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Currently, there is a critical need to rapidly identify infectious organisms in clinical samples. Next-Generation Se-
quencing (NGS) could surmount the deficiencies of culture-basedmethods; however, there are no standardized,
automated programs to process NGS data. To address this deficiency, we developed the Rapid Infectious Disease
Identification (RIDI™) system. The system requiresminimal guidance,which reduces operator errors. The system
is compatiblewith the threemajor NGSplatforms. It automatically interfaceswith the sequencing system, detects
their data format, configures the analysis type, applies appropriate quality control, and analyzes the results. Se-
quence information is characterized using both the NCBI database and RIDI™ specific databases. RIDI™was de-
signed to identify high probability sequencematches andmore divergent matches that could represent different
or novel species. We challenged the system using defined American Type Culture Collection (ATCC) reference
standards of 27 species, both individually and in varying combinations. The system was able to rapidly detect
known organisms in b12 hwithmulti-sample throughput. The system accurately identifies 99.5% of the DNA se-
quence reads at the genus-level and 75.3% at the species-level in reference standards. It has a limit of detection of
146 cells/ml in simulated clinical samples, and is also able to identify the components of polymicrobial samples
with 16.9% discrepancy at the genus-level and 31.2% at the species-level. Thus, the system's effectivenessmay ex-
ceed current methods, especially in situations where culture methods could produce false negatives or where
rapid results would influence patient outcomes.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Rapid identification of pathogenic organisms is a critical need in clin-
ical settings. For patients with infections, such as septicemia, survival
decreases hourly. Thus, the current standard of care is to administer
broad-spectrum antibiotics until the infection is identified and then
switching to more specific treatments (Faria et al., 2015; Perez et al.,
2013). While this is an effective course of action for antibiotic suscepti-
ble bacteria, it is inadequate for antibiotic-resistant infections. In addi-
tion, this treatment regimen prolongs hospital stays and fosters
antibiotic resistance. One study estimated that septicemia patients gen-
erated greater thanUS $40,000 per patient in direct hospital costs due to
prolonged length of stay, and on average, early directed interventions
reduced hospital costs to US $19,547 (Perez et al., 2013). Therefore,
rapid pathogen identification would decrease both patient mortality
and healthcare costs.

Currently, the gold standard for identifying bacteria is culturing
methods. However, this method requires several days for positive
).
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identification of rapid-growing bacteria and even longer for fastidious
or slow-growing organisms (Didelot et al., 2012). The positive predic-
tive value of blood cultures can be constrained between 30% to N95%
even when performed correctly (Afshari et al., 2012). Given the time-
consumingnature and degree of variability inherent to culturemethods,
developing molecular methods for pathogen identification would be
highly beneficial.

One of themost consistentmolecularmethods for identifying bacte-
rial species is through next-generation sequencing (NGS) of the 16S
rDNA gene sequencing. The 16S gene sequence organization is highly
conserved in bacteria, which allows investigators to use universal
primers to amplify the gene for downstream studies. The 16S gene,
consisting of nine variable regions, may be effectively used to identify
the bacterium via sequencing. By specifically targeting the variable re-
gions more meaningful and enriched sequencing results per sample is
obtained, thus decreasing the sequencing effort required for significant
results and increasing the amount of samples that may be analyzed per
instrument run (Claesson et al., 2010a). Previous efforts using NGS to
target and identify organisms by variable region sequencing have not
yielded reliable species-level identification due to target selection, tech-
nical limitations, and analysismethods (Junemann et al., 2012). As tech-
nology has advanced, NGS is becoming more accessible in a clinical
ion by next-generationDNA sequencing, J. Microbiol. Methods (2016),
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setting. Manufacturers have produced several relatively inexpensive
benchtop sequencing models that have a low cost per sample, making
NGS a feasible option formany hospitals. However, currentmethods re-
quire highly experienced personnel to both run the instrumentation
and bioinformaticians to properly process the data, since there is cur-
rently no industry standard method for handling this information
(Gullapalli et al., 2012). Successful implementation of NGS in a clinical
setting requires a standardized data analysis pipeline that integrates
across numerous NGS platforms (Table S1) which can automatically
process and interpret the data and present the results in an easy-to-
read format.

Given the industry requirements for a reproducible, automated data
analysis pipeline for clinical NGS data, we developed the Rapid Infec-
tious Disease Identification (RIDI™) system. The informatics pipeline
was designed to become part of an NGS-basedmethod for rapid clinical
identification of bacteria. We strategically designed the software to
meet a number of criteria for clinical implementation and experimen-
tally challenged the system to determine its suitability. Overall, we de-
veloped an analysis pipeline that may be integrated into a clinical
laboratory setting that is capable of highly accurate automated identifi-
cation at the genus-level, acceptable species-level identification, and
yields easy-to-read, actionable reports for use by clinicians.

2. Materials and methods

2.1. Informatics design and implementation

The RIDI™ system was designed to execute with minimal operator
guidance, similar to other clinical laboratory systems, and to minimize
errors duringDNA sequence analysis. The software, which is compatible
with data produced by all major benchtop sequencing systems,
automatically and seamlessly interfaces with the Torrent Server
(ThermoFisher Scientific), detects the data format, determines which
analysis method to perform, and compiles the results into a clinician-
friendly output. The RIDI™ informatics strategy is designed to identify
both high probability sequence identification matches and more diver-
gent sequence matches based on a percent identity threshold. This al-
lows the system to differentiate between related species and detect
novel microorganism species.

The sequence information generated from the patient sample is
characterized using a combination of the publicly available NCBI data-
bases (“nt” and “16SMicrobial”) and a RIDI™-specific database. The
RIDI™ database consists of four distinct parts. The first part consists of
NCBI database “correction” information in which incorrect results
have been adjusted for accuracy. The second part includes information
to filter the data and sort informative and uninformative results for
the subsequent identification pipeline. The third component includes
primer permutation rational expressions used for searching, classifying,
and trimming the raw DNA reads, while the final portion classifies con-
taminating non-bacterial results to be eliminated from the analysis
pipeline.

RIDI™ software performs all data processing steps, including se-
quencing filtering, trimming, and editing. The bioinformatics workflow
for quality control is as follows: (Faria et al., 2015) The system automat-
ically detects the input sequence type (Illumina®, LifeTechnologies™,
or PacBio®) and configures minimum quality threshold values used in
sequence processing. (Perez et al., 2013) The system removes all se-
quences shorter than 100 bp. (Didelot et al., 2012) The primer se-
quences are removed from both the leading and trailing ends of the
sequences. To achieve this, the algorithm evaluates the first 30 bp and
last half of the sequence read for leading primer sequences within a sin-
glemutation distance. If full primer sequences are not detected, the soft-
ware scans for fragments of the primer sequence to identify trimming
boundaries. If the primer fragments are unable to be detected, the lead-
ing 30bps of the rawsequence is conservatively removed to prevent po-
tential cryptic primer-induced homology from being incorporated into
Please cite this article as: Ellis, J.E., et al., Rapid infectious disease identificat
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the sequence. (Afshari et al., 2012) The leading and trailing 5 base pair
(bp) windows are evaluated to determine the average Phred quality
based on a system specific threshold values. If the average Phred score
of the 5 bpwindow is not above the established threshold, then a single
base is trimmed and average end Phred score is recalculated. This pro-
cess continues iteratively until the average Phred quality meets the ap-
propriate threshold value for the input sequencing system. (Claesson et
al., 2010a) All sequences shorter than 75 bp after all trimming steps are
discarded.

Once a set of trimmed reads has been obtained, the sequences are
identified using a unique reductive BLAST strategy. This method uses a
large initial BLASTwindow to quickly identify identical matches and re-
move them from the identification portion of the pipeline. The remain-
ing sequences are queried with successively shorter BLAST windows
(i.e., 65 bp, 40 bp, 25 bp, and 10 bp) for identification. Based on optimi-
zation trials (data not shown), a 65 bp BLAST search window results in
sequence identification for 90.5% of the submitted sequences, with the
subsequent 40, 25, and 10 bp search windows identifying an additional
8.2%, 1.2%, and the remaining 0.1%, respectively. Eliminating high ho-
mology sequences from small window BLAST searches reduces se-
quence identification time significantly, from hours to minutes. The
software removes redundant sequences prior to the identification
steps to reduce unnecessary processing and then adds the results back
during results tabulation. Minimum sequences required to enable reli-
able organism calls was derived by subsampling positive result pools
and deriving a predictive relationship between total BLAST results and
the subsequent analyzed portion of sequences. Sequence matches
with b97% identity are classified as novel reads unless representatives
of the same indicated species are perfect 100%matches, then the thresh-
old is lowered to 95% for that organism to account for sequencer in-
duced variation. During the tabulation stage, the sum of reads for each
species is tabulated and represented as a percentage to represent the
distribution of organisms in the sample detected by sequencing. These
results are then formatted into a convenient, easy-to-read report
(Fig. 1). The output report consists of a bar graph and table representing
the percent of close identity database-matched reads and potential
novel reads (more divergent identity) as well as the percent contribu-
tion of each bacterial species out of the total sequence reads. As the soft-
ware analysis progresses, all of the step-wise analysis variables, result
lists, configurations, and decisions for each barcode set are archived to
enable a full process audit. Upon completion of an analysis run a quality
summary report is generated thatmay be reviewed by clinical laborato-
ry staff for final approval and resulting. The final clinician friendly report
enables easy recognition of potential bacterial pathogens, relative con-
tribution ratios, and potential novel organisms at a glance. This report
format intentionally differs from phylogenetic plots, representations of
Operational Taxonomic Units (OTU), or principal component analysis
plots commonly utilized in scientific research. In a clinical setting, a dig-
ital copy of the report could be transmitted via a Health Level-7 (HL7)
interface to a variety of laboratory information systems (LIS).

2.2. Challenge strategy

The RIDI™ system is designed to work across multiple NGS plat-
forms (Table S1). For the verification experiments, we used the
IonTorrent™ Personal GenomeMachine (PGM™). This platformwas se-
lected based on the sequencing time required to obtain the target se-
quence read lengths. Furthermore, the PGM™ is one of a select few of
NGS systems that is commonly used by clinical laboratories (Gullapalli
et al., 2012).

To verify that the RIDI™ system effectively operates as a clinical tool,
we designed a series of challenges testing the system performance,
width of taxonomic detection, the limit of detection, effectiveness han-
dling polymicrobial infections, and analytical performance. We obtain-
ed 27 bacterial standards from American Type Culture Collection
(ATCC, Manassas, VA). NCBI's naming conventions are used in all
ion by next-generationDNA sequencing, J. Microbiol. Methods (2016),
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A
Patient:Species, Testing Sample#:          EF-SPEC SampleType: ATCC Standard
Doctor: N/A Birth: N/A Collection Date: 00/00/0000
Gender: N/A Prepared By: JE CompletionDate: 00/00/0000
Pan-Bacterial Metagenomics

Complete Significant Contribution:

Species Name Close Match Potential Novel Total Percent Match Count Novel Count Total Count

Enterococcus faecalis 97.9* 0.39* 98.29 6067 24 6091

Enterococcus faecalis

Potential Novel 0.39
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B
Patient:  Ratio, Testing Sample#: MB-RATIO SampleType: ATCC Standard
Doctor:   N/A Birth: N/A Collection Date: 00/00/0000
Gender: N/A Prepared By: JE CompletionDate: 00/00/0000
Pan-Bacterial Metagenomics

Complete Significant Contribution:

Species Name Close Match Potential Novel Total Percent Match Count Novel Count Total Count

Mycoplasma arthritidis 49.21* 0.92* 50.13 14409 269 14678

Bordetella pertussis 29.15* 1.1* 30.25 8536 321 8857

Bordetella bronchiseptica 16.1* 2.67* 18.77 4713 783 5496

Mycoplasma arthritidis Bordetella pertussis Bordetella bronchiseptica

Potential Novel 0.92 1.1 2.67

Close Match 49.21 29.15 16.1
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Fig. 1.Reports generated by theRIDI™ system. (A) Single species report for Enterococcus faecalisdemonstrating97.90%of read identified as closematches, ≥97% identity, and 0.39% of reads
displaying b97% identity. (B) Multispecies report for Mycoplasma arthritidis and Bordetella pertussis. Note the sum of the Bordetella species reflects the 50:50 input ratio.
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cases, except when clinically accepted nomenclature differs from con-
vention. In those cases, clinical nomenclature took precedence to im-
prove clinical utility. A relevant example is our preferred medical
nomenclature of Clostridium difficile over the proposed scientific classi-
fication of Peptoclostridium difficile (Yutin and Galperin, 2013). Addi-
tionally, utilization of these methods in a clinical setting would require
parallel testing of control samples along with patient samples. It has
been suggested that an approach demonstrating validation for each
run be adoptedwith the inclusion of various controls. These controls in-
clude a genomic DNA extraction control, an amplification control, an in-
hibitor control, and contamination controls be implemented (Petti et al.,
2008). Due to the multi-barcode capabilities of the assay these controls
would be included and rotated throughout the various barcode posi-
tions for each run.
Please cite this article as: Ellis, J.E., et al., Rapid infectious disease identificat
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To assess the breadth of taxonomic detection, DNA samples from
each bacterial species was evaluated independently. Polymicrobial con-
ditions were tested with different genomic ratios of DNA from various
speciesmixed prior to sequencing. To test the limit of detection,we per-
formed 10-fold serial dilutions of blood spiked with live cultured E. coli
cells (concentrations ranging from 2 to 20,000 cells/ml). From these di-
lutions total DNA was extracted using the QIAamp DSP DNA Blood Mini
Kit (Qiagen, Hilden, Germany) according to the manufacturer's instruc-
tions. It is important to note that humanDNAwasnot removed from the
sample. Undiluted genomic DNA, keeping the putative amplification
targets at maximal concentration, with concentrations, ranging from
1 ng/μl to 200 ng/μl, was used as PCR template to generate barcoded
amplicons for sequencing. Amplification inhibition by concentrated
DNA templates are controlled for by using an independent 18S PCR
ion by next-generationDNA sequencing, J. Microbiol. Methods (2016),
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amplificationwhich ensures no inhibitors are present. Analytical perfor-
mancenear the limit of detectionwas assessed by preparingpositive ex-
traction control DNA samples consisting of blood spikedwith cultured E.
coli (at 150 cells/ml) and unspiked blood samples. The subsequent sam-
ples were sequenced and analyzed by RIDI™.

For sequence library construction, an amplicon-based strategy was
used to target two conserved 16S regions, variable regions 1 to 2 and
4 to 5,with low cycle PCR. Previous studies have shown that single “uni-
versal” primer pairs may limit the practical taxonomic universality of
the subsequent assay (Kommedal et al., 2011). By targeting these two
regions using a multiloci strategy, we achieve reliable detection across
all bacterial species, while preserving the relative ratios of sequenced
organisms in polymicrobial samples. Multiple sets of fusion PCR primer
pairs were designed for species identification that included the primer
target, IonTorrent™ adapter, linker, and barcode sequences (Table 1).
The selected regions were chosen based on extensive experimentation
whereby variable regions 3 to 2 and 3 to 4 failing to yield significant, re-
liable, and taxonomically informative sequence data (data not shown).
The first primer set targets variable region 1 extending into variable re-
gion 2 in the 16S gene, termed Region 1. The second primer set targets
variable region 5 and extends into variable region 4, termed Region 2.
These regions are both compatible with sequencing and yield informat-
ics resolution to assign genera to a very high degree and speciation at a
clinically acceptable level, superior to single region-based methods. Re-
cent independent studies have confirmed the finding that variable re-
gion-spanning amplicons improves identification resolution (Walters
et al., 2016). The region spanning approach coupled with a strategy de-
void of Operational Taxonomic Units (OTUs) reliably achieves species-
level identification compared to previous attempts (Junemann et al.,
2012).

A normalized ion sphere particle (ISP) library was generated by
pooling equimolar amounts of the individually prepared amplicons,
measured by the Qubit dsDNA HS Assay Kit (Life Technologies, Corp,
Grand Island, NY), with either the Ion PGM™ Template OT2 400 Kit or
the Hi-Q™ OT2 Kit (Life Technologies Corp). Amplicon matched nega-
tive amplification controls ensure that false positive amplicons do not
occur by contaminated reagents during the amplification process. The
quality of the ISP librarywas assessed using the Ion Sphere Quality Con-
trol Kit and the Qubit™ 2.0 Fluorometer (Life Technologies Corp). For
the sequencing run, we used the Ion 314 Chip Kit v2 (Life Technologies
Corp) according to themanufacturer's instructionswith a fewmodifica-
tions using either the Ion PGM™ Sequencing 400 Kit or the Hi-Q™ Se-
quencing Kit (Life Technologies Corp). The total flow cycle number
was increased to 900 cycles to promote read lengths longer than
400 bp. Previous research has shown that longer reads and associated
read chemistry consistently produce higher quality sequences
(Whiteley et al., 2012). In addition, the entire ISP library was loaded
onto the chip using repeated loading steps to improve overall chip cov-
erage and utilization. Even though test fragments are used as sequenc-
ing quality control measures of both the sequencing and ISP library
steps, we have added a true analytical positive control as a more rigor-
ous quality control metric.
Table 1
Fusion primer design.

Region Direction Adapter (A for forward, P1 for reverse) Barcode

V1-V2 V1/2-F CCATCTCATCCCTGCGTGTCTCCGACTCAG (N)*10
V1/2-R CCTCTCTATGGGCAGTCGGTGAT

V3-V2 V3/2-F CCATCTCATCCCTGCGTGTCTCCGACTCAG (N)*10
V3/2-R CCTCTCTATGGGCAGTCGGTGAT

V3-V4 V3/4-F CCATCTCATCCCTGCGTGTCTCCGACTCAG (N)*10
V3/4-R CCTCTCTATGGGCAGTCGGTGAT

V5-V4 V5/4-F CCATCTCATCCCTGCGTGTCTCCGACTCAG (N)*10
V5/4-R CCTCTCTATGGGCAGTCGGTGAT

Please cite this article as: Ellis, J.E., et al., Rapid infectious disease identificat
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3. Results

3.1. System performance

In summary, the PGM™ system is amenable to RIDI™ integration.
Known organism standardswere rapidly detected in b12 h, and the sys-
tem was capable of multi-sample throughput. The RIDI™ software pro-
cesses between 2000 and 8000 sequences/min depending on the
organismand sample quality, averaging5000 sequences/min. The infor-
matics pipeline completed the analysis of standard barcoded sequenc-
ing runs between 10 and 30 min. On average, tens of thousands of
sequences are yielded per barcode with several thousands in positive
samples.

3.2. Width of taxonomic detection

We challenged the system using ATCC DNA reference standards of
27 species of interest or clinical relevance, both individually and in var-
ious combinations. The RIDI™ system was able to correctly match the
individual reference standards to their appropriate identity with
99.52% ± 1.72% of the reads correctly identified at the genus-level and
75.29% ± 39.54% of the reads correctly identified at the species-level
(Table 2). The reduction of the species identification rate compared to
the genus identification results is primarily due to reduced species-
level detection of a select few standards (Table 2, bolded), such as
Bartonella henselae (0.09% identification) and Borrelia burgdorferi
(0.73% identification); 19 of the 27 standards had species-level identifi-
cation N90% of the obtained reads, while 26 of the 27 standards had
genus-level identification N95% of the obtained sequences. Notably,
these infrequent cases of species-levelmisidentifications are not a result
of the amplicon-based strategy or the target regions, but are due to the
presence of unresolved ambiguous identification calls whereby the soft-
ware arbitrarily selects the alphabetically last result. Future iterations of
the software analysis pipeline may directly address arbitrarily resolved
ambiguous identification and resolve ambiguity in a quantitative man-
ner. Ultimately these results support a universally broad range of taxo-
nomic detection that enables useful taxonomic identification. No
significant cross-barcode leakage or sequencing efficiency differences
were observed while rotating positive standards through 12 total
barcodes as anticipated.

3.3. Limit of detection (LOD)

The LOD was defined as the lowest concentration that provides a
95% detection rate and was determined using a dilution series of E.
coli-spiked blood samples. The sequencing efficiency (defined as the
number of bacterial reads over the total number of reads) varied greatly
between the different replicates; however, DNA sequence reads for
Escherichia genus, including Shigella species (Fukushima et al., 2002;
Lan and Reeves, 2002), was detected in all samples; however, it was
called by RIDI™ less frequently with decreasing cell concentration.
Spacer Target annealing Target reference

GAT AGAGTTTGATCCTGGCTCAG (Weisburg et al., 1991)
CTGCTGCCTYCCGTA (McKenna et al., 2008)

GAT ATTACCGCGGCTGCTGG (Dethlefsen et al., 2008)
AGYGGCGNACGGGTGAGTAA (Sundquist et al., 2007)

GAT ACTCCTACGGRAGGCAGCAG (Dethlefsen et al., 2008)
TACNVGGGTATCTAATCC (Claesson et al., 2010b)

GAT CCGTCAATTYYTTTRAGTTT (Claesson et al., 2010b)
AYTGGGYDTAAAGNG (Claesson et al., 2010b)

ion by next-generationDNA sequencing, J. Microbiol. Methods (2016),
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Table 2
Genus and species-level identification rates of standard replicates.

Organisms tested Genus-level identification Species-level identification

Species name Replicates Total % R1 ID %a R2 ID %b Total % R1 ID % a R2 ID %b

Ralstonia solanacearum 41 99.80% 19.32% 80.61% 18.79% 99.91% 0.04%
Enterococcus faecalis 33 99.65% 79.36% 20.58% 94.76% 81.58% 18.36%
Haemophilus influenzae 18 99.86% 93.26% 6.61% 99.70% 93.35% 6.51%
Clostridium difficile 12 99.89% 19.40% 80.57% 99.87% 19.41% 80.57%
Bacillus cereus 8 99.52% 32.66% 67.27% 76.18% 34.43% 65.50%
Acinetobacter baumannii 7 99.84% 25.87% 74.04% 99.47% 25.85% 74.07%
Gemella haemolysans 7 99.98% 34.61% 65.29% 99.40% 34.77% 65.13%
Klebsiella pneumoniae 7 98.74% 46.19% 53.76% 98.66% 46.21% 53.75%
Legionella pneumophila 7 99.94% 37.63% 62.37% 86.87% 37.68% 62.32%
Parabacteroides distasonis 5 99.77% 12.16% 87.82% 99.55% 12.02% 87.95%
Bartonella henselae 4 99.97% 72.90% 26.84% 0.09% 100.00% 0.00%
Escherichia coli 4 96.65% 37.55% 62.27% 96.25% 37.23% 62.59%
Helicobacter pylori 4 99.95% 35.43% 64.57% 99.80% 57.08% 42.90%
Bacteroides vulgatus 3 99.97% 21.37% 78.59% 99.48% 21.45% 78.51%
Bordetella pertussis 3 99.55% 3.80% 96.20% 95.14% 0.05% 99.95%
Streptococcus sanguinis 3 99.98% 5.07% 94.88% 99.64% 5.09% 94.86%
Bartonella bacilliformis 2 99.99% 99.91% 0.00% 99.86% 99.91% 0.00%
Borrelia burgdorferi 2 99.89% 0.72% 99.26% 0.73% 77.78% 16.67%
Capnocytophaga gingivalis 2 100.00% 0.03% 99.94% 99.95% 0.00% 99.97%
Coxiella burnetii 2 87.11% 0.76% 99.05% 87.11% 0.76% 99.05%
Mycoplasma fermentans 2 99.86% 96.17% 3.79% 99.79% 96.21% 3.75%
Mycoplasma pneumoniae 2 96.97% 30.21% 69.62% 96.77% 30.15% 69.68%
Acholeplasma laidlawii 1 100.00% 69.62% 30.33% 99.48% 69.98% 29.98%
Akkermansia muciniphila 1 99.86% 71.84% 27.94% 99.86% 71.84% 27.94%
Bifidobacterium breve 1 99.78% 64.74% 34.97% 64.82% 99.56% 0.00%
Blautia producta 1 99.38% 20.20% 79.63% 89.92% 11.80% 88.00%
Mycoplasma arthritidis 1 99.91% 0.39% 99.59% 99.79% 0.39% 99.59%

a Region 1 percent identification, 16S rRNA variable region 1 spanning into variable region 2.
b Region 2 percent identification, 16S rRNA variable region 5 spanning into variable region 4.
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Based on Probit analysis, the LOD for E. coli using our DNA extraction
method was approximately 146 cells/ml (Table 3).

3.4. Polymicrobial profiling

We then tested the system handling of polymicrobial samples. First,
we analyzed Bordetella pertussis combined with Enterococcus faecalis,
Bartonella bacilliformis, Mycoplasma arthritidis, or B. burgdorferi in vary-
ing genomic ratios (Table 4). Underperformance was observed for
some amplicons further illustrating the need for a multiloci strategy
(Table 4, bolded). Some combinations, such as those with M. arthritidis
and B. burgdorferi, had very small genus-level discrepancies (0.38%–
3.06%), whereas others, such as E. faecalis, were more significant
(19.52%–54.30%). Notably, E. faecalis Region 1 detection performed
poorly at lower genomic ratios, and the percent discrepancy increased
as the amount of E. faecalis DNA decreased. Second, we analyzed organ-
isms from the same genus to assess possible chimera or cross-genus
identification (Mycoplasma pneumoniae with M. arthritidis and B.
bacilliformis with B. henselae). Shared genus organisms present some
difficulty in unambiguously assigning identity of the individual reads;
therefore, the predominant species observed during genus-level
Table 3
Probit analysis of E. coli of spiked blood samples.

Cells/ml % genus ID Sequencing efficiency log10 Probit % detection

20,000 87.40% 33.79% 4.3 14.0 100.00%
20,000 81.49% 5.94%
2000 86.18% 29.68% 3.3 10.6 100.00%
2000 78.00% 9.29%
200 78.57% 27.08% 2.3 7.1 98.27%
200 0.00% 8.89%
20 73.41% 25.32% 1.3 3.7 9.19%
20 0.00% 18.70%
20 0.00% 9.04%
2 0.00% 21.17% 0.3 0.2 0.00%
2 0.00% 9.71%
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identification was designated as the correct species calls for that set.
All other species identified of that shared genus were designated to be
the non-dominating species. The percent discrepancies for these exper-
iments were relatively low, ranging from 4.58%–18.95%. Overall, the
percent discrepancy between the actual genomic ratios and the ratios
generated by the system was 16.88% ± 17.39% at the genus-level and
31.18% ± 12.33% at the species-level.

3.5. Analytical performance

The performance of a clinical assay is frequently characterized by
sensitivity, specificity, positive predictive value, and negative predictive
value. These analytical performancemetricsmay be derived by compar-
ing the expected outcome of an assay to the actual test results of the
assay. A total of 187 control samples were analyzed, 33 E. coli spiked
blood samples and 154 unspiked blood samples. All 33 spiked samples
yielded a positive detection of the expected Escherichia/Shigella genus,
while the 154 unspiked samples did not yield a positive bacterial iden-
tification call. These results support promising performance characteris-
ticsmuch greater than a clinically acceptable 95% sensitivity, specificity,
positive predictive value, and negative predictive value. Additional rep-
licates are required to resolve the relatively rare false positive and false
negative events.

4. Conclusion

Currently, clinicians use culture techniques to identify bacterial
pathogens; however, thesemethods are time consumingeven for rapid-
ly growing species and have multiple points of failure (Didelot et al.,
2012). Given the recent decrease in NGS hardware costs and increases
in throughput, identifying bacteria using sequencing methods repre-
sents a viable alternative. For this technique to be integrated successful-
ly into clinical use there should be a user-friendly framework in place in
which samples can be easily converted into an interpretable resultwith-
out requiring extensive intervention or bioinformatics expertise. Thus,
we aimed to implement software that integrates with existing NGS
ion by next-generationDNA sequencing, J. Microbiol. Methods (2016),
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Table 4
Genus and species-level identification rates of mixed populations.

Organisms tested Genus-level identification Species-level identification

Species name Genomic ratio Total % % discra R1 ID %b R2 ID %c Total % % discra R1 ID %b R2 ID %c

Enterococcus faecalis 79.21% 98.61% 19.52% 75.21% 24.73% 96.04% 18.23% 77.24% 22.70%
Bordetella pertussis 20.79% 1.16% 0.00% 100.00% 1.16% 0.00% 100.00%
Enterococcus faecalis 29.74% 84.00% 54.30% 0.00% 99.71% 73.94% 49.27% 0.00% 99.67%
Bordetella pertussis 70.26% 15.93% 0.00% 100.00% 15.93% 0.00% 100.00%
Enterococcus faecalis 55.94% 94.59% 38.75% 38.40% 61.47% 87.27% 35.10% 41.61% 58.30%
Bordetella pertussis 44.06% 5.21% 0.00% 99.51% 5.18% 0.00% 99.51%
Enterococcus faecalis 55.94% 96.66% 40.76% 59.04% 40.91% 92.17% 38.54% 61.92% 38.03%
Bordetella pertussis 44.06% 3.25% 0.00% 100.00% 3.20% 0.00% 100.00%
Bartonella bacilliformis 50.00% 78.30% 28.55% 73.11% 25.94% 77.79% 31.51% 73.14% 25.91%
Bordetella pertussis 50.00% 21.20% 30.02% 69.76% 14.77% 0.00% 99.92%
Bordetella pertussis 50.00% 52.98% 3.06% 64.10% 35.88% 19.00% 17.13% 0.56% 99.44%
Mycoplasma arthritidis 50.00% 46.86% 46.10% 53.90% 46.75% 46.18% 53.82%
Bordetella pertussis 50.00% 49.53% 0.38% 38.62% 61.38% 30.25% 9.94% 0.26% 99.73%
Mycoplasma arthritidis 50.00% 50.28% 20.37% 79.61% 50.13% 20.42% 79.55%
Bordetella pertussis 50.00% 49.52% 2.94% 28.86% 70.77% 34.90% 32.52% 0.08% 99.47%
Borrelia burgdorferi 50.00% 44.60% 0.19% 99.78% 0.07% 40.00% 40.00%
Bordetella pertussis 95.67% 91.50% 3.83% 74.13% 25.84% 23.60% 38.18% 0.58% 99.36%
Borrelia burgdorferi 4.33% 7.83% 1.50% 98.25% 0.05% 87.50% 12.50%
Bordetella pertussis 95.67% 94.35% 1.01% 81.88% 18.09% 17.07% 41.43% 0.67% 99.28%
Borrelia burgdorferi 4.33% 5.03% 3.58% 96.04% 0.08% 87.50% 12.50%
Mycoplasma pneumoniae 25.09% 13.48% 11.61% 69.91% 30.05% – – – –
Mycoplasma arthritidis 74.91% 86.52% 56.42% 43.58% – – –
Mycoplasma pneumoniae 50.12% 54.70% 4.58% 98.59% 1.41% – – – –
Mycoplasma arthritidis 49.88% 45.30% 78.67% 21.21% – – –
Bartonella bacilliformis 79.78% 71.48% 8.11% 55.59% 44.34% – – – –
Bartonella henselae 20.22% 28.15% 95.11% 4.70% – – –
Bartonella bacilliformis 56.80% 37.68% 18.95% 55.08% 44.92% – – – –
Bartonella henselae 43.20% 61.97% 94.99% 4.93% – – –

a Percent discrepancy.
b Region 1% identification.
c Region 2% identification.
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technologies to automatically process bacterial sequencing data and
produce clear, understandable, and relevant reports.

When designing this system, we devised an a priori list of key fea-
tures for our software to include for it to be considered successful in
this regard. Thus, the RIDI™ system was designed with the following
conditions and requirements in mind. To meet our requirements the
system should (i) be “open” to permit additions and refinements of
the reference databases, (ii) use industry-standard analysis methods
in a traceable format, (iii) use commercially available NGS hardware
with minimal modifications, (iv) permit additional modular improve-
ments to adapt to technological advances, (v) be as automated as possi-
ble to minimize operator error, particularly with respect to the
informatics, (vi) generate clear, concise, actionable, and comparable to
current clinical laboratory reports, (vii) reliably generate relevant taxo-
nomic assignments for the detected organisms, (viii) have a sample-to-
result time less than the time of current culture-based methods, (ix)
have clinically relevant detection sensitivity, (x) have the capability to
process polymicrobial samples and reasonably represent relative contri-
bution ratios. Requirements (i) through (vi) were integrated at the
pipeline design stage. However, the remaining requirements had to be
verified experimentally.

To address requirements (vii) and (viii), generating reliable taxo-
nomic outputs and producing results in b24 h, respectively, we tested
the system's ability to identify species from a diverse array of monocul-
ture samples. Our systemhad N99% identification at the genus-level and
75% identification at the species-level. Future software improvements
will include the removal of arbitrary result selection, thus improving
the overall sequence identification rate. Future efforts will focus on re-
solving the few cases of ambiguity to reduce incorrect species calls
resulting from arbitrary factors. Such improvements will be incorporat-
ed into future versions of the software.While there areminor inefficien-
cies with species-level classification, organism genera are not only
accurately identified, but in themajority of cases, the primary result cor-
rectly identifies the target species. When compared with culture
Please cite this article as: Ellis, J.E., et al., Rapid infectious disease identificat
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methods, our results are comparable or significantly surpass current
methodologies (Guo et al., 2014;Matsuda et al., 2012), andwe can iden-
tify organisms in b12h regardless of the species and their growth rate in
culture. From a practical standpoint, the achieved genus-level identifi-
cation coupled with the reported species is sufficient to make informed
treatment decisions in a clinical setting. For example, a study investigat-
ing the frequency of low-level bacteremia in children observed that
genus-only-level bacterial identification, which this method exceeds,
in 128 patients resulted in initiation of treatment in 5 patients and
change of treatment in 83 patients. In addition, the antibiotic spectra
was reduced in 59.4% of cases, resulting in a 53.9% cost reduction
(Kellogg et al., 2000). Given the speed and accuracy of the RIDI™ sys-
tem, patient outcome improvement and cost is expected to be corre-
spondingly improved.

Next we tested the LOD of this method to address requirement (ix),
that the system has clinically relevant detection levels. Based on E. coli-
spiked blood samples, the LOD of the RIDI™ system was 146.2 cells/ml
blood. There is some uncertainty regarding how to define clinically rel-
evant infections in the literature. The clinical relevance of an infection
varies by the age of the patients and the infecting species. For example,
depending on the study, clinically relevant bacteremia has been defined
as having a bacterial density b1 CFU/ml to N100 CFU/ml (Yagupsky and
Nolte, 1990). In one study investigating E. coli septicemia in neonates,
one-third of the patients had bacterial loads N1000 CFU/ml (Dietzman
et al., 1978). Numerous studies have found bacteria counts in excess
of 100 CFU/ml for encapsulated bacterial species (Yagupsky and Nolte,
1990). Another consideration when comparing these methods is the
loss of organisms during culture methods. Bacterial counts can be
skewed lower using culturemethods due to loss of bacteria during plat-
ing, variability in media, less than optimal growing conditions, and the
presence of non-viable cells (Didelot et al., 2012). In addition to the am-
biguous definition of a clinically relevant infection, there is a mismatch
in the output metrics by these clinical tests. Culture methods report
findings as CFU/ml, whereas molecular techniques (PCR, NGS, etc.)
ion by next-generationDNA sequencing, J. Microbiol. Methods (2016),
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often report cells/ml or genomes/ml. Bacteria that exist as single cells in
vivo, one CFU frequently is equivalent to a single viable cell. However,
many bacteria naturally congregate into clusters of cells. For example,
S. aureus naturally forms clusters of 5–20 cells (Haaber et al., 2012),
and each cluster would represent a single CFU by culture methods.
Thus, the cell count in a given sample may be significantly higher than
a CFU count recovered for the same sample. One study calculated the
detection rates of culture methods and estimated that anaerobic cul-
tures would require 14.9 CFU/ml to achieve a 95% detection rate and
aerobic cultures would require 45 CFU/ml (Kellogg et al., 2000). De-
pending on the cell to CFU conversion, the RIDI™ system approaches
or exceeds the sensitivity of culture methods. While there should be a
push toward increased sensitivity, this effort can and does increase
false positive risk. In a study investigating the clinical significance of
positive blood cultures in infants, the authors calculated a 40% false pos-
itive rate for culture methods (Sabui et al., 1999). Thus, at an average
adult load of 30 CFU/ml, patients with sepsis may be indistinguishable
from non-sepsis patients by culture methods. Even though we aim for
the most sensitive assay possible using NGS methods, this goal must
be tempered with minimizing false positives. Based on all of these fac-
tors the RIDI™ system fulfills our requirement for clinically relevant
levels of infection.

Requirement (x) relates to the system's ability to handle
polymicrobial samples and determine the relative ratios of the organ-
isms in the sample. Overall, we obtained approximately 17% discrepan-
cy at the genus-level and an acceptable 31% discrepancy at the species-
level. Close inspection of the data reveals that the largest discrepancies
result in samples that had identification failures in Region 1 and is most
apparent in samples containing E. faecalis (Table 4). The percent dis-
crepancy increased as the amount of E. faecalis contribution decreased.
This is not a surprising result, because there is a well-known issue of
primer affinity variation among different species (Kommedal et al.,
2011), which can contribute to discrepancies seen in the relative ratios
of bacterial species. This example also highlights the importance of
using a multi-loci strategy when identifying bacteria using NGS. If a sin-
gle-loci strategy was used exclusively, contribution by E. faecalis may
have been irreparably over-estimated relative to the other contributing
organisms. Typically, bacterial community distributions in samples are
determined based on dilution series culturing techniques, which is
highly imprecise and error prone (McKee et al., 1985; Babaahmady et
al., 1998; Zhu et al., 2004). There is some precedent for 16S sequencing
to determine bacterial abundance in blood samples; however, this tech-
nique varied highly depending on the sample processingmethod (Faria
et al., 2015). Any improvement in bacteria population characterization
in samples would be considered beneficial in a clinical setting.

One of the key features of the RIDI™ system is the generation of a
final report (Fig. 1). The goal was to create an easy-to-read report simi-
lar to culture-based identification results,while also providing addition-
al clinically relevant information unique to the system. This new
information is encapsulated in the Close Match and Potential Novel re-
port metrics. There is a non-trivial debate regarding the definition of a
bacterial species, with suggested values ranging from97%–99.5% identi-
ty to be considered a single species (Schlaberg et al., 2012). Provided
that the RIDI™ systemanalyzes a relatively small portion of the bacterial
genome, a portion of the 16S rRNA gene, and that the DNA is derived
from clinical samples that may not sequence efficiently, we selected a
relatively conservative definition for novelty. We defined a close
match to be a sequence read with ≥97% identity with the reference se-
quence or ≥95% identity if a 100%match to that same organismwas pre-
viously observed. If the sequence diverges by N3% or 5%, respectively, it
is considered a potentially “novel” organism. Potentially, divergent, or
unexpected organisms may impact treatment decisions in the clinic;
therefore, providing this information early in the course of treatment
is considered a valuable result. Unlike 16S sequencing-based assays, cul-
ture-based methods are not equipped to identify novel, unexpected, or
atypical organisms. Thus, the clarity provided by the RIDI™ report offers
Please cite this article as: Ellis, J.E., et al., Rapid infectious disease identificat
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unique and unbiased clinically relevant information that clinicians cur-
rently do not have routine access. For example, a physician may treat a
potentially novel infection as they would a known related species but
monitor the patient closely throughout therapy or widen the antibiotic
coverage to ensure that the treatment regime is successful.

In conclusion, we have developed an automated bioinformatics soft-
ware analysis system that easily integrates into existing benchtop NGS
pipelines to perform rapid identification and detection of bacterial path-
ogens in clinical sampleswhile presenting the results in an easy-to-read
format. The RIDI™ system meets the initial development criteria and
clinically acceptable performance parameters. The RIDI™ informatics
pipeline has proven cross-platform compatibility with the Illumina®,
IonTorrent™, and the PacBio® benchtop sequencer formats (Table S1).
Ultimately, the system is expected to exceed current methods where
culture may yield a false negative result or where time-to-results influ-
ences patient outcome. Adoption of rapid identification sequence-based
methods as an additional diagnostics tool may be of great value to both
clinical microbiologists and physicians. Future studies include a non-in-
terventional comparative study to demonstrate efficacy when com-
pared to existing culture-based methods in speed, genus/species
typing, and potential treatment outcomes. Bioinformatics improve-
ments are underway to improve species-level identification rates in
the infrequent instances where the sequence results are ambiguous
with the goal of exceeding a sequence-by-sequence species identifica-
tion rate N90%.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.mimet.2016.09.012.
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