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Abstract

Bloodstream infection (BSI) and sepsis are rising in incidence throughout the developed
world. The spread of multi-drug resistant organisms presents increasing challenges to treat-
ment. Surviving BSI is dependent on rapid and accurate identification of causal organisms,
and timely application of appropriate antibiotics. Current culture-based methods used to
detect and identify agents of BSI are often too slow to impact early therapy and may fail to
detect relevant organisms in many positive cases. Existing methods for direct molecular
detection of microbial DNA in blood are limited in either sensitivity (likely the result of small
sample volumes) or in breadth of coverage, often because the PCR primers and probes used
target only a few specific pathogens. There is a clear unmet need for a sensitive molecular
assay capable of identifying the diverse bacteria and yeast associated with BSI directly from
uncultured whole blood samples. We have developed a method of extracting DNA from larger
volumes of whole blood (5 ml per sample), amplifying multiple widely conserved bacterial and
fungal genes using a mismatch- and background-tolerant PCR chemistry, and identifying
hundreds of diverse organisms from the amplified fragments on the basis of species-specific
genetic signatures using electrospray ionization mass spectrometry (PCR/ESI-MS). We
describe the analytical characteristics of the IRIDICA BAC BSI Assay and compare its pre-
clinical performance to current standard-of-care methods in a collection of prospectively col-
lected blood specimens from patients with symptoms of sepsis. The assay generated match-
ing results in 80% of culture-positive cases (86% when common contaminants were excluded
from the analysis), and twice the total number of positive detections. The described method is
capable of providing organism identifications directly from uncultured blood in less than 8
hours. Disclaimer: The IRIDICA BAC BSI Assay is not available in the United States.
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Introduction

Bloodstream infection (BSI) and associated clinical sepsis represent a major source of mortality
in the developed world, ranking as the 3 leading cause of death in Germany [1] and the 11™
in the United States [2]. With increasing numbers of elderly and immunocompromised
patients as well as increased use of implanted medical devices, the incidence of sepsis is rising
rapidly-by 75% between 1993 and 2003 in France [3]. With mortality rates ranging as high as
50% [3, 4], this situation constitutes a public health disaster. Average total costs associated with
individual cases in Germany and the United States have been estimated at €23,297 and $22,100
respectively, with annual national burdens of €3.6-7.9 billion and $16.7 billion [4, 5].

The primary factor affecting the clinical outcome and financial burden of BSI is prompt
treatment with appropriate antibiotics [1, 6, 7, 8, 9]. Mortality risk doubles with a 24 hour
delay in provision of appropriate antibiotics in cases of bacteremia [10], and with a 12 hour
delay in provision of antifungals in cases of candidemia [11].

Current culture-based methods used to detect and identify agents of bloodstream infection
are inadequate. Incubation times of up to 5 days may be necessary to capture the majority of
cultureable bacteria and fungi associated with BSI, though many infections can be detected
after 24 to 48 hours [12, 13]. Further time is required to obtain identifications via MALDI--
TOF, DNA sequence, or traditional biochemical analysis. These temporal delays leave practi-
tioners with little choice but to treat all patients with suspected BSI empirically using broad-
spectrum antibiotics. This strategy results in 15-30% of septic patients receiving inappropriate
antibiotic therapies, which is, in turn, associated with a 2 to 5-fold higher mortality risk [6, 8,
14]. This risk derives from the empirical use of antibiotics that are ineffective for rarer organ-
isms such as vancomycin-resistant enterococci (VRE) and Candida [14].

Standard culture-based methods are hampered by treatment with inhibitory antibiotics
prior to sampling [7, 15] and are insensitive to non-cultivable or fastidious organisms such as
Coxiella burnetii, Tropheryma whipplei, and species of genera such as Bartonella, Rickettsia,
Mpycobacterium, and Nocardia [16, 17]. Many of these organisms have been identified as causal
agents of BSI by culture-independent molecular methods such as single-analyte PCR and 16S
ribosomal gene sequencing; however, such methods lack either the coverage necessary to iden-
tify the diverse agents of BSI [9] or the sensitivity to consistently detect those agents directly
from blood in the majority of cases [18, 19, 20].

Despite the low apparent sensitivity of existing broad-spectrum molecular methods with
respect to culture—approximately 50% for many technologies [18, 19, 20]—such methods fre-
quently yield additional positive results in culture-negative blood samples. These positive
molecular detections are often confirmed in later cultures performed on samples taken from
the same patients [1, 9, 12], are strongly correlated with sepsis-associated biomarkers [7, 21,
22], and have been shown to improve patient outcome when used to guide antibiotic therapy
[1]. Molecular detection of bacteria in culture-negative specimens is correlated with antibiotic
pretreatment [9, 23] and primarily identifies species known to be causal agents of BSI. These
correlations all suggest that many culture-negative, PCR-positive detections represent culture
insensitivity rather than a lack of specificity or clinical relevance on the part of molecular meth-
ods. This is supported by literature which widely reports that blood culture is positive in only
50% of cases where BSI is strongly suspected from a clinical standpoint [16, 24, 25].

There is a clear unmet need for rapid and sensitive molecular detection and identification of
BSI agents directly from blood samples [2, 7, 20, 26, 27, 28, 29]. To meet this need, we have
developed a universal lysis and DNA extraction method capable of sampling 5 ml of whole
blood [24]. This is paired with conserved-site PCR primers capable of generating amplicons
from >95% of the eubacteria and Candida species associated with human infection [30, 31]
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and PCR chemistry and cycling conditions compatible with high concentrations of background
human DNA [24, 32, 33]. The method utilizes an automated desalting and DNA debulking
platform to prepare amplicons for mass spectrometry [24, 34] and an electrospray ionization
mass spectrometry (ESI-MS) platform capable of discriminating amplicon sequence variants
from one or more different species present in a sample [35, 36, 37]. An onboard analysis com-
puter is used to parse and report detections of 673 species of bacteria and Candida on the basis
of multi-locus amplicon base composition signatures and quality controls including an external
lysis control, internal PCR controls, external mass spectrometry standards, and signal strength
and quality metrics [24, 31, 35].

In this study we explore the analytical sensitivity, specificity, robustness, reproducibility,
and breadth of coverage of the IRIDICA BAC BSI Assay as performed on the IRIDICA System,
and compare its performance to that of traditional culture-based methods in a collection of
prospectively collected clinical whole blood specimens.

Materials and Methods
Microbiology

Culture and quantification of microbial stocks. Microbial stocks were obtained from
ATCC (Manassas, VA) or clinical laboratories, grown on appropriate media and quantified by
standard dilution and colony-count methods [31] at Ibis Biosciences (Carlsbad, California) or
Zeptometrix (Buffalo, New York). Stocks were stored frozen in 15% glycerol at -70°C, thawed
and diluted into test matrices, and again stored at -70°C or tested immediately.

Clinical sample collection and testing. Two hundred and eighty-five 5 ml whole blood
samples were prospectively collected from consenting patients who presented to the Johns
Hopkins Hospital Emergency Department and met at least two of the SIRS criteria for sepsis
[38]. Samples were collected by phlebotomists in EDTA blood tubes following blood draws
taken for standard-of-care culture analysis, using the same venipunctures. Samples were then
blinded by replacement of identifying information with numerical identifiers by study coordi-
nators, frozen, and transported to Ibis Biosciences on dry ice. Chart data and standard-of-care
culture results were collected thereafter at Johns Hopkins Hospital by the study coordinators,
associated with the respective blind sample identities, and then also blinded with respect to
patient identity. Ibis Biosciences performed the IRIDICA BAC BSI Assay testing in the absence
of chart and culture data. Paired specimens taken for clinical testing were processed per stan-
dard of care in the clinical microbiology laboratory at the Johns Hopkins Hospital, with no
knowledge of the IRIDICA BAC BSI Assay results, and the results reported by the clinical
microbiology laboratory were used here as the comparator. The two independently generated
datasets (IRIDICA and culture) were brought together for comparison only after both methods
had been performed and the data traceably documented.

Clinical laboratory culture and identification. The clinical microbiology laboratory used
the Bactec FX (BD Diagnostics, Sparks, MD) continuous monitoring blood culture instrument.
The bottles routinely used for clinical care included the Bactec Lytic/10 anaerobic bottle; the
Bactec plus aerobic/F bottle containing resins for antibiotic neutralization (used for patients on
antibiotics at the time of blood draw); and the Bactec Standard/10 aerobic bottle (an all-pur-
pose medium that does not contain resins recommended for patients not on antibiotics at the
time of blood draw). The laboratory blood culture procurement policy recommended that cli-
nicians send a minimum of two sets of blood cultures with each set consisting of an aerobic
bottle (either standard or aerobic plus) and an anaerobic lytic bottle, each inoculated with 10
mL of blood.
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Aerobic gram-positive cocci and gram-negative rods were routinely identified using the
Phoenix System (BD Diagnostics, Inc., Sparks, MD). Anaerobes were identified following
recovery on routine media using either MALDI-ToF mass spectrometry (Bruker, Billerica,
MA) or the RapID ANA II System (ThermoScientific, Waltham, MA). Gram-positive rods
were identified using either the Phoenix System, MALDI-ToF MS, or cell wall fatty acid analy-
sis using gas liquid chromatography, depending upon the genera isolated. Candida species
were identified using recovery on Chromagar, morphology, and the Phoenix System yeast pan-
els. Phenotypic resistance-typing methods were performed on isolates using the Phoenix Sys-
tem and the associated gram-negative (NMIC/ID-132) and gram-positive (PMIC/ID-105)
panels (BD Diagnostics, Sparks, MD), extended-spectrum beta-lactamase E-tests (bioMerieux,
Durham, NC), and the modified Hodge test. Molecular testing for mecA, vanA and vanB was
performed using the Verigene BC-ID microarray system (Nanosphere, Northbrook, IL).

Analytical testing

The IRIDICA System. PCR/ESI-MS testing was performed using the IRIDICA System
components and their associated reagents (Abbott Molecular, Des Plaines, IL), including a
high-volume bead-beating platform (IRIDICA BB), automated 5ml DNA extraction and PCR
set-up platform (IRIDICA SP), PCR thermocycler (IRIDICA TC), automated amplicon desalt-
ing and DNA debulking platform (IRIDICA DS), automated electrospray ionization mass
spectrometer (IRIDICA MS), and a control and analysis computer (IRIDICA AC). Functional-
ity of these components has been previously described [24]. The system is capable of running 6
samples simultaneously in batches, and subsequent batches may be started 2.5 hours following
initiation of the first. Most testing described here was performed by running multiple overlap-
ping 6-sample batches on each testing day on each instrument. Each sample requires approxi-
mately 30 minutes of hands-on time for a single technician when run in batch mode (~2.5
hours hands-on time for a batch of 6 samples), involving reagent preparation, sample loading,
transfer between instruments, and instrument decontamination. Hands-on requirements are
interspersed temporally throughout the first 5 hours of the process and require a trained labo-
ratory technician with competence in sterile technique, metered fluid transfer, vortexing,
pipetting, use of a clinical centrifuge, and bar code scanning to track samples, equipment,
users, reagents, and results. Time to first result averages approximately 7 hours.

The IRIDICA BAC BSI Assay. All testing utilized the IRIDICA BAC BSI Assay Kit,
which includes a pre-filled PCR reaction strip encompassing 18 primer pairs in 16 wells. The
primers target broadly conserved bacterial and Candida genes, 4 specific antibiotic resistance
markers, mecA, vanA, vanB and blaxpc, and an extraction control target [31]. Reactions and
cycling conditions were optimized to function in samples with a high human DNA back-
ground, and have been described previously [24]. Mass spectrometry signals from unfragmen-
ted amplicons were processed using analysis software and database elements designed to
translate raw spectral data into base composition signatures for each detected amplicon. The
software then performed signature matching between detected base compositions and multilo-
cus species-specific signatures derived through analysis of type strains or surveys of whole-
genome data from GenBank [35, 39].

Core test organisms. The IRIDICA BAC BSI Assay detects and identifies all target bacte-
ria using a common set of primers and analysis algorithms. The same is true for all target Can-
dida. On the basis of this unified functionality, a tiered approach to validation was followed
[27, 31]. Four “core” organisms, which together utilize all primer pairs of the assay, were used
for analytical studies designed to challenge the assay’s ability to detect target organisms at con-
centrations near the limit of detection (LOD) in various circumstances. The core organisms

PLOS ONE | DOI:10.1371/journal.pone.0158186 July 6, 2016 4/16



@’PLOS ‘ ONE

Direct ID of Bacteria and Candida in blood

included mecA+ Staphylococcus aureus (MRSA), vanA+/vanB+ Enterococcus faecium (VRE),
blaxpc+ Klebsiella pneumoniae (KPC), and Candida albicans.

Analytical studies. The limit of detection (LOD) of the assay was characterized for the 4
core organisms in 5 ml aliquots of both EDTA whole blood and sterile buffer (IRIDICA Nega-
tive Control, Abbott Molecular, Des Plaines, IL). Based on the resulting demonstration of com-
parable sensitivity in these 2 matrices, the LODs of 19 additional bacteria and Candida species
were determined and confirmed in the sterile buffer. All LODs were measured by initial testing
of 5 replicates at each of several 2-fold dilution steps, with the “determined LOD” being defined
as the lowest concentration at which all 5 replicates were detected and correctly identified,
including both the organism and any known drug resistance markers. This was followed by
confirmation testing using 20 replicates at the determined LOD. The final (reported) LOD was
defined as the lowest concentration at which at least 19 of 20 replicates were detected and cor-
rectly identified.

Another 47 species were tested at single concentrations in sterile buffer to confirm the
designed breadth of coverage of the assay. Robustness was challenged through studies of poten-
tially interfering substances (in EDTA whole blood), potentially cross-reacting organisms and
carryover (in sterile buffer), and an in-house reproducibility analysis using multiple instru-
ments, reagent lots and users (in EDTA whole blood, alongside samples prepared in sterile
buffer, body fluids, and tissues). Carryover and cross-reactivity studies were performed at high
titer while other studies were performed using the 4 core organisms at 3X LOD. Clinical sample
performance was evaluated by comparing IRIDICA BAC BSI Assay results to culture results
using 285 prospectively collected EDTA whole blood specimens from consented subjects with
suspected BSI.

Assay controls. All analytical and clinical sample testing was carried out with the same
control scheme using integrated and automated positive controls. These controls included
both an extraction control target added to each sample and internal PCR calibrants formulated
in each reaction well. PCR calibrants are synthetic competitive DNA constructs that contain
the assay primer binding sites for one of the assay primer pairs contained in the well. The con-
structs are designed to produce unique base composition signatures which can be readily dis-
criminated from the expected amplicons produced from target analytes. The calibrants are
included in the PCR wells at defined concentrations and are used both to compete with low lev-
els of background template and to gauge template input levels. Negative controls consisting of
sterile buffer were run as a part of every set of 1-6 samples run concurrently on the platform.
For positive detections in negative controls, any associated test results yielding the same detec-
tion were excluded. The rate of test validity was 96% over the course of the experiments
described here. During analytical spiked sample studies, negative results paired with valid sec-
ondary detections of unspiked organisms (contaminants) were excluded on the basis of poten-
tial competitive interference.

Comparison of IRIDICA BAC BSI Assay and culture results in clinical
blood samples

As part of the standard of care, the collecting facility generally drew and tested two indepen-
dent blood samples, each of which was inoculated into a blood culture bottle set consisting of
one aerobic and one anaerobic bottle. Performance of multiple cultures is common practice to
increase sensitivity and to discriminate between contamination events and clinically relevant
detections. Contamination is generally characterized by single, unrepeated detections of com-
mon contaminants such as coagulase-negative staphylococci, viridans group streptococci, and
species of the Corynebacterium, Bacillus, Micrococcus, and Propionibacterium genera. BSI is
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generally characterized by single or repeated detections of organisms strongly associated with
BSI, such as MRSA, KPC, or VRE, or repeated detection of the same potential contaminant
organism [40, 41, 42, 13, 43, 44].

In this study, culture results from a single blood culture bottle set were compared to IRI-
DICA BAC BSI Assay results from a single test sample, as only one sample was collected from
each subject for testing on the IRIDICA System. In cases where the test sample was obtained
from the same venipuncture as a sample used to inoculate a specific blood bottle set and that
pairing was clearly documented, the associated culture result was used as the comparator. In
cases where the specific link between test sample and clinical sample could not be confirmed
(approximately one third of cases), the first reported culture result from the same day was used
as the comparator. When available, results from secondary culture bottle sets and other spe-
cies-specific pathogen identification results from patient chart data were used to assess IRI-
DICA BAC BSI Assay-positive, culture-negative discrepancies.

As discussed above, single positive detections of common contaminant organisms are of
questionable clinical relevance, and the specificity of culture for these organisms is known to be
low [40, 41, 42, 13, 43, 44]. Therefore, comparisons between culture and the IRIDICA BAC BSI
Assay were made both with and without consideration of common contaminant organisms.
When both culture and the IRIDICA BAC BSI Assay reported the presence of a bacterial spe-
cies associated with one of the drug resistance markers targeted by the IRIDICA BAC BSI
Assay, IRIDICA BAC BSI Assay resistance marker results were compared to phenotypic and/
or genotypic resistance data reported by the clinical laboratory as part of post-culture stan-
dard-of-care isolate characterization. In cases where either the IRIDICA BAC BSI Assay or cul-
ture were negative for these bacteria, no resistance comparisons could be made because both
methods report resistance markers or phenotypes only in association with specific bacterial
detections.

Results and Discussion
Limits of detection and breadth of coverage

Limits of detection were measured for the four core organisms in both EDTA whole blood and
sterile buffer matrices (see Fig 1). All four core organisms’ LODs were within 2-fold of each
other between these two matrices, and further analytical studies were performed in sterile
buffer except as noted.

The confirmed limits of detection of the IRIDICA BAC BSI Assay for 19 additional bacteria
and Candida representing the breadth of coverage of the assay are shown in Fig 1. The geomet-
ric mean (log,) of the LODs for these species was 18.5 CFU/ml, with a range of 0.25-128 CFU/
ml. This general limit of detection supports the theoretical ability of the assay to detect bacteria
directly from the blood of most BSI patients, as the literature suggests that BSI patients carry
approximately 1000 PCR-detectable genome copies of infecting organisms per ml of blood, in
contrast to the very low levels of cultureable bacteria (1-10 CFU/ml) that can be grown directly
from the blood of such patients [24]. The only species for which the assay LODs were < 4
CFU/ml were streptococci, which occur in chains and therefore have a high and variable
genome:CFU ratio.

The assay successfully detected 47 additional diverse bacteria and Candida species in 2/2
replicates when tested at single concentrations. These organisms are shown in Fig 1, and
include the species isolated by culture in >95% of BSI cases [30], organisms representing the
full phylogenetic breadth of the assay [27, 31, 35], and five organisms identified as “bioinfor-
matic worst-case” organisms (those to which the assay primers are most poorly matched) [27,
31].
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Campylobacter coli
Campylobacter jejuni *
Helicobacter pylori *

Candida albicans (8/16)

Candida glabrata (4)
Candida parapsilosis
Candida tropicalis

Bacteroides fragilis Epsilon-

proteobacteria

Bartonella henselae
Bartonella quintana
Brucella neotomae

Bacteroidetes Alpha-

proteobacteria

Arcanobacterium haemolyticum
Microbacterium sp.
Micrococcus luteus
Mycobacterium chelonae
Nocardia nova
Propionibacterium acnes
Rothia dentocariosa
Corynebacterium diphteriae (128) Actinobacteria
Corynebacterium jeikeium (32)

Corynebacterium urealyticum *

Burkholderia cepacia
Beta- Bordetella pertussis
proteobacteria Eikenella corrodens

Neisseria meningitidis

Fusobacterium Proteo-
nucleatum * bacteria

Fusobacteria

Gamma-
proteobacteria

Pseudomonas aeruginosa (8)
Stenotrophomonas maltophilia Acinetobacter baumannii (64)
Acinetobacter Iwoffii
Moraxella catarrhalis
Bacillus cereus (32) Haemophilus influenzae (8)
Clostridium difficile (32) Pasteurella multocida
Staphylococcus aureus (32/16) Clostridium perfringens Klebsiella pneumoniae (32/16)
Veillonella dispar
Staphylococcus epidermidis (128)
Staphylococcus haemolyticus . .
Staphylococcus lugdunensis Clostridiales Firmicutes
Staphylococcus saprophyticus

Listeria monocytogenes

Klebsiella oxytoca (32)
Escherichia coli (32)
Enterobacter cloacae (128)
Proteus mirabilis (8)
Serratia marcescens (32)
Citrobacter freundii

Vibrio parahaemolyticus Enterobacter aerogenes
Morganella morganii
Providencia stuartii
Proteus vulgaris

Aeromonas hydrophila (8)

Mycoplasma bovis *
Lactobacillales

Enterococcus faecium (16/32) Streptococcus pneumoniae (0.25) ) ) Salmonella enterica
Streptococcus pyogenes (2) Legionella pneumophila Shigella sonnei

Enterococcus faecalis (32) Streptococcus gordonii Yersinia pseudotuberculosis

Aerococcus viridans (32) Streptococcus agalactiae

Lactobacillus acidophilus Streptococcus mutans

Fig 1. Organisms tested in analytical studies. The four core organisms are shown in bold, with LODs in blood and buffer shown in parentheses (blood
LOD in CFU per ml/ buffer LOD in CFU per ml). The LOD of 19 further organisms in buffer are also shown in parentheses. Remaining organisms shown in
blue and purple were tested and detected in 2/2 replicates at either 100 CFU/ml (all except Bacteroides fragilis) or 200 CFU/ml (Bacteroides fragilis).

*Indicates bioinformatic “worst-case scenario” organisms, for which the broad-spectrum primers used in the IRIDICA BAC BSI Assay are the least well-
matched.

doi:10.1371/journal.pone.0158186.g001

Robustness (cross-reactivity, interference, mixtures, and reproducibility)

Cross-reactivity was characterized with samples containing 10> CFU/ml, copies/ml, or
TCIDso/ml of a variety of fungi, bacteria, and viruses which the assay was not designed to
report. These included Aspergillus flavus, Aspergillus niger, Clavispora lusitaniae, Candida
kefyr, Caulobacter segnis, Pedobacter heparinus, Shewanella oneidensis, Streptomyces griseus,
influenza, parainfluenza, adenovirus, parvovirus, coronavirus, and herpesvirus. No cross-reac-
tivity was observed.

The assay was able to detect and identify 3X LOD spikes of the four core organisms in
EDTA whole blood supplemented with the potentially interfering substances listed in Table 1.
For all but one substance, the test concentration corresponded to the recommendation in CLSI
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Table 1. Potentially interfering substances.

Substance Test Concentration
Bilirubin 171 ymol/L
Hemoglobin 2g/L
Triglycerides 37 mmol/L
White blood cells 15000 cells/pl
Glucose 1.2 mg/mL
Amikacin 136.8 umol/L
Amphotericin B 3.3 yg/mL
Ceftazidime 117 pg/mL
Ciprofloxacin 30.2 ymol/L
Clindamycin 89.1 ymol/L
Doxycycline 67.5 ymol/L
Fluconazole 245 pmol/L
Gentamicin 21 pmol/L
Imipenem 249 pg/mL
Metronidazole 701 pmol/L
Piperacillin 1.24 mg/mL
Vancomycin 69 pmol/L
Dexamethasone 1.53 pmol/L
Dobutamine 15 mg/mL
Warfarin 32.5 pmol/L

doi:10.1371/journal.pone.0158186.1001

standards guidance [45]. The exception was bilirubin, for which all tested preparations were
heavily contaminated with bacterial and fungal DNA. Despite the contamination, which pre-
vented detection of one spiked analyte in one replicate through competitive interference at the
original concentration (342 pmol/L), the assay still detected 11 of 12 spiked test organisms. All
12 spiked analytes were detected at 171 pmol/L bilirubin. The same contaminants were
detected at both concentrations, indicating that extraction and PCR were fully functional and
not directly affected by the bilirubin.

Carryover testing was performed by testing adjacent negative and high positive samples.
Positives were spiked with 10’ CFU/ sample of either KPC, VRE, or both MRSA and Candida
albicans. The test configuration provided 104 independent opportunities to observe carryover
events between adjacent high titer and negative samples. No carryover events were observed.

Performance in samples containing multiple analytes was characterized by testing all 6 pos-
sible mixtures of two of the four core organisms at a 1:1 ratio at 3X LOD in triplicate. Because
the IRIDICA BAC BSI Assay uses shared primers to detect related targets, competitive interfer-
ence may prevent simultaneous detection of multiple targets. For this reason, this study was
not intended to demonstrate that all analytes could be simultaneously detected and identified
in mixtures, but rather that the presence of multiple organisms did not prevent the IRIDICA
BAC BSI Assay from detecting and correctly identifying at least one of the components of a
mixture. The assay successfully detected and accurately identified at least one of the two spiked
analytes in 18/18 instances, and was able to detect and identify both spiked analytes in 15/18
instances. The three cases in which only one of the two spiked analytes were detected were all
mixtures of MRSA and VRE-in two of these only MRSA was detected, and in one case only
VRE was detected.

The within-laboratory reproducibility of the IRIDICA BAC BSI Assay bead-beating, sample
prep, and PCR components (BB, SP, TC, Assay Strips, and related reagents) was characterized
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Table 2. Assay reproducibility at 3X LOD.

Variable (Identity)
Operator 1
Operator 2
Operator 3

Lot/Instrument 1

Lot/Instrument 2

Lot/Instrument 3
Overall

doi:10.1371/journal.pone.0158186.t002

# Detections/ # of Tests Reproducibility

73/75 97.3%
72/75 96%
73/75 97.3%
75/76 98.7%
72/75 96%
71/74 95.9%

218/225 96.9%

by testing panels of the four core organisms [27] at 3x LOD concentrations. Panels were tested
by three operators using three lots of Assay Strips paired with three different IRIDICA BB, SP,
and TC instruments over five days. The IRIDICA BAC assays [including the IRIDICA BAC
BSI Assay (blood stream infection-as described in this paper), the IRIDICA BAC SFT Assay
(sterile fluid and tissue), and the IRIDICA BAC LRT Assay (lower respiratory tract)] all share
the same PCR strip configuration and formulation and may be run simultaneously on the IRI-
DICA System. The three lots of BAC Assay Strips tested in this protocol comprised one lot of
each. Based upon the results of a previous DS/MS reproducibility study, the IRIDICA DS and
MS instruments and reagents were not controlled as variables in this part of the study, though
multiple DS and MS instruments and lots of reagents were used. All organisms were spiked
into EDTA whole blood (BAC BSI Assay), saline bronchoalveolar lavage collection fluid (BAC
LRT Assay), or the sterile buffer used to dilute normally sterile body fluid and tissue specimens
(BAC SFT Assay) at 3x LOD. Either 500ul of bovine synovial fluid or 35 mg of porcine tissue
was added to each IRIDICA BAC SFT Assay sample prior to bead beating. Reproducibility
results are shown in Table 2. The average time from sample preparation to first result during
the reproducibility study was approximately seven hours.

Comparison of IRIDICA BAC BSI Assay and culture results in clinical
blood samples

Two hundred and eighty-five clinical blood samples were analyzed by both culture and the IRI-
DICA BAC BSI Assay, generating 273 valid result sets. The validity rate of the IRIDICA BAC
BSI Assay was thereby estimated at 95.7% in this clinical study. The IRIDICA BAC BSI Assay
produced 85 organism detections, while culture produced 45. All organism detections are
shown in Tables 3, 4 and 5, while antibiotic resistance marker/phenotype results are shown in
Table 6.

Both culture and the IRIDICA BAC BSI Assay utilize single reagents to detect many or all
targets. Therefore, the presence of detected organisms can mask the detection of other organ-
isms through competitive interference. In culture, faster growing organisms can readily out-
compete slower-growing organisms in culture bottles and obviate isolation of slower-growing
organisms. In broad-spectrum PCR-based systems like IRIDICA, which use conserved-site
primer pairs to amplify partially conserved regions from multiple species, targets with better
matches to specific primer pairs may outcompete other species for amplification [27, 35]. This
obscures meaningful interpretation of negative results in samples that are already positive for
at least one analyte.

For the analysis presented here, results from both culture and the IRIDICA BAC BSI Assay
were considered negative only if the sample yielded negative results for all analytes, while posi-
tive samples were considered positive for the reported analytes and indeterminate for all others.
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Table 3. Comparison of IRIDICA BAC BSI Assay and standard-of-care culture results in clinical blood specimens from patients with suspected
bloodstream infections, summarized by organism group (details in Table 4).

Organism Group

Gram-positive (including Mycoplasma)
Gram-negative

Unidentified bacteria

Yeast

Potential Contaminants (details in Table 4)

Other reportable organisms excluding potential
contaminants (n = 550)

Matched BAC BSI Assay +/ BAC BSI Assay-/ Matched
Positive Culture - Culture + Negative®
15 114® 2 207

13 21A@ 3 207

0 1 0 207

2 1 0 207

2 124@ 3 207

0 0 0 207

AThese 11 culture-negative, IRIDICA BAC BSI Assay-positive detections were supported by later organism-specific ID data which identified the same
species as agents of infection (as noted on the subjects’ charts). Numbers in parentheses indicate how many such cases were supported.
BOnly samples which were negative for all analytes by both culture and the IRIDICA BAC BSI Assay were considered matched negatives (see discussion of

additional detections in text).

doi:10.1371/journal.pone.0158186.1003

Positive detections which thereby had indeterminate comparators were assigned to the “addi-
tional detection” category in the final comparison (see Table 5).

Two hundred and seven samples yielded matched negative results for all analytes by both
the IRIDICA BAC BSI Assay and culture methods. The IRIDICA BAC BSI Assay matched 32
of the 40 comparable detections reported by culture (80% positive agreement) and detected an
additional 46 organisms in culture-negative samples. When potential contaminant organisms
(listed at the bottom of Tables 3 and 4) were excluded from analysis, the IRIDICA BAC BSI
Assay results matched 30 of 35 comparable detections reported by culture (86% positive agree-
ment), and detected an additional 34 organisms not identified in culture. The majority of the
IRIDICA BAC BSI Assay-positive, culture-negative detections identified either species com-
monly associated with BSI, including Escherichia coli, Enterococcus faecium, Klebsiella pneumo-
niae, and Staphylococcus aureus; or clinically relevant species unlikely to be detected by
common culture bottle methods, including Ehrlichia chaffeensis [33] and Mycoplasma hominis
[46]. Others were of fastidious species which occur as both pathogens and common environ-
mental contaminants, such as Mycobacterium simiae [47]. Eleven of the 46 IRIDICA BAC BSI
Assay-positive, culture-negative detections were supported by chart data showing positive
detections of the same organisms and identifying them as causal pathogens in subsequent stan-
dard-of-care analyses of blood, biopsy, or respiratory specimens from the same patients. These
are noted in Tables 3 and 4. The overall results obtained in this clinical sample study were con-
sistent with those obtained in similar studies comparing the performance of the IRIDICA BAC
BSI Assay with culture in separate populations of patients with suspected sepsis [48, 49].

Eight Propionibacterium acnes detections were made by the IRIDICA BAC BSI Assay and
one by culture, none of which were matched. It is assumed that these represent contaminants
introduced during venipuncture or sample preparation and reagent handling [40]. The IRI-
DICA BAC BSI Assay may be more sensitive to P. acnes contamination than culture methods.
The organisms listed as potential contaminants in Table 4, along with other common blood
culture contaminants, are notated as potential contaminants on IRIDICA BAC BSI Assay
reports. It has been recommended that detection of these and other well-recognized common
contaminant organisms in blood samples, whether through culture or molecular means, be
confirmed with secondary samples rather than assuming clinical relevance [40, 41, 43]. During
the clinical sample study, performed following the sterility and personal protective equipment
recommendations of the manufacturer, 61 negative controls were tested and yielded no
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Table 4. Comparison of positive IRIDICA BAC BSI Assay and standard-of-care culture results in clinical blood specimens from patients with sus-
pected bloodstream infections, by organism. Possible identities of ambiguous IRIDICA BAC BSI Assay detections are separated by semicolons in cases
where insufficient data was captured to provide species-level identification, and by slashes if the indicated organisms share identical reference signatures
and cannot be discriminated. Commas separate multiple independent detections. These indicators are shown as they were reported by the IRIDICA BAC

BSI Assay.

Organisms, excluding potential contaminants

Matched Positive

BAC BSI Assay + / Culture —

BAC BSI Assay-/ Culture +

Azospirillum lipoferum 0 1 0
Bacteria detected—No ID can be provided 0 1 0
Bacteroides fragilis 1 0 0
Candida glabrata 1 0 0
Candida tropicalis 1 1 0
Citrobacter freundii; Klebsiella oxytoca 0 1 0
Ehrlichia chaffeensis 0 1 0
Enterobacter cloacae 0 0 1
Enterobacter cloacae complex 0 2 0
Enterococcus faecalis 4 0 0
Enterococcus faecium 1 oA 0
Escherichia coli 3 9AM 0
Escherichia coli/Shigella flexneri/Shigella sonnei; Escherichia coli 0 2 0
Fusobacterium nucleatum 0 1 0
Klebsiella pneumoniae 3 2AM 1
Mycoplasma hominis 0 1 0
Providencia stuartii 0 1 0
Pseudomonas aeruginosa 5 0 0
Salmonella enterica 1 0 0
Salmonella group B 0 0 1
Shigella boydii; Escherichia coli 0 14 0
Staphylococcus aureus 9 5A® 1
Stenotrophomonas maltophilia 0 14 0
Streptococcus mitis/ pneumoniae; Streptococcus pneumoniae 0 14 0
Streptococcus pneumoniae 1 0 1
Tsukamurella pulmonis 0 1 0
Other reportable organisms excluding potential contaminants (n = 550) | 0 0 0
Total Excluding Potential Contaminants 30 34 5
Organism (potential contaminants only) Matched Positive | BAC BSI Assay +/ Culture — | BAC BSI Assay—/ Culture +
Propionibacterium acnes 0 8 1
Staphylococcus capitis 1 0 0
Staphylococcus epidermidis 0 14 0
Staphylococcus saccharolyticus 1 0 0
Staphylococcus species coagulase negative 0 0 2
Streptococcus species 0 14 0
Viridans group Streptococcus 0 2 0
Other reportable organisms including potential contaminants (n = 652) | 0 0 0
Total (including potential contaminants) 32 46 8

AThese 11 culture-negative, IRIDICA BAC BSI Assay-positive detections were supported by later organism-specific ID data which identified the same

species as agents of infection (as noted on the subjects’ charts).

Numbers in parentheses indicate how many such cases were supported. Two hundred and seven samples were negative for all analytes by both culture and

IRIDICA (matched true negatives). These are shown in Table 3.

doi:10.1371/journal.pone.0158186.t004
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Table 5. Detailed results from samples with additional detections. Detailed data from all samples yielding unmatched positive results by either culture or
IRIDICA BAC BSI Assay analysis in the presence of matched or unmatched detections by the other technology (additional detections). The matched positive

results shown here in the second column are also represented in Tables 3 and 4, while the additional detections shown here in the rightmost two columns are

not, because they have no valid comparator. See discussion of additional detections in text.

Sample Matched Positive Additional IRIDICA BAC BSI Detections Additional Culture Detections
# Detections
1 Bacteroides fragilis NONE Streptococcus anginosus group
2 Candida glabrata NONE Coagulase negative Staphylococcus,

Stenotrophomonas maltophilia
3 Enterococcus faecalis Mycobacterium simiae, Propionibacterium acnes NONE
(potential contaminant)
4 Enterococcus faecium Stenotrophomonas maltophilia NONE
5 Klebsiella pneumoniae Klebsiella variicola NONE
6 Staphylococcus aureus Klebsiella oxytoca Streptococcus anginosus group
7 NONE Arcanobacterium haemolyticum, Fusobacterium Finegoldia magna
nucleatum

doi:10.1371/journal.pone.0158186.t005

detections, supporting the assumption that detections in the clinical samples represented
organismal DNA present in the sample.

In cases where both the clinical laboratory and the IRIDICA BAC BSI Assay detected an
organism associated with one of the antibiotic resistance markers targeted by the IRIDICA
BAC BSI Assay, standard-of-care resistance test results were compared with resistance marker
detections reported by the IRIDICA BAC BSI Assay. In all 13 such cases, the standard-of-care
results matched the resistance gene results from the IRIDICA BAC BSI Assay. Results are
shown in Table 6.

Conclusions

The data supports the ability of the IRIDICA BAC BSI Assay to identify diverse bacteria and
Candida species directly from uncultured EDTA whole blood specimens, detecting 86% of the
clinically relevant organisms isolated using traditional blood culture assays. The IRIDICA BAC
BSI Assay is capable of providing such identifications within eight hours of sample collection,
potentially allowing for the timely provision of appropriate targeted antibiotic therapy in cases
of suspected bloodstream infection and sepsis.

The IRIDICA BAC BSI Assay cannot determine antibiotic resistance phenotypes, and is
limited in terms of detecting resistance-associated genotypes to four common broad-spectrum
antibiotic resistance elements—mecA, vanA, vanB, and KPC. Inclusive determination of resis-
tance remains dependent on successful culture and subsequent phenotypic resistance typing of
infecting organisms. For this reason, the IRIDICA BAC BSI Assay should be considered an
additional tool in the diagnostic regime, not as a replacement for culture-based methods.

Similar to culture-based methods, the IRIDICA BAC BSI Assay is sensitive to both infecting
pathogens and environmental microorganisms introduced during sample collection and

Table 6. Antibiotic resistance marker results summary.

Antibiotic Resistance Marker (Phenotype) |Matched Positive |BAC BSI Assay +/Culture— |BAC BSI Assay-/ Culture + |Matched Negative

blakpc (carbapenem resistance”) 0 0 0 0
vanA/vanB (vancomycin resistance”) 0 0 0 4
mecA (methicillin resistance™) 6 0 0 3

AQr equivalent—for example, oxacillin resistance for mecA.

doi:10.1371/journal.pone.0158186.1006
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preparation, necessitating rigorous phlebotomy technique, sterile laboratory handling, and use
of negative controls. IRIDICA BAC BSI Assay results should be interpreted in the context of
associated symptoms, risk factors, and other laboratory findings, in the same manner that cur-
rent standard-of-care culture identifications are utilized.

The IRIDICA BAC BSI Assay yielded approximately twice as many positive detections as
culture across the described set of 285 clinical blood specimens from patients with symptoms
of sepsis. In the majority of cases, the IRIDICA BAC BSI Assay-positive, culture-negative
detections were either of species commonly associated with BSI or of clinically relevant human
pathogens that would be difficult to grow in blood culture bottles (e.g. Ehrlichia chaffeensis).
Common contaminants (e.g. Propionibacterium acnes) were also observed in culture-negative
specimens. Despite having access to only partial chart data, 11 of the 46 unmatched IRIDICA
BAC BSI Assay detections were specifically supported by subsequent identifications and/or
diagnostic data from independent specimens showing infection of the patient by the species
initially detected by the IRIDICA BAC BSI Assay. Many of the IRIDICA BAC BSI Assay-posi-
tive, culture-negative detections thereby represent clinically relevant bloodstream infections
which were missed by culture in the original paired specimen. This is consistent with literature
suggesting that the sensitivity of culture is suboptimal [16, 24, 25]. The broad-spectrum nature
of the IRIDICA BAC BSI Assay primers, paired with a signal analysis method capable of sensi-
tive and specific detection and identification of one or more species signatures in samples with
high background levels of human DNA, make it uniquely suited as a molecular test for bacterial
and Candida DNA in blood samples.
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under IRB protocol NA_00013251, “Evaluation of Universal Diagnostic Assays for Rapid and
Accurate Pathogen Identification in Acute Care Settings”, approved by the Johns Hopkins
Medical Institution internal review board, IRB-X. Verbal consent was obtained from all sub-
jects or their designated surrogates, either in person or by telephone. Verbal consent was docu-
mented on copies of the consent script by the consenting physician or consent designee, and
consent records were stored in a secure location. This procedure was approved by the JHMI
IRB based on minimal risk of harm. Healthy subject blood used as matrix was provided by
Biomed Supply LLC, Carlsbad, California and collected under FDA license.

Acknowledgments

Disclaimers: The described system and assay are not available in the United States.

Portions of the data presented in this paper were previously presented in a poster entitled
“Performance characterization of the IRIDICA BAC BSI Assay for detection and identification
of bacteria and Candida in direct specimens from patients with suspected blood stream infec-
tions” at the 25" European Congress of Clinical Microbiology and Infectious Diseases (ECC-
MID 2015), Copenhagen, Denmark, April 2015.

The authors acknowledge Dr. Pam Lipsett, the Director of the Surgical Intensive Care Unit,
and Roy Brower, the Director of the Medical Intensive Care Unit, both at Johns Hopkins Hos-
pital, for facilitating study process and enrollments.

Author Contributions

Conceived and designed the experiments: D. Metzgar MWF RER SP KCC SXZ MAR HEC
DMT D. Moore TAH CM GSR JRG RS DJE LBB. Performed the experiments: D. Metzgar
MWE KCC SXZ GDA MAR GSR JRG LBB. Analyzed the data: D. Metzgar MWF SP GDA

PLOS ONE | DOI:10.1371/journal.pone.0158186 July 6, 2016 13/16



@’PLOS ‘ ONE

Direct ID of Bacteria and Candida in blood

MAR HEC DMT D. Moore TAH CM JRG RS DJE LBB. Contributed reagents/materials/analy-
sis tools: RER SP KCC SXZ GDA HEC DMT D. Moore TAH CM GSR JRG. Wrote the paper:
D. Metzgar MWF RER SP KCC HEC DMT D. Moore TAH CM GSR JRG RS DJE LBB.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Lodes U, Bohmeier B, Lippert H, Kénig B, Meyer F. PCR-based rapid sepsis diagnosis effectively
guides clinical treatment in patients with new onset of SIRS. Langenbecks Arch Surg. 2012; 397(3):
447-455. doi: 10.1007/s00423-011-0870-z PMID: 22109826

Riedel S, Carroll KC. Laboratory detection of sepsis: biomarkers and molecular approaches. Clin Lab
Med. 2013; 33(3): 413—-437. doi: 10.1016/j.cll.2013.03.006 PMID: 23931833

Brun-Buisson C, Meshaka P, Pinton P, Vallet B. EPISEPSIS: a reappraisal of the epidemiology and
outcome of severe sepsis in French intensive care units. Intensive Care Med. 2004; 30(4): 580-588.
PMID: 14997295

Schmid A, Burchardi H, Clouth J, Schneider H. Burden of illness imposed by severe sepsis in Germany.
Eur J Health Econ. 2002; 3(2): 77-82. PMID: 15609133

Angus DC, Linde-Zwirble WT, Lidicker J, Clermont G, Carcillo J, Pinsky MR. Epidemiology of severe
sepsis in the United States: analysis of incidence, outcome, and associated costs of care. Crit Care
Med. 2001; 29: 1303—-1310. PMID: 11445675

Kumar A, Ellis P, Arabi Y, Roberts D, Light B, Parrillo JE, et al. Initiation of inappropriate antimicrobial
therapy results in a fivefold reduction of survival in human septic shock. Chest. 2009; 136(5): 1237—
1248. doi: 10.1378/chest.09-0087 PMID: 19696123

Lyle N, Boyd J. The potential for PCR based testing to improve diagnosis and treatment of sepsis. Curr
Infect Dis Rep. 2013; 15(5): 372-379. doi: 10.1007/s11908-013-0350-4 PMID: 23929539

Vallés J, Rello J, Ochagavia A, Garnacho J, Alcala MA. Community-acquired bloodstream infection in
critically ill adult patients: impact of shock and inappropriate antibiotic therapy on survival. Chest. 2003;
123(5): 1615-1624. PMID: 12740282

Westh H, Lisby G, Breysse F, Béddinghaus B, Chomarat M, Gant V, et al. Multiplex real-time PCR and
blood culture for identification of bloodstream pathogens in patients with suspected sepsis. Clin Micro-
biol Infect. 2009; 15: 544-551. doi: 10.1111/].1469-0691.2009.02736.x PMID: 19392905

Fraser A, Paul M, Aimanasreh N, Tacconelli E, Frank U, Cauda R, et al. Benefit of appropriate empirical
antibiotic treatment: thirty-day mortality and duration of hospital stay. Am J Med. 2006; 119(11): 970—
976. PMID: 17071166

Morrell M, Fraser VJ, Kollef MH. Delaying the empiric treatment of Candida bloodstream infection until
positive blood culture results are obtained: a potential risk factor for hospital mortality. Antimicrob
Agents Chemother. 2005; 49(9): 3640-3645. PMID: 16127033

Lehmann LE, Hunfeld KP, Steinbrucker M, Brade V, Book M, Seifert H, et al. Improved detection of
blood stream pathogens by real-time PCR in severe sepsis. Intensive Care Med. 2010; 36(1): 49-56.
doi: 10.1007/s00134-009-1608-z PMID: 19756512

Riedel S, Carroll KC. Blood cultures: key elements for best practices and future directions. J Infect Che-
mother. 2010; 16(5): 301-316. doi: 10.1007/s10156-010-0069-1 PMID: 20490596

Ibrahim EH, Sherman G, Ward S, Fraser VJ, Kollef MH. The influence of inadequate antimicrobial treat-
ment of bloodstream infections on patient outcomes in the ICU setting. Chest. 2000; 118(1): 146—155.
PMID: 10893372

Rhodes J, Hyder JA, Peruski LF, Fisher C, Jorakate P, Kaewpan A, et al. Antibiotic use in Thailand:
quantifying impact on blood culture yield and estimates of pneumococcal bacteremia incidence. Am J
Trop Med Hyg. 2010; 83(2): 301-306. doi: 10.4269/ajtmh.2010.09-0584 PMID: 20682872

Fenollar F, Raoult D. Molecular diagnosis of bloodstream infections caused by non-cultivable bacteria.
Int J Antimicrob Agents. 2007; 30: 7-15.

Woo PC, Lau SK, Teng JL, Tse H, Yuen KY. Then and now: use of 16S rDNA gene sequencing for bac-
terial identification and discovery of novel bacteria in clinical microbiology laboratories. Clin Microbiol
Infect. 2008; 14:908-934. doi: 10.1111/1.1469-0691.2008.02070.x PMID: 18828852

Fitting C, Parlato M, Adib-Conquy M, Memain N, Philippart F, Misset B, et al. DNAemia detection by
multiplex PCR and biomarkers for infection in systemic inflammatory response syndrome patients.
PLOS ONE. 2012; 7(6): €38916. doi: 10.1371/journal.pone.0038916 PMID: 22719987

Josefson P, Stralin K, Ohlin A, Ennefors T, Dragsten B, Andersson L, et al. Evaluation of a commercial
multiplex PCR test (SeptiFast) in the etiological diagnosis of community-onset bloodstream infections.
Eur J Clin Microbiol Infect Dis. 2011; 30(9): 1127—1134. doi: 10.1007/s10096-011-1201-6 PMID:
21373774

PLOS ONE | DOI:10.1371/journal.pone.0158186 July 6, 2016 14/16


http://dx.doi.org/10.1007/s00423-011-0870-z
http://www.ncbi.nlm.nih.gov/pubmed/22109826
http://dx.doi.org/10.1016/j.cll.2013.03.006
http://www.ncbi.nlm.nih.gov/pubmed/23931833
http://www.ncbi.nlm.nih.gov/pubmed/14997295
http://www.ncbi.nlm.nih.gov/pubmed/15609133
http://www.ncbi.nlm.nih.gov/pubmed/11445675
http://dx.doi.org/10.1378/chest.09-0087
http://www.ncbi.nlm.nih.gov/pubmed/19696123
http://dx.doi.org/10.1007/s11908-013-0350-4
http://www.ncbi.nlm.nih.gov/pubmed/23929539
http://www.ncbi.nlm.nih.gov/pubmed/12740282
http://dx.doi.org/10.1111/j.1469-0691.2009.02736.x
http://www.ncbi.nlm.nih.gov/pubmed/19392905
http://www.ncbi.nlm.nih.gov/pubmed/17071166
http://www.ncbi.nlm.nih.gov/pubmed/16127033
http://dx.doi.org/10.1007/s00134-009-1608-z
http://www.ncbi.nlm.nih.gov/pubmed/19756512
http://dx.doi.org/10.1007/s10156-010-0069-1
http://www.ncbi.nlm.nih.gov/pubmed/20490596
http://www.ncbi.nlm.nih.gov/pubmed/10893372
http://dx.doi.org/10.4269/ajtmh.2010.09-0584
http://www.ncbi.nlm.nih.gov/pubmed/20682872
http://dx.doi.org/10.1111/j.1469-0691.2008.02070.x
http://www.ncbi.nlm.nih.gov/pubmed/18828852
http://dx.doi.org/10.1371/journal.pone.0038916
http://www.ncbi.nlm.nih.gov/pubmed/22719987
http://dx.doi.org/10.1007/s10096-011-1201-6
http://www.ncbi.nlm.nih.gov/pubmed/21373774

@’PLOS ‘ ONE

Direct ID of Bacteria and Candida in blood

20.

21,

22,

23.

24,

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Schreiber J, Nlerhaus A, Braune SA, de Heer G, Kluge S. Comparison of three different commercial
PCR assays for the detection of pathogens in critically ill sepsis patients. Med Klin Intensivmed
Notfmed. 2013; 108: 311-318. doi: 10.1007/s00063-013-0227-1 PMID: 23516029

Kane TD, Alexander JW, Johannigman JA. The detection of microbial DNA in the blood: a sensitive
method for diagnosing bacteremia and/or bacterial translocation in surgical patients. Ann Surg. 1998;
227(1): 1-9. PMID: 94451083

Reinhart K, Bauer M, Riedemann NC, Hartog CS. New Approaches to Sepsis: Molecular Diagnostics
and Biomarkers. Clin Microbiol Rev. 2012; 25(4): 609-634. doi: 10.1128/CMR.00016-12 PMID:
23034322

Rantakokko-Jalava K, Nikkari S, Jalava J, Eerola E, Skurnik M, Meurman O, et al. Direct amplification
of rRNA genes in diagnosis of bacterial infections. J Clin Microbiol. 2000; 38(1): 32—39. PMID:
10618059

Bacconi A, Richmond GS, Baroldi MA, Laffler TG, Blyn LB, Carolan HE, et al. Improved sensitivity for
molecular detection and identification of bacteria and Candida in blood. J Clin Microbiol. 2014; 52(9):
3164-3174. doi: 10.1128/JCM.00801-14 PMID: 24951806

Dellinger RP, Levy MM, Carlet JM, Bion J, Parker MM, Jaeschke R, et al. Surviving Sepsis Campaign:
international guidelines for management of severe sepsis and septic shock. Crit Care Med. 2008; 36
(1): 296-327. PMID: 18158437

Liesenfeld O, Lehman L, Hunfeld KP, Kost G. Molecular diagnosis of sepsis: New aspects and recent
developments. Eur J Microbiol Immunol (Bp). 2014; 4(1): 1-25.

Metzgar D, Sampath R, Rounds MA, Ecker DJ. The value and validation of broad spectrum biosensors
for diagnosis and biodefense. Virulence 2013; 4(8): 752—758. doi: 10.4161/viru.26652 PMID:
24128433

Russell JA. Management of sepsis. N Engl J Med. 2006; 355(16): 1699—-1713. PMID: 17050894

Wolk DM, Kaleta EJ, Wysocki VH. PCR—electrospray ionization mass spectrometry: the potential to
change infectious disease diagnostics in clinical and public health laboratories. J Mol Diagn. 2012; 14
(4): 295-304. doi: 10.1016/j.jmoldx.2012.02.005 PMID: 22584138

Ecker DJ, Sampath R, Li H, Massire C, Matthews HE, Toleno D, et al. New technology for rapid molecu-
lar diagnosis of bloodstream infections. Expert Rev. Mol. Diagn. 2010; 10: 399-415.

Metzgar D, Frinder M, Lovari R, Toleno D, Massire C, Blyn LB, et al. Broad-spectrum biosensor capable
of detecting and identifying diverse bacterial and Candida species in blood. J Clin Microbiol. 2013; 51:
2670-2678. doi: 10.1128/JCM.00966-13 PMID: 23761152

Crowder CD, Matthews HE, Schutzer S, Rounds MA, Luft BJ, Nolte O, et al. Genotypic variation and
mixtures of Lyme Borrelia in Ixodes ticks from North America and Europe. PLOS ONE. 2010; 5:
€10650. doi: 10.1371/journal.pone.0010650 PMID: 20498837

Eshoo MW, Crowder CD, Li H, Matthews HE, Meng S, Sefers SE, et al. Detection and identification of
Ehrlichia species in blood by use of PCR and electrospray ionization mass spectrometry. J Clin Micro-
biol. 2010; 48: 472-478. doi: 10.1128/JCM.01669-09 PMID: 19955274

Sampath R, Mulholland N, Blyn LB, Massire C, Whitehouse CA, Waybright N, et al. Comprehensive
biothreat cluster identification by PCR/electrospray-ionization mass spectrometry. PLOS ONE. 2012;
7:e36528. doi: 10.1371/journal.pone.0036528 PMID: 22768032

Metzgar D, Sampath R, Blyn LB, Massire C, Ecker DJ. Microbial Identification by PCR/Electrospray
lonization-Mass Spectrometry. In: Tang Y-W, Stratton C, editors. Advanced Techniques in Diagnostic
Microbiology. New York: Springer Science and Business Media. 2012. pp. 441-465.

Ecker DJ, Massire C, Blyn LB, Hofstadler SA, Hannis JC, Eshoo MW, et al. Molecular genotyping of
microbes by multilocus PCR and mass spectrometry: a new tool for hospital infection control and public
health surveillance. Methods Mol Biol. 2009; 551: 71-87. doi: 10.1007/978-1-60327-999-4_7 PMID:
19521868

Hofstadler SA, Sampath R, Blyn LB, Eshoo MW, Hall TA, Jiang Y, et al. TIGER: the universal biosen-
sor. Int J Mass Spectrom. 2005; 242: 23—41.

Bone RC, Balk RA, Cerra FB, Dellinger RP, Fein AM, Knaus WA, et al. Definitions for sepsis and organ
failure and guidelines for the use of innovative therapies in sepsis. Chest. 1992; 101(6): 1644—1655.
PMID: 1303622

Benson DA, Karsch-Mizrachi |, Lipman DJ, Ostell J, Sayers EW. GenBank. Nucleic Acids Res. 2009;
37(Database issue): D26—-D31. doi: 10.1093/nar/gkn723 PMID: 18940867

Hall KK, Lyman JA. Updated review of blood culture contamination. Clin Microbiol Rev. 2006; 19(4):
788-802. PMID: 17041144

PLOS ONE | DOI:10.1371/journal.pone.0158186 July 6, 2016 15/16


http://dx.doi.org/10.1007/s00063-013-0227-1
http://www.ncbi.nlm.nih.gov/pubmed/23516029
http://www.ncbi.nlm.nih.gov/pubmed/9445103
http://dx.doi.org/10.1128/CMR.00016-12
http://www.ncbi.nlm.nih.gov/pubmed/23034322
http://www.ncbi.nlm.nih.gov/pubmed/10618059
http://dx.doi.org/10.1128/JCM.00801-14
http://www.ncbi.nlm.nih.gov/pubmed/24951806
http://www.ncbi.nlm.nih.gov/pubmed/18158437
http://dx.doi.org/10.4161/viru.26652
http://www.ncbi.nlm.nih.gov/pubmed/24128433
http://www.ncbi.nlm.nih.gov/pubmed/17050894
http://dx.doi.org/10.1016/j.jmoldx.2012.02.005
http://www.ncbi.nlm.nih.gov/pubmed/22584138
http://dx.doi.org/10.1128/JCM.00966-13
http://www.ncbi.nlm.nih.gov/pubmed/23761152
http://dx.doi.org/10.1371/journal.pone.0010650
http://www.ncbi.nlm.nih.gov/pubmed/20498837
http://dx.doi.org/10.1128/JCM.01669-09
http://www.ncbi.nlm.nih.gov/pubmed/19955274
http://dx.doi.org/10.1371/journal.pone.0036528
http://www.ncbi.nlm.nih.gov/pubmed/22768032
http://dx.doi.org/10.1007/978-1-60327-999-4_7
http://www.ncbi.nlm.nih.gov/pubmed/19521868
http://www.ncbi.nlm.nih.gov/pubmed/1303622
http://dx.doi.org/10.1093/nar/gkn723
http://www.ncbi.nlm.nih.gov/pubmed/18940867
http://www.ncbi.nlm.nih.gov/pubmed/17041144

@’PLOS ‘ ONE

Direct ID of Bacteria and Candida in blood

41.

42,

43.

44.

45.

46.

47.

48.

49.

Lamy B, Roy P, Carret G, Flandrois J-P, Delignette-Muller ML. What is the relevance of obtaining multi-
ple blood samples for culture? A comprehensive model to optimize the strategy for diagnosing bacter-
emia. Clin Infect Dis. 2002; 35: 942—-950.

Pien BC, Sundaram P, Raoof N, Costa SF, Mirrett S, Woods CW, et al. The clinical and prognostic
importance of positive blood cultures in adults. Am J Med. 2010; 123(9): 819-828. doi: 10.1016/j.
amjmed.2010.03.021 PMID: 20800151

Weinstein MP. Blood culture contamination: persisting problems and partial progress. J Clin Microbiol.
2003; 41(6): 2275-2278. PMID: 12791835

Weinstein MP, Doern GV. A critical appraisal of the role of the clinical microbiology laboratory in the
diagnosis of bloodstream infections. J Clin Microbiol. 2011; 49(9 Supplement): S26-S29.

Clinical Laboratory Standards Institute. Interference testing in clinical chemistry; approved guideline.
CLSI document EP7-A2. 2nd ed. Wayne, PA: Clinical and Laboratory Standards Institute. 2005. [ISBN
1-56238-584-4].

Smaron MF, Boonlayangoor S, Zierdt CH. Detection of Mycoplasma hominis septicemia by radiometric
blood culture. J Clin Microbiol. 1985; 21(3): 298-301. PMID: 3980685

Cruz AT, Goytia VK, Starke JR. Mycobacterium simiae complex infection in an immunocompetent
child. J Clin Microbiol. 2007; 45(8): 2745—-2746. PMID: 17537950

Jordana-Lluch E, Giménez M, Quesada MD, Rivaya B, Marc6 C, Dominguez MJ, et al. Evaluation of
the Broad-Range PCR/ESI-MS Technology in Blood Specimens for the Molecular Diagnosis of Blood-
stream Infections. PLOS ONE. 2015; 10(10): e0140865. doi: 10.1371/journal.pone.0140865 PMID:
26474394

Vincent JL, Brealey D, Libert N, Abidi NE, O'Dwyer M, Zacharowski K, et al. Rapid Diagnosis of Infec-
tion in the Critically Ill, a Multicenter Study of Molecular Detection in Bloodstream Infections, Pneumo-
nia, and Sterile Site Infections. Crit Care Med. 2015; 43(11): 2283-2291. doi: 10.1097/CCM.
0000000000001249 PMID: 26327198

PLOS ONE | DOI:10.1371/journal.pone.0158186 July 6, 2016 16/16


http://dx.doi.org/10.1016/j.amjmed.2010.03.021
http://dx.doi.org/10.1016/j.amjmed.2010.03.021
http://www.ncbi.nlm.nih.gov/pubmed/20800151
http://www.ncbi.nlm.nih.gov/pubmed/12791835
http://www.ncbi.nlm.nih.gov/pubmed/3980685
http://www.ncbi.nlm.nih.gov/pubmed/17537950
http://dx.doi.org/10.1371/journal.pone.0140865
http://www.ncbi.nlm.nih.gov/pubmed/26474394
http://dx.doi.org/10.1097/CCM.0000000000001249
http://dx.doi.org/10.1097/CCM.0000000000001249
http://www.ncbi.nlm.nih.gov/pubmed/26327198

