following massively parallel RT-PCR, the number of
wells with endpoint positivity for an amplification product is a
direct measure of the copy number of template present in the
specimen (Fig. 6) (136, 137). Because the actual number of copies
is determined by the number of positive reactions, there is no need
to construct a calibration or standard curve for comparison. Ad-

FIG 6 Digital PCR. A nucleic acid template containing target sequences (colored boxes) in the original sample is diluted into individual microwells (plate PCR,
pictured) or picoliter droplets (emulsion PCR) such that each well or droplet contains one or zero copies of the target sequence. Following partitioning of the
specimen, endpoint PCR is carried out and amplicon is detected using fluorescent dyes or probes. Each well will be either positive or negative for fluorescent signal
depending on the presence of the target sequence and resulting amplicon (yellow circles correspond to blue bars on the graph). The number of wells or droplets
positive for fluorescent signal (yellow circles) directly corresponds to the number of specific target sequences (red boxes) present in the original sample.
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ditionally, a low or high copy number of template can be accu-
rately quantified because accurate quantification is not limited to
the log-linear phase of the PCR. For example, Hindson et al. dem-
onstrated a 37% to 86% decrease in CV when comparing dPCR to
qPCR in both water and serum matrix (138).

Digital PCR was originally developed in 1992 using the same
primers and probes utilized in traditional RT-PCR (139). Since
that time, advances in microfluidics have enabled automation and
miniaturization using two different approaches for segregation of
template prior to RT-PCRs. The first involves a silicon microflu-
idics chip containing up to 20,000 individual wells into which the
substrate is diluted. The QuantStudio 3D digital PCR system man-
ufactured by Life Technologies (Carlsbad, CA) is capable of ther-
mocycling and analysis of 24 chips simultaneously, allowing
quantitation of multiple specimens per run (137). A potential lim-
itation of this approach is the comparatively limited analytical
measurement or dynamic range that can be achieved. Assuming
20,000 individual wells, the maximum achievable dynamic range
would be 4 log10 (1 to 20,000 copies). The second method over-
comes this potential limitation through the use of emulsion PCR.
This method utilizes an emulsion combining oil, aqueous speci-
men, and all necessary components for RT-PCR. The emulsion is
then divided into up to 10 million picoliter droplets, each contain-
ing a maximum of one copy of template (137). Following PCR,
each droplet is interrogated for fluorescent signal using flow cy-
tometry to determine the number of droplets containing ampli-
con. Emulsion dPCR systems are manufactured by both Bio-Rad
Laboratories (Hercules, CA) and RainDance (Billerica, MA).

Applications of dPCR encompass accurate quantification of a
target sequence; however, the addition of multiplexing expands
the utility to identification and quantification of rare alleles or
minor variant species present in a specimen. Ma et al. demon-
strated the ability of dPCR to detect a variant sequence when di-
luted 1:1,024 with wild-type sequence in a specimen. This was in
comparison to traditional qPCR, which could detect a variant se-
quence to a dilution of only 1:256 (140). Because of the novelty of
dPCR and relatively recent availability of commercially manufac-
tured systems, there are few large clinical evaluations of this tech-
nology. The majority of studies have focused on the detection and
quantification of mutations in oncogenes. This includes the quan-
tification of free tumor DNA (tDNA) or microRNAs (miRNAs)
from plasma specimens as an indicator of some types of carcino-
mas and a method to simultaneously screen for and quantify 4
common mutations in the KRAS gene in serum specimens (127,
141–143). Digital PCR has also been used in infectious disease for
detection of S. aureus and C. trachomatis (144, 145) and has dem-
onstrated the ability to accurately quantify HIV and hepatitis C
virus (HCV) loads over a wide dynamic range (146, 147). A very
recent publication has demonstrated the utility of dPCR to differ-
entiate between HHV-6 reactivation and chromosomally inte-
grated HHV-6 (ciHHV-6) in pre- and posttransplant patients
(148). Differentiation is based on accurate determination of the
ratio of HHV-6 to a eukaryotic cell marker, which is less precise
using standard qPCR. This distinction is critical for posttransplant
patients with a high HHV-6 load, since ciHHV-6 is often not
associated with disease (126). Despite the current paucity of clin-
ical studies, based on these examples it is easy to speculate that the
primary strength of dPCR in infectious disease is quantification of
viral load, including identification of minor species in a specimen,
such as drug-resistant HIV quasispecies.

The limitations of dPCR are similar to those encountered with
traditional qPCR. The ability to identify multiple or poorly con-
served single nucleotide polymorphisms (SNPs) in a specimen is
complicated by the necessity for specific primers and probes for
each SNP of interest. Therefore, only well-characterized muta-
tions can be identified and quantified. Additionally, multiplexing
of dPCR will be limited by the instrument optics and number of
fluorophores available for assay design. Currently, dPCR plat-
forms range in multiplexing capability from 2 to 5 colors, which
limits the ability of dPCR to evaluate complex genotypes or simul-
taneously detect multiple markers of antimicrobial resistance. For
these applications, next-generation sequencing is likely the tech-
nology of choice.

Nucleic Acid Sequencing Methods

Sanger sequencing. Originally described in 1976, DNA sequenc-
ing has undergone significant modifications, culminating in mas-
sive parallel or “next-generation” whole-genome sequencing
(WGS) methods which are gaining favor for use in clinical micro-
biology laboratories. Allan Maxam and Walter Gilbert first
achieved reliable DNA sequencing using a method that involved
radioactive labeling of the DNA and chemical treatment to break
DNA into small fragments. Fragments from each of four parallel
reaction mixtures (one for each nucleotide) were electrophoresed
side by side, with visualization using X-ray film autoradiography.
Banding patterns in each lane corresponded to radiolabeled DNA
fragments containing one of four radiolabeled nucleotides, from
which the sequence could be inferred. Maxam-Gilbert sequencing
quickly fell out of favor due to its technical complexity and use of
hazardous chemicals, which complicated scale-up and prevented
its use in standard molecular biology kits. Chain termination se-
quencing, or Sanger sequencing, improved upon the Maxam-Gil-
bert method by using dideoxynucleoside triphosphates (ddNTPs)
as DNA elongation terminators. Sequencing reaction mixtures
were again divided into four parallel vessels, each containing one
of four ddNTPs (ddATP, ddGTP, ddCTP, or ddTTP) along with
an excess of standard dNTPs. The resulting reaction mixtures con-
tained DNA fragments of different lengths representing each size
fragment produced by termination following inclusion of the
given ddNTP. Fragments from the four reaction mixtures could
then be separated by gel or capillary electrophoresis with a reso-
lution of one nucleotide. The ability to radioactively or fluores-
cently label each ddNTP enabled detection of fragments and read-
ing of sequence data by automated sequencing instruments. These
advances in automation and analysis made nucleic acid sequenc-
ing a realistic option for diagnostics; however, several technical
challenges still prevented the widespread use of Sanger sequencing
in the clinical laboratory. Poor quality in the first 15 to 40 bases of
the sequence and deteriorating quality of sequencing data after
700 to 900 bases limit its applicability to relatively short DNA
fragments. Additionally, Sanger sequencing reactions are limited
to sequence analysis of a single amplicon per reaction. This pre-
vents the analysis of complex specimens such as sputum or abscess
which contain multiple organisms (149).

NGS. Next-generation sequencing (NGS) refers to a high-
throughput sequencing method that parallelizes the sequencing
process, producing thousands or millions of sequences at once.
Intentionally broad, next-generation sequencing encompasses
several different sequencing technologies that have been adapted
to high-throughput, low-cost sequencing. A thorough review and

Emerging Technologies in Clinical Microbiology

October 2014 Volume 27 Number 4 cmr.asm.org 799

http://cmr.asm.org


comparison of these methods has been published elsewhere (150),
but we summarize the key differences and applications of the ma-
jor NGS approaches (Table 3).

Pyrosequencing, licensed by 454 Life Sciences and later pur-
chased by Roche, was the first next-generation sequencing
method commercially marketed. Pyrosequencing employs a “se-
quence-by-synthesis” approach, meaning that it generates se-
quence data during DNA synthesis rather than analyzing nucleic
acid amplicons postsynthesis as is the case with Sanger sequencing
(151, 152) (Fig. 7). Amplified or chromosomal target nucleic acid
is fragmented, and synthetic nucleic acid adaptors are enzymati-
cally ligated to each end of the product. One adaptor serves as an
adaptor for hybridization of the nucleic acid product to a mi-
crobead, and the other serves as a sequencing primer. Following a
PCR to amplify the target sequence, microbeads coated with am-
plicon are segregated into microwells. Each well contains all the
reagents required for sequencing, including DNA polymerase, lu-
ciferase, ATP sulfurylase, and apyrase. Each of the four dNTPs is
individually added and washed away from the wells in repeating
cycles. When a complementary dNTP is added, it is incorporated
by DNA polymerase, with the concomitant release of pyrophos-
phate as a by-product of DNA synthesis. ATP sulfurylase converts
the released pyrophosphate to ATP, which is used to drive lucif-
erase activity, resulting in the production of light (153). Sequence
data are generated by monitoring the microwell reactions for a
pulse of light following addition of each dNTP. Since each micro-
well contains a single microbead harboring a unique region of
chromosomal DNA, parallel sequencing of hundreds of regions of
the chromosome achieves high sequence coverage in a single run.
Additionally, because sequencing reactions are carried out in pi-
coliter-volume reaction wells, this technology is capable of se-
quencing 400 to 600 megabases of DNA per 10-h run at a price per
base up to 100-fold lower than that for Sanger sequencing (154)
(Table 3). Pyrosequencing was initially capable of generating ac-
curate reads of approximately 100 bases, with the limiting factor
related to decreasing efficiency of apyrase in degrading unincor-
porated nucleotides in each successive cycle (155). Replacement of
apyrase with thorough washing to remove unused nucleotides can
extend the effective read length to approximately 400 bases. This is
still a relatively short read in comparison to that with the Sanger
method, but it is significantly longer than those of other NGS
methods (155). An extended read length can be advantageous
when attempting rapid whole-genome sequencing (WGS), espe-

cially when coupled with the speed of pyrosequencing technology
and sophisticated software capable of assembling short individual
reads into a confluent genome sequence. The overall accuracy of
the sequence data generated is 99.51% to 99.96% (156, 157). A
potential drawback to pyrosequencing is the inability to generate
reliable sequences of homopolymers of �4 bases in length (156).
In a study assessing the accuracy of sequences generated by pyro-
sequencing, 39% of errors were attributable to homopolymer se-
quences (156).

Semiconductor sequencing, typified by the Ion Torrent system
(ABI), is a similar “sequence-by synthesis” technology. Parallel
sequencing reactions are carried out in 1.2 million microwells on
the surface of a low-cost semiconductor chip (158). Each picoliter
well contains template and DNA polymerase, to which each of the
four nucleosides is added in sequential order, however; Ion Tor-
rent sequencing differs from pyrosequencing in that it uses pro-
duction of hydrogen as the sole marker for determining the se-
quence (Fig. 7) (158). Release of hydrogen ions following
incorporation of a complementary nucleotide is detected by a
miniaturized ion sensor integrated into each reaction well. This
technology is capable of generating up to 25 Mb of sequence data
in a single run with a 2-h run time (158). Independence from the
use of multiple enzymes, sensitive optics, or modified nucleotides
dramatically reduces the cost of reagents and equipment com-
pared to those with Sanger or other NGS methods. The reported
cost of an Ion Torrent instrument is approximately US$50,000,
excluding sample preparation equipment and a server for data
analysis (159). The reported accuracy of semiconductor sequenc-
ing systems, including Ion Torrent, ranges from 98.4% to 98.9%
(158, 160) (Table 3). The major limitations of this system are that
it has difficulty in enumerating long repeats (homopolymers of
�6 nt in length) and has a read length of 50 to 100 nt, which is
relatively a short compared to that of Sanger sequencing or pyro-
sequencing (158).

Applications of pyrosequencing and semiconductor sequenc-
ing include whole-genome sequencing (WGS), amplicon se-
quencing, transcriptome sequencing, and metagenomics. The
strength of pyrosequencing for WGS was demonstrated by Mar-
gulies et al., who sequenced the entire genome of M. genitalium
(580,096 bp) with �99.9% accuracy and 96% genome coverage in
a single run (157). More impressively, pyrosequencing was uti-
lized to sequence the entire 6-gigabase human genome with 7.4	
coverage in just 2 months (154). Similarly, the whole genomes of

TABLE 3 Comparison of nucleic acid sequencing methodsa

Characteristic Ion Torrent 454 Sequencing Sanger sequencing SOLiD

Sequencing chemistry Ion semiconductor sequencing Pyrosequencing Terminator sequencing Ligation-based sequencing
Amplification approach Emulsion PCR Emulsion PCR Liquid-phase reaction Emulsion PCR
Mb/run 100–400 400–700 0.001 (1,000 bp) 150,000
Time/run 1.5 h 7–10 h 3 h 7–9 days
Read length (bp) 200 400 800–1,500 35 	 75
Reads/run 
1,000,000 
1,000,000 Not applicable 700,000,000–1 billion
Sequence accuracy (%) 98.4–98.9 99.51–99.96 99.999 99.94–99.99

Cost (US$) per:
Run 
500–700 6,000–8,000 100.00 4,000
Mb �5.00 10.00–15.00 2,400.00 0.04
Instrument 50,000 500,000 100,000 595,000

a Data are compiled form references 150 and 262.
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FIG 7 Next generation sequencing by synthesis. Next generation sequencing by 454 (pyrosequencing) and Ion Torrent (semiconductor sequencing) utilize
similar techniques to generate sequence information. In an initial step, genomic or amplified DNA to be sequenced is fragmented and single-strand overhangs
are enzymatically removed. Synthetic nucleic acid adaptors (red and green) are ligated to each end of the target nucleic acid fragment. The modified target is then
denatured and incubated with microbeads coated with a single-stranded capture probe (red) complementary to one of the adaptors (red). Hybridization
immobilizes the target onto the surface of the bead, and beads are then partitioned into oil emulsion droplets containing reagents required for PCR. The PCR
amplifies the target sequence, resulting in a single bead coated with thousands of identical copies of the target sequence. Following PCR, the beads are partitioned
into microwells for sequencing. Each well contains the reagents required for sequencing with the exception of nucleotides. For both pyrosequencing and
semiconductor sequencing, wells are washed with each of the four nucleoside bases in sequential order. 5a, in pyrosequencing, addition of a complementary
nucleoside results in the release of pyrophosphate (PPi). The PPi is converted to ATP by ATP sulfurylase in the presence of adenosine 5= phosphosulfate (APS),
which is used to drive light production by luciferase. 5b, in semiconductor sequencing, release of H� upon addition of a complementary nucleoside results in a
change in pH, which is measured by a semiconductor in the bottom on the sequencing well. In both cases, the intensity of the signal (light or pH change) is
proportional to the number of nucleotides incorporated. Therefore, addition of two consecutive nucleotides (e.g., GG) will generate a signal approximately twice
the intensity of that generated by a single nucleoside insertion.
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Escherichia coli and Vibrio fischeri were sequenced with 96.8 to
99.9% coverage with 98.9% accuracy in a single run using Ion
Torrent (158). While the sequencing and assembly of an entire
genome in days to months are remarkable, the most immediate
use of NGS in clinical microbiology is likely amplicon sequencing.
Amplicon sequencing is targeted to full sequencing of one or more
genetic loci concurrently. This method is valuable when identifi-
cation of multiple mutations or SNPs in a genetic locus is required
to predict oncogenic potential or antimicrobial resistance. In ad-
dition to detection of multiple SNPs in a single locus, parallel
sequencing offers the ability to generate sequences for multiple
loci simultaneously. Next-generation sequencing is among the
molecular technologies that can be applied to the identification of
mycobacteria, including the prediction of resistance to antituber-
culosis therapies (64). Determination of resistance to first-line
antituberculosis drugs (rifampin [RIF], isoniazid [INH], pyrazin-
amide [PZA], and ethambutol [EMB]) requires the analysis of
several SNPs contained on 5 different genes (161). SNPs associ-
ated with resistance to rifampin are relatively conserved, with 3
mutations accounting for up to 75% of resistance (161). In this
instance, routine probe-based amplification tests can be up to
98% sensitive (162). However, SNPs resulting in resistance to
other first line antituberculosis drugs are considerably less con-
served, rendering detection by a limited number of probes im-
practical. Pyrosequencing has been exploited for the simultaneous
detection of resistance mutations in multiple genes to rapidly
identify multidrug-resistant (MDR) strains of M. tuberculosis
(163, 164). Resistance to rifampin, isoniazid, and fluoroquinolo-
nes was determined using 4 sequencing primers to identify mul-
tiple point mutations in rpoB, katG, and gyrA, with sensitivities of
96.7%, 63.8%, and 70%, respectively. The specificity of the pyro-
sequencing reaction was reported to be 97.3% to 100% (163).
Variable sensitivity for predicting susceptibility to the 3 drugs re-
flects the lack of knowledge regarding the mutations and mecha-
nisms which contribute to a resistant phenotype. This limitation is
inherent to all molecular testing strategies and will be overcome
only through continued research to characterize mutations con-
ferring resistance and development of more complete reference
libraries for sequence comparison.

Analogous to the use of NGS methods to sequence multiple
targets in a single organism is the utility of NGS to simultaneously
sequence and identify multiple organisms in a single specimen.
Many of these studies, known as metagenomics, have been con-
ducted to characterize complex bacterial communities in environ-
mental specimens. Clinically, NGS has been used characterize the
microbial community present in the airways of patients with cystic
fibrosis (CF) using sputum specimens (149, 165). An advantage of
NGS is the detection of nonculturable or fastidious organisms that
may be outcompeted and overlooked in routine CF cultures. In a
cohort of 66 sputum specimens from CF patients, NGS identified
122 different microbial species, compared to only 18 identified by
culture (149). In an analytic study, organisms representing as little
as 0.25% of the total nucleic acid template in a specimen were
reproducibly identified (149). This ability to better define the mi-
crobiological components of the CF lung could aid in a better
understanding of the associated illness and inform therapeutic
strategies. A potential drawback to this type of metagenomic study
is the semiquantitative nature NGS, which prevents an accurate
assessment of the proportion of each organism present at a single
point or changes in the composition of microorganisms in serial

specimens. Similarly, the presence of nucleic acid is not necessarily
indicative of a viable organism and may represent residual nucleic
acid from flora or exogenous sources entering the upper respira-
tory tract.

A final application of pyrosequencing and semiconductor se-
quencing is in epidemiological investigation of outbreaks. Most
notably, Mellmann et al. used the Ion Torrent NGS to identify and
characterize a novel strain of enterohemorrhagic E. coli (EHEC)
responsible for a large outbreak in Germany in 2011 (166).
Whole-genome sequencing of 4 isolates from geographically dis-
tinct cities along with relevant historical reference strains was con-
ducted. Sequencing and analysis of the strains were completed in 2
to 3 days and enabled near-real-time phylogenetic linkage of these
strains (166). Investigators were also able to propose a likely evo-
lutionary pathway linking the outbreak strain to an earlier pro-
genitor strain identified 20 years earlier. In a smaller study, inves-
tigators were able to examine 33 multidrug-resistant isolates of E.
coli obtained from patients in a neonatal intensive care unit using
Ion Torrent NGS (167). The authors reported a 5-day turnaround
and a cost of US$300 per isolate for whole-genome sequencing.
Sequencing resulted in 88% to 89% genome coverage, which was
sufficient to link all strains phylogenetically and identify them as
most closely related to multiresistant strains of the ST-131 multi-
locus sequence type (MLST). While approximately twice the cost
of traditional strain typing using pulse-field gel electrophoresis
(PFGE) or MLST, NGS provided additional useful information,
including the specific identification of the blaCTX-M-15 extended-
spectrum beta-lactamase (ESBL) gene and the presence of other
genes and point mutations associated with resistance to several
classes of antimicrobials (167).

The term “ultradeep sequencing” (UDS) refers to amplicon
sequencing designed to allow mutations to be detected at ex-
tremely low levels in a population. Initial PCR amplification of
a genetic region of interest followed by segregation of each
amplicon into a separate reaction well allows sequencing and
identification of rare sequence variants. For example, ultradeep
sequencing has been successfully used to detect HIV quasispe-
cies and the emergence of resistant subpopulations. Analysis of
blood samples from HIV-infected patients using pyrosequenc-
ing identified strains with mutations in the viral reverse trans-
criptase gene at levels of �0.1% of the total viral population
(168, 169). Similarly, Ion Torrent sequencing was utilized to
identify the emergence of mutations conferring resistance to
nonnucleoside reverse transcriptase inhibitors (NNRTIs) and
protease inhibitors (PIs) at a level of �1% of the total popula-
tion through an average of 13,700	 coverage of the gag-pol
loci, though it was noted that coverage decreased significantly
in a homopolymeric region containing five consecutive gua-
nine residues (170). This is again in comparison to routine
Sanger methods, which demonstrate a limit of detection of
approximately 20 to 35% of the population (171). Accurate
sequence data with error rates of �0.05% are easily achieved
due to the high number of parallel reads, which provide highly
redundant coverage of the target sequence (168, 169). Pre-
therapy resistance testing has been recommended to identify
quasispecies with mutations known to confer resistance to an-
tiretrovirals and is also recommended following a rise in HIV
load attributed to therapy failure (172). Early detection of mu-
tant alleles present at a low frequency is key in selection of
antiretroviral therapy, since discontinuation of a specific anti-
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viral can result in reversion of mutant populations to a suscep-
tible, pretherapy genotype (168, 173). Future clinical applica-
tions of pyrosequencing include transcriptome sequencing,
which aims to efficiently create RNA profiles and examine the
effects of mRNA transcript expression. The majority of re-
search using NGS for transcriptome analysis has involved the
basic sciences; however, recent studies have utilized this
method for comparison of mRNA expression in normal and
malignant cell populations and for discovery of latent or cryp-
tic viruses whose presence and expression may be associated
with malignancies (174–176).

Other NGS platforms such as Illumina and SOLiD are capable
of generating 1.5 to 4.0 Gb of data per single run at a cost of less
than $0.10 per kilobase, which is significantly less expensive than
Sanger or other NGS methods (177, 178). Illumina (Solexa) se-
quencing is based on reversible dye terminators. DNA molecules
are first attached to primers on a slide and amplified so that local
clonal colonies are formed. Four types of reversible terminator
bases are added, and nonincorporated nucleotides are washed
away. A camera takes images of the fluorescently labeled nucleo-
tides, and then the dye along with the terminal 3= blocker is chem-
ically removed from the DNA, allowing the next cycle. In contrast,
SOLiD (supported oligonucleotide ligation and detection) is a
method of sequencing by ligation. A target-specific sequencing
primer is used to initiate sequencing by the sequential addition of
octamer probes, each containing 2 specific nucleotides at the 5=
terminus followed by 6 degenerate nucleotides. Each of the 16
possible combinations of two nucleotides is represented, and oc-
tamers are fluorescently labeled with one of 4 fluorophores. The
16 octamers are then grouped into 4 sets (each containing one
each of the 4 fluorophores) and are added sequentially to the se-
quencing reaction mixture for 7 full cycles of the 4 groups. Fluo-
rescence is measured after addition of each 4-member group of
probes, and the 2-base sequence is determined by the fluorophore

detected. Gaps in the sequence corresponding to the 6 degenerate
nucleotides in each probe are filled in by repeating the reaction
using additional sequencing primers, each offset by one nucleo-
tide (n � 1, n � 2, etc.) from the initial primer (177). This results
in short reads (26 nucleotides); however, the sequencing error rate
is reduced to 0.001 because each nucleotide in the template is read
twice (177). The disadvantage of this technology is turnaround
time. The run time for a single sequencing reaction is 2.5 to 6 days,
resulting in turnaround time for a full genome sequence of up to 2
weeks (178). Because of the large amount of sequence data gener-
ated per run, low cost per base sequenced, and extended TAT,
these platforms are currently best suited to whole-genome se-
quencing projects rather than rapid identification of microorgan-
isms or SNP polymorphisms in a clinical laboratory. Most re-
cently, Illumina has begun offering full genome sequencing
through it reference laboratory at a reported cost of $4,000.00 per
genome.

MASS SPECTROMETRY METHODS

Mass spectrometry (MS) methods, including gas chromatogra-
phy-MS (GC-MS), liquid chromatography-MS (LC-MS), and
high-resolution tandem MS (LC-MS/MS), have increasingly
been exploited by clinical chemistry laboratories for monitor-
ing of drug and hormone levels in blood and urine specimens
(179). Only recently have mass spectrometry methods been
broadly applied to the identification of bacteria and other mi-
croorganisms in the clinical microbiology laboratory. Among
these methods are electrospray ionization (ESI)-MS, matrix-
assisted laser desorption ionization–time of flight (MALDI-
TOF) MS, and ion trap-based identification technologies. Each
MS approach has unique strengths and weaknesses which must
be considered when implementing MS for routine use in a
clinical laboratory (Table 4).

TABLE 4 Characteristics of MALDI-TOF MS and ESI-MS systems used in clinical microbiology

Characteristic MALDI-TOF MS ESI-MS

Platform(s) Bruker Biotyper, Vitek MS PLEX-ID
Analytes Cultured whole organisms, including bacteria, yeast, filamentous

fungi; extracted protein preparations.
Nucleic acid amplicons; can be applied to bacteria, fungi,

viruses, noncultivable microorganisms present in clinical
specimens

Preanalytic steps Transfer of organism to target plate, overlay with matrix
material; identification may be improved by formic acid
extraction of proteins

Multiplexed PCR-based amplification of target sequence to be
analyzed; may use specific or broad range primers.

Carrier/matrix Analyte embedded in weak acid matrix material such as alpha-
cyano-4 hydroxycinnamic acid or 2,5-dihydroxybenzoic acid

Analyte dissolved in organic aqueous phase carrier

Ionization
method

Excitation by laser catalyzes charge transfer from matrix to
analyte, desorbs ions from solid phase on target plate

Analyte in liquid phase is exposed to a high voltage and passed
through a capillary tube, which generates a spray of
charged ions

Detection Mass analyzer detects time of flight of each ion species in the
specimen

Mass analyzer detects time of flight of each ion species in the
specimen

Output Spectral profile based on mass-to-charge ratio of all proteins
present in a specimen

Exact mol wt of nucleic acid amplicon present in specimen

Basis for
identification

Comparison of analyte spectral profile to commercially available
or laboratory developed reference spectral library

Weight of amplicon is used to calculate exact no. of each of the
4 nucleotides (A, T, C, G) present in amplicon; nucleic acid
composition is compared to reference library

Direct specimen
analysis

No; requires cultured microorganism. Yes; initial PCR can be performed directly on clinical
specimens, including upper respiratory tract specimens,
blood, sterile fluids

Limit of detection 105-106 CFU 40 genome equivalents
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Matrix-Assisted Laser Desorption Ionization–Time of
Flight MS

A major factor enabling the application of MS to the identification
of bacteria and other microorganisms was the advent of nonfrag-
menting or “soft ionization” techniques, including MALDI-TOF
MS (Fig. 8), which facilitates the analysis of large macromolecules,
including nucleic acids and proteins (180, 181). Various analytes,
including whole bacteria, are transferred to the surface of a metal
plate and embedded in an acidic matrix material such as alpha-
cyano-4-hydroxycinnamic acid (HCCA or CHCA) or 2,5-dihy-
droxybenzoic acid (DBA). Excitation by a nitrogen laser catalyzes
charge transfer from the matrix to the analyte and causes desorp-
tion of the newly ionized particles. The resulting ions are then

accelerated through a vacuum tube which separates ions based
upon their mass-to-charge (m/z) ratio. Detection of ions by a mass
analyzer at the distal end of the tube results in creation of a mass
spectral profile in which the m/z of each ion in the sample is plot-
ted on the x axis and relative abundance plotted on the y axis. This
spectral profile is unique to each analyte. Analysis of an analyte
typically involves several hundred independent laser shots to cre-
ate a consensus spectral profile and establish a low background
threshold (180, 181).

MALDI-TOF MS has been used in clinical laboratories in Eu-
rope for nearly a decade and has been more recently adopted in the
United States (182). This method is readily adaptable to the direct
analysis of bacterial and fungal isolates, requires inexpensive re-

FIG 8 Matrix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS). (A) Preparation of samples for analysis by MALDI-TOF
MS can be either by direct transfer of a bacterial colony to the sample plate using a sterile implement (green spots) or as a liquid supernatant following an
extraction procedure (blue spots). In either method, the analyte is allowed to dry before being overlaid with a weak acid matrix material. (B) Analysis of the
analyte begins with exposure to a laser, which ionizes and desorbs analyte form the sample plate. The created ions are accelerated through the time of flight
vacuum tube by application of an electrostatic field until they reach the MS detector. Ions with a larger mass-to-charge ratio (m/z) will take longer to traverse the
time of flight tube than ions with a smaller m/z. An MS profile is created with the m/z of each ion species plotted on the x axis and the relative abundance of each
m/z ion species on the y axis. This MS profile is compared to a reference spectral library of defined spectra to establish a “best-match” identification of the isolate
being analyzed. (Reprinted from reference 2 with permission.)
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agents, and is capable of returning an identification result in ap-
proximately 15 to 30 s once the sample is loaded into the MALDI-
TOF MS. These attributes make integration of MALDI-TOF MS
an attractive option for the microbiology laboratory. The perfor-
mance and clinical utility of MALDI-TOF have been thoroughly
reviewed by Clark et al. (2). In brief, the majority of clinical eval-
uations have been conducted using one of two commercially
available systems, the Bruker Biotyper (Bruker Daltonik, Bremen
Germany) and the Vitek MS (bioMérieux, Marcy l’Etoile, France).
Large studies have demonstrated similar overall performance of
these two systems for the identification of bacteria routinely en-
countered in the laboratory; however, minor differences have
been noted within specific groups of organisms. In head-to-head
comparison studies, the Bruker Biotyper provided a larger pro-
portion of “high-confidence” identifications among Gram-nega-
tive nonfermenters (97.0% versus 89.5%), while the Vitek MS was
superior for identification of anaerobes and viridans group strep-
tococci (183–186). In addition, several multicenter studies have
evaluated the ability of the Vitek MS to identify specific subgroups
of microorganisms, including Gram-positive isolates (187), fas-
tidious bacterial pathogens (188), Gram-negative non-Enterobac-
teriaceae (189), and anaerobic bacteria (190). Regardless of
system, identification rates for routine clinical isolates using
MALDI-TOF MS range from 90% to 95% compared to 16S rRNA
gene sequencing and can be completed within minutes, with a
substantial savings in cost per identification (191–193).

The clinical application of MALDI-TOF MS has traditionally
been restricted to identification of isolated pure colonies following
culture on solid medium. This is the result of two technical limi-
tations inherent to the current technology. The first of these is
related to the limit of detection. Unlike amplified molecular meth-
ods, MALDI-TOF MS relies on analysis of whole-cell or extracted
protein specimens. Generation of an adequate spectral profile re-
quires that sufficient material be deposited onto a target for anal-
ysis. Studies to determine the minimal amount of cellular material
or extracted protein required for MALDI-TOF MS analysis have
found a minimum of 1.5 	 105 CFU to be required for reproduc-
ible and accurate identification of microorganisms (194, 195). The
second limitation is the inability of current software to deconvo-
lute or separate multiple spectra collected simultaneously, as
would occur during analysis of mixed or polymicrobial cultures.
Simply put, the combined spectra of two organisms will not match
any single organism spectrum in the reference library and will
result in low or unacceptable confidence scores. This has been
observed in the analysis of polymicrobial specimens, including
blood cultures containing more than one organism, and in the
direct analysis of urine specimens, which are often polymicrobial
(194, 196, 197). Combined, these limitations generally restrict the
use of MALDI-TOF MS from primary clinical specimens, which
typically do not have sufficient cellular material for analysis and,
depending on the source, are often polymicrobial in nature.

Despite the limitations discussed above, direct-from-specimen
identification has been attempted using positive blood cultures
and urine specimens (194, 196, 198–201). Direct analysis of posi-
tive blood cultures has been aided by standardized protocols using
commercially available (research-use-only) kits and centrifuga-
tion-based methods for isolation of bacteria and yeasts from broth
culture (196, 198). Using these protocols, the organism present in
85% to 98% of monomicrobial blood cultures was correctly iden-
tified in as little as 30 min (196, 198–200). An alternative protocol

using filtration-based isolation of microorganisms from positive
blood cultures demonstrated approximately 80% success in iden-
tification of bacteria and yeast from 225 monomicrobial blood
cultures (197). These advantages in laboratory turnaround time,
coupled with the initiation of an antimicrobial stewardship pro-
gram, impacted patient care through significantly shorter times to
optimal antimicrobial therapy and reduced 30-day mortality for
patients with bloodstream infection (202, 203). Direct analysis of
urine has also been attempted using MALDI-TOF MS. Prepro-
cessing steps include low-speed centrifugation to remove leuko-
cytes followed by high-speed centrifugation to pellet any bacteria
present. Urine specimens containing �105 CFU/ml of a single
species could be reproducibly and correctly identified for 92% to
95% of specimens containing a predominant Gram-negative or-
ganism and 75% to 93% containing a predominant Gram-positive
organism (194, 201). An alternative method for isolation of mi-
croorganisms based on diafiltration of urine has also been evalu-
ated. This method lowered the limit of detection for reliable iden-
tification of bacteria by 10-fold compared to previously reported
centrifugation- or filter paper-based isolation methods; however,
the sensitivity of this method was reported to be 67% (195). In
general, for all studies involving direct analysis of urine specimens,
those containing �105 CFU/ml of a single organism or those with
�1 organism present in similar quantity either failed to generate
adequate spectral profiles for analysis or returned low-confidence
identifications (194, 201). Combined, these limitations can ac-
count for 10% to 15% of specimens which would not be accept-
able for identification using MALDI-TOF MS. However, identifi-
cation of the likely pathogen in up to 90% of urine specimens
within minutes may aid in guiding empirical therapy for those
pathogens that have predictable resistance or susceptibility to an-
tibiotics commonly used to treat urinary tract infections.

MALDI-TOF MS has more recently been expanded to include
analysis of yeasts, filamentous fungi, and mycobacteria (204–212).
Obstacles to the direct identification of fungi, such as a more ro-
bust cell wall, were overcome using simple ethanol, formic acid,
and acetonitrile extraction steps prior to analysis. Identification of
yeasts using these methods demonstrated species-level identifica-
tion for 92.5% to 98.2% of isolates (211, 213–215). Notably, the
use of a formic acid overlay onto the isolate following spotting to
the target plate increased the identification rate by approximately
7% for isolates analyzed using the Vitek MS (final identification
rate, 97.4%) and by 60% when using the Bruker Biotyper (final
identification rate, 84.6%) (212). Additionally, it was necessary to
reduce the score threshold for “species-level identification” to 1.7
when using the Bruker Biotyper to increase the proportion of
species level identifications from 57% to 85%. It is important to
note that these data reflect the analysis of primarily Candida sp.
yeasts and that identification of other yeast-like isolates (Auroba-
sidium, Cryptococcus, Trichosporon, Pichia, and Geotrichum) was
less successful, resulting in identification of only 41.2% to 61.9%
of isolates (213, 215). This shortcoming was attributable to a lack
of representation of these isolates in the spectral reference library
and could be corrected by addition of spectra corresponding to
type strains of these genera (215, 216). Similar results have been
obtained for analysis of routinely encountered filamentous fungi,
of which 87% to 89% were correctly identified using MALDI-TOF
MS (206, 207). Again, the main limiting factor was representation
of species in the reference library. Creation of supplemental librar-
ies has been demonstrated to improve the identification rate, as
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typified by a recent study reporting correct identification of 97.8%
of dermatophyte isolates provided that the species analyzed were
well represented in the reference library (205).

Identification of mycobacteria, including both M. tuberculosis
complex (MTBC) and nontuberculous mycobacteria (NTM), has
also been reported and requires additional preprocessing methods
to achieve optimal identification scores and accuracy (208, 209,
217). These steps typically include inactivation using heat- and/or
bead-based cell disruption followed by ethanol and formic acid/
acetonitrile extraction of the isolate. Early studies demonstrated
the ability to generate species-specific spectral profiles that could
be used to differentiate closely related strains within both the M.
tuberculosis complex and the M. avium-M. intracellulare complex
and between closely relates species of rapid grow in mycobacteria,
including M. abscessus and M. chelonae (210, 218). In a large study,
Lotz et al. demonstrated 97% accuracy of MALDI-TOF MS for
identification of 311 isolates cultured on solid medium (219). All
of these studies were based on nonstandardized reference libraries
developed in-house by individual laboratories or groups. More
recently, investigators have evaluated MALDI-TOF using com-
mercially available reference libraries. One such study compared
the identification of mycobacteria using 88 isolates grown on solid
medium versus direct identification from broth culture. The au-
thors reported a higher identification rate when isolates were
identified from broth culture than when they were identified from
solid medium (98.8% versus 89.8%, respectively); however, the
accuracies of identification from solid and broth culture were sim-
ilar (92.5% to 95.4%) (208). A similar study examined 178 isolates
cultured on two types of solid medium or in broth and reported an
overall identification rate of 97.3%, with 93.8% correctly identi-
fied to the species level (209). A third study compared two com-
mercially available MALDI-TOF platforms (Bruker MALDI Bio-
typer and bioMérieux Vitek MS) using 198 clinical isolates
cultured on solid medium. The authors reported species-level
identification for 94.9% of isolates using the Vitek MS compared
to only 79.3% using the MALDI Biotyper. However, reducing the
score threshold from 2.0 to 1.7 increased the identification rate for
the MALDI Biotyper to 93.9% with only a minimal impact on the
accuracy of identification (217). A potential weakness of these
three studies was the use of archived clinical isolates or type strains
to seed culture medium. This does not account for materials pres-
ent in clinical specimens, such as other microorganisms, mucus,
or other matrix material, that could potentially interfere with the
MALDI-TOF analysis. More recent publications have focused
mainly on refining and optimizing extraction method and evalu-
ating clinical specimens (217, 220). In summary, these data sug-
gest that MALDI-TOF MS has the potential to accurately identify
a wide variety of mycobacteria to the species level from solid or
broth culture. Identification directly from broth culture can re-
duce the time to identification by several days to weeks compared
to that with high-pressure liquid chromatography (HPLC) meth-
ods, which typically require subculture of positive broths to obtain
an isolate on solid medium.

A very recent area of research is the determination of antimi-
crobial susceptibility using MALDI-TOF MS. Direct detection of
drug-modifying enzymes, including beta-lactamases and amin-
oglycoside-modifying enzymes, is difficult because of the rela-
tively low expression of these proteins in a cell. Similarly, detection
of targets modified by methylation or point mutation, such as
ribosomes or gyrase enzymes, is hampered by the relatively small

difference in m/z between wild-type and modified proteins. These
obstacles have been overcome using one of two approaches. In the
case of beta-lactam resistance, hydrolyzed antibiotic can be de-
tected using MALDI-TOF MS following 1 to 3 h of incubation of
a test strain in the presence of a given antibiotic (221). The sensi-
tivity of this method may be as high as 100%, and this has been
applied to the detection of a number of expanded-spectrum ceph-
alosporins and carbapenemases (221, 222). Importantly, this
method lacks the ability to detect strains in which resistance is
mediated by alternative mechanisms such as altered penicillin
binding proteins, reduced permeability, or active efflux pumps.
To overcome this limitation, Sparbier et al. have developed an
assay based on the differential detection of isotopically labeled
proteins (223). Using this approach, the test strain is incubated in
growth medium containing a stable amino acid isotope in addi-
tion to a given antibiotic. If the strain is resistant to the antibiotic,
it will replicate and the isotope will be incorporated into daughter
cells. MALDI-TOF MS analysis of the culture can differentiate
between proteins of wild-type mass and those containing the
heavier isotope, thereby identifying strains able to grow in the
presence of the antibiotic. In addition to being rapid (
3 h), this
method should be broadly applicable to any class of antibiotic or
resistance mechanism because it is dependent on growth of the
microorganism rather than detection of specific genes or proteins.
From a practical standpoint, this method is similar to susceptibil-
ity methods using broth microdilution to establish a MIC for a
given organism/antibiotic combination. However, processing of
each well for each antibiotic tested would be required for MALDI-
TOF MS analysis. Unless automated, this process is likely too la-
bor-intensive to be widely applicable in clinical microbiology lab-
oratories as a first-line method for susceptibility testing.

Integration of MALDI-TOF MS into the clinical microbiology
laboratory has the potential to significantly reduced turnaround
time for identification of bacterial, fungal, and mycobacterial iso-
lates at cost of � US$1 per isolate, including labor (193). A further
advantage of MALDI-TOF MS compared to other spectrometry
or nucleic acid-based identification techniques is the simplicity of
the preanalytic steps, which include transfer of an isolate to the
target plate and addition of matrix material. This ease of sample
preparation lends well to integration into a total laboratory auto-
mation (TLA) line, which can further reduce technologist
hands-on time and enable “around-the-clock” identification and
reporting of results (see “Liquid Microbiology and Total Labora-
tory Automation” below). Despite these benefits, there are also
shortcomings of MALDI-TOF MS which currently limit its utility.
Among these is the inability to identify microorganisms directly
from clinical specimens such as swab, wound, or biopsy speci-
mens without the need for culture. This limits the organisms that
can be identified to those which are readily recovered on standard
laboratory media and precludes the use of MALDI-TOF MS for
the identification of viruses in clinical specimens. Additionally,
the ability to simultaneously identify multiple microorganisms in
a complex specimen has not been reliably demonstrated.

Electrospray Ionization MS

Like MALDI-TOF MS, ESI-MS is a form of soft ionization which
lends itself to analysis of larger macromolecules, including pro-
teins and nucleic acids (179, 180). In contrast to MALDI, ESI
requires analytes to be dissolved in a liquid-phase carrier (aqueous
or polar) for analysis (Table 4). The solute is then passed through
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a heated capillary and is exposed to a high voltage to generate an
aerosol of ions, which are analyzed based on time of flight using a
detector similar to that used in MALDI-TOF MS (179, 180). To
date, clinical microbiology studies evaluating ESI-MS have fo-
cused on the analysis of amplified nucleic acid products using the
PLEX-ID platform (Abbott Molecular, Des Plaines, IL). This plat-
form requires offline extraction of total nucleic acid from the clin-
ical specimen, which is used as the template for one or more mul-
tiplexed PCRs. Amplification reaction mixtures are typically
arranged using multiple wells of a 96-well plate with 2 to 4 primer
sets per well, which target a specific group of agents (influenza
viruses, food-borne pathogens, biothreat agents, etc.). The ampli-
con from each PCR is subjected to ESI-MS, and the exact molec-
ular weight of the PCR product is determined. This weight is used
to calculate the nucleotide composition (number of A’s, T’s, C’s,
and G’s) of the amplicon, which is unique. The exact nucleotide
composition is then compared to a reference library, thereby gen-
erating an identification of the microorganism present in the clin-
ical specimen. The specificity of this method is increased by mul-
tilocus analysis of each microorganism targeted by the multiplex
PCR step. The use of the nucleotide composition of an amplicon
rather than probing for a specific sequence enables the detection
of novel strains that may be missed when using standard hybrid-
ization probe-based detection methods. As an example, initial
identification of the 2009 pandemic H1N1 strain of influenza vi-
rus using ESI-MS was reported, whereas this strain was untypeable
using routine molecular methods (224). Additionally, because
ESI-MS is sufficiently sensitive to detect single nucleotide differ-
ences (e.g., SNPs), it has found utility for epidemiology and strain
typing (224, 225). Potential advantages of this method compared
to protein-based analysis using MALDI-TOF MS include the abil-
ity to conduct identifications directly from specimens without
subculture, increased sensitivity for low-burden specimens, the
ability to identify multiple pathogens in a single specimen (i.e.,
multiplexing), the ability to identify viral pathogens, and the pos-
sibility to identify genetic markers of antibiotic resistance.

ESI-MS has been applied to the identification of bacterial
pathogens obtained from a variety of matrices, including food, cell
cultures, environmental samples, and positive blood culture
broths (226–230). A multiplex PCR panel coupled with ESI-MS
was evaluated for the identification of food-borne pathogens and
demonstrated 99% to 100% sensitivity for Salmonella and E. coli
isolates, including accurate serotyping for 30% of Salmonella iso-
lates (229); however, identification of Shigella isolates was vari-
able, ranging from 100% (S. sonnei) to 42.1% (S. dysenteriae).
Direct analysis of food samples containing enteric pathogens was
also variable, with a sensitivity of less than 50% for tomatoes and
chili powder but 100% for cheese and fish (229). ESI-MS has been
also utilized to identify and differentiate species within 14 “bio-
threat clusters,” which include biothreat agents and closely related
species (e.g., Francisella tularensis, F. novicida, and F. philomira-
gia) (226, 230). Based on a panel of 36 primer pairs and ESI-MS,
the assay demonstrated analytic sensitivity as low as 40 genome
equivalents and was 100% specific even when specimens con-
tained an excess of a closely related, nonpathogenic organism
(230). This methods was also evaluated using simulated speci-
mens, including tissue, food, and environmental samples, and
demonstrated similar performance (226).

Clinical studies have most thoroughly evaluated ESI-MS for
detection of influenza viruses. Accurate detection and discrimina-

tion of subtypes are achieved using up to 9 primer pairs targeting
broad (pan-influenza) and conserved (subtype-specific) regions
of the influenza virus genome, including the nucleoprotein, ma-
trix protein, nonstructural, and polymerase genes (231). Compar-
ison of ESI-MS to routine molecular methods demonstrated
93.5% to 99.9% agreement, with superior performance in dis-
criminating 2009 pandemic H1N1 strains (224, 231, 232). Two
studies have applied ESI-MS to the identification of bacteria and
yeasts in positive blood cultures (227, 228). In each study, the
concordance of ESI-MS with routine biochemical methods was
94% to 96% for genus-level and 87% to 95% for species-level
identification (227, 228). Concordance diminished to 76% for
identification of multiple organisms in polymicrobial cultures
(228). In a comparison of ESI-MS to MALDI-TOF MS, both
methods demonstrated �95% concordance with routine identi-
fication methods; however, both methods demonstrated dimin-
ished performance when analyzing polymicrobial cultures (227).

A potential advantage of ESI-MS is the ability to identify organ-
isms directly from patient specimens without the need for culture.
This can be especially advantageous for the detection and identi-
fication of fastidious organisms or organisms present at a very low
concentration in a specimen. A prime example of this is the diag-
nosis of prosthetic joint infections (PJI). Recent data have indi-
cated poor recovery of organisms from joints suspected to be har-
boring bacteria when routine culture methods are employed
(233–235). The authors attribute the poor recovery in standard
culture to the comparatively low growth rate of bacteria associated
with PJI, encasement of these bacteria in biofilms, and patients’
recent receipt of antimicrobial therapy. The use of multiplex PCR
for identification of bacteria associated with PJI has demonstrated
superiority to culture (78% versus 65% sensitivity); however, the
PCR test was negative for 22% of specimens which contained or-
ganism not included in the multiplex panel (234). Recently,
ESI-MS has been used to analyze synovial fluid from presumed PJI
affecting hip and knee joints as well as fluid obtained from ex-
planted prostheses (236, 237). Synovial fluid specimens were an-
alyzed using the Ibis T5000 ESI-MS instrument and a PCR plate
containing degenerate primers for the identification of 3,400 bac-
terial pathogens as well as specific primers for identification of
resistance markers, including mecA (methicillin resistance), vanA
(vancomycin resistance), and blaKPC (carbapenem resistance).
ESI-MS identified a likely pathogen in 100% of cases with a clinical
diagnosis of PJI (78.3% culture positive) and also detected one or
more organisms in 88% of cases clinically diagnosed as aseptic
joint failure (236). Another group reported 77.6% to 82.7% sen-
sitivity when using ESI-MS (culture, 69.7% to 76.7% sensitive) to
analyze sonicate fluid obtained from explanted prostheses (237).
The largest difference in sensitivity was observed in patients who
had received antibiotic therapy within the previous 14 days. In this
group, ESI-MS was 85.7% sensitive, compared to 65.7% sensitiv-
ity for culture (237). ESI-MS has also been applied to the identi-
fication of filamentous fungi in sputum specimens (238). Among
organisms claimed by the manufacturer to be identified, the assay
correctly identified 100% of isolates to genus level and 92.2% to
species level; however, ESI-MS results were only 67% concordant
with culture results when considering prospectively tested clinical
specimens. Over 95% of isolates not detected using ESI-MS were
present in low quantity (�20 colonies) in the clinical specimen.
Additionally, multiple organisms were correctly detected by
ESI-MS in just 6.8% of polymicrobial cultures, which are com-
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mon among respiratory specimens (238). While ESI-MS appears
to be superior to culture or real-time PCR for some applications,
the clinical implications of ESI-MS-positive, culture-negative re-
sults and the role of identified microorganisms in respiratory cul-
tures or prosthesis failure remain to be determined, and well-
controlled clinical studies are needed.

Based upon data presented in these initial studies, ESI-MS (cou-
pled with multiplexed PCRs) has merit as a viable method for the
identification of microorganisms in the clinical laboratory. An
advantage of this approach is the ability to identify viral, bacterial,
fungal, and noncultivable organisms following successful ampli-
fication of nucleic acid targets. Additional advantages may include
the ability to identify multiple organisms present in polymicrobial
specimens and to identify microorganisms directly from speci-
mens, although current literature fails to support this notion. As
with any nucleic acid amplification-based technique, ESI-MS is
limited by the primer/multiplex PCR design. The approach taken
by several investigators is to design several low-density multiplex
reaction mixtures containing primers for various “syndromes” or
groups of organisms (e.g., food-borne pathogens or influenza vi-
ruses). The performance of ESI-MS is also dependent on a robust
reference library to which the ESI-MS results are compared. Or-
ganisms which are not represented in the library may not be read-
ily identified; however, closely related species or complexes of or-
ganisms can be easily separated based on discrimination of single
nucleotide substitutions. A potential drawback compared to
MALDI-TOF MS is the requirement for preanalytic steps, includ-
ing nucleic acid extraction and PCR, which extend turnaround
time to 4 to 6 h and lend the method better to batch processing
than on-demand analysis of isolates. As routine sequencing meth-
ods, including next-generation platforms, become more com-
monplace, it is reasonable to debate the value obtained from de-
termination of complete sequence versus nucleotide composition
of amplicons provided by ESI-MS.

LABORATORY AUTOMATION

Workflow in the clinical microbiology laboratory is often manual
and laborious, dependent on skilled technologists performing an
array of diverse tasks to accommodate the specific needs of each
type of specimen received. Specimens received by the clinical mi-
crobiology laboratory undergo multiple manipulations and are
often handled by several technologists en route to reporting of a
final result. These steps include receipt and accessioning, speci-
men processing, inoculation of culture media or nucleic acid ex-
traction, analysis using phenotypic, biochemical, nucleic acid, or
mass spectrometric methods, susceptibility testing as appropriate,
and reporting of results. Inoculation of solid and liquid media for
routine bacteriology is the first step in primary processing for
bacteriology and is largely a manual process. While similar studies
in the United States are lacking, a report from the European Union
found that inoculation of specimens into culture medium ac-
counted for up to 24% of technologist time during primary pro-
cessing of specimens (239). The diversity of specimens received in
the laboratory and the ever-expanding test menu has prevented a
simple “one size fits all” linear flow of specimens through the
laboratory. This has in turn complicated the automation of these
processes. For an in depth review of the various systems available
for front-end automation of the clinical microbiology lab, the
reader is referred to a review by Novak and Marlowe (240). An

overview of these technologies, including the relative benefits of
each approach, follows.

Initial steps toward automation were limited to specific speci-
men types (often liquid specimens) and were restricted to auto-
mation of only one step in the complete process. Examples include
the introduction of continuous-monitoring blood culture sys-
tems, which eliminated the task of repeated Gram staining and
blind subculture, which were both manual and time-consuming.
Early automated plate streaking devices were developed to speed
and standardize the inoculation of specimens into culture me-
dium, but these were restricted to liquid samples such as urine or
bacterial suspensions that were manually prepared prior to plat-
ing. A major leap forward came with the miniaturization and au-
tomation of biochemical tests used for routine bacterial identifi-
cation. Platforms such as the Phoenix (BD),Vitek (bioMérieux),
and MicroScan (Siemens) replaced the need to manually inocu-
late, read, and interpret multiple biochemical test tubes for each
isolate requiring identification. This allowed a significant increase
in bacterial identifications that could be performed without in-
creasing labor requirements. More recently, fully automated sam-
ple-to-result molecular platforms have been introduced. These
systems (see previous sections) have simplified molecular testing
and provide a method for on-demand testing.

These initial steps toward automation have undoubtedly eased
the workload for today’s laboratories; however, further automa-
tion will be required to meet the needs of a changing health care
system. Consolidation of hospitals and centralization of labora-
tory testing will increase the volume of specimens received by
laboratories, and specimens collected at satellite locations may
arrive during evening or night shifts when staffing may be re-
duced. Both of these factors put additional stress on a workforce of
skilled laboratory technologists that is declining in size and expe-
rience (241, 242). Automation of repetitive tasks and high-level
screening of negative cultures will enable current technologists to
focus on tasks requiring human intervention and technical exper-
tise.

Automation in Specimen Inoculation

Inoculation of the clinical specimen into appropriate culture me-
dium is one of the initial steps in nonmolecular microbiology
workflow. A standardized quantity of the clinical specimen is
transferred to one or more pieces of medium using a calibrated
pipette or loop and is streaked either qualitatively or quantita-
tively prior to incubation of the culture(s). Specimens can be of
various types and viscosities, including blood culture, urine, spu-
tum, stool, pus, or other bodily fluid. Further, these specimens can
arrive in the laboratory in containers of different shapes and sizes.
Requirements for different inoculum volumes, streak patterns,
specimen characteristics (e.g., viscosities), and containers compli-
cate the automation of what may seem like a simple task. Initial
steps toward automation of this process included streak-only in-
struments like the Isoplater (Vista Technology, Edmonton, Al-
berta, Canada), which still required the technologist to inoculate
appropriate culture medium with the specimen prior to loading
plates onto the instrument. The instrument would then streak the
specimen over the surface of the plate in a set pattern and return
the plates to a “completed” rack. A drawback to streak-only in-
struments is the requirement for a fair amount of manual inter-
vention in the form of inoculation, loading, and unloading of
culture plates.
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Further advancements were made with the introduction of au-
tomated specimen handlers equipped with liquid handling fea-
tures that could automatically inoculate plates and, in some cases,
remove and recap standardized specimen containers. The Previ-
Isola (bioMérieux) is one such system that delivers a standardized
volume of liquid specimen to culture plates and then uses a dis-
posable comb to spread the specimen over the surface of the plate
in a circular pattern. When tested using surgical swab specimens
eluted into liquid phase, 21% of specimens plated using the Previ-
Isola generated more isolated colonies than manual plating (244).
Greater advantages were noted for urine and preserved stool spec-
imens, in which 57% and 58% of specimens, respectively, plated
using the Previ-Isola resulted in higher numbers of isolated colo-
nies than with manual plating (244). Single-use disposable tips
and combs reduce the risk of cross-contamination of specimens
but add cost and generate more waste than systems that use heat
sterilization of metal loops or reusable metal beads. A potential
drawback to the Previ-Isola is the requirement for manual vortex-
ing, decapping, and recapping of specimen containers prior to
loading to the instrument. This prevents the instrument from be-
ing a true walk-away system and introduces the risk of contami-
nation during the time that specimens are open to the environ-
ment. Other automated specimen handlers, including the
InocuLAB and Innova (BD), incorporate automated uncapping
and recapping of specimen containers in addition to plate inocu-
lation and streaking (239, 240). A drawback to the InocuLAB is
that automated uncapping and recapping are limited to a single
type of container within a processing run, which restricts the util-
ity of this system for primary processing of multiple specimen
types (245). In contrast, the Innova can accommodate a wide
range of commonly used specimen containers and has optional
loop- or pipette-driven specimen inoculation to manage a wider
variety of specimen types and viscosities (239, 240). Regardless of
system, preliminary studies have shown that automated inocula-
tion and streaking of culture plates alone can result in a savings of
up to 30 min of hands-on time per 100 cultures inoculated, pro-
vide more reproducible streaking results, and yield more isolated
colonies than manual inoculation and streaking (243, 244, 246,
247). Additionally, newer identification systems, including
MALDI-TOF MS and next-generation sequencing, are capable of
generating organism identification and potentially susceptibility
results from single colonies. Therefore, the ability to provide well-
isolated colonies is of increasing importance, since it can eliminate
the need for “isolation plate” subculture and incubation that can
delay routine identification by an additional 16 to 24 h.

Liquid Microbiology and Total Laboratory Automation

Automation of specimen processing and plating is largely limited
by the type of specimen submitted. Liquid-phase specimens such
as urine, preserved stool, respiratory specimens, cerebrospinal
fluid (CSF), and other bodily fluids can be manipulated through
the use of pipettes or calibrated inoculation loops; however, liquid
specimens represent only approximately half of the specimens
submitted to the laboratory for routine bacteriology (239). The
remaining specimens are comprised primarily of swabs (up to
35% of specimens submitted) but also include tissues, bone frag-
ments, and other solid-phase specimens (239). To expand the
proportion of specimens that can be amenable to automated pro-
cessing, studies have begun to evaluate a new type of swab collec-
tion device which differs from traditional swab collection devices

in two ways. First, the head of the swab is a solid bulb which is
“flocked.” This arrangement employs short synthetic fibers that
protrude perpendicular to the swab shaft rather than longer fibers
wound around the swab tip as is the case for traditional swabs (Fig.
9). This arrangement allows for more efficient release of microor-
ganisms when the swab is put into liquid, which is in contrast to
traditional swabs, in which microorganisms may otherwise be-
come trapped in the wound fibers. The second difference between
traditional and flocked swab collection devices is the use of a stan-
dardized volume of nonnutritive transport medium (1 ml) rather
than a moistened sponge or gel in the transport tube. Combined
with more efficient release of organisms from the flocked swab,
the use of liquid transport medium converts swab-collected spec-
imens into liquid-phase specimens that are more amenable to
automation. These flocked swab collection devices are available
from several manufacturers and distributors, including Copan
Diagnostics (Murrieta, CA), Puritan (Guilford, ME), and Milli-
pore (Billerica, MA).

Analytical comparisons of one of these products, ESwab (Co-
pan) to other frequently used swab collection devices using aero-
bic, anaerobic, and fastidious organisms have been conducted
(248–250). In one such study, suspensions of 10 quality control
(QC) strains (5 aerobic and 5 anaerobic) recommended by CLSI
document M40-A were sampled using ESwab, BactiSwab (Re-
mel), and CultureSwab (BD) and were held at room temperature
or refrigerated for up to 48 h with quantitative sampling at several
time points (248). The results demonstrated both maintenance of
viability and prevention of overgrowth (�1 log difference be-
tween the initial inoculum and 48 h of plating) for ESwab speci-
mens stored at refrigerated temperatures. A similar study demon-
strated slightly better recovery of E. coli, S. agalactiae, and Candida

FIG 9 Comparison of wound fiber swabs to flocked swabs. Traditional swabs
are constructed by winding fiber strands around the tip of a straight shaft to
create a wound fiber bulb for collection of the specimen. Winding of fibers
creates a “net” which may entrap microorganisms and prevent efficient release
onto solid or liquid culture medium. Flocked swabs are composed of a solid
bulbous core at the tip of the swab which is coated with perpendicular fibers.
This arrangement allows for more efficient release of microorganisms col-
lected in a specimen onto culture medium.
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albicans using ESwab compared to traditional wound swab when
specimens were stored at refrigerated temperatures for 48 h; how-
ever, the difference in recovery was �10% (250). Of note, signif-
icant growth (�1 log) was observed for Pseudomonas aeruginosa,
E. coli, and S. pyogenes after 48 h of storage at room temperature
(248, 250). Clinical studies have also been conducted to evaluate
the ESwab (251, 252). The total CFU of microorganisms recov-
ered from wound specimens was up to 6 times higher using ESwab
(251). In addition, ESwab frequently recovered additional organ-
isms that were not recovered using traditional swabs. This differ-
ence was statistically significant for coagulase-negative Staphylo-
coccus spp. and Enterococcus spp. (251). Similarly, the total CFU of
MRSA recovered from nasal screening specimens was 3.6 to 9
times higher using ESwab, which could potentially increase the
sensitivity of culture-based screening (251, 252). A potential
drawback to the use of ESwab collection devices is reported toxic-
ity of the ESwab to various cell lines used in viral culture. It is
hypothesized that this toxicity stems from the vegetal coating used
on ESwab fibers to aid in preservation of Neisseria spp. and anaer-
obic bacteria (253).

There are currently two manufacturers of commercially avail-
able total laboratory automation (TLA) lines for clinical microbi-
ology; Copan (WASP Lab) and BD Kiestra (Kiestra TLA) (Table
5). These TLA systems add connectivity of O2, CO2, and anaerobic
incubators to a central processor or work stations through con-
veyer tracks that move plates to and from the incubators. In all
cases inoculated plates are assigned to a specific location in an
incubator and can be manually recalled and delivered to the tech-
nologist or core processor in �1 min (241). Sophisticated cameras
with 5- to 15-megapixel resolution along with various lighting and
exposure settings take images of each inoculated plate prior to
incubation and can be programmed to retrieve and image the
plate at user-defined intervals. The increased sensitivity compared
to unaided visual inspection of cultures, as well as more frequent

inspection of cultures, can reduce the time to identification of
bacteria in clinical specimens. Growth of Gram-negative rods in
pure culture could be detected by the BD Kiestra ReadA in as little
as 8 h if present at 106 to 108 CFU/ml and within approximately 12
h if present at 102 to 104 CFU/ml (254). Growth of Gram-positive
bacteria and Candida spp. was also detected within 7 to 8 h of
inoculation if present at higher concentration, although the time
to detection was extended if present at lower concentrations. Still,
when coupled with MALDI-TOF MS, earlier recognition of cul-
ture growth can reduce the time to identification of clinical iso-
lates. Another potential use of serial high-resolution imaging is the
earlier detection and measurement of the zone of inhibition for
disk-based susceptibility testing, which may aid in earlier report-
ing of antimicrobial susceptibility results (255). Finally, auto-
mated imaging allows technologists to review and compare side-
by-side images of complex polymicrobial cultures at various time
points to assess microbial growth and determine which colonies
may require further investigation. Depending on the TLA system,
these colonies may be selected for automated tasks, including re-
streak, preparation for broth inoculation, or MALDI-TOF identi-
fication, or the culture plates may be returned to a manned work-
station for manual manipulation. Both manufacturers strive to
automate processing, plating, and incubation of specimens sub-
mitted for routine culture and also to aid in plate reading and
postincubation analysis of cultures through implementation of
video microbiology and incorporation of semiautomated or fully
automated identification and susceptibility testing systems.
Though the core functions and capabilities of these systems are
similar, the approaches taken by each to accomplish these tasks are
different.

The core of WASPLab is the multifunctional, stand-alone
WASP (walk-away specimen processor) unit (Fig. 10). This core
unit maintains a relatively small footprint of approximately 75 in.
wide by 43 in. deep and is 75 in. high (245). The various functions

TABLE 5 Characteristics of total laboratory automation systems for clinical microbiology laboratories

Characteristic Copan WASPLab BD Kiestra TLA bioMérieux FMLA

Core specimen inoculation module WASP InoqulA Previ-Isola
Inoculation conducted in integrated biosafety

cabinet
No Yes Information unavailable

Uninoculated plate capacity (no. of standard
plates)

350 720 270

Automated decapping and recapping Yes Yes No; specimen containers must
be manually decapped prior
to loading to Previ-Isola

Inoculation method Automatic, streaking by reusable
metal calibrated loops
(1 �l, 10 �l, or 30 �l)

Automatic and manual, streaking
by rolling-ball method

Automatic, streaking by
disposable plastic comb

Manual inoculation of nonliquid or nonstandard
specimens for automated streaking

No Yes Yes

Streak pattern User defined User defined Circular pattern
Inoculations (no. of standard plates)/h 180 400 180
Automated inoculation of broths Yes, automated on WASP

warehouse carousel
Yes, automated on InoqulA Information unavailable

Automated placement of disks Yes, automated on WASP
warehouse carousel

No, manual on ErgonomicA Information unavailable

Automated slide prepn Yes (staining is manual
offline task)

Yes (staining manual at
ErgonomicA module)

Information unavailable

Automated prepn of MALDI target plates In development In development Information unavailable
Commercially available Yes Yes No
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of the WASP are carried out by two independently operating ro-
bots which work in concert to “receive” specimen containers, se-
lect appropriate (user-defined) plating media for each specimen
type, vortex, decap, and plate the specimen, and then recap the
specimen and transfer both the specimen and inoculated medium
to a “completed” queue. As specimens are received to the WASP,
the existing barcode label is read and dictates the processing and
plating program carried out by the WASP. Additional labels are
automatically printed and applied to each plate inoculated with
the specimen. Specimen plating is carried out using one of three
on-board metal inoculating loops (1 �l, 10 �l, and 30 �l), which
are heat sterilized between specimens. The volume of the loop
used and streak pattern can be selected based on specimen type
and are user defined and barcode driven. Solid medium (agar
plates) is housed in a rotating carousel with capacity for up to

350 standard culture plates arranged in nine individual silos
(239, 245). The number of specimens handled per hour is some-

what dependent on the variability of specimens or containers sub-
mitted. Batching of one specimen type increases efficiency by re-
ducing the need to change loops or protocols (vortexing or
centrifugation of specimen) for different specimen types received
in a random order. At peak efficiency, WASP is capable of inocu-
lating 180 plates/h, which is comparable to the case for other au-
tomated plate streakers (239). The use of reusable inoculating
loops reduces the cost of disposables and waste generated during
processing of hundreds or thousands of specimens per day; how-
ever, this could be a potential source for cross-contamination.
One study assessed the contamination rate using 100 alternating
sterile and seeded (105 to 106 CFU/ml E. coli) specimens processed
and plated by the WASP and observed zero cross-contamination
between specimens (245). Additional features of the WASP in-
clude an optional Gram slide preparation module and a “ware-
house carousel” that can accommodate broth culture tubes to be
inoculated or 4 Kirby-Bauer disk dispensers for automation of

FIG 10 Walk-away specimen processor (WASP). The multifunctional WASP core unit (A) includes two independently operating robotic arms capable of
decapping, recapping, and inoculating up to 180 solid agar plates per hour. The core unit is also equipped with a vortex for sample mixing and a “tool belt” which
can accommodate three different-size reusable calibrated inoculating loops and a blunt tipped colony-picking instrument which can be accessed by the robotic
arm as needed. Culture media are housed in a 9-silo carousel which can accommodate up to 350 standard agar plates. Liquid media for broth culture are housed
in a “warehouse carousel” located on the reverse side of the WASP (B). The WASP is also equipped with a barcode label reader capable of reading specimen
barcodes and a printer which automatically prints and applies labels to all corresponding plates prior to inoculation. The core WASP unit can be equipped with
optional disk dispenser (C) for application of antibiotic disks to inoculated media, a Gram slide prep module for automated preparation of slides (D and E), and
a stage for automated transfer of isolated colonies and matrix material to a MALDI target plate for analysis using MALDI-TOF MS (F). Total laboratory
automation features the WASP core unit connected via conveyer tracks to smart incubators equipped with high-resolution cameras for imaging of culture plates
(G). (Courtesy of Copan Diagnostics.)
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agar-based susceptibility testing. The optional MALDI prep mod-
ule includes a specialized metal probe that is added to the “tool
belt” for picking of isolated colonies, a stage to accommodate a
MALDI target plate, and a reservoir to hold MALDI matrix mate-
rial. Inclusion of this module allows a technologist to select a spe-
cific colony from an image of the culture plate, which will then be
transferred from the culture plate to the MALDI target plate and
overlaid with matrix in preparation for identification by MALDI-
TOF MS.

Key advantages to the WASP are the relatively small footprint,
versatility, and number of functions of the core module. However,
taking advantage of all of these functions, including both prein-
cubation (processing, plating, and Gram stain preparation) and
postincubation (colony picking, isolation streaking, Kirby-Bauer
susceptibility setup, and MALDI prep) tasks is probably imprac-
tical without the addition of a second or third WASP unit. Similar
to current laboratory workflow, efficiencies in automation may be
gained by unidirectional, continuous flow dedicating one WASP

for processing and a second for postincubation manipulations.
Thus, total automation using the WASPLab may require some
physical restructuring of laboratories with “closed” floor plans to
accommodate multiple WASP units and accompanying conveyers
and incubators.

The second commercially available TLA line for microbiology is
the BD Kiestra TLA (Fig. 11). Initial installations of the full BD
Kiestra TLA into clinical microbiology laboratories were com-
pleted in 2006, and since that time over 40 laboratories have in-
stalled this system (241). In contrast to the WASPLab, which relies
on a multifunctional core unit coupled to imaging systems and
incubators, the BD Kiestra TLA is composed of various task-spe-
cific modules which can be configured according to the specific
needs of different laboratories. Basic modules are those accom-
modating tasks including loading and sorting of growth medium
plates (SorterA), barcoding of preinoculated media (BarcodeA),
and fully automated inoculation of liquid specimens (InoqulA),
incubators equipped with high-resolution plate imaging cameras

FIG 11 BD Kiestra total laboratory automation (TLA). The BD Kiestra TLA system is composed of task-specific modules. The stand-alone InoqulA module is
capable of automated plate inoculation and streaking of up to 400 plates per hour using the roll bead method (A). Fully automated inoculation, streaking,
barcoding, and sorting of inoculated media can be conducted by a combination of the SorterA, BarcodeA, and InoqulA modules, an optional biosafety cabinet
for manual plating of nonliquid specimens can also be integrated into front-end workflow (B). Work Cell Automation (WCA) (C) incorporates an ErgonomicA
technologist workstation (D) and incubators equipped with high-resolution cameras for imaging culture plates (ReadA). Work Cell Automation modules can be
configured into large or small total laboratory automation systems (E) with multiple InoqulA, ErgonomicA, and ReadA modules to accommodate additional
specimen volume in medium- to high-throughput microbiology laboratories. (Courtesy of BD Kiestra.)
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(ReadA), an automated colony picker for preparation of MALDI-
TOF MS target plates (MalditofA, in development), and tech-
nologist work stations to accommodate more complex manual
tasks such as plating of bone, tissue, or other solid specimens
(ErgonomicA) (241). Use of the manual interactive (MI) portion
of the instrument also ensures specimen traceability through bar-
coding of inoculated media and automated transfer of plates to the
ReadA. The basic modules described above can be combined into
small modular workstations such as the InoqulA workstation
(comprised of a SorterA, BarcodeA, InoqulA, and ErgonomicA)
or Work Cell Automation (WCA), which is composed of an Ino-
qulaA workstation connected to ReadA incubators. Total labora-
tory automation can be achieved through connection of multiple
workstation modules or any configuration and number of basic
modules. Like in WASPLab, all modules are connected by a con-
veyer system which moves specimens and inoculated cultures to
the appropriate module automatically according to user-defined
protocols or on demand when a technologist selects a given cul-
ture for further workup. Plate inoculation using the fully auto-
mated section of the InoqulA relies on transfer of liquid specimens
by a calibrated pipette, followed by streaking of the specimen us-
ing magnetic beads. This differs from WASPLab, which utilizes a
reusable metal loop for inoculation and streaking of specimens.
Use of a pipette for inoculation of specimens restricts automated
inoculation to liquid, nonviscous specimens; however, other spec-
imen types can be manually inoculated to plates for automatic
streaking. The ability to simultaneously inoculate multiple plates
using magnetic beads allows a throughput of 400 plates/h com-
pared to systems using loop-based inoculation. However, beads
must be collected and sterilized prior to reuse, which requires
manual intervention and increases the “routine maintenance” as-
sociated with the InoqulA (239).

A major advantage of the BD Kiestra TLA is the open architec-
ture and modular design. This allows laboratories to customize
the system to their specific workloads and workflows but also to
expand or modify the system if the needs of the laboratory change.
This could include the addition of a single SorterA to allow for
storage of more plating media or an InoqulA to permit greater
throughput. Another advantage is the incorporation of technolo-
gist workstations (ErgonomicA) into the work modules and TLA.
These workstations are served by a second conveyor track dedi-
cated for retrieval of culture plates from the incubators and deliv-
ery to waiting technologists, which enables simple bidirectional
flow of plates into and out of the incubators. Automated retrieval
and delivery of cultures to technologist workstations accommo-
date specimens or cultures with unique needs that may not be
easily managed by automation. Examples include the processing
of nonliquid specimens, inoculation of nonroutine media, and
ability to conduct various “offline” tasks such as Gram staining,
basic biochemical or latex tests, and subculture of colonies
deemed appropriate for further investigation. Incorporation of
the BD Kiestra TLA into two large microbiology laboratories has
been reported to increase production (number of samples/tech-
nologist/day) by 2.0 to 2.6 times versus preautomation capabilities
(256, 257).

A third system, the Full Microbiology Lab Automation
(FMLA), is currently under development by bioMérieux. While
not yet available, this system aims to incorporate the Previ-Isola
plate inoculator/streaker with incubators and imaging systems
similar to those available with the WASPLab and BD Kiestra TLA

systems. Further automation may be available with integration of
the Vitek MS MALDI-TOF MS for identification of cultured mi-
crobes and integrated susceptibility testing with the Vitek2. A po-
tential advantage to this system is that all components will be
developed and manufactured by a single company, and all com-
ponents will be compatible with the Myla software system. This
may aid integration of ID and AST functions, which would need to
be purchased separately from other manufacturers and incorpo-
rated into the WASPLab and BD Kiestra TLA.

CONCLUSION

The focus of this review was a current look at the literature sur-
rounding emerging technologies in clinical microbiology. Our
goal was to provide evidence, supported by peer-reviewed litera-
ture, which highlights the applications, performance, advantages,
and potential shortcomings of each of the technologies or diag-
nostic methods discussed. Even at the current time, there are nu-
merous additional technologies under development or with only
limited objective supporting literature which are sure to play a role
in the future of clinical microbiology. Likewise, investigators con-
tinue to push the limits of current technologies, including digital
PCR, next-generation sequencing, and MALDI-TOF MS, to
broaden their utility in areas including antimicrobial susceptibil-
ity testing and identification of oncogenes. The combined efforts
of progressive investigators and availability of increasingly sensi-
tive technologies are sure to improve the quality of and add value
to the services provided by clinical laboratorians.
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