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Abstract

Background

A colorimetric sensor array (CSA) has been demonstrated to rapidly detect and identify bac-
teria growing in blood cultures by obtaining a species-specific “fingerprint” of the volatile
organic compounds (VOCs) produced during growth. This capability has been demon-
strated in prokaryotes, but has not been reported for eukaryotic cells growing in culture. The
purpose of this study was to explore if a disposable CSA could differentially identify 7 spe-
cies of pathogenic yeasts growing in blood culture.

Methods

Culture trials of whole blood inoculated with a panel of clinically important pathogenic yeasts
at four different microorganism loads were performed. Cultures were done in both standard
BacT/Alert and CSA-embedded bottles, after adding 10 mL of spiked blood to each bottle.
Color changes in the CSA were captured as images by an optical scanner at defined time
intervals. The captured images were analyzed to identify the yeast species. Time to detec-
tion by the CSA was compared to that in the BacT/Alert system.

Results

One hundred sixty-two yeast culture trials were performed, including strains of several spe-
cies of Candida (Ca. albicans, Ca. glabrata, Ca. parapsilosis, and Ca. tropicalis), Clavispora
(synonym Candida) lusitaniae, Pichia kudriavzevii (synonym Candida krusei) and Crypto-
coccus neoformans, at loads of 8.2 x 10°, 8.3 x 103, 8.5 x 10", and 1.7 CFU/mL. In addition,
8 negative trials (no yeast) were conducted. All negative trials were correctly identified as
negative, and all positive trials were detected. Colorimetric responses were species-specific
and did not vary by inoculum load over the 500000-fold range of loads tested, allowing for
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accurate species-level identification. The mean sensitivity for species-level identification by
CSA was 74% at detection, and increased with time, reaching almost 95% at 4 hours after
detection. At an inoculum load of 1.7 CFU/mL, mean time to detection with the CSA was 6.8
hours (17%) less than with the BacT/Alert platform.

Conclusion

The CSA combined rapid detection of pathogenic yeasts in blood culture with accurate spe-
cies-level identification.

Introduction

The presence of microorganisms in the bloodstream is a significant clinical finding, and always
has an impact on clinical decision making. This fact makes blood culture an essential part of
any clinical microbiology laboratory, and has ensured that as newer rapid diagnostic technolo-
gies are developed, their application to detect and identify microorganisms in blood cultures is
examined. The current standard methodology for blood cultures involves incubation in auto-
mated blood culture systems that monitor for growth of microorganisms based on a colorimet-
ric or fluorometric detection of CO,, followed by Gram staining and appropriate subculturing
on solid media, followed by identification and susceptibility testing based on mass spectrome-
try and biochemical testing performed in other instruments.

Many innovations have attempted to identify microorganisms sooner once blood culture
bottles provide a positive signal. These have included fluorescence in situ hybridization (FISH)
[1] for specific microorganisms, broad-range polymerase chain reaction (PCR) with melt-
curve analysis [2] or sequencing [3], matrix assisted laser desorption ionization-time of flight
mass spectroscopy (MALDI-TOF MS) [4-6], and PCR coupled to electrospray ionization
mass spectrometry (PCR/ESI-MS) [7]. Broad-range PCR for the identification of microbial
pathogens directly from blood has been evaluated as an alternative rapid identification
method, but this has had variable results [8-10]. Several of these technological advancements
have been shown to reduce the time to bacterial identification once blood culture bottles turn
positive. However, all these innovations still require additional processing after blood culture
bottles signal positive.

It has recently been demonstrated that prokaryotic microorganisms (e.g. bacteria) produce
species-specific profiles of the volatile organic compounds (VOCs) which are emitted as
byproducts of their metabolism during growth in culture, and that these profiles can be char-
acterized with standard analytical instruments, such as gas chromatography-mass spectros-
copy (GC-MS) [11]. The elaboration of these compounds produces the recognizable odors
associated with specific bacteria [12]. However, mass spectroscopy based techniques require
expensive equipment, special training and are reliant, under current FDA-approved protocols,
upon the testing of isolated colonies from culture or subculture, which is time consuming [13].

Recent advances in various array based sensor (electronic nose) technologies opened prom-
ising new opportunities in biomedical and industrial research with the capability of identifying
individual compounds and complex mixtures of VOCs using pattern-recognition algorithms
[13-15]. Among these, a disposable colorimetric sensor array (CSA) has been shown to iden-
tify a panel of pathogenic bacteria with great accuracy [16-19]. The promise of this low cost
technology is that it is rapid, with identification obtained automatically during culture, saving
time, labor, and cost. This sensor technology has recently been shown to accurately detect and
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identify pathogenic bacteria in blood culture bottles [20]. Yeasts, eukaryotes with a far different
cellular architecture, are also important bloodstream pathogens and any blood culture system
must be able to detect and identify yeasts accurately.

The purpose of this study was to conduct a proof-of-principle to determine if a disposable
CSA could detect and identify different yeasts growing in blood cultures, establishing the
method for eukaryotes, and to quantify the speed and accuracy with which this could be done.

Materials and methods
Test panel of yeasts and sample preparation

A selection of American Type Culture Collection (ATCC) strains of clinically important path-
ogenic yeasts was made for inclusion in a test panel. The panel consisted of Candida species
(Ca. albicans ATCC 10231, Ca. albicans ATCC 14053, Ca. glabrata ATCC 15126, Ca. parapsilo-
sis ATCC 22019, and Ca. tropicalis ATCC 13803), Clavispora (synonym Candida) lusitaniae
ATCC 34449, Pichia kudriavzevii (synonym Candida krusei) ATCC 6258, and Cryptococcus
neoformans species complex ATCC 14116.

The included yeast species were grown on potato dextrose agar. A few colonies were sus-
pended in sterile normal saline and the turbidity adjusted to a 2.0 McFarland standard. Serial
1:100, 1:100, and 1:50 dilutions were performed to obtain 1:100, 1:10000, and 1:500000 dilu-
tions of the 2.0 McFarland suspension, respectively. 0.5 mL of the 2.0 McFarland suspension
and each of these diluted suspensions were inoculated into 9.5 mL of discarded packed red
blood cells (henceforth referred to as “blood”) obtained from the Cleveland Clinic blood bank.
50 L of the penultimate dilutions were also plated on blood agar plates for verification of col-
ony counts.

The blood samples spiked with several clinically important species of yeasts at these four
different loads, which span clinically relevant loads, were used for testing.

Culture methods

Spiked blood samples were cultured in BacT/Alert™ FA plastic blood culture bottles (bioMér-
ieux Inc., Durham, NC, USA). This was done by inoculating 10 mL of a spiked blood sample
into a blood culture bottle containing 40 mL of growth medium.

Colorimetric sensor array system

The CSA system has two major components: a disposable sensor and a sensor reader contain-
ing an optical scanner. The CSA is a disposable array of cross-responsive indicators that collec-
tively detects and discriminates a wide range of chemical analytes and complex mixtures [21,
22]. General array manufacturing procedures have been previously reported [23]. The CSA
used with the blood culture bottle contained 73 indicators to cover a diverse portfolio of dye-
analyte interactions, and 3 black fiducials (Fig 1A).

The sensor was mounted inside a transparent cap designed to fit a blood culture bottle
while allowing a sufficient air gap between the sensor and the cap to ensure adequate diffusion
of headspace gases over the sensor. The cap of a standard aerobic blood culture bottle (bioMér-
ieux) was replaced with this specially designed sensor cap (Fig 1B). Placing the sensor inside
the bottle cap allowed headspace gases to be monitored continuously during incubation of cul-
tures without disrupting the gas mixture.

A CSA prototype blood culture instrument was specifically designed to hold blood cultures
at a set temperature, provide gentle broth agitation to stimulate growth, and allow sensor data
to be collected in real time. This instrument held up to 36 bottles in a vertical orientation to
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Fig 1. Colorimetric Sensor Array (CSA) system. (A) CSA. (B) CSA-embedded blood culture bottle. (C)
CSA prototype blood culture instrument.

doi:10.1371/journal.pone.0173130.g001

prevent broth from splashing the sensor during shaking. Sensor data collection was done by a
commercial flatbed scanner (EPSON Perfection V600) placed face-down over the bottles to
image the sensors through the transparent bottle caps at 20 minute intervals for the duration
of incubation. From each image, red, green and blue (RGB) color values were acquired for
each indicator in the sensor array. The entire assembly was placed inside an incubator set at
37°C (Fig 1C). Between images, the bottle assembly was agitated at 200 rpm by a computer-
controlled orbital shaker.

Incubation of blood cultures

Blood samples spiked with yeast species were inoculated in CSA-embedded blood culture bot-
tles and incubated in the CSA prototype blood culture instrument (Fig 1C) for 72 hours. Addi-
tionally, samples were also inoculated in standard blood culture bottles (i.e. intact BacT/Alert
blood culture bottles) and incubated in a BacT/Alert blood culture monitoring system in the
standard manner for blood culture incubation in the clinical laboratory. This was done to
compare time to detection by the CSA method and the standard blood culture method. The
standard blood culture method consisted of incubation for 96 hours or until a positive signal
was detected, whichever occurred sooner. A sample of spiked blood was also cultured on TSA
IT 5% sheep blood agar as a culture purity check that the sample inoculated was not contami-
nated. Each yeast species was tested multiple times as summarized in the results section. Each
test was considered one trial.

CSA image processing

The CSA was imaged by a scanner every 20 minutes after inoculation. For each image, for each
of the 73 indicators, the median of all pixels within a 10-pixel-radius disk centered in each of
the indicator spots was calculated, providing RGB values for each indicator, thereby yielding a
219-dimensional vector of RGB colors (73 indicators x 3 colors). An image captured at 4 hours
after initial exposure was defined as the reference image, and its corresponding color vector
the reference vector. All images captured prior to the reference image were ignored. The
choice of the 4-hour image as the reference image gave most indicators enough time to equili-
brate in response to the gas released from the growth medium and occupying the headspace
region. Following generation of the reference image, a 219-dimensional color vector was gen-
erated for each sample every 20 minutes. From each of these vectors, the reference vector was
subtracted, yielding color difference vectors for each 20-minute time point for each sample. As
no fungal emissions were relevant at the 4 hour mark, each color difference vector described
depicted the change in the sensor indicator colors after the 4 hour period allocated for the
equilibration of the sensor array with the emissions of blood plus growth medium.
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Data analysis

Detection of fungal growth by the CSA. For each trial, the series of vectors yielded a time
series of color change patterns for the indicators in the sensor array. Color changes in various
indicators facilitated detection of fungal growth. A plot of color change against time provided
separate kinetic profiles for red, green and blue values for each indicator. Color changes in dif-
ferent indicators occurred at different rates. A detection was made by any indicator when the
slope for that detector crossed its detection threshold. Using the kinetic profiles of all indica-
tors, a determination of fungal growth was made by defining fungal growth detection as a
response 2 standard deviations from response to control (blood plus growth medium without
microorganisms) of the fastest responding indicators.

Species identification by species-specific colorimetric patterns. Each 219-dimensional
color vector was standardized to have element-by-element zero mean and unit standard devia-
tion across all trials. Species classification was done by training a support vector machine
(SVM) on the time series of the rate of color changes, and pairwise comparisons were used to
separate multiple classes [24]. Using 10 repetitions of 10-fold stratified cross validation, the
sensitivity of species identification was determined at the time of detection and every subse-
quent hour for 8 hours.

Comparison of time to detection. For all available paired trials (i.e. those trials for which
results from both the CSA and the standard incubation method were available), time to detec-
tion by the CSA method was compared with the time to detection by the standard method.
Detection by the CSA method was described above. For the BacT/Alert system, detection was
defined as the time a bottle yielded a positive signal. For both standard CO,-based detection
(the BacT/Alert system) and the CSA method, the time to detection was defined as the time
from start of blood culture incubation to the time of detection of a positive signal.

Results

A total of 180 trials including 8 controls were conducted with the panel of yeasts. Excluding tri-
als rejected due to bacterial contamination (6), lack of growth on purity plates (1), and
machine inoculation or assembly errors (3), the microorganism strain distribution for the
remaining 170 included trials was as follows: Ca. albicans ATCC10231 (13), Ca. albicans
ATCC 14053 (12), Ca. glabrata ATCC 15126 (35), Ca. parapsilosis ATCC 22019 (13), Ca. tropi-
calis ATCC 13803 (16), CL lusitaniae ATCC34449 (15), P. kudriavzevii ATCC 6258 (19), Cr.
neoformans species complex ATCC 14116 (39), and controls (8). The 162 included trials with
yeasts had cultures done with 10 mL of blood inoculated with the 2.0 McFarland suspensions
(40 trials), 1:100 dilutions (41 trials), 1:10000 dilutions (40 trials), and 1:500000 dilutions (41
trials).

Based on colony counts of the 1:10000 dilutions, the calculated loads (mean + SD) of the
original 2.0 McFarland suspensions for the yeast species were 9.86 + 4.64 x 10° CFU/mL (Ca.
albicans), 23.62 + 9.47 x 10° CFU/mL (Ca. glabrata), 9.20 + 2.55x 10° CFU/mL (Ca. parapsilo-
sis), 27.10 + 22.41x 10° CFU/mL (Ca. tropicalis), 16.33 + 1.44 x 10° CFU/mL (CL lusitaniae),
4.45 + 1.11 x 10° CFU/mL (P. kudriavzevii), and 18.98 + 1.81x 10° CFU/mL (Cr. neoformans).
The highest dilution (1:500000) would thus have had mean yeast loads ranging from 8.9 to
54.2 CFU/mL for the different yeast species. With the additional 1:20 dilution occurring when
inoculated into blood, the blood samples spiked with the least concentrated yeast suspensions
would have had yeast loads (mean + SD) as follows: 1.04 + 0.55 CFU/mL (Ca. albicans), 2.36 +
0.95 CFU/mL (Ca. glabrata), 0.92 £ 0.26 CFU/mL (Ca. parapsilosis), 2.71 + 2.24 CFU/mL (Ca.
tropicalis), 1.63 + 0.12 CFU/mL (CI. lusitaniae), 0.44 + 0.10 CFU/mL (P. kudriavzevii), and
1.78 £ 1.07 CFU/mL (Cr. neoformans). The mean inoculum loads (yeast loads in the spiked
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Fig 2. Representative color difference maps for the yeasts tested.

doi:10.1371/journal.pone.0173130.g002

blood samples) at the four dilutions would have been 8.2 x 10°, 8.3 x 10%, 8.5 x 10, and 1.7
CFU/mL.

Color difference patterns for different yeasts

Fig 2 shows representative color difference maps for the different yeasts, at the four inoculum
loads. For display purposes only, the color range shown in the difference maps was expanded
from RGB values of 4-35 to 0-255. The color difference maps at the end of trial for seven dif-
ferent yeast species at different inoculum loads were generated by subtracting the mean RGB
of each color spot from a baseline image taken at 4 hours. In this way, both the initial color of
each indicator and its response in equilibrating to the volatiles emitted by growth medium and
blood were neglected and the sensor response was the change produced by the volatiles emit-
ted by growing microorganisms. The CSA fingerprint was species specific, and the pattern was
highly consistent across inoculum load across the 500000-fold range of loads tested.

Kinetic profiles of different yeast species

Fig 3 shows sensor response time derivatives for selected indicator “channels” (red, green and
blue color values are each distinct channels, so 3 channels for each indicator and 219 for all 73
indicators in the sensor array) in the array, for multiple trials for each species. Each row repre-
sents the time derivative of the color response of a single “channel” (for example, the top row
of traces, labelled 2-R, depicts the rate of change in the red component of indicator 2). The five
selected indicator responses show kinetic profiles of 7 species of yeast inoculated at a mean
yeast load of 1.7 CFU/mL. RGB-color-change slopes between +5 hours of the detection time
are shown, with each line representing an independent trial. A straight line indicates that the
indicator is not changing color (no growth of yeast). A positive slope indicates that an indica-
tor color is getting lighter, a negative slope indicates that the color is getting darker (black
color is represented as 0,0,0 in an RGB space, while white color is represented as 255,255,255).
The magnitude of the slope shows how fast the color is changing. Cr. neoformans shows little
response for these indicators in comparison to other species, so it is plotted on a smaller scale.
The figure shows that repeated trials for the same species generated similar kinetic profiles for
a given sensor (i.e. the individual replicate traces were overlapping), an indication that the
individual sensor responses were repeatable. These experiments suggest that kinetic profiles
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Fig 3. Sensor response time derivatives for selected indicator channels for multiple trials for each yeast species.

doi:10.1371/journal.pone.0173130.9003

for different yeasts are species specific, suggesting the potential for differentiating between
yeasts based on the data acquired through the sensor array.

Clustering of sensor responses

To utilize all 219 sensor channels to more fully visualize the species-specific sensor patterns
produced during growth in culture, we sampled the rate of color change for each indicator 3
hours after fungal detection. Fig 4 shows a heat map used to visualize the rates of color change.
For each trial, a 219-feature vector of the 73 indicators was created using RGB-color-change
slopes at 3 hours after the detection time. Each feature was standardized to have zero mean
and unit variance across all trials, and assigned a column in the heat map. Feature columns
were ordered by Euclidean-distance clustering, and heat map rows corresponded to centroid
kinetic profiles for each species. The heat map revealed unique yeast VOC signatures for the 7
species of yeast in blood cultures and sterile blood cultures. Note that each row is a distinct pat-
tern, indicating that the different yeast species had distinct VOC signatures.

Sensitivities of yeast detection and species identification

The CSA detected the presence of yeast in blood culture bottles inoculated with spiked blood
with 100% sensitivity and 100% specificity. Thus all 162 trials with spiked blood culture sam-
ples were identified as positive and all 8 trials without spiked blood were identified as negative.
The majority of species could be identified immediately after detection, and the sensitivity of
identification improved over the hours following detection. Table 1 shows the sensitivity of
species identification over time starting from the time of detection of a positive signal. While
Cr. neoformans could be identified immediately after detection with 93.1% sensitivity, most
other yeast species had moderate sensitivity for identification at that time, with an overall sen-
sitivity of 72.1% at detection. However, the sensor pattern rapidly ripened after initial detec-
tion, and within 2 hours after detection, the mean sensitivity for identification for all species
was 90.4% (95% confidence interval 84.8-94.3%). By 4 hours after CSA detection of growth
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Fig 4. Heat map of mean CSA sensor responses for 7 species of yeast and uninoculated control.
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the mean sensitivity for species identification of the different yeast species reached 94.4%, ulti-
mately reaching 96.6% (95% CI; 92.5-98.7%) a few hours thereafter.

Time to detection with CSA compared to BacT/Alert system

At lower loads, the CSA method detected the presence of yeast faster than the BacT/Alert
method did. For all species, at an inoculation load of 1.7 CFU/mL, the CSA method detected
the presence of yeast a mean of 6.8 hours (17%) earlier than the BacT/Alert method, incubated
simultaneously (Fig 5).

Discussion

This proof-of-concept study suggests that the CSA described may be able to combine the more
rapid detection of pathogenic yeasts growing in blood culture bottles with the identification of
microorganisms at the species level. This is the first report of a CSA being utilized to identify

Table 1. Sensitivity for species identification with CSA as a function of time following microorganism detection.

Species n 0 hr +1 hr +2 hr +3 hr +4 hr +5 hr +6 hr +7 hr +8 hr
Uninoculated 8 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Ca. albicans 25 67.2 78.0 84.8 84.8 89.6 86.4 89.6 92.0 94.4
Ca. glabrata 35 63.4 86.9 87.4 91.7 92.0 94.6 96.0 96.9 96.9
Ca. parapsilosis 14 62.9 72.9 83.6 86.4 88.6 90.0 87.9 90.7 89.3
Ca. tropicalis 15 68.0 93.3 96.0 96.7 99.3 94.7 96.0 98.0 100.0
Cl. lusitaniae 15 55.3 76.7 87.3 86.7 91.3 90.7 93.3 97.3 99.3

P. kudriavzevii 19 67.4 76.8 85.8 94.2 94.7 94.7 94.7 95.3 95.3
Cr. neoformans 39 93.1 97.4 98.0 99.7 100.0 99.5 98.2 97.2 97.4
Total 170 722 85.3 90.4 92.5 94.4 93.8 94.5 95.9 96.6

Sensitivity was calculated with a support vector machine using 10 repeats of 10-fold cross validation. Note that initial detection (here Time O hr) occurred a
mean of 6.3 hours ahead of that in the BacT/Alert system, so the data reflect that Candida species identification reached 94.4% before detection occurred

on that widely used clinical platform.

doi:10.1371/journal.pone.0173130.t001
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Fig 5. Comparison of time to detection of yeast species by the CSA and standard (BacT/Alert)
methods.

doi:10.1371/journal.pone.0173130.g005

the species of a eukaryote, and supports the conjecture that all microorganisms growing in cul-
ture emit a unique pattern of volatiles as byproducts of their metabolic activity and that vola-
tile-sensing CSA’s can be used to “fingerprint” the identify of all microorganisms across
kingdoms. The time to detection of yeast in blood culture by the CSA compared favorably to
that of detection in the BacT/Alert blood culture monitoring system. It is to be noted that
these were findings with growth media optimized for the BacT/Alert system. With optimiza-
tion of the growth medium for the CSA, the advantage of the sensor array may be even greater.
A study of 152 episodes of candidemia, which used a lysis-centrifugation blood culture
method, found that the fungal burden in the first positive blood culture ranged from 0.1 CFU/
mL to > 1000 CFU/mL, with 68% having yeast loads < 5 CFU/mL [25]. The range of loads
examined in our study encompassed this clinically relevant range. At the lowest load tested
(1.7 CFU/mL), the CSA system detected growth of fungi at a mean of 6.8 hours (17%) faster
than the BacT/Alert system. Within several hours after detection the sensitivity for species
identification by the CSA reached approximately 95%; thus highly accurate species identifica-
tion was possible before a positive signal was even identified in the BacT/Alert system.
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The study is limited by its small sample size. Larger studies with validation in external
cohorts, and ultimately performance with blind clinical samples, will be necessary to demon-
strate that such differentiation can be done reliably in clinical settings. Accurate evaluations of
the sensitivity and specificity of such testing will require more species of pathogenic yeasts and
evaluation of many specimens of each species, including clinical isolates. With respect to the
occurrence of mixed specimens, either from a genuinely polymicrobial infection or contami-
nation of sample during collection or otherwise, we expect but have not demonstrated that
samples would produce a more rapid positive than legacy methods, but the presumably com-
plex and unrecognizable CSA signatures of mixed (or novel species) samples would yield an
“unclassifiable” result and recommendation to proceed with subculture.

In routine testing in clinical microbiology laboratories, a positive signal from a standard
blood culture monitoring system does not identify the pathogen but only signals that the
blood culture is positive. Additional steps are necessary to identify the microorganism grow-
ing. The advantage of CSA for blood cultures is that it can identify the growing microorganism
at the species level without any additional testing. That had been shown for bacteremia, and
now we have extended this novel paradigm to eukaryotes. This study suggests that the CSA
can detect and identify yeast species in blood cultures faster than detection alone is rendered
in the BacT/Alert blood culture system. Moreover, because species identification occurs during
culture and can be performed by automated camera imaging of the sensor combined with
automated match to a library of pathogenic yeast “fingerprints”, identification therefore can
occur in an automated fashion around the clock. If a lab is unstaffed in the middle of the night,
the presence of yeast infection along with a 95% accurate species identification can be trans-
mitted to the lab information system, or otherwise relayed to the clinical unit.

Rapid identification of yeasts to species level can help with appropriate antimicrobial selec-
tion. For example, many institutions use an echinocandin for empiric treatment of fungal
infections, but this would be an inappropriate selection for a patient with cryptococcosis given
the innate resistance of Cr. neoformans to these agents. Similarly, identification of Ca. glabrata
or P. kudriavzevii would indicate that fluconazole (a commonly used antifungal for Candida
infections) would not be the appropriate treatment.

In conclusion, this proof-of-principle study shows that clinically important yeasts growing
in blood culture have differences in their volatile organic compound signatures that allow their
identification by a disposable CSA faster than current methods perform detection alone. If
borne out by larger studies and when challenged with clinical samples, the low cost, low labor
and automated nature of this testing platform could have widespread application for identify-
ing fungi causing bloodstream infections.

Author Contributions
Conceptualization: NKS SHL GWP PAR PJM.
Data curation: SHL NKS YSC DAW.

Formal analysis: SHL NKS PAR.

Funding acquisition: NKS AVSV PAR GWP.
Investigation: DAW AVSV.

Methodology: NKS SHL DAW.

Project administration: NKS AVSV.
Resources: GWP PAR DAW SHL PJM.

PLOS ONE | DOI:10.1371/journal.pone.0173130 March 15,2017 10/12



@° PLOS | ONE

Yeast identification by colorimetric sensor array

Software: YSC PAR.

Supervision: NKS SHL GWP.

Validation: NKS SHL DAW.

Visualization: SHL.

Writing - original draft: NKS SHL.

Writing - review & editing: NKS SHL PAR GWP PJM.

References

1.

10.

11.

12

13.

14.

Horvath A, Kristof K, Konkoly-Thege M, Nagy K. Rapid identification of pathogens in blood culture with
fluorescent in situ hybridization (FISH). Acta Microbiol Immunol Hung. 2010; 57(3):225—-34. doi: 10.
1556/AMicr.57.2010.3.7 PMID: 20870594

Won H, Rothman R, Ramachandran P, Hsieh Y-H, Kecojevic A, Carroll KC, et al. Rapid identification of
bacterial pathogens in positive blood culture bottles by use of a broad-based PCR assay coupled with
high-resolution melt analysis.[Erratum appears in J Clin Microbiol. 2011 Apr;49(4):1705]. J Clin Micro-
biol. 2010; 48(9):3410-3. doi: 10.1128/JCM.00718-10 PMID: 20631110

Quiles-Melero |, Garcia-Rodriguez J, Romero-Gomez MP, Gomez-Sanchez P, Mingorance J. Rapid
identification of yeasts from positive blood culture bottles by pyrosequencing. Eur J Clin Microbiol Infect
Dis. 2011; 30(1):21—4. doi: 10.1007/s10096-010-1045-5 PMID: 20803046

Fuglsang-Damgaard D, Nielsen CH, Mandrup E, Fuursted K. The use of Gram stain and matrix-assis-
ted laser desorption ionization time-of-flight mass spectrometry on positive blood culture: synergy
between new and old technology. Apmis. 2011; 119(10):681-8. doi: 10.1111/j.1600-0463.2011.02756.
x PMID: 21917005

Kroumova V, Gobbato E, Basso E, Mucedola L, Giani T, Fortina G. Direct identification of bacteria in
blood culture by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry: a new
methodological approach. Rapid Commun Mass Spectrom. 2011; 25(15):2247-9. doi: 10.1002/rcm.
5113 PMID: 21732456

Moussaoui W, Jaulhac B, Hoffmann AM, Ludes B, Kostrzewa M, Riegel P, et al. Matrix-assisted laser
desorption ionization time-of-flight mass spectrometry identifies 90% of bacteria directly from blood cul-
ture vials. Clin Microbiol Infect. 2010; 16(11):1631-8. doi: 10.1111/}.1469-0691.2010.03356.x PMID:
20825442

Kaleta EJ, Clark AE, Johnson DR, Gamage DC, Wysocki VH, Cherkaoui A, et al. Use of PCR coupled
with electrospray ionization mass spectrometry for rapid identification of bacterial and yeast blood-
stream pathogens from blood culture bottles. J Clin Microbiol. 2011; 49(1):345-53. doi: 10.1128/JCM.
00936-10 PMID: 21048006

Rowther FB, Rodrigues CS, Deshmukh MS, Kapadia FN, Hegde A, Mehta AP, et al. Prospective com-
parison of eubacterial PCR and measurement of procalcitonin levels with blood culture for diagnosing
septicemia in intensive care unit patients. J Clin Microbiol. 2009; 47(9):2964-9. doi: 10.1128/JCM.
00418-07 PMID: 19641068

Westh H, Lisby G, Breysse F, Boddinghaus 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(6):544—51. doi: 10.1111/j.1469-0691.2009.02736.x PMID: 19392905

YanY, He Y, Maier T, Quinn C, Shi G, Li H, et al. Improved identification of yeast species directly from
positive blood culture media by combining Sepsityper specimen processing and Microflex analysis with
the matrix-assisted laser desorption ionization Biotyper system. J Clin Microbiol. 2011; 49(7):2528-32.
doi: 10.1128/JCM.00339-11 PMID: 21543564

Schulz S, Dickschat JS. Bacterial volatiles: the smell of small organisms. Nat Prod Rep. 2007; 24(4):814—
42. doi: 10.1039/b507392h PMID: 17653361

Zechman JM, Aldinger S, Labows JN Jr. Characterization of pathogenic bacteria by automated head-
space concentration-gas chromatography. J Chromatogr. 1986; 377:49-57. PMID: 3086354

Wilson AD, Baietto M. Advances in electronic-nose technologies developed for biomedical applications.
Sensors (Basel). 2011; 11(1):1105—-76. http://dx.doi.org/10.3390/s110101105.

Suslick KS. An optoelectronic nose: "seeing" smells by means of colorimetric sensor arrays. MRS Bull.
2004; 29(10):720-5. PMID: 15991401

PLOS ONE | DOI:10.1371/journal.pone.0173130 March 15,2017 11/12


http://dx.doi.org/10.1556/AMicr.57.2010.3.7
http://dx.doi.org/10.1556/AMicr.57.2010.3.7
http://www.ncbi.nlm.nih.gov/pubmed/20870594
http://dx.doi.org/10.1128/JCM.00718-10
http://www.ncbi.nlm.nih.gov/pubmed/20631110
http://dx.doi.org/10.1007/s10096-010-1045-5
http://www.ncbi.nlm.nih.gov/pubmed/20803046
http://dx.doi.org/10.1111/j.1600-0463.2011.02756.x
http://dx.doi.org/10.1111/j.1600-0463.2011.02756.x
http://www.ncbi.nlm.nih.gov/pubmed/21917005
http://dx.doi.org/10.1002/rcm.5113
http://dx.doi.org/10.1002/rcm.5113
http://www.ncbi.nlm.nih.gov/pubmed/21732456
http://dx.doi.org/10.1111/j.1469-0691.2010.03356.x
http://www.ncbi.nlm.nih.gov/pubmed/20825442
http://dx.doi.org/10.1128/JCM.00936-10
http://dx.doi.org/10.1128/JCM.00936-10
http://www.ncbi.nlm.nih.gov/pubmed/21048006
http://dx.doi.org/10.1128/JCM.00418-07
http://dx.doi.org/10.1128/JCM.00418-07
http://www.ncbi.nlm.nih.gov/pubmed/19641068
http://dx.doi.org/10.1111/j.1469-0691.2009.02736.x
http://www.ncbi.nlm.nih.gov/pubmed/19392905
http://dx.doi.org/10.1128/JCM.00339-11
http://www.ncbi.nlm.nih.gov/pubmed/21543564
http://dx.doi.org/10.1039/b507392h
http://www.ncbi.nlm.nih.gov/pubmed/17653361
http://www.ncbi.nlm.nih.gov/pubmed/3086354
http://dx.doi.org/10.3390/s110101105
http://www.ncbi.nlm.nih.gov/pubmed/15991401

@° PLOS | ONE

Yeast identification by colorimetric sensor array

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Moens M, Smet A, Naudts B, Verhoeven J, leven M, Jorens P, et al. Fast identification of ten clinically
important micro-organisms using an electronic nose. Lett Appl Microbiol. 2006; 42(2):121-6. doi: 10.
1111/j.1472-765X.2005.01822.x PMID: 16441375

Lim SH, Mix S, Anikst V, Budvytiene |, Eiden M, Churi Y, et al. Bacterial culture detection and identifica-
tion in blood agar plates with an optoelectronic nose. Analyst. 2016; 141(3):918-25. http://dx.doi.org/
10.1039/c5an01990g. PMID: 26753182

Lonsdale CL, Taba B, Queralto N, Lukaszewski RA, Martino RA, Rhodes PA, et al. The use of colori-
metric sensor arrays to discriminate between pathogenic bacteria. PLoS ONE. 2013; 8(5):e62726.
http://dx.doi.org/10.1371/journal.pone.0062726. PMID: 23671629

Carey JR, Suslick KS, Hulkower K, Imlay JA, Imlay KRC, Ingison CK, et al. Rapid identification of bac-
teria with a disposable colorimetric sensing array. J Am Chem Soc. 2011; 133(19):7571-6. doi: 10.
1021/ja201634d PMID: 21524080

Lim SH, Mix S, Anikst V, Budvytiene |, Eiden M, Churi Y, et al. Bacterial culture detection and identifica-
tion in blood agar plates with an optoelectronic nose. Analyst. 2016; 141(3):918-25. doi: 10.1039/
c5an01990g PMID: 26753182

Lim SH, Mix S, Xu Z, Taba B, Budvytiene |, Berliner AN, et al. Colorimetric sensor array allows fast
detection and simultaneous identification of sepsis-causing bacteria in spiked blood culture. J Clin
Microbiol. 2014; 52(2):592-8. http://dx.doi.org/10.1128/JCM.02377-13. PMID: 24478493

Lim SH, Feng L, Kemling JW, Musto CJ, Suslick KS. An optoelectronic nose for the detection of toxic
gases. Nat Chem. 2009; 1(7):562-7. http://dx.doi.org/10.1038/nchem.360. PMID: 20160982

Suslick KS. Synesthesia in science and technology: more than making the unseen visible. Curr Opin
Chem Biol. 2012; 16(5-6):557-63. http://dx.doi.org/10.1016/j.cbpa.2012.10.030. PMID: 23183411

Feng L, Musto CJ, Kemling JW, Lim SH, Zhong W, Suslick KS. Colorimetric sensor array for determina-
tion and identification of toxic industrial chemicals. Anal Chem. 2010; 82(22):9433—40. http://dx.doi.org/
10.1021/ac1020886. PMID: 20954720

Chang CC, Lin CJ. LIBSVM: a library for support vector machines. ACM Transactions on Intelligent Sys-
tems and Technology. 2011; 2(27):1-27.

Pfeiffer CD, Samsa GP, Schell WA, Reller LB, Perfect JR, Alexander BD. Quantitation of Candida CFU
in initial positive blood cultures. J Clin Microbiol. 2011; 49(8):2879-83. http://dx.doi.org/10.1128/JCM.
00609-11. PMID: 21677065

PLOS ONE | DOI:10.1371/journal.pone.0173130 March 15,2017 12/12


http://dx.doi.org/10.1111/j.1472-765X.2005.01822.x
http://dx.doi.org/10.1111/j.1472-765X.2005.01822.x
http://www.ncbi.nlm.nih.gov/pubmed/16441375
http://dx.doi.org/10.1039/c5an01990g
http://dx.doi.org/10.1039/c5an01990g
http://www.ncbi.nlm.nih.gov/pubmed/26753182
http://dx.doi.org/10.1371/journal.pone.0062726
http://www.ncbi.nlm.nih.gov/pubmed/23671629
http://dx.doi.org/10.1021/ja201634d
http://dx.doi.org/10.1021/ja201634d
http://www.ncbi.nlm.nih.gov/pubmed/21524080
http://dx.doi.org/10.1039/c5an01990g
http://dx.doi.org/10.1039/c5an01990g
http://www.ncbi.nlm.nih.gov/pubmed/26753182
http://dx.doi.org/10.1128/JCM.02377-13
http://www.ncbi.nlm.nih.gov/pubmed/24478493
http://dx.doi.org/10.1038/nchem.360
http://www.ncbi.nlm.nih.gov/pubmed/20160982
http://dx.doi.org/10.1016/j.cbpa.2012.10.030
http://www.ncbi.nlm.nih.gov/pubmed/23183411
http://dx.doi.org/10.1021/ac1020886
http://dx.doi.org/10.1021/ac1020886
http://www.ncbi.nlm.nih.gov/pubmed/20954720
http://dx.doi.org/10.1128/JCM.00609-11
http://dx.doi.org/10.1128/JCM.00609-11
http://www.ncbi.nlm.nih.gov/pubmed/21677065

