The Emergence of Pathogen Genomics in Diagnostic Laboratories

Abbreviations
NGS – Next generation sequencing, WGS – Whole genome sequencing

Index Terms

Learning Objectives
1. Describe the basics of NGS workflows for clinical microbiology applications
2. Identify barriers to widespread adoption of NGS in clinical microbiology laboratories
3. Define workforce needs associated with NGS applications in clinical microbiology

Abstract
Next generation sequencing (NGS) technologies enable one to obtain genomic information about
pathogens directly from clinical samples or isolates on a scale never before possible with
polymerase chain reaction or Sanger sequencing. Clinical microbiology laboratories are rapidly
finding the “low-hanging fruit”-type applications for this disruptive technology as it becomes
cost-effective with reasonable turn-around times. This includes the use of metagenomic NGS for
pathogen detection in primary clinical samples. It also includes the use of NGS for detection of
antimicrobial resistance genes in bacteria that are difficult and/or slow to grow in culture.
Finally, NGS offers improvement in resolution of viral and bacterial outbreaks and streamlines
workflows for a “one-size-fits-all” protocol. There are still significant barriers to
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implementation that must be considered. These include workforce skills required for high
complexity wet bench protocols and data analysis, as well as validation approaches for
interpretation given the lack of FDA-approved systems. Regardless, NGS will continue to be a
game-changer in clinical microbiology and laboratories must be prepared to face the challenges
associated with adoption of this technology.

Technologic advances in sequencing have revolutionized molecular pathology. Clinical human
genomics laboratories have used next-generation sequencing (NGS) approaches for the diagnosis
of germline and somatic disorders for nearly a decade.1 Clinical microbiology laboratories have
been slower to apply NGS for routine clinical use due to cost, speed, and, at present, only a small
number of case reports showing a benefit to patient care.2 As a result, most studies have been
limited to research settings and a handful of reference laboratories.3-7 This will no doubt change
as clinical microbiology laboratories become more familiar with the technology and the
advantages it may provide over conventional methods. Further, as sequencing platforms
continue to decrease in price and turn-around times, laboratories may consider replacement of
current or conventional methods to maximize cost-effectiveness.

Next Generation Sequencing Workflows in Clinical Microbiology
There are 3 primary workflow approaches to use of NGS in clinical microbiology. The first is
termed shotgun metagenomics, often referred to as metagenomic NGS (mNGS).2 In this
approach, all nucleic acid (RNA or DNA) in a clinical sample is sequenced without any
selection. Several million sequences are generated and analyzed to look for pathogens in a high
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background of human nucleic acid.8 An alternative approach, which requires less total sequence
for analysis and is therefore cheaper, is amplicon NGS. This is the basis for many human
microbiome studies, where conserved regions common to all bacteria are amplified.9 Finally, an
isolate grown in culture can also be sequenced at a cheaper cost compared to mNGS. This is
generally termed whole genome sequencing (WGS)10, though a pathogen whole genome
sequence can be generated via mNGS.

application above. For the most commonly used short read sequencing platforms, nucleic acid
(RNA or DNA) is chopped up to allow for smaller fragments to be sequenced in parallel. These
fragments are ligated to identical small sequences that act as (1) binding agents to fix the
fragments to the sequencing chip or bead and (2) primer sequences that allow the sequencing
reactions to happen.11 Barcodes can also be added to create unique sample identities to allow for
sample pooling and therefore cost-effective sequencing. The process of library preparation can
take several hours to days, with numerous hands-on steps, depending on the protocol used.
Automation is possible but may not be cost effective for low volume applications and does not
necessarily result in reduced turn-around times.
After quality control steps, whereby library concentration and size are calculated for userdefined pooling ratios, libraries are loaded onto the sequencer. The time from loading to data
extraction is dependent upon the instrument used and desired sequence length. For most clinical
microbiology-related applications, the fastest run time is around 18 hours. Once available, data
is extracted in the form of fastq files. These are lines of nucleotide sequence, or reads, with
accompanying quality scores. The size of each fastq file is dependent upon the size of the bead
or chip used and the amount of space occupied by a sample (i.e. pooling ratio). The average file
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The basic steps involved in performing NGS are generally similar regardless of the

size for metagenomic data, which requires several million reads, is on the order of gigabytes and
an entire sequencing run can be on the order of terabytes.
Given the file sizes above, computational and storage needs are important considerations.
Data analysis requires at least some basic bioinformatics knowledge to use commercially
available pipelines, even those with graphical user interfaces.12 Many analysis pipelines require
knowledge of command line interface and thus experience with programming is critical. Most

and programmers that interface with the clinical laboratory to validate, streamline and perform
routine analyses. Depending on the applications to clinical microbiology and pipeline(s) used,
generation of interpretable results can take minutes to several hours.13, 14 The final step in the
process is a director-level review and sign-out of results in a clinician-friendly report.

Applications of Pathogen Genomics in Clinical Microbiology
As NGS technologies continue to decrease in cost and turnaround time, clinical microbiology
laboratories have considered unmet needs that deeper sequencing can fill. This includes
detection of pathogens in cases where conventional microbiology testing has been unable to find
a cause. To date, only a handful of reference laboratories offer this as an orderable test and each
has focused on a particular specimen type (i.e. cerebrospinal fluid, plasma, bronchoalveolar
lavage fluid) for validation.8, 15, 16 A second unmet need is faster antimicrobial susceptibility
testing to support optimal antimicrobial stewardship. For some pathogens, there can be a delay
of days to weeks before a physician knows whether the empiric treatment prescribed is effective
or whether therapy can be narrowed for stewardship purposes. With NGS, it is possible this
window could be shortened for some pathogens that grow very slowly or do not grow in
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clinical laboratories that perform NGS-based testing have a separate team of bioinformaticians

culture.17 Finally, understanding transmission dynamics of infectious pathogens at the hospital
level all the way to the global level is important for infection control and public health programs.
The current methods available to determine pathogen relatedness provide low resolution and are
highly pathogen-specific, limiting widespread adoption.18, 19 Further, as we continue to replace
culture with molecular panels, isolates will no longer be available for these conventional
approaches.20 NGS can overcome these limitations, providing higher resolution for strain

for culture in a single protocol.

Barriers to Routine Clinical Use of NGS
As NGS takes hold in clinical microbiology laboratories it is important to consider the workforce
needs for successful implementation. Many clinical laboratory scientists (CLS) do not have
formal training on the wet bench and, even less likely, the analysis sides of NGS for human
genomics, let alone any microbiology applications. These are skills that will need to be gained
during on-the-job-training without more formal curricula embedded in CLS training programs.21
The data derived from any of the applications above is of the highest complexity
encountered in any laboratory. This is due, in part, to the difficulty in determining clinical
significance. For example, there are no set standards for the number of reads required to report a
positive detection of a pathogen from mNGS.8 Pathogen reads must be distinguished from both
contamination and commensal flora, a problem shared by conventional microbiologic methods
(e.g. culture). Similarly, the database of resistance genes continues to evolve and not every
mutation associated with antimicrobial resistance is known, limiting the ability to call pathogens
“susceptible” to a particular drug.17 Finally, there are no FDA-approved methods for these
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comparisons and allowing for genomic analyses directly from a clinical sample without the need

applications. Thus, the burden falls on laboratories to validate their own methods and criteria for
reporting. The College of American Pathologists provides some limited validation guidance via
their Molecular Pathology checklist. However, FDA-approved sample-to-answer solutions,
analogous to multiplex PCR panels, may be needed for widespread adoption of NGS in clinical
microbiology laboratories.

This series will provide readers with detailed understanding of the 3 primary applications of
pathogen genomics in the diagnostic setting. Each review will discuss the limitations of the
specific approach and highlight some of the equipment and/or workforce needs for successful
implementation. The second article in this series, Use of Diagnostic Metagenomics in the
Clinical Microbiology Laboratory, will discuss mNGS for detection of pathogens directly from
clinical samples. As mentioned above, reports of successful real-time clinical use of mNGS are
quite scarce and larger prospective studies are needed to show the benefit of adoption. The third
article, Next Generation Sequencing for Outbreak Investigation in the Clinical Microbiology
Laboratory, reviews the advances in understanding pathogen transmission dynamics by
performing higher resolution WGS via NGS. The final article, Use of whole genome sequencing
for detection of antimicrobial resistance: Mycobacterium tuberculosis, a model organism,
describes the challenges with inferring phenotype from genotype via NGS. It also highlights the
most likely replacement of culture-based susceptibility testing with WGS, that is, specifically for
the pathogen Mycobacterium tuberculosis. The series shares common themes of current barriers
to widespread adoption of any NGS application in clinical microbiology laboratories.
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