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The application of next-generation sequencing extends from microbial identification to epidemiologic
insight and antimicrobial resistance prediction. Despite this potential, the roadblock for clinical lab-
oratories lies in implementation and validation of such complex technology and data analysis. Herein, a
validation study used whole-genome sequencing (WGS) for pan-bacterial identification (ID) in a clinical
laboratory, and assessed its clinical relevance. A diverse set of 125 bacterial isolates, including a subset
without genus (25) and/or species (10) ID, were analyzed by de novo assembly and reference genome
mapping. The 16S rRNA, rpoB, and groEL genes were used for ID. Using WGS, 100% (89 of 89) and 89%
(79 of 89) of isolates were identified at the genus and species-levels, respectively. WGS also provided
improved results for 71% (25/35) isolates originally reported with genus-only or descriptive IDs. Chart
review identified cases in which improved genus and/or species-level ID by WGS may have had a positive
impact on patient care. Reasons included the use of an ineffective antibiotic owing to unclear ID, use of
antibiotics when not clinically indicated, and help with an outbreak investigation. The implementation
of next-generation sequencing in a clinical microbiology setting is a challenging but necessary task.
This study provides a model for the validation and implementation of bacterial ID by WGS in such a
setting. (J Mol Diagn 2021, 23: 1468—1477; https://doi.org/10.1016/j.jmoldx.2021.07.020)

It has been almost 2 decades since the development of next-
generation sequencing (NGS)-based methodologies. Since
then, it has become clear that this technology inevitably will
alter every aspect of the fields of clinical and public health
microbiology.' ™ The clinical and diagnostic utility is vast
and includes speciation/classification of microorganisms,
bacterial and viral strain typing," ' metagenomic and
microbiome-based investigations,® "' antimicrobial resis-
tance prediction, 2=15 infection prevention surveillance, 1618
and outbreak tracking.'” >> Mounting evidence in the
literature illustrates the benefit of each of these points. Despite
the overwhelming evidence of the value and transformative
potential of NGS, most clinical microbiology laboratories
have yet to implement this technology.

There are several hurdles for bringing NGS to the clinical
laboratory.”” %’ The assay in its entirety is complex, time
consuming, and requires significant training of laboratory

personnel. Integration of NGS into the laboratory workflow
presents additional challenges related to quality control,
infrastructure, and established reference standards. For
instance, implementation of standard quality metrics is not
easily adaptable from typical diagnostic assays. The cost of
capital equipment and bioinformatic and computing soft-
ware, although decreasing, remains relatively high. Finally,
standardized guidelines for NGS are in their infancy for
pathology laboratories but are essentially nonexistent for
clinical microbiology. Taken together, bringing NGS into
the clinical laboratory requires advanced skills, time,
financial cost, flexibility, and innovation.
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WGS for Bacterial Identification

An NGS-based assay using whole-genome sequencing
(WGS) of pure microbial isolates for bacterial identification
was implemented at the University of California Los
Angeles (UCLA) Clinical Microbiology Laboratory.
Described here are the wet laboratory procedures, bio-
informatic analyses, and various assay quality metrics used.
An extensive validation study was performed to measure
precision and accuracy/concordance. Included in the assay
are a set of microorganisms that could not be speciated by
standard techniques to assess the overall clinical utility.
Finally, considerations and challenges faced in bringing this
technology to the laboratory are discussed.

Materials and Methods

Bacterial Isolates and Identification Methods

One hundred twenty-six bacterial isolates, representing a
variety of clinically relevant taxonomic groups, obtained
from clinical specimens or reference collections, were used.
Clinical isolates (116 of 126) collected from 2015 to 2019
and stored at -70°C, were retrieved and analyzed retro-
spectively. Reference isolates (10 of 126) were obtained
from the ATCC (Manassas, VA). A description of these
isolates including information regarding source, original
taxonomic/descriptive identification (ID), identification
method(s) used, and WGS taxonomic ID are found in
Supplemental Table S1.

At the original time of isolation, clinical isolates were
given taxonomic or descriptive ID using one or more of the
following methods: cellular staining methods (eg, Gram,
Ziehl-Neelsen), biochemical tests (eg, oxidase, catalase),
commercial ID methods [ie, VITEK MS (bioM¢érieux,
Hazelwood, MO), VITEK 2 (bioMérieux), API (bio-
Mérieux), PathoDX (Remel, Lenexa, KS), and AccuProbe
(Hologic, San Diego, CA)] and Sanger sequencing (ie, 16S
rRNA, rpoB gene). For Sanger sequencing, the MicroSeq
500 16S rDNA-based ID system (Applied Biosystems,
Carlsbad, CA), which targets the V1 to V2 region of the 16S
rRNA gene (positions 1 to 527), or consensus PCR primers,
were used to amplify a 764-bp (positions 2573 to 3337)
variable region of the rpoB gene.”® Sequences were queried
using the National Center for Biotechnology Information
(NCBI) Basic Local Alignment Search Tool (BLAST)
nucleotide collection (nr/nt) database (updated March
2020), with program selection of highly similar sequences
(megablast) (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROG
RAM=blastn&PAGE _TYPE=BlastSearch&LINK LOC=b
lasthome, last accessed: July 22, 2021). Matches with 99%
or higher coverage and identity were assigned species-
level IDs.

A reference strain of Escherichia coli (ATCC 8739) was
used as a positive control for each sequencing run. The
remaining 125 isolates were divided into three categoric
groups, which are referenced in the analysis (Supplemental
Table S1). The bacterial validation set (50 of 125) included
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a variety of nonmycobacterial isolates with both genus and
species-level IDs. The mycobacterial validation set (40 of
125) included a variety of Mycobacterium spp. identified at
the species-level (24 of 40) or complex-level (16 of 40)
(ie, Mycobacterium avium complex). The challenge set (35
of 125) included isolates with genus-only (25 of 35) or
descriptive-only (10 of 35) IDs.

Bacterial Isolate Preparation and DNA Extraction

Mycobacterial isolates were heat-inactivated (100°C for 30
minutes) and an additional bead-beating step was performed
for mechanical disruption of the cell wall. The Qiagen
(Valencia, CA) EZ1 Blood and Tissue Kit and the EZ1
Advanced XL instrument were used according to the man-
ufacturer’s instructions to extract genomic DNA from pure
microbial isolates. Extracted DNA was quantified with the
Qubit 1x double-stranded DNA HS assay using the Qubit
3.0 Fluorometer (Thermo Fisher, Waltham, MA). Accept-
able quantities of DNA were 0.04 ng/uL or more. E. coli
DNA and PCR-grade water were used as positive and
negative controls, respectively.

Library Preparation and Sequencing

DNA was diluted in water to obtain optimal concentrations
within the range of 1 to 500 ng in 30 pL. Library prepara-
tion was performed using the Illumina DNA Prep Kit
(Ilumina, San Diego, CA) according to the manufacturer’s
instructions. In brief, tagmented DNA was amplified using a
limited-cycle PCR for barcoding and library cleanup was
performed using a two-step bead purification procedure.
Libraries were quantified, as described in the previous
paragraph, using Qubit. After quantification, the Agilent
DNA 1000 Kit and the Agilent 2100 Bioanalyzer instrument
(Agilent, Carpinteria, CA) were used to analyze the average
band size of the libraries with an acceptable range of 300 to
900 bp. Molarity was calculated for each sample using li-
brary concentration and average library bp size.

Libraries with sufficient concentrations were normalized
to 2 nmol/L or 4 nmol/L. concentrations for the Illumina
MiSeq v2 or v3 reagent kit, respectively. Equal volumes of
each library were pooled and denatured for sequencing. The
[lumina MiSeq System was used to produce 250-bp paired-
end reads regardless of whether the v2 or v3 kits were used.

Bioinformatic Analysis

An overview of the analytical workflow is shown in
Figure 1. Data were uploaded to the Illumina BaseSpace
cloud and demultiplexed. Various sequence run quality
control (QC) metrics were recorded: the percentage passing
filter (PF), evenness of reads PF (ie, >2% PF reads per
sample), percentage of undetermined reads, lane density,
and % over Q30. Results and passing criteria are listed in
Supplemental Table S2. Some metrics (ie, percentage of
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Center for Biotechnology Information; PF, passing filter.

reads PF and evenness of reads PF) were considered
mandatory, meaning the sequencing run was to be rejected
if the QC criterion was not met. Other metrics were
considered optimal, meaning these were monitored closely
and the NGS board would decide how to proceed if the
QC was out of the optimal range. The percentage of reads
PF for each run were recorded and tracked over time; runs
with a percentage of reads PF of between 60% and 80%
were reviewed by the NGS board before further data
analysis.

Sequences were uploaded to the CLC Genomics Work-
bench version 12 software (Qiagen) where they were trim-
med and paired. De novo sequence assembly was
performed; minimum contig length was set to 1000. Various
assembly QC metrics were recorded: the number of contigs,
N50, and the percentage of GC content. Results are listed in
Supplemental Table S3. Several contigs with a size range of
2000 to 10,000 bp were extracted and analyzed using the
BLAST nr/nt database to obtain an appropriate reference
genome for mapping. The chosen reference genome had
80% or more coverage and identity to the contig; these
values were recorded.

The reference genome was uploaded to CLC Genomics
Workbench 12 and three target genes (ie, 16S rRNA, rpoB,
groEL) were identified, extracted, and concatenated. The bp
size of each gene was recorded. The sequence reads then
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were mapped to the concatenated reference sequence and
various QC metrics were recorded: the percentage of
mapped reads, average coverage, and the percentage with
5x and 10x coverage. The total reads, average coverage,
and percentage of ambiguous nucleotides per target gene
also were recorded. Results are listed in Supplemental
Table S3. The workflow used for mapping is shown in
Supplemental Figure S1. Overall, minimum thresholds for
QC metrics were determined based on overall analysis of
the QC values collected for all samples sequenced and
categorized as mandatory or optimal criteria.

The consensus sequence of each target gene was queried
using the BLAST nr/nt database. The NCBI accession ID of
all results with 99% or more coverage and the identity for
each target gene were recorded, along with the corre-
sponding values. If no result met this criteria, the single top
result was recorded. Using the scheme shown in Figure 2,
an ID was given, and the method used was recorded. If the
coverage and identity for a given analysis was lower than
91%, consultation with an NGS board member (an assigned
individual to review analysis) was used to determine the
final ID. In one case when all three target genes had BLAST
results with more than 1 identical match, a k-mer tree was
generated using CLC Genomics Workbench v12 by
incorporating the reference genomes of multiple highly
genetically related species. The species ID ultimately was
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|\/ NGS Board

determined by the same cluster of the reference genome and
the sample in the k-mer tree.

Validation

WGS-based IDs were compared with the original ID to
determine concordance. The method used for the original ID
was recorded and considered in subsequent discrepant an-
alyses. Precision studies were performed with positive
and negative controls. An in silico validation of the BLAST
nr/nt database was performed. Clinical utility was assessed
by chart review of patients for select clinical isolates.

Results

Quality Control, Bioinformatics Performance, and
Database Validation

Fourteen sequencing runs were performed by several labo-
ratory staff members. Various metrics were obtained from the
Ilumina BaseSpace Sequence Hub (Supplemental Table S2).

The Journal of Molecular Diagnostics m jmdjournal.org
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tion (ID). NGS, next-generation sequencing.
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QC criteria were established for the percentage PF and the
evenness of reads PF, and were considered mandatory. These
metrics and the corresponding study data are shown in
Figure 1. One isolate (UCLA_082, Mycobacterium xenopi)
was excluded because of low (<2%) evenness of reads PF.
Precision studies, both within and between sequence runs,
were performed using the positive and negative controls,
which met our criteria (Supplemental Table S4).

Sequence-specific metrics, including de novo assembly
and reference genome mapping, were obtained from the
CLC Genomics Workbench, and the results are shown in
Supplemental Table S3. QC criteria for the average gene
coverage were collected and considered mandatory; data are
shown in Figure 1. Four isolates did not have adequate
(>25x) coverage for the rpoB gene, therefore all were
identified using the 16S gene.

An in silico validation of the NCBI BLAST nr/nt data-
base was performed using 22 complete genomes of various
microorganisms downloaded from GenBank. These ge-
nomes were processed through our bioinformatics pipeline
and all had concordant IDs (Supplemental Table S5).
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Assay Performance (79 of 89) (bacterial set, 42 of 50; mycobacterial set, 37

of 39) of isolates were identified to the genus and species
Using WGS, 99% (123 of 124) and 79% (98 of 124) of levels, respectively (Table 1).

isolates were identified at the genus and species levels, All genus IDs were concordant (89 of 89). Twenty iso-
respectively. Fifty-six percent (69 of 124), 59% (73 of 124), lates had discordant species IDs (bacterial set, 15; myco-
and 25% (29 of 117) of the 16S, rpoB, and groEL genes bacterial set, 5). Of these, 10 were discordant because they
provided database matches with 99% or more coverage and did not receive a species-level ID using WGS owing to a
identity, respectively. Raw data are shown in Supplemental lack of BLAST results with 99% or more coverage and
Table S6. For isolates with multiple gene targets meeting identity for any of the target genes. The remaining 10 iso-
our criteria (45 of 124), all IDs agreed. lates were discordant because of a discrepancy between the
Using our cascading ID scheme (Figure 2), the 16S gene WGS ID and the original ID. These data, along with the
was used for 70% (69 of 98) of species-level IDs; the rpoB method used to obtain the original ID, are summarized in
gene was used for 29% (28 of 98), of which 27 were part of Table 2.
the mycobacterial validation set. The NGS board was used An evaluation of the discordant species IDs (20 of 89)
for one species-level ID. In this case, all three target genes was performed using various approaches, including reas-
had BLAST results with more than one identical match. The sessment of the original method used for identification
case was reviewed, and a species ID ultimately was decided (Table 2). Raw data are shown in Supplemental Table S7.
upon using k-mer tree—based phylogenetic comparisons. For isolates in which the original ID was obtained using
These data are described according to the validation set in matrix-assisted laser desorption ionization time-of-flight (7
Table 1. of 20), the isolate was re-analyzed using the most current
VITEK MS database v3.2.0 (method A); this resolved two
Concordance Results and Discordant Analysis of seven discordant IDs (ie, two Elizabethkingia meningo-
septica) (Table 2). For isolates in which the original ID was
Bacterial and Mycobacterial Validation Sets obtained using 16S Sanger sequencing (11 of 20), it was
After one isolate (UCLA_082) was excluded because of low determined if the discordance was a result of a sequencing
reads, a total of 89 isolates were included in the bacterial error, or a result of the difference in resolution using a full-
(50 isolates) and mycobacterial (39 isolates) validation sets length 16S (ie, WGS data) versus partial (ie, 16S Sanger

(Supplemental Table S1). Using WGS, 100% and 89% sequencing). The V1 to V2 region (bases 1 to 527) of the

Table 1  Description of WGS ID and target gene statistics by validation set.

Challenge Set (N = 35)

Mycobacterial
Full Validation Bacterial Validation Genus-only Descriptive Validation
Set (N = 124) Set (N = 50) ID (N = 25) ID (N = 10) Set (N = 39)
WGS ID
Genus ID 123 (99%) 50 (100%) 24 (96%) 10 (100%) 39 (100%)
Species ID 98 (79%) 42 (84%) 16 (64%) 3 (30%) 37 (95%)
Target Gene
165 (>99%) 69 (56%) 42 (84%) 16 (64%)* 2 (20%) 9 (23%)
165 (>94%) 93 (75%) 50 (100%) 24 (96%) 10 (100%) 9 (23%)
165 (>91%) 94 (76%) 50 (100%) 25 (100%) 10 (100%) 9 (23%)
1poB (>99%) 73 (59%) 28 (56%) 9 (38%) 3 (30%) 33 (85%)
groEL (>99%) 29/117 (25%) 23/48 (48%) 3/20 (15%) 3/10 (30%) 0/39 (0%)
Multiple Target Genes >99% N = 45 N =28 N=29 N=3 N=5
ID Agreement 45 (100%) 28 (100%) 9 (100%) 3 (100%) 5 (100%)
Gene Used for Species ID' N = 98 N = 42 N =16 N =3 N = 37
165 69 (70%) 42 (100%) 16 (100%) 2 (67%) 9 (24%)
1poB 28 (29%) 0 (0%) 0 (0%) 1 (33%) 27 (73%)
groflL 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
NGS Board 1 (1%) 0 (0%) 0 (0%) 0 (0%) 1 (3%)

*Isolate UCLA_060 (Psychrobacter spp.) had a Basic Local Alignment Search Tool nr/nt database match of >99% coverage and identity for the 16S rRNA
gene. However, the database result was Psychrobacter spp. No species ID was given, but this isolate still was included in the statistics for 16S (>99%). This
was not considered an improved result.

Target genes with Basic Local Alignment Search Tool nr/nt database (https://blast.ncbi.nlm.nih.gov/Blast.cqi?PROGRAM = blastn&PAGE._
TYPE = BlastSearch&LINK_LOC= blasthome) matches containing multiple genus and/or species IDs with 99% or more coverage and identity were not used
in the cascading ID scheme. This applied to the 16S results for 26 isolates in the mycobacterial validation set; rpoB ultimately was used to identify all 26
isolates. These 26 isolates were not included in the statistics for 16S (>99%, >94%, >91%) under the Target Gene section.

1D, identification; NGS, next-generation sequencing; UCLA, University of California Los Angeles; WGS, whole-genome sequencing.
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Table 2  List of Discordant Results and Adjusted Concordance Data
Cause of Method used for Resolution
Set* Study ID  discordance  WGS ID Original ID original ID method
B UCLA_088 Discrepancy  Elizabethkingia anophelis Elizabethkingia MALDI-TOF MS A
meningoseptica
B UCLA_089 Discrepancy  E. anophelis E. meningoseptica MALDI-TOF MS A
C UCLA_111 Discrepancy  Robinsoniella peoriensis Clostridium spp. MALDI-TOF MS A
B UCLA_010 <99% match Dysgonomonas spp. most closely D. capnocytophagoides 16S Sanger sequencing B
related to Dysgonomonas
capnocytophagoides
B UCLA_011 <99% match Turicibacter spp. most closely related 7. sanguinis 16S Sanger sequencing B
to Turicibacter sanguinis
B UCLA_037 Discrepancy  Tsukamurella tyrosinosolvens Tsukamurella pulmonis 16S Sanger sequencing B
B UCLA_050 Discrepancy T. tyrosinosolvens T. pulmonis 16S Sanger sequencing B
B UCLA_100 <99% match Inquilinus spp. most closely related I limosus 16S Sanger sequencing B
to Inquilinus limosus
C UCLA_099 <94% match Peptoniphilaceae most closely Anaerococcus spp. 16S Sanger sequencing B
related to Anaerococcus
B UCLA_061 <99% match Nocardia spp. most closely related to Nocardia carnea 16S Sanger sequencing C
Nocardia flavorosea
B UCLA_073 <99% match Legionella spp. most closely related Legionella bozemanii 16S Sanger sequencing C
to Legionella anisa
B UCLA_074 <99% match Legionella spp. most closely related Legionella feeleii 16S Sanger sequencing C
to Legionella donaldsonii
B UCLA_096 <99% match Actinomyces spp. most closely Actinomyces turicensis MALDI-TOF MS C
related to Actinomyces
odonotolyticus
B UCLA_110 <99% match Actinomyces spp. most closely Actinomyces denticolens ~ MALDI-TOF MS C
related to Actinomyces gaoshouyii
M UCLA_007 <99% match Mycobacterium spp. most Mycobacterium MALDI-TOF MS D
closely related to M. fortuitum mucogenicum
M UCLA_026 Discrepancy  Mycobacterium houstonense M. mucogenicum MALDI-TOF MS D
M UCLA_031 Discrepancy  Mycobacterium alsense Mycobacterium asiaticum MALDI-TOF MS D
B UCLA_020 Discrepancy  Nocardia arthritidis Nocardia beijingensis 16S Sanger sequencing  Not resolved
B UCLA_062 Discrepancy  Nocardia wallacei Nocardia transvalensis 16S Sanger sequencing  Not resolved
B UCLA_064 Discrepancy Leifsonia xyli Leifsonia shinshuensis 16S Sanger sequencing  Not resolved
M UCLA_005 Discrepancy  Mycobacterium dioxanotrophicus Mycobacterium rpoB Sanger sequencing Not resolved
canariasense
M UCLA_080 <99% match Mycobacterium spp. most closely M. peregrinum ATCC Not resolved

related to Mycobacterium
peregrinum

Method A. The original isolate was regrown and analyzed on MALDI-TOF MS using the VITEK MS database v3.2.0 in February, 2020.
Method B. The original isolate was identified using 16S Sanger sequencing of the V1 to V2 region. Basic Local Alignment Search Tool analysis of this region

from the WGS data showed a match (>99% coverage and identity) to the original ID. This shows that the discordance is not the result of a sequencing error,
but rather from the increased resolution provided by using a full 16S gene versus a partial sequence.

Method C. A reference genome for the species of the original ID was downloaded from the National Center for Biotechnology Information GenBank (https://
www.ncbi.nlm.nih.gov/genbank). A full 16S gene was identified and aligned to the WGS data using the alignment tool in Basic Local Alignment Search Tool. The
alignment did not match (<99% coverage and identity). This shows that the original ID was wrong.

Method D. A reference genome for the species of the original ID was downloaded from the National Center for Biotechnology Information GenBank. A full
rpoB gene was identified and aligned to the WGS data using the alignment tool in Basic Local Alignment Search Tool. The alignment did not match (<99%
coverage and identity). This shows that the original ID was wrong.

*Group B, bacterial validation set; group M, mycobacterial validation set; group C, challenge set.

1D, identification; MALDI-TOF, matrix-assisted laser desorption jonization time-of-flight; WGS, whole-genome sequencing.

16S gene was isolated from the WGS data and assessed
(method B); this resolved 5 of 11 discordant IDs (Table 2).
For the remaining unresolved discordant IDs (13 of 20), the
original ID was re-analyzed by comparing the 16S (method
C) or rpoB (method D) genes from reference genomes of the
original ID, with the genes obtained by WGS, using the

percentage of alignment. Several isolates (8 of 13) showed a
nonmatch (ie, <99% coverage and identity), indicating
that the original ID was incorrect. The remaining five iso-
lates (ie, Nocardia beijingensis, Nocardia transvalensis,
Leifsonia shinshuensis, Mycobacterium canariasense, and
Mycobacterium peregrinum) were not resolved.

The Journal of Molecular Diagnostics m jmdjournal.org 1473
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Challenge Set

Thirty-five isolates were included in the challenge set: 25
with genus-only IDs and 10 with descriptive IDs
(Supplemental Table 1). Using WGS, 97% (34 of 35) and
54% (19 of 35) of isolates were identified to the genus and
species levels, respectively (Table 1).

Ninety-two percent (23 of 25) of genus IDs were
concordant. Using the same evaluation method described
above, the two discordant IDs (ie, Clostridium spp. and
Anaerococcus spp.) were resolved (Table 2), resulting in an
adjusted genus concordance of 100%.

Improved Results and Clinical Utility

One hundred percent (16 of 16) of M. avium complex iso-
lates were speciated using WGS. In the challenge set, WGS
provided improved species-level IDs for 60% (15 of 25) of
isolates with genus-only IDs. A genus-level ID was given to
all (10 of 10) isolates with descriptive IDs, and 30% (3 of
10) were speciated. These data are summarized in Table 3.

A chart review was performed to assess the potential
clinical impact of the improved ID results. Clinical infor-
mation was assessed to determine whether there would be a
positive (ie, change or improvement in care, epidemiologic
insight) or neutral (ie, unclear or no change in care) impact
on patient care. I was determined that in nine cases the
improved result would have had a positive impact on patient
care (Table 3). Reasons included the use of an ineffective
antibiotic because of unclear ID, use of antibiotics when not
clinically indicated, and use in an outbreak investigation.
Examples of each scenario are described below.

Ineffective antibiotics were given to a 37-year-old woman
presenting with pelvic pain and hematuria. Cervical swab
cultures grew Mycoplasma spp. and it was not possible to
speciate the organism further using conventional methods.
The patient was placed on azithromycin but saw no clinical
improvement. Follow-up cultures were taken 3 months later
that grew Mycoplasma spp. again. The isolate was included
in this validation study as UCLA_106 and was determined
to be Mycoplasma hominis, which is resistant to azi-
thromycin. Therefore, speciation would have guided proper
antimicrobial therapy use.

Unnecessary antibiotics were given to a 76-year-old man
presenting for follow-up evaluation for a localized abscess.
Previous cultures of the abscess drainage had grown Cory-
nebacterium amycolatum. The patient was treated with
amoxicillin. Follow-up cultures grew Corynebacterium spp.
Assuming this was still C. amycolatum, the patient was
switched to vancomycin. The isolate was included as
UCLA_033 and determined to be Corynebacterium
Jjeikeium, likely representing normal skin flora. Therefore,
the patient did not need additional antibiotics because the
causative organisms had already been cleared.

An outbreak investigation was performed after speciation
of three M. avium complex isolates included in the valida-
tion (UCLA_128, UCLA_133, and UCLA_153). All three
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isolates were obtained from patients undergoing cardiac
surgeries and grew from chest wall tissue or surgical swabs.
All three isolates were initially identified as M. avium
complex using DNA hybridization probes and were not
speciated further. Through WGS, it was determined that the
isolates were Mycobacterium chimaera, which prompted an
investigation into the heating-cooling devices used during
surgery because of the known international outbreak of
these devices with M. chimaera. Further bioinformatic an-
alyses showed that all three isolates were closely related,
and the heater-cooler devices were removed.

Discussion

A WGS-based assay for pan-bacterial ID for use in the
clinical microbiology laboratory was established and
implemented in this study. Various quality metrics for the
wet bench, sequencing, and bioinformatics procedures were
established and the entire assay was validated using an
extensive and diverse set of bacteria. Precision and accu-
racy/concordance were assessed. Finally, the assay was
challenged using a set of bacteria that could not be speciated
by standard techniques to assess the overall clinical utility.
At the time of writing, this assay was implemented suc-
cessfully into the UCLA clinical microbiology laboratory
for routine clinical testing.

WGS-based assays for bacterial ID currently are per-
formed at large reference and public health laboratories.
However, implementation in a hospital setting presents
several challenges not encountered by larger laboratories
including expensive instrumentation and complex technical
workflows. This study implemented a new NGS bench to
perform a comprehensive workflow consisting of sample
processing, wet bench procedures, and bioinformatic ana-
lyses. Preventative maintenance, documentation and stor-
age of clinical isolates, documentation of QC metrics,
database management, data storage, and troubleshooting
also are tasks administered by the NGS bench as part of
quality management. A group of clinical laboratory sci-
entists were trained successfully on all aspects of the
bench, competency was assessed, and they were given
alternate proficiency testing using previously analyzed
isolates. Financial cost was another significant challenge
for implementation. Purchases included the Illumina
MiSeq, network drive space to store data, and software to
perform bioinformatic analysis (ie, CLC Genomics Work-
bench); where possible, other necessary equipment already
were in use in the laboratory and were adapted for use in
this assay. The cost to sequence one isolate is approxi-
mately $250. Overall, time was another challenging factor,
and a workflow was optimized to reduce turnaround times
and maximize sequencing capacity. Currently, we perform
one sequencing run per week; turnaround times usually
range from 3 to 7 days. Collectively, assay development,
validation performance, data analysis, establishment of
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Table 3  List of Improved Results and Clinical Utility
Improvement

Set* Study ID  category WGS ID Original ID Source Clinical utility

C UCLA_059  Minor Burkholderia multivorans Burkholderia spp. Sputum-expectorated Neutral (appropriate antibiotics given)

C UCLA_111  Minor Robinsoniella peoriensis Clostridium spp. Blood Neutral (complicated infection)

C UCLA_033  Minor Corynebacterium jeikeium  Corynebacterium spp. Body fluid Positive (normal flora, antibiotics not needed)

C UCLA_038  Minor Corynebacterium Corynebacterium spp.  Blood, central line Neutral (likely normal flora)
aurimucosum

C UCLA_009  Minor Desulfovibrio desulfuricans  Desulfovibrio spp. Blood, peripheral vein  Neutral (complicated infection)

C UCLA_034 Minor Microbacterium oleivorans ~ Microbacterium spp. Blood, peripheral vein  Neutral (appropriate antibiotics given)

C UCLA_106  Minor Mycoplasma hominis Mycoplasma spp. Genital swab (cervix) Positive (ineffective antibiotics given)

C UCLA_048  Minor Nocardia asiatica Nocardia spp. Bronchoalveolar lavage Positive (speciation guides antibiotic treatment)

C UCLA_087  Minor Staphylococcus Staphylococcus spp.  Drainage, sinus Neutral (complicated infection)
pseudintermedius

C UCLA_049  Minor Streptococcus mitis Streptococcus spp. Blood, peripheral vein  Neutral (appropriate antibiotics given)

C UCLA_068 Minor Streptomyces coelicolor Streptomyces spp. Body fluid (left knee) Neutral (unlikely to cause infection)

C UCLA_097  Minor Ureaplasma urealyticum Ureaplasma spp. Urine (midstream) Neutral (appropriate antibiotics given)

C UCLA_113  Minor Ureaplasma urealyticum Ureaplasma spp. Urine (midstream) Neutral (appropriate antibiotics given)

C UCLA_115 Minor Ureaplasma parvum Ureaplasma spp. Urine (midstream) Neutral (appropriate antibiotics given)

C UCLA_118 Minor Ureaplasma parvum Ureaplasma spp. Urine (midstream) Neutral (appropriate antibiotics given)

[ UCLA_112  Minor Anaerococcus spp. Anaerobic GP cocci Blood Neutral (appropriate antibiotics given)

C UCLA_116  Minor Anaerococcus spp. Anaerobic GP cocci Blood Neutral (appropriate antibiotics given)

C UCLA_109 Major Brachyspira pilosicoli Curved rods Blood Positive (bloodstream infection)

C UCLA_012  Major Aerococcus sanguinicola GP cocci (clusters) Urine (midstream) Positive (ineffective antibiotics given)

C UCLA_017  Minor Pseudomonas spp. GN rod Blood Positive (bloodstream infection)

(nonfermenter)

C UCLA_042  Minor Dysgonomonas spp. GN rod (small) Blood, peripheral vein  Neutral (appropriate antibiotics given)

C UCLA_091  Minor Clostridium spp. Anaerobic GN rod Blood Neutral (appropriate antibiotics given)

C UCLA_104  Minor Anaerococcus spp. Anaerobic GP cocci Bone (toe) Neutral (appropriate antibiotics given)

C UCLA_036  Major Ruminococcus gnavus Anaerobic GP cocci Body fluid (peritoneal) Neutral (likely normal flora)

C UCLA_105 Minor Hungatella spp. Anaerobic GP rod Blood Neutral (appropriate antibiotics given)

M UCLA_014  Minor Mycobacterium avium MAC Stool Neutral (treatment of MAC is similar)

M UCLA_128 Minor Mycobacterium chimaera MAC Wound (chest) Positive (related to potential outbreak)

M UCLA_132  Minor M. avium MAC Sputum-expectorated Neutral (treatment of MAC is similar)

M UCLA_133  Minor M. chimaera MAC Tissue (chest) Positive (related to potential outbreak)

M UCLA_134  Minor M. avium MAC Tissue (chest) Neutral (treatment of MAC is similar)

M UCLA_135 Minor Mycobacterium MAC Bronchoalveolar lavage Neutral (treatment of MAC is similar)
intracellulare

M UCLA_136  Minor M. avium MAC Bronchoalveolar lavage Neutral (treatment of MAC is similar)

M UCLA_137  Minor M. avium MAC Bronchoalveolar lavage Neutral (treatment of MAC is similar)

M UCLA_138 Minor Mycobacterium MAC Sputum-expectorated Neutral (treatment of MAC is similar)
intracellulare

M UCLA_139 Minor M. avium MAC Blood, peripheral vein  Neutral (treatment of MAC is similar)

M UCLA_140  Minor M. avium MAC Bronchoalveolar lavage Neutral (treatment of MAC is similar)

M UCLA_141  Minor Mycobacterium MAC Bronchoalveolar lavage Neutral (treatment of MAC is similar)
intracellulare

M UCLA_142  Minor Mycobacterium MAC Sputum-expectorated Neutral (treatment of MAC is similar)
intracellulare

M UCLA_143  Minor M. avium MAC Sputum-induced Neutral (treatment of MAC is similar)

M UCLA_151  Minor M. avium MAC Bronchoalveolar lavage Neutral (treatment of MAC is similar)

M UCLA_153  Minor M. chimaera MAC Surgical swab (chest) Positive (related to potential outbreak)

*Group C, challenge set; group M, mycobacterial validation set.
ID, identification; GN, gram-negative; GP, gram-positive; MAC, Mycobacterium avium complex; UCLA, University of California Los Angeles; WGS, whole-
genome sequencing.

appropriate quality metrics, writing of standard operating
procedures, and training took approximately 1 year. In
general, the lack of published NGS implementation stra-
tegies and guidelines contributed to the overall time burden
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because many innovations are required for the develop-
ment of this process.

Considering the challenges described above, the imple-
mentation of such an assay to perform a diagnostic function
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already achievable by current far-cheaper, simpler, and
faster technologies may seem superfluous. However, the
diagnostic and clinical utility of NGS in general far exceeds
bacterial ID, and additional assays can be adapted easily to
the already existing workflow. For example, once the
genome sequence of a pure bacterial isolate has been
obtained, one could determine the species or strain of the
organism, perform antimicrobial resistance prediction, or
investigate genomic relatedness among isolates for epide-
miologic purposes including infection prevention, outbreak
investigation, and infectious source control within a patient
population. The wet bench procedures would not need to be
altered for any of these additional tests. Therefore, the use of
NGS in the clinical laboratory represents a unique diag-
nostic tool in that it does not provide a single function and is
easily scalable to meet various clinical demands. The
remaining challenges reside in the bioinformatics, which
will be the main driver and roadblock for the expansion of
clinical microbiology NGS tests.

In this study, three marker genes (ie, 16S, rpoB, groEL)
were used to determine the ID of the bacterial isolate. The
performance of each gene varied widely, with 56% (69 of
124), 59% (73 of 124), and 25% (29 of 117) of the 168,
rpoB, and groEL genes providing NCBI BLAST nr/nt
matches with 99% or more coverage and identity, respec-
tively. The 16S gene was most useful to speciate the isolates
in the bacterial validation set (84%; 42 of 50), while the
rpoB gene was most useful for the mycobacterial validation
set (85%; 33 of 39). In many cases, the 16S gene could not
differentiate among Mycobacterium spp. with multiple
species matches at 100% coverage and identity. Therefore,
the inclusion of the rpoB gene was invaluable to speciate
Mpycobacterium spp. and shows that Sanger sequencing of
just one marker gene would not be sufficient for a pan-
bacterial ID assay.

Improved IDs were provided for a total of 41 bacterial
isolates and, therefore, shows the clinical utility of NGS
using our assay. Two of these isolates were from critical
specimens (ie, blood) in which the full microorganism ID is
essential for appropriate treatment. However, there is limited
practicality in this given the 1- to 2-week turnaround time for
this assay. Other NGS-based metagenomics approaches
would be clinically valuable in these situations. Other isolates
with improved IDs showed that improper antimicrobial
therapy was given to the patient, likely leading to recurrence
of infection. Finally, some isolates with improved IDs (eg, M.
chimaera) were valuable for infection-prevention purposes
because they indicated a potential outbreak related to a
heater-cooler device (unpublished data, Xu, 2021).

There are several important factors to consider when
developing an NGS-based assay for a clinical laboratory.
First, because of the complexity of the technology, there are
plenty of opportunities for error. To manage this, we
implemented a weekly NGS board, comprising senior
members of the clinical microbiology laboratory, to review
the data, troubleshoot, and discuss any technical or
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analytical issues. The NGS board also makes decisions on
challenging cases in which additional bioinformatic analysis
and literature review are required to report our results to the
clinicians. Treating physicians are also invited to participate
in the board meeting discussion to provide direct input about
the clinical aspects of the cases. Second, as a measure of
QC, it is important to correlate the NGS results with other
available laboratory tests. Here, we correlated our IDs to
phenotypic and other diagnostic tests performed in the
laboratory. Next, 22 publicly available complete genomes
from a set of diverse bacteria were used to verify the NCBI
BLAST nr/nt database. Because of the reliance on a publicly
available and frequently updated database, routine verifica-
tion is necessary. As with other commonly used laboratory
methods, such as matrix-assisted laser desorption ionization
time-of-flight mass spectrometry, the NGS result is heavily
reliant on the database used. Third, it is important to
document quality metrics for each part of the assay. This is
crucial to be able to effectively troubleshoot any issues.
Finally, through this validation study, we realized that WGS
often pushes microbiology to an unknown territory, in
which many novel species were isolated in the clinical
laboratory but yet there are no reference genomes available
to match them, leaving an accurate ID unresolved. A
consortium from the clinical microbiology laboratory com-
munity is needed to share these WGS data to help define and
classify novel species.

To summarize, the implementation of NGS in a clinical
microbiology setting is a challenging but ultimately neces-
sary task. Lack of guidelines and standards, as well as
infrastructure, technical, and financial barriers, contribute to
the difficulty of implementation. This study provides an
example of how to model validation studies for the imple-
mentation of bacterial ID by WGS in such a setting.
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