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Summary

Next-generation sequencing (NGS) has the potential to dramatically revolutionize the clinical 
microbiology laboratory by replacing current time-consuming and labor-intensive techniques 
with a single, all-inclusive diagnostic test. Traditional methods for identifying organisms such as 
mycobacteria, some bacterial species, and fungi in particular are often slow, specialized, and 
organism specific. Culturing, Gram staining, and biochemical and molecular tests are traditional 
assays that consume the manpower of the clinical microbiology laboratory. From this battery of 
tests, relevant treatment guidance for the clinician is not always produced. This has been de-
scribed elsewhere as a “diagnostic odyssey” or a guessing game for the diagnosis and identifica-
tion of infectious diseases. Executing diverse clinical tests can waste precious time for a patient 
and might be the difference between life and death. In the groundbreaking neuroleptospirosis 
case described by Wilson et al (2014), 38 different diagnostic tests on various sample types 
(e.g., cerebrospinal fluid [CSF], brain, urine, stool, sputum, blood, serum, plasma, oropharyngeal/
nasopharyngeal swab) were performed before the diagnosis was ultimately made with NGS. 
This technology can potentially expedite the turnaround time for a result and allow clinically 
actionable information to be obtained sooner than a traditional laboratory workup would allow. 
Data generated from an NGS assay would ideally provide a diagnostic and therapeutic decision 
in a clinically relevant time frame that would positively enhance patient care and outcome. The 
American Academy of Microbiology (Academy) conducted a two-day colloquium to review the 
potential future impact of NGS on clinical microbiology and how barriers for implementation 
can be overcome through suggested recommendations identified by invited colloquium experts. 
Main topics discussed at the event are highlighted in an mBio minireview article prepared by the 
NGS steering committee members.

Basic science and applied research coupled with emerging technologies has enabled NGS to 
transition into the diagnostic laboratory setting to provide clinically actionable results. Insights 
acquired from NGS methods can be exploited to improve our health as individuals and the 
greater public health. NGS is poised to broaden our understanding of how microbes inter-
act in different ecosystems, as well as their functioning during health and disease in humans, 
animals, and environments, including both the built and natural (outdoor) settings. Food safety 
measures and product quality may also be advanced by NGS technology by allowing faster 
detection of contaminating pathogens that may arise during manufacturing or processing and 
subsequently trigger outbreak scenarios. Taken together, the functionalities of this sequencing 
tool can help achieve the main goal of the One Health Initiative, which is to obtain optimal 
health for people, animals, and various environments (Figure 1).

Moreover, NGS will contribute to the Precision Medicine Initiative, a bold and innovative 
approach for disease treatment, management, and prevention launched by President Obama 
in his 2015 State of the Union address. At the present time, NGS is being applied to preci-
sion medicine to help diagnose human genetic disorders, prenatal disorders, and cancers. For 
example, Worthey et al (2011) executed whole-exome sequencing, a type of NGS approach, 
to diagnose a rare immune defect that saved a 15-month-old patient’s life. All standard diag-
nostic tests had been exhausted with no definitive cause for the patient’s Crohn’s disease-like 
illness that was coupled with recurrent episodes of sepsis and infection. Exome sequencing 
revealed a novel, hemizygous missense mutation in the X-linked inhibitor of apoptosis gene 
that atypically presented as severe gastrointestinal (GI) disease. This mutation directed clinical 
management to perform a successful allogeneic hematopoietic progenitor cell transplant that 
cured the patient’s GI illness.

Summary

Next-generation sequencing (NGS) is a blanket term that collectively refers to high-throughput DNA 
sequencing strategies that can produce large amounts of genomic data in a single reaction by diverse methodol-
ogies. NGS is also referred to in the literature as “deep,” “high throughput,” or “massively parallel” sequencing.
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Precision medicine recognizes that a “one-size-fits-all” diagnostic and treatment approach is 
not successful for every patient due to individual variability and host characteristics, such as 
genetic composition, lifestyle practices, and exposure to different environments/agents. Another 
component that contributes to a person’s unique biological makeup consists of the microbial 
communities that reside in niches throughout our bodies. Collectively known as the human 
microbiome, it is estimated that nearly 100 trillion microorganisms live within our gut, mouth, 
skin, and other mucosal surfaces. These microorganisms perform many beneficial functions that 
help maintain our health, such as by combatting offending pathogens that want to inflict harm 
and by synthesizing essential vitamins and minerals. Therefore, the scope of precision medicine 
encompasses the study of microbes by NGS for microbiome analyses and pathogen diagnostics. 
Precision medicine will integrate patient and family medical histories, clinical signs and symptoms 
of illness/disease, and genomic information whether human or microbial in order to create 
treatment pathways that are individualized and tailored for each patient. As an example, a cus-
tomized treatment plan for a septic patient might be life-saving, as sepsis can be caused by a se-
vere bacterial, viral, or fungal infection. It is thought that newer drugs for the treatment of sepsis 
have failed clinical trials because of the heterogeneity of sepsis as a clinical entity. Although these 
drugs showed promise on the bench, it is speculated that inherent variability among individuals 
and disease pathogenesis is the cause for poor therapeutic responses, thereby calling for a more 
individualized approach that precision medicine and NGS technologies bolster. 

NGS offers great opportunities for advancing precision medicine in the clinical microbiology 
laboratory. With the hope of applying this technology for microbial organism and antibiotic/vir-

Figure 1. One Health Initiative: the interdisciplinary global health collaboration. 
Next-generation sequencing (NGS) capabilities can support the One Health Initiative or the interconnectedness 
of humans, animals, and the environment. Knowledge gained from the power of NGS can help improve our 
overall well-being. 
Republished with permission from the publisher.*
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ulence marker identification for clinical diagnostics, patient care could be dramatically impacted; 
however, implementing NGS as a routine test in this setting faces significant infrastructure (i.e., 
computing resources) and bioinformatics challenges. Refining sequencing data to guide clinical 
decision-making is a complex bioinformatics task, as it involves formulation and interpretation of 
molecular data in the biological sphere in connection with treatment information in the clinical 
sphere. Without question, this is an exciting time for the field of clinical microbiology, given the 
empowering ability of NGS technologies to help us understand and treat infectious disease. 
This enthusiasm was expressed at the Academy’s colloquium, at which invited participants were 
tasked to answer seven key questions and subquestions developed by the steering committee. 
Findings from the discussions are summarized in this report, along with real clinical case studies 
that used NGS for diagnosis and recommendations that address microbiological NGS challeng-
es. The recommendations put forth by the colloquium participants were identified and catego-
rized under the sections below. 

Issues That Need To Be Addressed  
for the Implementation of NGS into Clinical Microbiology 

The field of NGS for infectious disease diagnostics has progressed very slowly. To advance the 
transition of NGS technology into the clinical microbiology laboratory, colloquium attendees 
established main topic areas and listed suggestions on how to address each issue.

Performance Factors and Infrastructure
In order for NGS-based assays to become commonplace in the clinical microbiology laboratory, 
there is a need for the development of “turnkey” solutions for all phases of testing (e.g., sample 
preparation, sequencing, data analysis, and result interpretation). The ultimate goal of diagnostic 
NGS is to place a direct clinical specimen from any matrix into the NGS workflow and gen-
erate an actionable result within a reasonable time frame. Continued efforts for direct clinical 
sample sequencing should be pursued. (Recommendation 2.1) 

It is recommended that a distinction be made between diagnostic clinical specificity/sensitivi-
ty and analytical specificity/sensitivity when discussing a clinical microbiological NGS test. The 
qualifiers of “diagnostic clinical” and “analytical” are not interchangeable, and confusion can 
arise when reporting a laboratory test result. More efforts are also needed to understand the 
mutation rates and population structure of commonly encountered clinical pathogens in rela-
tionship to their effects on NGS sensitivity and specificity as well the use of NGS for molecular 
epidemiology. (Recommendation 2.2)

To help minimize the cost and bulkiness of NGS hardware implementation, the utility of 
benchtop and point-of-care (field-able) sequencing platforms should be emphasized to clinical 
laboratories seeking to engage in this space. These sequencing systems consume less space and 
are generally less expensive than larger NGS platforms, and data analysis can be completed on 
a high-end desktop server or even a laptop. (Recommendation 5.1)

Standard Operating and Validation Procedures 
A group of stakeholders (e.g., government agencies, clinical laboratory professionals, academia, 
industry) should be brought together to develop standardized reference materials and data 
sets that can be used for assay validation and quality control (QC) procedures. To make the 
validation of bioinformatics pipelines easier, publically hosted “digital” validation test sets could 
be purchased and evaluated by clinical laboratories. A set of reads that have a known answer 
could be downloaded and subjected to the lab’s bioinformatics components. Also, fully charac-
terized biological reference organisms will be needed to evaluate both the wet and dry NGS 
processes. (Recommendation 4.1)

It is recommended that different wet and dry bench NGS protocols be created for the de-
tection of etiological agents such as bacteria, viruses, fungi, yeasts, and parasites. Although NGS 
has the potential to detect all pathogens in a clinical sample, specific protocols would help to 
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advance the transition of NGS into the clinical microbiology laboratory. There needs to be 
guidance on how to validate and perform QC procedures for these protocols as they pertain 
to the different pathogens (i.e., what are the unique/pathogen-specific QC metrics that must be 
considered to ensure the quality of NGS results). (Recommendation 4.2)

Interdisciplinary Teams and Education
To ensure successful utilization of an NGS result, a multidisciplinary team within the 
clinical or public health laboratory setting should be formed to include the expertise 
of clinical microbiologists, medical technologists, clinicians, infectious diseases physicians, 
pathologists, basic research scientists, software developers, and bioinformaticians. This 
collaborative effor t will maximize the strength and interpretation of NGS data. (Recom-
mendation 4.3)

Adoption of NGS into the clinical microbiology laboratory will require clinical microbiologists, 
medical technologists, and clinicians to receive training in molecular biology and bioinformatics. 
Future clinical microbiology and public health laboratory professionals will be required to be 
competent in the field of bioinformatics in order to effectively communicate with bioinforma-
ticians. Beyond general programming skills and bioinformatics knowledge, there needs to be 
training on understanding and interpreting NGS results. It is recommended that bioinformatics 
be incorporated into the coursework of medical school students and clinical microbiology/pa-
thology fellowship programs so the students gain familiarity with this diagnostic approach, which 
is likely to be used during their clinical practice. Exposure to informatics could even begin at the 
high school and undergraduate levels, since the basic principles are applicable to many fields. 
(Recommendation 4.4)

Professionals who will use NGS technology should work closely with software developers to 
create a proficient, streamlined, and more manageable analysis pipeline to provide a quicker 
return of complete diagnostic information. This collaboration will help in the development of 
more efficient and user-friendly software programs, interpretable analysis reports, and improved 
algorithms for genomic data analysis. (Recommendation 6.1) 

Interpretation, Sharing, and Management of Data
To greatly assist in outbreak scenarios in both the hospital and the community setting, guidelines 
or models for responsible data sharing among institutions should be developed and endorsed 
by a consortium of relevant stakeholders. These models should encourage continual sharing 
of microbial genomic data and maximize public availability while balancing the need for patient 
privacy. This balance of sharing data and maintaining privacy is necessary for predictive outbreak 
detection to work; hence, the public health benefit of using NGS in the clinic can be gained. 
(Recommendation 3.1) 

When NGS data are to be stored remotely such as on a server, in the cloud, or within a 
database, the information must protect patient privacy and be Health Insurance Portability and 
Accountability Act (HIPAA) compliant. (Recommendation 5.3)

Sequence data, including raw sequence reads, .FASTQ files, and the complete genomic se-
quence of the identified pathogen, are large and would consume considerable storage space for 
a hospital. The assembled sequence should be uploaded to an appropriate database, and only 
the clinically relevant result should be maintained in the patient’s electronic medical file. (Rec-
ommendation 5.4)

Clinical Reporting and Billing

Some NGS-based assays, e.g., metagenomic assays, are capable of returning a complex set of 
results that require careful interpretation by the clinical microbiologist to determine what is 
clinically actionable and what should be included in the result report to ensure optimal patient 
care. For example, NGS results should assist the physician in determining what antimicrobi-
al can be used, rather than what the organism is resistant to or what drug is not suitable for 
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treatment. The presence of the gene conferring antimicrobial resistance (AMR) is not evidence 
of its expression and hence AMR phenotype. There needs to be a way to phenotypically verify 
the genotypic result generated by NGS. Rapid phenotypic testing methods are currently under 
development. (Recommendation 5.2)  

An information visualization style approach to conducting controlled user studies might help to 
determine which form of NGS clinical reporting is most effective for clinicians to make a diag-
nosis or initiate/change treatment for the patient. (Recommendation 6.2)

New regulatory guidelines and insurance reimbursement codes for the use of NGS testing in 
the clinical microbiology laboratory need to be developed. Insurance billing codes should be re-
vised to enhance the transparency of molecular services that are performed. Additionally, payers 
such as CMS (Centers for Medicare & Medicaid Services) should review publications showcas-
ing that NGS assays guided or improved diagnostic and therapeutic decisions that could not be 
made using current laboratory methods. (Recommendation 6.3)

Outcome analyses and clinical trials highlighting the success and cost savings of NGS for the di-
agnosis of infectious diseases are highly recommended and could serve as justification for reim-
bursement companies. Incentive and, more specifically, funding, which is not widely available, must 
be given to initiate such studies. Therefore, an advisory board composed of relevant stakeholders 
should be created to address this issue. (Recommendation 6.4) 

Reference Databases
It is recommended that genomic sequences of emerging microbial pathogens be uploaded to 
a unified, public database as quickly as possible to allow for community engagement of the data 
analysis and use of those data to inform other clinical professionals of the pathogens they are 
encountering in their laboratories. If genomic sequences for high-priority pathogens are rou-
tinely deposited, NGS has the potential to serve as the new early warning system for outbreaks 
that may occur locally, nationally, or internationally. This tactic could help monitor the stability of 
the outbreak isolate’s genome over time and determine if acquisition or removal of genomic 
information affects diagnostic and therapeutic decision-making. (Recommendation 3.2)

A crucial recommendation is the expansion of curated and regulatory-grade microbial se-
quence databases in the public domain. Genomic sequence submissions should include 
high-quality sequence data that are accurately annotated with metadata. These databases should 
not be a static collection of information but should allow for local, national, and international 
data exchanges that are in line with agreed standards. Additional databases are not needed, but 
existing databases should establish standardized quality metrics or curation strategies to pro-
mote confidence in clinical decision-making. (Recommendation 7.1)

It is recommended that sequencing efforts be focused on obtaining more pertinent whole 
genomes for pathogenic fungal, yeast, and parasitic species. (Recommendation 7.2)

Resistance genes should be annotated as a subset within an appropriate existing database. With 
new genetic mechanisms of resistance frequently arising, these databases would be ongoing 
projects requiring active curation and reannotation efforts. (Recommendation 7.3)

*One Health Initiative. [http://www.onehealthinitiative.com/about.php].Accessed June 28, 2015.
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Sanger sequencing has been recognized as the 
reference standard for DNA sequencing over the 
past 37 years. Since its introduction in 1977 by 
Frederick Sanger and colleagues, dideoxynucle-
otide sequencing has dominated the sequencing 
landscape (1, 2, 3, 4, 5, 6, 7). Sanger biochemistry 
has been modified over three decades to yield 
read lengths of up to 1,000 bases, with raw reads 
obtaining accuracies as high as 99.999% (8, 9). This 
is a well-defined, mature chemistry that has laid 
the groundwork for the sequencing of genes and 
even whole genomes; however, it is limited in its 
throughput capacity (1). Despite the success of 
Sanger sequencing to produce early maps of the 
human genome, its slow pace ignited the demand 
for more robust DNA sequencing technologies 
that could generate large amounts of genomic 
data in a quicker and more affordable manner (9, 
10, 11). In 2005, the GS-20 sequencing platform 
from 454 Life Sciences, the first non-Sanger-based 
sequencing system, was launched (12, 13, 14). This 
system executed a massively parallel pyrosequenc-
ing method that formed the underpinnings of a 
new wave of high-throughput genomic analysis 
known as next-generation sequencing (NGS). Sub-
sequently, NGS technologies have revolutionized 
the field of genomics, enabling a comprehensive 
analysis of genomes, both human and microbial, in 
days rather than years and at a cost of thousands 
of dollars per sample rather than billions (8, 15, 
16). In the following paragraphs, specific examples 
of the scientific impact or forthcoming advantages 
of NGS techniques are highlighted. 

Currently, a major challenge of NGS is the appli-
cation of its brute sequencing power for infectious 
disease diagnoses in the clinical microbiology 
laboratory (17). Infectious disease is one of the 
leading causes of mortality worldwide (18). Rapid 
detection of the causative agent is crucial for 
implementing appropriate therapeutic measures 
and improving the patient’s standard of care (19). 
Testing pathways in the microbiology laboratory 
have changed little over the past 50 years, but 
regardless of established methodologies, complete 
diagnostic information is not always generated 
(19, 20, 21, 22). For example, when a 20-year-old 
woman returned to the United States after hiking 
in Western Australia, she presented with a fever, 
rash, headache, nausea, and muscle and joint pain. 
A wide range of tests for common infectious 
causes of acute febrile illness were completed 
but yielded negative results. While in Australia, the 
patient was warned of a Ross River virus outbreak, 
but diagnostic tests for this organism were not 
readily available. Metagenomic NGS, which tests 
for the entire spectrum of disease-causing organ-

isms in a sample without requiring specific primers 
or probes, was conducted on the patient’s blood 
sample. The sequencing unexpectedly revealed 
the presence of reads corresponding to human 
herpesvirus 7 (HHV-7), an infection typically seen 
during childhood. Metagenomic NGS was able 
to clearly demonstrate the presence of HHV-7 
within 48 hours of receiving the specimen, and 
the patient recovered within 2 weeks (23). This 
example highlights how NGS can bypass many of 
the limitations of the current diagnostic scheme by 
allowing physicians to assess for multiple pathogens 
as part of the initial diagnostic evaluation, thereby 
avoiding multiple rounds of testing that look for 
progressively less-common pathogens (24, 25, 26, 
27, 28). NGS technology is appealing to clinical 
microbiologists because of its increased availability, 
decreased cost per base, and capability to detect 
a broad range of pathogens (8, 25, 29, 30). NGS 
also has the potential to eliminate the multitude 
of microbiological tests that are currently con-
ducted on clinical specimens (29, 30). In addition, 
the data generated using NGS could assist with 
the development of new or enhanced diagnostic 
assays, for instance, by providing sequence informa-
tion that would allow for the design of improved, 
pathogen-specific DNA targets and primers used 
in multiplex assays (31). NGS has the capacity to 
profoundly change how infectious diseases are di-
agnosed, although adoption of the technology has 
been slower than some may have predicted,  
at least at the current time (22). With these tech-
nological sequencing advances come new chal-
lenges with methodologies, bioinformatics, clinical 
reporting (32), and databases (33), all factors that 
are addressed in upcoming sections. Despite these 
caveats, the clinical microbiology laboratory is 
still on the threshold of implementing NGS into 
routine practice (31).

Not only has NGS advanced the field of clinical 
microbiology, it has also been successfully applied 
to the field of human genetics and precision med-
icine (34). Common applications of human NGS 
include sequencing of multigene panels, noninvasive 
pre-natal testing for the detection of fetal chro-
mosomal abnormalities, and exome and whole-ge-
nome sequencing (WGS) for the identification of 
common and rare genetic disorders, disease-spe-
cific variants, and cancer-specific alleles (34, 35, 36, 
37, 38, 39, 40). Another useful application for NGS 
is human and microbe identification for forensic 
practices. The standard method for forensic analysis 
is DNA profiling by short tandem repeats (STRs) 
(14). Although STRs provide adequate discrimina-
tory power when the origin of and relationship be-
tween DNA samples are being examined, a more 

Introduction
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refined level of discrimination and phylogenetic 
analysis is given by NGS technologies (41). NGS 
has the potential to quickly and safely characterize 
microbes related to biocrimes and bioterrorist 
events (14). The Department of Homeland Secu-
rity introduced the BioWatch program to function 
as an early detection mechanism for dangerous 
pathogens in public places and therefore mitigate 
the risk of biological threats. Pathogens themselves 
can act as bioweapons (e.g., anthrax), or specific 
toxins produced by pathogens can be extorted for 
use in biocrimes (e.g., ricin). [See Case Study 1 for 
an example of how the resolution power of NGS 
is capable of differentiating between the potential 
bioterrorism agent Francisella tularensis (F. tularen-
sis) subspecies tularensis and F. tularensis subspe-
cies holarctica (42).] The availability of high-quality 
sequence data can aid investigations or even ex-
pedite them, be used as evidence in legal cases, or 
guide the government’s response in the case of a 
bioterrorist event (14, 43). Thus, NGS technologies 
have pertinent technical, governmental, and legal 
roles (42, 43, 44, 45).

Analysis of the human microbiome is yet an-
other area where NGS is gaining traction (46). 
Comprehensive characterizations of microbial 
communities that comprise areas of the human 
body, such as the gut and skin, can be completed 
with NGS methodologies (47). Specifically with 
the gut microbiome, the majority of organisms are 
uncultivable, anaerobic species and hence could 
not be characterized before the introduction of 
high-throughput sequencing. NGS methods such as 
culture-free 16S rRNA gene and metagenomic se-

quencing have enabled the study of novel anaero-
bic and aerobic gut microorganisms. Metagenomic 
data have allowed for the development of mi-
crobiome-based research that have been applied 
to cystic fibrosis management, fecal transplant 
therapy, and bacterial vaginosis therapy (48, 49, 
50). Microbiome studies have linked the bacterial 
metabolism of dietary phosphatidylcholine with 
an increased risk of major adverse cardiovascular 
events in humans (51). Other human metagenomic 
studies have demonstrated how specific alterations 
in the composition of gut microbiota can con-
tribute to GI disease, obesity, and type II diabetes 
(49, 52). Taken together, NGS methodologies have 
expanded our knowledge of the complexity and 
composition of the human microbiome in relation 
to development, health, and disease (31, 46, 48, 49, 
50, 51, 52, 53, 54, 55, 56). 

In addition to the use of NGS in studying the mi-
crobial diversity of humans, NGS technologies have 
been used to investigate the microbial populations 
among different food ecosystems. NGS is making 
great headway in the food microbiology field, 
which investigates both the beneficial and harmful 
effects that microbes have on food safety and qual-
ity. NGS methods have been used to examine the 
microbial profiles of various foods to help optimize 
maturation or preservation practices, to detect un-
expected microorganisms that cause spoilage, and 
to detect unwanted pathogens that cause illness 
(57). Although the U.S. food supply is among the 
safest in the world, sources of contamination can 
arise from any step within food production, such 
as during processing, packaging, transportation, and 

  Case Study 1 

Deep sequencing differen-
tiates between Francisella 
tularensis subspecies, a 
capability critical for biose-
curity (42)

A 57-year-old male that 
resided in Fukushima Prefec-
ture, Japan, presented to a 
clinic with a right thumb ulcer, 
swollen right axillary lymph 
node, and pain in the right 
wrist through elbow joint. 
Laboratory tests diagnosed 
the patient with cellulitis and 
lymphadenopathy, and treat-
ment was given. However, 
1 month later, he returned 
to the clinic with a swollen 
axillary node and redness and 
reported that he had skinned 
a hare. Pus from the enlarged 
axillary region was cultured 
but unrevealing. The pus was 
also examined for potential 
pathogens by unbiased deep 
sequencing, which yielded 
Francisella species-positive 
reads (Figure A). Whole-ge-
nome single-nucleotide 
variations (SNV) were used 
to extrapolate the subspecies 
and potential virulence of the 
Francisella species. 16S rRNA 
sequencing does not have this 
discriminatory power. Deep 
sequencing and SNV genotyp-
ing detected F. tularensis subsp. 
holarctica rather than the 
potential bioterrorism agent 
F. tularensis subsp. tularensis 
(Figure B). This crucial distinc-
tion prevented the need for 
patient isolation and use of a 
biocontainment facility when 
working with F. tularensis 
subsp. holarctica.

Case study 1 (Figure) Comprehensive direct sequencing from fluid collected from the patient’s axillary region. 
(A) Schematic representation of the analysis pipeline for the detection of pathogens based on comprehensive 
sequencing of human clinical specimens. After excluding human-derived DNA sequences using the BWA-SW 
read-mapping software program, the remaining short reads were subjected to a BLASTN homology search to 
detect potential pathogens. (B) Summary of homology search results for all obtained reads from the abscess 
specimen. The identified bacteria reads corresponded to Francisella sp., and the taxonomic classification suggests 
a Francisella subsp. group for every sequence read. The number in red indicates the assigned read counts for the 
respective bacteria species.
Republished from reference 42 with permission.
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preparation. In a foodborne outbreak, NGS data 
can be leveraged to track the pathogen’s source 
with the hope of stopping the outbreak in its 
tracks and protecting public health. The Center for 
Food Safety and Applied Nutrition (CFSAN) with-
in the FDA uses WGS, a specific NGS approach, 
to (i) differentiate sources of contamination that 
may have occurred within the same outbreak, (ii) 
determine which ingredient in a multi-ingredient 
food contained the pathogen responsible for the 
outbreak, (iii) track the source of the contaminat-
ed ingredient, and (iv) execute food surveillance 
to prevent further disease. CFSAN’s Genome-
Trakr program, a component of an ongoing global 
surveillance project that uses WGS for the rapid 
detection of outbreaks of foodborne illness and 
pathogen traceback, is an example of the food 
surveillance function. For example, in March 2014, 
the FDA shut down a Kenton, Delaware, company 
due to a multistate Listeria outbreak that stemmed 
from contaminated Hispanic-style cheeses manu-
factured in this facility. WGS showed that the Liste-
ria strains isolated from outbreak patients were 
highly related to the Listeria strains detected in 
the Hispanic-style cheese products (58, 59). More 
than 19,000 bacterial draft genomes have been 
deposited within GenomeTrakr and are publically 

available for comparison of outbreak isolates in 
real time (60, 61). 

Up until this point, the applications of NGS that 
have been briefly reviewed involve the clinical and 
biomedical arenas, but NGS is an important tool 
that extends beyond these fields and is at the fore-
front of environmental microbiology and ecological 
science. Studies on the biodiversity of marine, 
freshwater, terrestrial, and agricultural ecosystems 
have revealed intriguing insights about the microbi-
al inhabitants (62). For instance, NGS has provided 
a wealth of knowledge in determining plant viral 
diseases of unknown origin and other agricultural 
pathogens that have aided in pesticide optimiza-
tion and efficacy (63). NGS can detect mutations 
causing pesticide resistance and, therefore, has the 
potential to aid in plant protection and fitness. 
Plant genomics has also unveiled the complexity 
and diversity of domesticated crop species. In turn, 
this diversification has been utilized to improve the 
health of crops and food safety (64). 

Since its introduction in 2005, NGS technology 
has had a fundamental and far-reaching impact 
on many fields related to the biological sciences, 
including the medical, forensic, environmental, and 

Statement of Task

The guessing game aspect of diagnosis or identification of infectious diseases can waste precious 
time for a patient. Clinicians are commonly forced to make an educated guess about therapy prior 
to knowing the infecting pathogen, and delays in microbe identification increase the risk of ineffective 
treatment and spread of infection. Rather than running a variety of tests to identify a pathogen, NGS 
offers a wide diagnostic repertoire that can identify the culprit no matter the organism—bacterium, 
virus, fungus, yeast, or parasite. NGS methodology has tremendous potential to impact patient care 
by helping clinicians tailor patient treatment, therefore reducing the usage of ineffective drugs and 
decreasing the selective pressure for resistance development. The colloquium will examine the core 
issues of NGS as a diagnostic tool for fast pathogen detection, including: 

•	 The purpose and utility of 
NGS for the detection of 
bacteria; status of fungi, yeast, 
and parasite NGS applica-
tions

•	 Functionalities of NGS 
versus competing MAL-
DI-TOF MS, PCR assays, and 
other relevant diagnostics 
(i.e., ELISA, SmarticlesTM); a 
comparison in turnaround 
time for results, sensitivity, 
and specificity among the 
technologies

•	 The impact of NGS if im-
plemented in clinical/public 
health microbiology labora-

tories; the influence of NGS 
on outbreak investigations, 
unculturable organisms, 
metagenomics, and human 
microbiome studies

•	 The applicability of NGS 
to clinical, diagnostic, and 
reference laboratories, 
including an examination of 
feasibility into workflow, cost 
of the technology, efficiency 
of correct identification, and 
development of standard 
operating procedures 

•	 Data management issues 
of NGS; pipeline for inter-
preting NGS data, how the 

data can be made clinically 
relevant or how they fit into 
standard of care, and data-
base development to store 
genetic data  

•	 Deterrents and short-
comings of NGS technol-
ogy and the challenges of 
implementation; regulatory 
issues, recommendations on 
how to address barriers for 
implementation, and current 
clinical trials using NGS

•	 Standardization of NGS 
data and the creation and 
maintenance of a reference 
database
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agricultural disciplines (65). As NGS technologies 
continue to improve, it is anticipated that there will 
be additional innovative applications for them in 
the clinical and public health settings (66). The focus 
of this report is the implementation of NGS for 
routine microbiological use, a relatively new avenue 
for this technology that holds immense transforma-
tive potential for the detection, identification, and 
characterization of infectious agents in clinical and 
public health microbiology laboratories.

Approach to the Task
In April 2015, the Academy convened a group of 25 
experts at ASM Headquarters to discuss the clinical 
microbial applications of NGS. A steering commit-
tee was appointed prior to the colloquium and was 
tasked with developing discussion questions that 
were to be posed at the event and with compiling 
a list of invitees that had expertise covering the 
scope of this topic. Invited colloquium attendees 
included representatives from government agen-
cies, commercial industry, clinical laboratories, and 
academia, with backgrounds in clinical microbiology, 
diagnostic development/regulation, food microbi-
ology, public health surveillance, DNA sequencing 
technologies, bioinformatics, computer science, and 
database formulation and management. Given that 
NGS is a field that is constantly evolving, the ASM 
and the Academy’s Board of Governors sought to 
cast light on the current status of NGS technolo-
gies in clinical microbiology practice and to provide 
recommendations for implementation. Colloquium 
participants were assigned seven main discussion 
questions and subquestions that covered the broad 
categories explained in the statement of task. 
Participants were divided into working groups that 
consisted of a variety of expertises in order to

answer the discussion questions. Groups recon-
vened for plenary sessions to review all answers. 
This report summarizes the discussions held during 
the colloquium’s plenary sessions.  

Structure of the Report
The report is divided into seven sections based on 
the questions that were asked during the colloqui-
um. These discussion questions were developed 
by the steering committee members prior to the 
event. Section 1 specifically focuses on the use of 
NGS for bacterial detection. Although NGS can 
detect other microbial pathogens, such as viruses, 
fungi, yeasts, and parasites, the colloquium under-
scored bacterial identification. Section 2 provides a 
comparison of NGS technologies to other types of 
diagnostic assays, including differences in turnaround 
time, specificity, and sensitivity. Section 3 elaborates 
on the impact that NGS could have on the clinical 
and public health microbiology fields, including the 
use of NGS for metagenomics and human microbi-
ome studies and the identification of unculturable/
difficult-to-culture organisms. Section 4 describes 
the necessary factors for incorporating NGS into 
the clinical microbiology laboratory workflow, in-
cluding standard operating procedures, process val-
idation, and reference materials for validation. This 
section also discusses the synergy that needs to be 
created among various groups of professionals to 
fully realize the benefits of NGS technologies. Sec-
tion 5 examines the issues encompassing NGS data 
analysis, interpretation, management, storage, and 
archiving. Section 6 explains the downfalls of NGS, 
the challenges of implementation, and suggestions 
for overcoming these difficulties. Section 7 discusses 
the need for quality and curated microbial genomic 
reference sequences and metadata in public reposi-
tories. Numerous case studies that demonstrate the 
utility of NGS as infectious disease diagnostic tests 
are also highlighted throughout this report. 

  Case Study 2

Mastoiditis caused by 
Fusobacterium nucleatum-Ac-
tinomyces israelii coinfection 
determined by NGS (68)

This case study demonstrates 
the use of NGS in the diagno-
sis of multiple organisms that 
caused aggressive mastoiditis 
in a 46-year-old developmen-
tally delayed man. The use 
of conventional culture and 
molecular clinical techniques 
can be challenging when 
characterizing the organisms 
that comprise polymicrobial 
infections. In September 2013, 
the patient presented to a 
hospital with a swollen left 
mastoid, bleeding gingiva, and 
increased oral secretions. 
A computed tomography 
(CT) scan revealed abscess 
formation in the left tem-
poralis muscle that involved 
a significant portion of the 
left temporalis bone. Surgical 
debridement of the affected 
area showed necrotic tissue, 
which was Gram stained 
and revealed rare branching 
Gram-positive rods that were 
suggestive of Nocardia or 
Actinomyces (Figure). However, 
16S rRNA sequencing was 
positive for Fusobacterium nu-
cleatum (F. nucleatum). Because 
of the diagnostic uncertainties 
of the patient’s mastoid infec-
tion, NGS was performed on 
an Illumina MiSeq platform 
that specifically targeted 
bacterial 16S rRNA genes in 
a culture-independent fashion. 
Along with the detection 
of normal oral flora, deep 
sequencing reads detect-
ed F. nucleatum (78%) and 
Actinomyces israelii (0.13%). 
Both of these organisms are 
well-known infectious agents 
that are frequently coisolated 
from infection sites. This case 
report demonstrates that 
NGS can be used to evaluate 
the overall composition of 
a polymicrobial infection 
and is a powerful technique 
for resolving discrepancies 
produced by conventional 
laboratory methods.

Case study 2 (Figure) Rare aggregate of branching, 
Gram-positive rods, characteristic of Nocardia  
and Actinomyces. 
With further analysis, the F. nucleatum was deter-
mined to be the etiological agent of which culture 
did not detect.
Republished from reference 68 with permission.
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When discussing the role of NGS from a patho-
gen-agnostic perspective, detection has a multi-
tude of purposes and unfolds in the clinical, public 
health, agricultural, and environmental fields. NGS 
of complex samples or metagenomics allows for 
comprehensive pathogen detection without a 
priori knowledge of the target organism (4, 8, 10, 
15, 25, 67). Unlike other techniques that can be 
used to identify microbial pathogens from clinical 
samples, metagenomics by NGS is not limited to 
known organismal sequences. [See Case Study 2, 
which features the inclusivity of an NGS assay by 
showing that a mastoid infection was caused not 
only by Actinomyces israelii but also by Fusobac-
terium nucleatum (68).] Essentially, NGS yields 
“detection with benefits,” with those added bene-
fits being organism differentiation, novel organism 
discovery, elucidation of virulence factors and resis-
tance markers, and host characteristics in response 
to the offending microbe and administered therapy. 
Detection can also operate on a purpose-de-
pendent level, such as for outbreak tracking and 
hospital infection control surveillance. 

1a.  Status of Virus, Fungus, Yeast,  
and Parasite NGS Applications

Discussions at the colloquium focused primarily 
on the use of NGS for the detection and identi-
fication of bacterial species, since bacteria are the 
most commonly encountered microorganisms in 
the clinical microbiology laboratory (69). A brief 
synopsis of the status of NGS with other kinds of 
microorganisms, including viruses, yeasts, parasites, 
and fungi, is described below. 

Much of the pioneering work in establishing 
NGS as a method for pathogen detection was 
conducted by virologists. The initial studies using 
metagenomics by NGS on human clinical spec-
imens unveiled a novel polyomavirus associated 
with Merkel cell carcinoma and a novel arenavirus 
that caused fatal febrile illness. ). [See Case Study 
3, which demonstrates how RNA sequencing 
and ultimately protein homology were used to 
discover a new arenavirus that had been trans-
mitted through solid organ transplantation (70, 
71).] Briese et al (72) used unbiased pyrosequenc-
ing of RNA extracts to evaluate an unexplained 
outbreak of extremely fatal hemorrhagic fever in 
southern Africa. Within 72 hours of receiving the 
clinical samples from outbreak victims, phyloge-
netic analyses showed the presence of a highly 
novel viral genetic lineage that was only distantly 
related to the Old World arenaviruses and was 
known as Lujo virus (LUJV). The work by Briese et 
al marks the first application of NGS for pathogen 

discovery associated with an outbreak of hemor-
rhagic fever caused by a genetically distinct virus. 
Other examples of NGS for identification of novel 
viruses in outbreak settings include the discovery 
of Bas-Congo virus (BASV), a novel rhabdovirus 
associated with a cluster of hemorrhagic fever cas-
es in central Africa (73), and novel adenoviruses in 
an acute respiratory outbreak in a baboon colony 
with evidence of coincident human infection (74). 

As evidenced by the abovementioned studies and 
many others (75, 76, 77, 78, 79), NGS technologies 
have made significant contributions to the clini-
cal virology field, including diagnostics, discovery, 
pathogenesis, epidemiology, and genome sequenc-
ing, through metagenomic-based sequencing 
approaches (known as viromes) (13, 79). With viral 
metagenomics, either DNA or RNA may serve as 
the input nucleic acid for analysis. Although library 
preparation is more time-consuming for RNA 
than for DNA, in some cases, RNA sequencing is 
more beneficial than DNA sequencing. First, some 
viruses have an RNA genome which would not be 
detected if only DNA was extracted and used as 
the starting material, as exhibited by Case Study 3. 
Second, performing total RNA extraction/sequenc-
ing can capture both DNA and RNA expression, 
and hence, mRNA sequence can be translated into 
protein. Amino acid sequence tends to be more 
conserved than nucleotide sequence and therefore 
may yield more defined taxonomic information 
(70, 80, 81). 

The use of NGS for virus detection has progressed 
tremendously since initial studies were published 
in 2008. In fact, clinical viral diagnostics are now 
more advanced than bacterial NGS diagnostics. 
Given the high specificity of viral sequence data, 
presently it is more practical for a viral diagnostic 
test to be CLIA (Clinical Laboratory Improvement 
Amendments of 1988) approved than a bacterial 
NGS assay. Applying NGS to bacterial analysis 
to make a specific diagnosis can be complicated 
when performing a metagenomic NGS applica-
tion, simply because large amounts of commensal 
bacterial microorganisms can colonize the patient, 
making determination of the causative organism 
more difficult. Furthermore, it has been demon-
strated that contamination of laboratory reagents 
that are used for NGS, such as DNA extraction 
kits or molecular biology-grade water (a common 
contaminant is Bradyrhizobium sp.), can significantly 
impact the results obtained using metagenomics 
(82). In contrast, while certain viruses can occa-
sionally constitute part of the normal microbial 
flora (e.g., torque teno virus) (83) or be potential 

  Case Study 3

Application of metagenom-
ic RNA sequencing dis-
covers a novel arenavirus 
responsible for three cases 
of fatal febrile illness (70) 

Arenaviruses are a spe-
cies of enveloped, nega-
tive-strand RNA viruses with 
a bisegmented genome that 
commonly infect specific 
rodents. These rodents can 
transmit the arenavirus to 
humans via their excrement 
(e.g., inoculation with infected 
urine), aerosolized infectious 
particles, or contaminated 
food products. In this case, 
three Australian patients 
received either a liver or 
kidney transplant from a 
single donor who had died of 
a cerebral hemorrhage after 
a 3-month trip in southern 
Europe. Within 4 to 6 weeks 
after transplant, all three 
patients died of a fatal febrile 
illness with various degrees of 
encephalopathy. The battery 
of tests performed on the 
patients’ samples included 
culture, PCR, serological as-
says, and oligonucleotide mi-
croarrays, which were specific 
for numerous bacterial, viral, 
and panmicrobial pathogens. 
When NGS technology was 
used, DNA sequencing reads 
were unrevealing of any can-
didate pathogens. However, 
RNA sequencing identified 
novel viral reads that were 
identical for all tested samples 
(i.e., tissue, blood, and CSF 
clinical specimens); hence, a 
single virus had been trans-
mitted to all organ recipients. 
Only 14 of 103,632 sequence 
reads or a viral/human RNA 
read ratio of 0.0135% was 
sufficient to demonstrate the 
presence of a new Old World 
arenavirus. Exposure to and 
acquisition of this novel virus 
were thought to have oc-
curred when the organ donor 
visited rural areas abroad. He 
subsequently transmitted the 
virus to three recipients of 
solid-organ transplants, which 
caused fatal disease and death. 
This case represents the first 
study that implemented NGS 
for new pathogen detection 
and discovery. 

Section 1 
Utility of NGS for Bacterial Pathogen Detection
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laboratory contaminants (e. g. Circoviridae/par-
vovirus-like hybrid virus [NIH-CQV/PHV] and 
xenotropic murine leukemia virus-related virus 
[XMRV]) (84, 85), the high sequence specifici-
ties of viruses make them easier to identify, and 
potentially diagnose, from metagenomic data than 
bacteria. NGS can detect 95% of viral pathogens 
(13, 86). This high detection rate cannot be said 
for bacteria unless targeted methods such as 16S 
rRNA gene sequencing are used. The identification 
of reads corresponding to a virus is likely indicative 
of ongoing disease. For example, if influenza virus 
is detected in a bronchoalveolar lavage (BAL) fluid 
specimen of a patient with pneumonia, then the 
infection was likely caused by this virus. On the 
other hand, if Staphylococcus aureus is detected in a 
BAL specimen, it is not guaranteed that S. aureus is 
the cause of pneumonia. S. aureus could present as 
a colonizer or commensal oral flora, contamination 
of the laboratory environment or reagents, or a 
simple misidentification. 

Despite the advancements made with NGS viral 
diagnostics, there are challenges that viral gen-
era and other nonbacterial organisms face when 
subjected to the technology. Briefly, there are 
studies being conducted using NGS to detect viral 
quasispecies with human immunodeficiency virus 
(HIV), Ebola virus, and influenza virus (56, 79, 87, 
88, 89). These small minor variant viral populations 
can be clinically important but are often challeng-
ing to detect, since viral nucleic acid integrity can 
be compromised during extraction. Furthermore, 
parasites, yeasts, and fungi are eukaryotic microor-
ganisms that pose bioinformatics challenges. These 
organisms possess larger genomes than viruses 
and bacteria, and their reads can be difficult to 
distinguish from human reads. [See Case Study 4 
to understand how WGS was applied to detect 
a pathogenic fungus that infected three organ 
transplant patients (90).] In addition, low-qual-
ity reference genomes can be contaminated by 
other viral, bacterial, fungal, or yeast sequences, 
and thus it can be taxing to determine if a top 
alignment hit is truly the correct pathogenic hit 
or just a database contaminant. More discovery 
efforts are necessary for parasite, yeast, and fungus 
NGS in addition to reference databases for these 
nonbacterial organisms (69, 91, 92, 93, 94). There 
are various medically important parasites, yeasts, 
and fungi that do not have high-quality reference 
genomes, and therefore NGS applications involving 
these organisms will have a tough time advancing 
without more concrete and curated reference 
databases. 

As the Precision Medicine Initiative moves forward, 
NGS has the potential to be incorporated into 
routine clinical microbiology workups to direct 
diagnostic and therapeutic decision-making that 

is specific for each patient. Since this colloquium 
focused mainly on the clinical bacterial applications 
of NGS, participants identified five main areas that 
they believe could benefit from the capabilities of 
NGS. These include (i) clinical identification from 
primary samples or a pure culture, (ii) infection 
control actions, (iii) antimicrobial stewardship, (iv) 
outbreak investigation in community and hospital 
settings to guide measures for containment, and 
(v) pathogen discovery (1, 70, 95, 96, 97). 

1b.  NGS Platforms: Past and Present 
Commercial Entities

Competition among sequencing vendors has 
resulted in sustained improvements to NGS 
platforms from streamlined setup to sequencing 
chemistry adjustments and user-friendly data 
analysis (38). Several commercial NGS platforms 
are currently available in the sequencing market-
place, and newer systems are on the horizon (3, 7, 
22, 25, 33, 38) (Figure 2). The basic functionalities 
of these platforms include WGS, whole-exome 
sequencing (WES), metagenomic sequencing, and 
targeted gene sequencing (Table 1) (1, 3, 31, 98). 
The optimal sequencing platform for a particular 
laboratory is highly dependent on the purpose for 
which it will be used. In the clinical microbiology 
laboratory, NGS platforms are primarily used for 
WGS and metagenomic sequencing, of which 
the latter task does not require knowledge of 
the possible causative agent. Targeted sequencing 
is also being used in the clinical laboratory if an 
etiological agent is suspected at the time of clinical 
sample collection. Regardless of the application, 
the capital outlay to purchase and maintain NGS 
equipment is considerable, and smaller hospitals 
and institutions may not have adequate funding, 
particularly without a well-established billing infra-
structure in place (38). 

Although these platforms differ in their sequenc-
ing chemistries and engineering principles, they all 
perform massively parallel sequencing which yields 
terabytes of data (13). This common technological 
feature involves the sequencing of either spatially 
separated, clonally amplified DNA or spatially sep-
arated, single DNA molecules on a flow cell (1, 3, 
5, 8, 15, 22, 99). Hundreds of megabases (millions) 
to gigabases (billions) of DNA sequence data can 
be produced from a single NGS run, which is in 
stark contrast to the hundreds of bases pro-
duced from an individual sequencing reaction of 
a targeted region by the Sanger method. Also, the 
amount of input DNA is dependent on the NGS 
platform and the intended application, along with 
the library preparation protocol used to extract 
the DNA to be sequenced. All of these factors 
might affect expected results and data output (1). 

  Case Study 4

NGS reveals a Coccidioides 
immitis cluster in three or-
gan transplant patients (90)

Whole-genome sequence 
typing (WGST) is an applica-
tion of NGS that was used in 
this case to identify multiple 
donor transplant-related 
cocccidioidomycosis events 
that occurred in patients 
who resided in an area of 
the United States where 
Coccidioides immitis (C. immitis) 
was endemic. In regions of 
endemicity, it can be diffi-
cult to distinguish between 
donor-derived primary 
infections with Coccidioides 
and latent infections with this 
pathogenic fungus. Whole-ge-
nome sequencing and sin-
gle-nucleotide polymorphism 
(SNP) analysis showed that 
the three C. immitis isolates 
collected from the organ 
recipient patients were nearly 
genetically identical, with only 
three SNP differences among 
them. Postmortem analysis 
of the donor’s serum was 
positive for IgM antibodies 
to Coccidioides spp., therefore 
making the donor the com-
mon source for this cluster of 
transplant-related infections. 
WGST demonstrated the 
genotypic and epidemiolog-
ic relatedness of C. immitis 
clinical isolates among organ 
recipients and their donor. 
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For instance, the typical DNA requirement ranges 
for the Illumina MiSeq, Ion Torrent PGM, and 
PacBio RSII are 50 to 1,000 ng, 100 to 1,000 ng, 
and ~1 μg, respectively (100). Newer, single-mol-
ecule, real-time sequencing (e.g., PacBio) tends to 
require a larger quantity of purified DNA to yield 
optimal results (25). Furthermore, when using the 
NexteraXT library preparation kit for bacterial 

WGS on the Illumina MiSeq, 1 ng of input DNA is 
needed, yet when the TruSeq library preparation 
kit is applied for DNA extraction, 3 to 5 μg of 
input DNA is required for analysis.

There was a paradigm shift in sequencing design 
when the Roche-454 system (previously 454 Life 
Sciences) entered the market in 2005. This tech-
nology involves the construction of adapter-ligated 

Figure 2. High-throughput sequencing platform examples.
The schematic shows the main high-throughput sequencing platforms available today, and the associated sample preparation and template am-
plification procedures. It is important to note that Roche will be ceasing operations of the 454 sequencing platforms by mid-2016. Illumina also 
provides other series of NGS platforms (i.e. NextSeq, HighSeqXTM) beyond those mentioned here. See text for more details.
Republished from reference 38 with permission from the publisher.
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DNA libraries, emulsion PCR, and pyrosequencing 
(Figure 3) (5, 15). Although the Roche-454 instru-
ment had a higher throughput capacity and a lower 
sequencing cost per base than the Sanger method-
ology, interest in this next-generation technology 
among the scientific community was muted. Critics 
of the technology identified read length, fidelity, 
infrastructure requirements, and cost of operation 
as the main issues; however, these same concerns 
were also voiced when Sanger sequencing was 
introduced. Currently, the Roche-454 is consid-
ered a legacy platform and has paved the way for 
more advanced and higher-throughput sequencing 
platforms as described below (19). The Roche-454 
systems, including the benchtop GS Junior and the 
high-end GS FLX+ sequencers, have been sur-
passed by other less-expensive, higher-throughput 

platforms with better scalability, and production will 
be phased out by 2016 (101).
The Illumina platforms employ bridge or cluster 
PCR to amplify adapter-ligated DNA libraries 
on the surface of a proprietary flow cell (5, 8). 
Illumina technology uses reversible dye terminator 
sequencing by synthesis chemistry that involves 
repetitive cycles of single base incorporation, 
imaging, and dye chemistry termination (Figure 4) 
(5). Sequencing by synthesis is the most widely 
adopted NGS technology. Illumina sequencers 
offer the option of paired-end sequencing that 
enables reads to be generated from both ends of 
a single clonal fragment. The forward and reverse 
reads are aligned as read pairs, which allows for 
more accurate read alignment and superior indel 
detection than that provided by a single end of the 

NGS platform Sequencing 
chemistry

Instrument Maximum  
read length 

Purpose/main use

Roche-454b
Pyrosequencing; 
sequencing by 
synthesis

GS FLX+ 1,000 bp

Will no longer be used by 2016; long 
reads made the platform well suited 
for de novo assembly and pathogen 
discovery

Illumina
Reversible 
terminator chemistry NextSeq 300 bp

Current workhorse of NGS 
platforms; supplies bidirectional reads; 
platform can be used for pathogen 
discovery, exome sequencing, 
targeted sequencing; also overcomes 
homopolymeric regions

ABI SOLiD

Sequencing 
by ligation, 
oligonucleotide 
probe ligation

5500 SOLiD 75 bp

High sequence accuracy makes 
the platform equipped for genome 
resequencing and polymorphism 
analysis

Ion Torrent
H+ ion-sensitive 
transistor Ion Proton I 200 bp

Platform is suitable for small genome 
sequencing, exome sequencing, and 
targeted sequencing

HeliScopeTM b
Reversible 
terminator chemistry

HeliScopeTM 
single-
molecule 
sequencer

35 bp

Requires the addition of a 
poly(A) tail; platform is effective at 
sequencing native viral genomes and 
immune-precipitated methylated 
DNA; capable of sequencing small 
sample quantities; high platform 
costs and poor sales lead caused 
production to cease

PacBio

Real-time 
sequencing; 
phospholinked 
fluorescent 
nucleotides

PacBio RSII 50 kb

Platform provides long read 
sequencing and a low degree of 
bias; suitable for de novo assembly, 
targeted sequencing, and base 
modification detection 

Oxford Nanopore

Real-time 
sequencing; 
electronic sensing 
or nanopore 
sequencing

MinION >50 kb

A portable, USB-powered sequencer 
that is under development and 
has been used by participants in 
MAPc for de novo assembly and 
resequencing

aAdapted with permission from references 12, 34, and 99.
bSequencing platform is no longer manufactured. 
cMAP, MinION Access Programme (sequencing centers that were granted early access to the MinION).

 Table 1. Characteristics of NGS platformsa 
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pair. With paired-end reads, the distance between 
the forward and reverse reads is known and allows 
assembly algorithms to reconstruct the sequence 
for repetitive sections of DNA, such as homopoly-
meric or AT/GC-rich regions of the genome. In 
recent years, Illumina has dominated the sequenc-
ing market for both microorganisms and larger 
organisms because of the platform’s high sequence 
throughput, low error rate, and low sequencing 
cost per base. Illumina has a line of machines serv-
ing a multitude of purposes and sequencing power 
on all scales (15). The Illumina sequencing plat-
forms include the HiSeq XTM, HiSeq, NextSeq, and 
MiSeq series that range in cost from nearly $10 
million for the latest HiSeq XTM Ten to $99,000 for 
the smaller, benchtop MiSeq system (9, 100).

The SOLiD (Sequencing by Oligonucleotide 
Ligation Detection) platforms by Life Technologies, 
including the 5500 W series genetic analysis systems, 
use a sequencing approach known as oligonucle-
otide ligation detection. The sequencing by ligation 
method utilizes dinucleotide encoding, which 

measures every base twice. Because of a two-base 
sequencing method, the SOLiD sequencing systems 
can obtain base call accuracies as high as 99.99%. Al-
though SOLiD sequencing is well suited for high-ac-
curacy applications such as genome resequencing 
and polymorphism detection, these systems are 
fading platforms (Figure 5) (5). Of all available NGS 
platforms, the SOLiD sequencing method produces 
the shortest read lengths (35 to 50 bp) and has the 
longest run times (1 to 2 weeks). 

Other popular components of the NGS portfolio 
are the benchtop Ion Torrent platforms by Life 

Figure 3. Roche 454 GS FLX sequencing.
Template DNA is fragmented, end-repaired, ligated 
to adapters, and clonally amplified by emulsion PCR. 
After amplification, the beads are deposited into 
picotiter-plate wells with sequencing enzymes. The 
picotiter plate functions as a flow cell where iterative 
pyrosequencing is performed. A nucleotide-incorpo-
ration event results in pyrophosphate (PPi) release 
and well-localized luminescence. APS, adenosine 
5’-phosphosulfate.
Republished from reference 5 with permission from the publisher.

Figure 4. Illumina Genome Analyzer sequencing, the first of the Illumina platforms 
to be commercially launched. 
Adapter-modified, single-stranded DNA is added to the flow cell and immobilized by 
hybridization. Bridge amplification generates clonally amplified clusters. Clusters are 
denatured and cleaved; sequencing is initiated with addition of primer, polymerase 
(POL) and 4 reversible dye terminators. Postincorporation fluorescence is recorded. 
The fluor and block are removed before the next synthesis cycle.
Republished from reference 5 with permission from the publisher.
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Figure 5. Applied Biosystems (Life Technologies) SOLiD sequencing by ligation.   
Top: SOLiD color-space coding. Each interrogation probe is an octamer, which consists of (3’-to-5’ direction) 
2 probe-specific bases followed by 6 degenerate bases (nnnzzz) with one of 4 fluorescent labels linked to 
the 5’ end. The 2 probe-specific bases consist of one of 16 possible 2-base combinations. Bottom: (A), The 
P1 adapter and template with annealed primer (n) is interrogated by probes representing the 16 possible 
2-base combinations. In this example, the 2 specific bases complementary to the template are AT. (B), After 
annealing and ligation of the probe, fluorescence is recorded before cleavage of the last 3 degenerate probe 
bases. The 5’ end of the cleaved probe is phosphorylated (not shown) before the second sequencing step. 
(C), Annealing and ligation of the next probe. (D), Complete extension of primer (n) through the first round 
consisting of 7 cycles of ligation. (E), The product extended from primer (n) is denatured from the adapter/
template, and the second round of sequencing is performed with primer (n – 1). With the use of progres-
sively offset primers, in this example (n – 1), adapter bases are sequenced, and this known sequence is used 
in conjunction with the color-space coding for determining the template sequence by deconvolution. In this 
technology, template bases are interrogated twice.
Republished from reference 5 with permission from the publisher.
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Technologies, including the Personal Genome Ma-
chine (PGM) and the Ion Proton. Although similar 
to other platforms in their sequencing by synthesis 
methodology and amplification by emulsion PCR, 
Ion Torrent platforms differ from other technolo-
gies in the detection step. The release of H+ ions 
during base incorporation is measured instead of 
using fluorescence or chemiluminescence detec-
tion strategies, making the Ion Torrent sequencers 
very sensitive pH meters. Both the PGM and 
the Ion Proton have flexible reagent chips that 
generate different scales of sequencing output 
(10 Mb, 100 Mb, 1 Gb, 10 to 100 Gb) depending 
on the user’s desired sequencing coverage (62). 
These platforms are popular because of the low 
sequencer costs ($80,000 to $145,000) and speed 
of sequencing. The entire workflow, from DNA 
extraction to annotation, can be completed in less 
than 24 hours, making the Ion Torrent sequencers 
most suitable for targeted sequencing or smaller 
genome sequencing projects (100). 

Pacific Biosciences (PacBio) is an example of a 
sequencing instrument that delivers “single-mole-
cule real-time sequencing” (38). Nucleotides are 
labeled with dye and continuously added to the 
growing DNA strand by use of a highly processive 
DNA polymerase. Attached to this enzyme is a 
waveguide detector that permits the constant 
monitoring of the incorporated dye-labeled nu-
cleotides. The sequencing reaction takes place on 
zero-mode waveguide nanostructure arrays (102). 
Because of its long reads, PacBio is suited to a 
variety of applications such as de novo genome as-
sembly and, hence, the characterization of new or-
ganisms along with targeted sequencing to detect 
base modifications (100). Consensus assembly and 
long reads are providing new reference sequenc-
es in regions of genomes which the short-read 
sequencers fail to uncover, and longer-read PCR 
sequencing shows promise for phasing alleles and 
in viral quasispecies. PacBio may yield long reads of 
≥10 kb, but the 87% accuracy of individual reads 
and the substantial infrastructure requirements are 
downsides of this platform for clinical applications. 
The PacBio RSII is a high-end sequencing instru-
ment that is priced at nearly $750,000, a cost that 
is beyond the reach of the average clinical labo-
ratory. The input DNA requirement of approxi-
mately 1 μg is also significantly higher than that of 
other platforms, which need nanograms or even 
sub-nanogram quantities (100, 103). Additionally, 
this quantity may not be obtainable when analyzing 
clinical samples (25). However, it is well suited for 
the creation of high-quality reference genomes 
and produces the most accurate and complete 
genomes of the current NGS platforms (15).

The first in a new breed of ultrafast DNA se-
quencing technologies is Oxford Nanopore, with 

nanopore sequencing platforms. A single DNA 
molecule is guided through a protein nanopore, 
which results in changes in electrical current across 
a lipid membrane. Nanopore technology reads na-
tive DNA and is predicted to be able to sequence 
directly from clinical samples with a low abundance 
of DNA (15). Data generated from the MinION 
are streamed live to a computer via a USB connec-
tion and can potentially provide NGS at the bed-
side or in the field (104). With Nanopore sequenc-
ing, DNA sequence is produced in real time, which 
enables analysis to be conducted on a continuous 
stream of long reads (105). Since the MinION 
sequences a single DNA molecule per pore, it 
eliminates the library amplification phase and its 
associated biases, which is a common mechanism 
used by many NGS technologies. However, at this 
stage of its development, the MinION still re-
quires the initial library preparation prior to DNA 
sequencing. The MinION has a low capital cost, and 
its flow cells that contain the nanopores are to be 
used only once, which eliminates the tribulations 
of installation and instrument maintenance. It is 
anticipated that the MinION will yield 150 Mb of 
sequence per hour with mean read lengths of ~2 
kb. Despite the long reads, the MinION has an 
error rate of 15 to 22%, which currently limits its 
ability to compete with other NGS platforms for 
many applications, although improvements to the 
base-calling algorithm are yielding benefits (104, 
106, 107, 108). So-called “2D” nanopore reads, 
where both strands of a read are processed by the 
nanopore, have error rates below 20% (104, 107). 
In addition to the MinION, the Oxford Nanopore 
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16S rRNA sequencing – the process 
by which the 16S ribosomal gene, a 
gene common to all bacterial species, is 
sequenced to help identify and compare 
bacteria present within a sample

Analytical sensitivity – the lowest concen-
tration of a given substance in a biological 
sample that can be accurately measured 
by an assay

Analytical specificity – the ability of an 
assay to measure a particular organism 
or substance, rather than others, in a 
biological sample

Base calling – the process that converts 
raw signal into a nucleobase prediction 
and quality value; the process by which 
the order of bases in a template is de-
termined during a sequencing reaction; a 
base-calling platform that is designed to 
reduce platform-specific issues should be 
used 

Clinical diagnostic sensitivity – the 
percentage of samples that have a given 
pathogen and are identified by the assay 
as positive for the pathogen 

Clinical diagnostic specificity – the per-
centage of samples that do not have a 
given pathogen and are identified by the 
assay as being negative for the pathogen 

Contig (continguous sequences) – the 
assembly of several regions of a genome; 
the size and continuity of contigs directly 
influence gap formation, regions where 
no reads align 

Coverage – the number of reads that 
cover a given base position; the overlap-
ping of reads enables each section of the 
genome to be covered by multiple reads 

De novo sequencing – the assembly 
of sequence reads into a contiguous 
sequence, or into a scaffold without the 
use of a genomic reference or gold stan-
dard reference sequence; this method 
is commonly used for sequencing novel 
microbial genomes and epidemiological 
applications

Disruptive innovation – NGS represents 
a cost-effective platform technology that 
can be substituted for a range of tradi-
tional microbiological tests performed in 
the laboratory

Dry components – the steps involved in 
analyzing sequenced DNA; the bioinfor-
matics process

Epigenetics – the study of heritable 
changes in gene regulation occurring 
without a change in the DNA sequence 
encompassing DNA methylation, small 
RNA-mediated regulation, and DNA/
protein interactions

FASTQ – a type of data format applied 
to NGS that stores both the biological 
sequence and the corresponding quality 
scores associated with the generated 
sequence 

Genome annotation – process of assign-
ing biological information or function to 
the final assembled sequence

Genome assembly – process by which 
multiple, fragmented sequence reads 
generated from an NGS platform are 
assembled to reconstruct the original 
sequence; achieved by de novo assembly 
or with the use of a reference sequence 
(when a reference sequence is used, this 
is typically referred to as genome align-
ment, not assembly)

Indel – structural biology term referring 
to an insertion or deletion in a segment 
of DNA

Limit of detection – a measurement of 
analytical sensitivity for a specific target; 
the lowest concentration of target that 
can be sequenced reliably and distin-
guishably from negative specimens and 
that is consistently detected in ≥95% of 
specimen replicates

Metagenomics – the study of microbial 
communities from complex samples (i.e., 
environmental or clinical) that could help 
in novel organism discovery or exempli-
fy the dynamics of a population under 
different conditions; all DNA content 
in a clinical sample is sequenced before 
bioinformatic analyses are used to filter 
out human and nonpathogenic organism 
DNA to identify the causative agent; also 
known as a random, unbiased, or shotgun 
sequencing approach

NGS (next-generation sequencing) – 
newer, non-Sanger-based methods of 
sequencing with higher-throughput capa-
bilities that are produced at a lower cost 
per base than that by Sanger sequencing; 
these methods encompass “second-” 
and “third-generation sequencing”; also 
known as high-throughput sequencing 
and massively parallel sequencing

Phred score (Quality or Q score) – the 
metric used to assess base-calling accura-
cy that assigns a level of certainty; a mea-
sure of the quality of the identification of 
nucleobases generated from automated 
DNA sequencing

Reads – DNA sequences that range in 
length (small reads, 30 to 500 bp; long 
reads, >5 kb) and are generated from 
NGS platforms; each read represents a 
small fragment of the genome that in-
cludes the bacterial chromosome, phage 
sequences, and plasmid sequences

Reproducibility – assesses the variability 
when the same material is evaluated and 
multiple variables are introduced

Sanger sequencing – “first-generation 
sequencing” that uses capillary electro-
phoresis methods to sequence DNA 
fragments; method is low throughput and 
expensive  

Unbiased sequencing – a sequencing 
approach that amplifies both host and 
microbial nucleic acids; also referred to as 
agnostic sequencing or metagenomics

Wet components – the sample prepara-
tion process for DNA sequencing; proce-
dures completed on the benchside

Whole-exome sequencing – the sequenc-
ing of all protein-encoding regions (i.e., 
exons) within a genome

WGS (whole-genome sequencing) – 
construction of the complete nucleotide 
sequence of an organism

Text box 1. Common nomenclature used throughout the report
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PromethION and GridION, which provide bench-
top throughput analyses and scalable throughput 
using stackable desktop devices, respectively, 
are under development. Interestingly, Oxford 
Nanopore has promised a “pay-as-you-go” model 
for these devices, eliminating upfront infrastructure 
costs, which could hasten their clinical adoption. 
However, there is a lot of uncertainty around 
Nanopore technology. As with any emerging tech-
nology, it is difficult to separate promises from the 
true capabilities of the instrument (15, 22, 105).

There are many sequencing manufacturers that 
are competing for sequencing supremacy (109). As 
more companies enter the NGS race, it is proba-
ble that instrument purchase costs will decline and 
democratization of NGS will occur. Currently, the 
purchase of NGS instrumentation is a significant 
financial obligation and commitment (9). It is par-
amount to assess the needs and demands placed 
on a laboratory to determine which platform is 
most suitable and fits within the specified budget 
(25). If the goal is to incorporate NGS into routine 
use in the clinical microbiology laboratory, the ma-
chine must be able to handle the projected daily 
volume of isolates and to yield cost-effective and 
actionable results in a clinically relevant time frame 
(9, 10, 27, 28, 110).

1c. Main Steps of NGS Workflow
Even though the technical specifics of NGS 
technologies differ, there are several common 
steps that are shared among the majority of 
high-throughput sequencing methods, with the 
exception of single-molecule real-time NGS as 
described below (1, 5). Typically, the NGS workflow 
in a clinical laboratory includes sample collection/
nucleic acid extraction, NGS library preparation, 
sequencing, data analysis, and data storage (7, 8, 25, 
111). The clinical sample, e.g., swab, sputum, stool, 
urine, cerebrospinal fluid (CSF), or tissue, contains 
the nucleic acid (DNA/RNA) of interest and is 
placed in a transport device for delivery to the 
clinical microbiology laboratory. Clinical specimen 

types for NGS evaluation will differ depending 
on the patient’s clinical syndrome but should be 
collected from appropriate sources during disease 
progression. The type of transport device, storage 
time, and temperature can influence the quantity 
and integrity of the nucleic acids present. Many 
transport mechanisms are not microbial DNA 
free, raising the possibility of false positives and the 
introduction of background contaminants. 

Nucleic acids can be prepared from clinical sam-
ples by using a variety of methodologies, some of 
which are dependent on the NGS system being 
used. Suitable extraction methods are essential 
for a successful result and thereby help to lessen 
the introduction of biases and false negatives. 
Once the input nucleic acid (e.g., genomic DNA, 
reverse-transcribed RNA or cDNA, immunopre-
cipitated DNA) is obtained, the genetic material is 
fragmented by different methods, such as soni-
cation, nebulization, or enzymatic digestions (5, 8, 
112). These fragments are then ligated to plat-
form-specific oligonucleotide adapters to create 
a library of overlapping sequences (7). The library 
is then hybridized to beads or a flow cell, which is 
followed by clonal amplification, such as emulsion 
PCR or bridge amplification. Not all platforms re-
quire the clonal amplification phase or preparation 
of a DNA library (8). Enrichment procedures can 
also be completed at this stage to help select for a 
specific type of DNA if an organism is suspected. 
Depending upon the NGS platform, the clonally 
amplified templates are sequenced by various 
chemistries, such as pyrosequencing, reversible dye 
terminators, oligonucleotide probe ligation, and 
phospholinked fluorescent nucleotides. Sequence 
data are then analyzed to determine the composi-
tion of the DNA sequences for pathogen identifi-
cation. The final components of the NGS workflow 
are data release and dissemination of a clinically 
actionable report. If the patient’s sequencing data 
would need to be reexamined, appropriate NGS 
analysis files should be stored or archived on- or 
off-site with patient privacy/confidentiality upheld 
(7, 10, 25, 28).    

Key Finding 1.1 The use of NGS for fungal, 
yeast, and parasitic detection has lagged behind 
bacterial and viral detection efforts. However, 
this is not to say that bacterial and viral 
diagnostic applications do not have challenges. 
The key issues surrounding viral NGS diagnostics 
are maintaining viral nucleic acid integrity during 
the extraction phase and utilizing an extraction 
method that is capable of isolating quasispecies 
that may be clinically important. Fungi, yeasts, and 

parasites possess large genomes that complicate 
data analysis, can be confused with human host 
reads, and may be present in low titers in the 
clinical specimen, all of which challenge the 
NGS process. There are limited databases with 
clinically important fungi, yeast, and parasite 
species, further causing these NGS applications 
to fall behind bacterial and viral NGS testing. 

SECTION 1 FINDINGS AND RECOMMENDATIONS
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Methodologyb Description

16S rRNA gene sequencing Reference standard for identifying unknown bacterial 
species

Microarrays
Multiplex assays performed on a solid surface such as a 
glass slide or silicon film; requires a reference database 
or knowledge of genomic features

MALDI-TOF MS
Analyzes the patterns of biomolecules (i.e., proteins) 
produced, which is both cheap and rapid; requires a 
reference database 

Multiplex PCR – BioFire  
(see below for description)

A direct, uncultured clinical sample is subjected to 
multiplex PCR, followed by melting curve analysis, which 
is able to detect multiple pathogens included on specific 
panels

Multiplex PCR – GenMark 
(see below for description)

Uses proprietary eSensor® technology (a combination 
of DNA hybridization and electrochemical detection) 
to detect a panel of 14 respiratory viruses

Singleplex PCR assays Individual PCRs that amplify and detect genes that are 
pathogen specific 

ELISA

A plate-based assay that has an antibody bound to the 
matrix that will bind antigen from the culture and is 
detected through a second antibody; “sandwich” assay; 
due to antibody specificity, ELISAs can target only a 
specific organism or group of related organisms

PCR-ESI/MS
Measures the mass/charge ratio of PCR-generated 
amplicons for a specific panel of organisms; not an all-
inclusive test  

SmarticlesTM 
Technology can detect multidrug-resistant bacteria and 
provide susceptibility results within a single shift in the 
clinical laboratory

NGS has undeniably reinvigorated the DNA 
sequencing field, yet it faces competition from 
other molecular and immunological diagnostic tests 
that are currently on the market. Each technology, 
including NGS, has its own benefits and pitfalls. 
Nonetheless, a recurring theme with NGS, unlike 
with many of the molecular approaches present-
ed in this section, is that prior knowledge of the 
suspected organism or genome annotation is 
not required for pathogen identification. There-
by, pathogen-specific primers are not needed to 
perform NGS, but high-quality microbial genomic 
reference sequences are necessary to success-
fully identify the pathogen (9, 27). Although the 
principal NGS paradigm is WGS, NGS technolo-
gies have additional functionalities, such as gene 
expression profiling by RNA sequencing (RNA-seq 
or transcriptome), epigenetics, mapping of DNA 
binding proteins and chromatin analysis, discovery 

of noncoding RNAs, exome sequencing, single-nu-
cleotide-polymorphism (SNP) detection, and 
amplicon resequencing (5, 13, 99). Some of these 
applications are geared more toward research or 
human genetic testing laboratories rather than 
the clinical microbiology laboratory. Nevertheless, 
some of the available technologies that are cur-
rently competing with NGS are described in more 
detail below (Table 2).

The 16S rRNA gene is found in all bacterial 
genomes and is composed of both highly con-
served and divergent regions. The dissimilar regions 
of the 16S rRNA genes create distinct microbial 
signatures that allow for molecular identification 
of bacteria (113). A combination of PCR ampli-
fication and sequence analysis of the 16S gene is 
the accepted reference standard for identifying un-
known bacterial species for a single isolate (1, 114, 

 Table 2. Some technologies in competition with NGSa

aThis table does not represent all possible competitors of NGS.
b MALDI-TOF MS, matrix-assisted laser desorption ionization–time of flight mass spectrometry;  
ELISA, enzyme-linked immunosorbent assay; PCR-ESI/MS, PCR-electrospray ionization/mass spectrometry.

Section 2  
Performance Characteristics of  
Competing Orthologous DNA Technologies
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115). NGS, however, is the only method for use in 
mixed-sample sequencing. While whole-genome 
NGS has the ability to identify a bacterial species 
and/or subspecies by the use of additional gene 
markers, 16S rRNA sequencing may not be able 
to discriminate between organisms with closely re-
lated 16S rRNA genes (116, 117, 118). There is no 
accepted cutoff value of 16S rRNA sequence simi-
larity for species definition. In addition, this method 
is highly dependent on the sequences provided 
in a database for correct bacterial identification. 
If a bacterial species is not listed or is incorrectly 
labeled in a database, the 16S rRNA sequence may 
not be able to correctly identify the organism (1). 

Similar to 16S rRNA sequencing, the use of 
microarrays such as Affymetrix tiling arrays 
also requires knowledge of the query genome 
or genomic features. Therefore, discovery and 
metagenomic analyses cannot be performed with 
microarrays (119). As stated previously, metage-
nomic sequencing interrogates all DNA present in 
a sample at one time and does not target specific 
genes or pathogens (71). Another intrinsic limita-
tion of microarrays is probe cross-hybridization to 
similar sequences within a genome. Cross-hybrid-
ization is not an issue for NGS, as single-nucleotide 
resolution can distinguish allelic differences within 
one nucleotide, provided there is sufficient read 
coverage (33). Hybridization arrays do not pro-
vide the richness of data that NGS can produce. 

The dynamic range and analytical sensitivity are 
scalable for NGS, a feature that is not applicable 
to microarrays. NGS measures digital sequencing 
read counts that can be adjusted based on optimal 
throughput; however, microarrays measure contin-
uous signal, which limits the detection range due to 
signal saturation and noise. Even though it is highly 
probable that NGS platforms will outstrip the 
applications of microarrays, specific niches in the 
clinical microbiology laboratory will still be fulfilled 
by microarrays (10, 120). 

MALDI-TOF MS (matrix-assisted laser desorption 
ionization–time of flight mass spectrometry) can 
rapidly identify organisms by comparing proteomic 
profiles of highly conserved proteins to a database 
of reference protein profiles (Figure 6A). Spe-
cies-specific spectral signatures that can be used to 
identify microorganisms are produced (9) (Figure 
6B). This technology is being readily adopted by 
clinical microbiology laboratories because of its 
ability to accurately identify a bacterial species 
from a pure culture within minutes at a running 
cost of approximately $1 per isolate (1, 121). To 
utilize the speed of MALDI-TOF MS, traditional 
laboratory workup to obtain a pure culture of the 
organism of interest is still required, which can take 
as little as 4 hours when “scum plates” are used 
but more commonly takes 2 to 3 days (or longer, 
depending on the organism). In addition, the $1 
cost is somewhat misleading because it does not 

Figure 6A. General schematic for MS analysis of ionized microbiological isolates and clinical material. 
Once appropriately processed samples are added to the MALDI plate, overlaid with matrix, and dried, 
the sample is bombarded by the laser. This bombardment results in the sublimation and ionization of both 
the sample and matrix. These generated ions are separated based on their mass-to-charge ratio via a TOF 
tube, and a spectral representation of these ions is generated and analyzed by the MS software, generating 
an MS profile. This profile is subsequently compared to a database of reference MS spectra and matched 
to either identical or the most related spectra contained in the database, generating an identification for 
bacteria or yeast contained within the sample.
Republished from reference 124 with permission.
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Figure 6B. Mechanisms of MALDI-TOF MS for the identification of bacterial species. 
Additional suggestions for MALDI-TOF MS sample preparations for use with different classes of microbes. 
Different groups of microorganisms vary fundamentally in their cellular composition and architecture. These 
differences have been demonstrated to affect the quality of spectra generated during MS experiments 
and, thus, the accuracy of MALDI-TOF MS-derived identifications. As such, investigators from a number of 
independent studies have evaluated different methods for sample preparation of different groups of mi-
croorganisms, ranging directly from intact-cell to full-protein extraction-based methodologies. Results from 
these studies are summarized here. Proper biological safety precautions should be followed with respect to 
dangerous members of these groups of organisms.
Republished from reference 124 with permission.
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factor in the cost of purchasing and operating the 
instrument but rather includes only preprocessing 
steps and is restricted to species representation. 
Although MALDI-TOF MS has relatively low 
operational costs, the resolution for differentiating 
closely related species is weak and similar to the 
level of 16S rRNA sequencing (95). [See Case 
Study 5 to see how WGS analysis discovered 
a novel Bacteroides species that MALDI-TOF 
identified as Bacteroides fragilis (122).] Additionally, 
MALDI-TOF MS cannot detect potentially new or 
novel species because of the reliance on the char-
acterized reference database (123). NGS analysis 
offers de novo assembly which does not require 
foreknowledge of a sample’s composition but 
needs very-high-quality sequence data (i.e., long 
reads and significant coverage). Taken as a whole, 
MALDI-TOF MS is considered useful for cul-
ture-based identification but involves large capital 
expenses and is limited in its potential to identify 
organisms from direct clinical specimens and in its 
capacity to provide information regarding antimi-
crobial resistance (AMR) or virulence (7, 124).   

Multiplex PCR methods, especially instruments that 
have a rapid turnaround time such as the BioFire, 
are a source of competition for NGS assays. Cur-
rently, BioFire offers clinical diagnostic detection for 
more than 100 bacterial, viral, yeast, and parasitic 
pathogens. BioFire has three FDA-cleared panels 
for the detection of pathogens causing respiratory, 
gastrointestinal, or bloodstream infections. This 
technology applies multiplex PCR and melting 
curve analysis to an unprocessed sample, without 
need for culture. Results are delivered within an 
hour in a simple, easy-to-read format, but AMR 
profiles are not included in the data output (125). 
It may be necessary to perform susceptibility test-
ing on specific isolates if this information is needed 
for clinical management. Hence, BioFire does not 
necessarily free a clinical laboratory from culturing. 
Other multiplex PCR methodologies discussed 
included the xTAG® and MultiCode®-RT Luminex 
systems, which employ specific panels for the 
detection of gastrointestinal pathogens, respirato-
ry viruses, and herpes simplex viruses 1 and 2. In 
comparison to the quick turnaround time offered 
by BioFire panels, the abovementioned Luminex 
assays have slightly longer run times of 4 to 6 
hours, which consumes an entire shift in the clinical 
laboratory (126, 127). Similar to BioFire, Luminex 
assays are not all-encompassing but use specific 
primer sets to detect the pathogens represented 
in the panel. 

GenMark also provides multiplex molecular 
diagnostic testing using their innovative eSensor® 
technology that is a unique combination of com-
petitive DNA hybridization and electrochemical 
detection. The respiratory virus panel offered by 

GenMark has been cleared by the FDA and is able 
to detect 14 respiratory virus types and subtypes 
in approximately 4.5 hours from a direct clinical 
specimen (128). In contrast to GenMark, Luminex, 
and BioFire multiplex PCR assays, there is no 
need to develop specific primers to amplify target 
sequences nor is there a need to continuously 
alter the primer design to detect new variants with 
NGS technology (129). 

Furthermore, there are diagnostic singleplex PCR 
and real-time PCR assays that are available with 
turnaround times of 2 to 3 hours. These assays 
detect and amplify only a single target and there-
fore are extremely limited in utility compared to 
the multiplexing capabilities of NGS. Additionally, 
detection of conventional PCR products requires 
agarose gel electrophoresis, a technique that is 
laborious and not suitable for high throughput. 
Despite these drawbacks, singleplex PCR assays 
are easier to design and validate than NGS assays. 
Similar to singleplex assays, enzyme-linked immu-
nosorbent assays (ELISAs) typically target a single 
organism or category of organisms due to the 
specificity of the antibody-antigen interaction. With 
the high-throughput and automated ELISA systems 
that are now available for the detection of partic-
ular pathogens, the turnaround time for a result is 
relatively quick (within 2 hours) (130). Generally, 
singleplex PCRs and ELISAs are not completed 
routinely in the clinical laboratory but can be batch 
processed. However, it is likely that NGS assays 
will initially enter the clinical landscape via a batch 
processing approach until all issues are addressed 
for immediate and daily use.       

Other technologies that could possibly compete 
with NGS technologies in terms of fast microbial 
detection and identification include PCR-electro-
spray ionization/mass spectrometry (PCR-ESI/MS). 
This technology uses a semiquantitative analysis to 
measure the mass/charge ratio (m/z) of PCR am-
plicons generated from several microbe-associated 
loci. Although PCR-ESI/MS has been around for 
more than 10 years, the technology has not been 
commercially available. At the current time, clinical 
trials such as the RADICAL sepsis trial are being 
conducted to evaluate the methodology (131). In 
contrast to MALDI-TOF MS, which uses proteomic 
information for detection down to the species 
level, PCR-ESI/MS applies genetic information that 
discriminates down to the representative strain 
type. The utility of PCR-ESI/MS can potentially be 
harnessed for epidemiology and infection control 
and can help to identify unculturable organisms, 
discover new pathogens, and detect silent mu-
tations, all characteristics that are not offered by 
MALDI-TOF MS. PCR-ESI/MS has the ability to di-
rectly detect microbial DNA from a clinical sample, 
and unlike most broad-range PCR approaches, this 

  Case Study 5

WGS identified a novel 
genomospecies of  
Bacteroides (122) 

A 71-year-old man had 
traveled throughout India 
for 1 month and developed 
intense abdominal pain. He 
was diagnosed with metastat-
ic colon adenocarcinoma and 
underwent chemotherapy as 
well as a right hemicolectomy 
and hepatectomy. Abdominal 
abscesses developed post-
operatively, and along with 
blood cultures, were positive 
for Bacteroides fragilis (B. fragi-
lis) with resistance to multiple 
drugs, including metronida-
zole and imipenem. Whole-ge-
nome sequencing (WGS) on 
the MiSeq platform was used 
to characterize the patient’s 
clinical isolate. In comparison 
to the three completed B. 
fragilis reference genomes, 
the patient’s isolate displayed 
a high level of sequence 
variation. Sequencing showed 
that the clinical isolate was 
a genomospecies distinct 
from B. fragilis, but 16S rRNA 
sequencing and MALDI-TOF 
MS identified the isolate as B. 
fragilis. As demonstrated by 
this case, WGS has the po-
tential to enhance diagnostic 
accuracy in identifying clinical 
microbial isolates.
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technology readily detects polymicrobial infections 
(132). A PCR-ESI/MS instrument is a significant 
expenditure that also has high processing costs of 
$50 to $100 per sample, features that can hinder 
its full clinical value (132, 133).  

GeneWEAVE has instituted SmarticlesTM technol-
ogy, another new class of molecular diagnostics 
that can detect multidrug-resistant organisms and 
determine antibiotic susceptibility directly from a 
patient sample within a single clinical laboratory 
shift. SmarticlesTM is attempting to provide rule-in 
therapy for treatment guidance with a rapid turn-
around time, a concept that is relatively premature 
with NGS technology. This diagnostic test is mar-
keted as “sample in, susceptibility out” but can only 
detect a specific species, genus, or family of bacteria. 
Therefore, SmarticlesTM is not an all-inclusive test 
and cannot detect genetic material across organis-
mal boundaries like NGS methodology (134).   

Compared to existing technologies, NGS gener-
ates a wealth of data and enables detection of a 
broader scope of targets (7, 25). These technolo-
gies can be applied to a variety of potential appli-
cations. For example, NGS facilitates more precise 
genotyping and allows for better characterization 
of organisms discovered in clinical samples. More 
recently, it has been found that RNA-seq analyses 
from NGS data may allow for host profiling in re-
sponse to a specific type of infection. It is hypothe-
sized that the host immune response may differen-
tiate between various types of infections, such as 
viral versus bacterial infections. Host transcriptome 
biomarker discovery efforts for chronic diseases, 
biothreat agents, Ebola virus, and influenza virus 
are under way (see more in “Future Directions” 
below) (135, 136). The power of NGS may enable 
the identification of SNPs that could be helpful 
in determining strain relatedness. NGS could 
unveil resistance and/or virulence mutations in the 
pathogen that are clinically significant (28, 33). [See 
Case Study 6 to understand how WGS coupled 
with SNP genotyping revealed an unexpected 
source of anthrax spores that contaminated a 
heroin supply line and resulted in peculiar cases 
of injectional anthrax (137).]

2a.  Sample to Result:  
NGS Turnaround Times 

Rapid diagnostic testing on direct clinical samples 
has been documented using PCR- and MAL-
DI-TOF MS-specific methods (123, 138). In addi-
tion, BioFire technologies can be applied directly to 
a clinical sample, eliminating the need for isolated 
and purified microorganisms. BioFire panels are 
equipped with the coveted “easy button,” which 
allows for “sample in, answer out” testing. PCR-ESI/
MS is a technology that can also be applied directly 
to a clinical specimen. Initially, the application of 

NGS required the isolation of a pure bacterial 
species from culture in order to deliver key diag-
nostic information; however, many groups ventured 
away from this approach and explored the use 
of NGS for direct detection from clinical samples 
(29). If feasible, direct clinical specimen sequencing 
or metagenomic sequencing could theoretically 
reduce turnaround times from days or weeks to 
only a few hours, making NGS a procedure that 
could be completed within an average clinical 
laboratory workday (Figure 7). Although studies 
that applied NGS to crude clinical specimens have 
been published, there are still hurdles, including 
contaminating normal human microbiota and 
low-copy-number pathogens that require further 
evaluation (29, 83, 95, 139, 140, 141). Because NGS 
technologies sequence both viable and nonviable 
organisms in a sample, more efforts are needed 
to establish a normal baseline versus contaminants 
versus infectious agents. Moreover, the application 
of NGS to determine a clinical answer does not 
require knowledge of the infecting pathogen(s). 
NGS can establish a cause of infection and provide 
a potential answer in cases where other technolo-
gies may not provide an actionable finding (21, 36, 
70, 71, 96, 142). 

In principle, NGS data should not only detect the 
invading pathogen but also predict phenotypic 
resistance through the examination of genetic 
determinants of AMR. Traditional antimicrobial sus-
ceptibility testing requires an extra day of labora-
tory workup, extending the turnaround time to 3 
or more days. Genetic information obtained from 
an NGS approach would ideally prompt rapid 
antibiotic treatment decision-making for the clini-
cian and the patient. However, NGS is not at the 
stage where phenotypic susceptibility data can be 
extracted regularly or reliably from the genotype, 
although recent works of Pecora et al (143) and 
Tyson et al (144) are optimistic about this possibil-
ity. Genotypic data do not necessarily correlate to 
a clinical phenotype, and some types of AMR have 
nothing to do with genotype, such as intrinsical-
ly resistant microorganisms. For example, most 
Gram-negative rod bacteria are intrinsically resis-
tant to vancomycin because the large-polypeptide 
antibiotic cannot penetrate the outer membranes 
of these organisms. Furthermore, detection of 
antibiotic resistance genes in some organisms, 
such as mecA in methicillin-resistant Staphylococcus 
aureus (MRSA), is more reliable than resistance 
gene detection in more challenging organisms, such 
as Pseudomonas aeruginosa. Hence, standardized 
growth-based susceptibility testing and perhaps 
newer, rapid phenotypic testing methods will likely 
be necessary to confirm an NGS result in the 
foreseeable future. A transcriptome-proteome 
combination could also assist in extrapolating the 
genotypic and phenotypic connections. Overall, 

Determination of an 
anthrax outbreak among 
European heroin users by 
WGS technologies (137)

To elucidate the outbreak 
origin of unusual cases 
of injectional anthrax in 
European heroin users, WGS 
and canonical SNP (canSNP) 
genotyping were utilized. 
Bacillus anthracis (B. anthracis) 
isolates were collected 
and sequenced during the 
outbreak and compared 
to an extensive collection 
of isolates from abroad. 
B. anthracis has a very low 
mutation rate, and therefore 
phylogenetic analysis using 
SNPs is an accurate method 
for examining patterns of 
relatedness among the global 
B. anthracis phylogenetic tree. 
The majority of the world’s 
heroin supply originates in 
Afghanistan and is then traf-
ficked into western Europe. 
It was speculated that the 
contamination of heroin with 
anthrax spores had occurred 
at the primary Afghanistan 
site. The genotypic results 
demonstrated that the an-
thrax outbreak that affected 
heroin users in Scotland, 
Germany, and England was 
due to a single B. anthracis 
strain that clustered more 
closely with strains from 
Turkey rather than Afghani-
stan. Therefore, the genomic 
analyses revealed that the 
heroin did not become con-
taminated in Afghanistan but 
was most likely introduced by 
accident into the supply along 
the trafficking route between 
2009 and 2010.   

Case Study 6
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NGS can provide more information than is achiev-
able by other methods. 

Sequencing run times continue to progressively 
decrease as technology evolves. The first bacte-
rial genome to be fully sequenced using Sanger 
sequencing was Haemophilus influenzae, which 
required more than 1 year to complete at an 
estimated cost of $1 million (9, 24, 25, 31, 57, 145, 
146). Now, depending on the platform used, an 
entire bacterial genome can be sequenced in less 
than 1 day at a cost of less than $100 (10, 31, 
39). However, compared to existing molecular 
diagnostic assays that can take minutes to a few 
hours, current NGS tests are tremendously slow. 
Although NGS technologies have longer run times, 
the trade-off is the comprehensive genomic data 
that are produced. With this barrage of sequencing 
data comes the challenge of elucidating tangible 
information that would be desired by the clinician.

2b.  Sensitivity and Specificity  
Differences between NGS and 
Other Available Technologies

Just as there are differences in the volume of 
genomic data generated, there are also differences 
in the quality of NGS data that are generated from 
the various platforms. The same confidence in 
base calling cannot be applied to all technologies. 
Performance metrics such as read length, accuracy, 
and sequence output (coverage) vary between 
platforms and dictate the type of applications that 
can be performed. Laboratories will have different 
uses for these platforms, and therefore a com-
parison of the base calling and error rates among 
the different NGS systems is not feasible or useful. 
Because there are systematic biases between NGS 
platforms, it is difficult to assess the difference in 
specificity and sensitivity of the platforms in their 
abilities to detect etiological agents when com-

Figure 7. Principals of current processing of bacterial pathogens in the clinical microbiology laboratory. 
A schematic representation of the current workflow for processing samples for bacterial pathogens is presented, showing high complexity and a 
typical timescale of a few weeks to a few months depending on the growth characteristics of the organism. The schematic is an approximation that 
highlights the principal steps in the workflow; it is not intended to be a comprehensive or precise description. Samples that are likely to be normally 
sterile are often cultured on a rich medium that will support the growth of any culturable organism. Samples that are contaminated with coloniz-
ing flora present a challenge for growing the infecting pathogen. Boxes A to H arbitrarily represent the many different media for culture. When an 
organism is growing, the morphological appearance and density of growth are properties that need specialist knowledge for deciding whether it is 
likely to be pathogenic. The likely pathogens are then processed through a complex pathway that has many contingencies to determine species and 
antimicrobial susceptibility. Broadly, there are two approaches. One approach uses matrix-assisted laser desorption/ionization–time of flight (MALDI–
TOF) mass spectrometry for species identification before susceptibility testing is set up. The other uses Gram staining followed by biochemical test-
ing to determine species; susceptibility testing is often set up simultaneously with doing biochemical tests. Categorization of pathogens into groups of 
species is needed to choose the appropriate susceptibility testing panel. Finally, depending on the species and perceived likelihood of an outbreak, a 
small subset of isolates may be chosen for further investigation using a wide range of typing tests that are often only provided by reference labora-
tories. The dashed lines and question marks are positioned arbitrarily to indicate that the further investigation is varied and happens in only a small 
number of cases. 
Republished from reference 30 with permission from the publisher.
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pared to the detection abilities of other DNA 
technologies. With each successive generation of 
sequencing platforms, performance continues to 
improve along with overall sensitivity. Better-tar-
geted enrichment procedures are needed, and 
elimination of contaminating host DNA is critical 
for extracting higher-quality DNA. In general, 
there is a higher error rate associated with 
NGS than with traditional Sanger sequencing, 
mainly due to ambiguity in short read sequence 
alignment, resulting in inadequate coverage (14, 
147). Plentiful short reads are generated, and 
to accurately assemble a sequence, analyzers 
rely on redundancy of sequence coverage from 

the short read structures, which can be prob-
lematic in areas with sequence repeats. Despite 
the huge potential of NGS, it is important to 
understand that the coverage and accuracy are 
not 100% and might lead to false positives, false 
negatives, and the misidentification of indels 
(112). Regardless of the flaws of NGS, it does 
have a higher analytical sensitivity for detecting 
low-frequency mutations than Sanger sequenc-
ing, whose sensitivity of detection is only 17 to 
25% (148, 149). NGS technology is still maturing, 
and with additional fine-tuning of sequencing 
chemistries, optics, and processing algorithms, its 
accuracy will improve. 

Key Finding 2.1 Multiplex panels and MALDI-
TOF MS are the main sources of competition 
for NGS, with MALDI-TOF MS being primarily 
for the identification of isolated, cultured 
colonies. Some multiplex PCR panels that 
are currently available can detect an array of 
pathogens without requiring a pure culture. 
MALDI-TOF MS has been incorporated into 
clinical laboratories, while NGS still remains 
more of a “service model.” The turnaround time 
for MALDI-TOF MS is minutes once a pure 
culture has been obtained. MALDI-TOF MS 
has proven to be useful for the identification of 
organisms from pure culture with the assistance 
of a reference database. A key advantage of 
NGS is the option to perform de novo genome 
assembly, which does not require a genomic 
reference or prior knowledge of the target 
organism, but organism identification still 
requires a reference database. 

Key Recommendation 2.1 In order for NGS-
based assays to become commonplace in 
the clinical microbiology laboratory, there 
is a need for the development of “turnkey” 
solutions for all phases of testing (i.e., sample 
preparation, sequencing, data analysis, and result 

interpretation). The ultimate goal of diagnostic 
NGS is to place a direct clinical specimen from 
any matrix into the NGS workflow and generate 
an actionable result within a reasonable time 
frame. Continued efforts for direct clinical 
sample sequencing should be pursued.

Key Finding 2.2 There are platform-dependent 
errors associated with different sequencing 
chemistries, and thus, the base calling/error 
rate sensitivities and specificities of sequencing 
platforms cannot be directly compared to those 
of other types of DNA technologies. 

Key Recommendation 2.2 It is recommended 
that a distinction be made between diagnostic 
clinical specificity/sensitivity and analytical 
specificity/sensitivity when discussing a clinical 
microbiological NGS test. The qualifiers of 
“diagnostic clinical” and “analytical” are not 
interchangeable, and confusion can arise when 
reporting a laboratory test result (27). More 
efforts are also needed to understand the 
mutation rates and population structures of 
commonly encountered clinical pathogens in 
relationship to their effects on NGS sensitivity 
and specificity. 

SECTION 2 FINDINGS AND RECOMMENDATIONS
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Clinical and public health microbiology laboratories 
help to lessen the burden of infectious disease by 
detecting and characterizing pathogens in infected 
patients or those pathogens circulating in the com-
munity. Implementation of NGS in these environ-
ments has the power to inform clinical and public 
health decisions by determining the causative agent 
of infectious disease and/or the epidemiology 
and evolution of various infecting pathogens in 
the hospital or community settings (25). Although 
this technology has a multitude of benefits, it is 
not a first-line method in the majority of clinical 
and public health laboratories. At the current 
time, NGS is a method of last resort, deployed 
after all other standard diagnostic tests have been 
exhausted. [Case Study 7 highlights an unusual 
presentation of progressive encephalitis that 
required the use of unbiased NGS because none 
of the conventional diagnostic assays revealed an 
infectious etiology (96).]

Generally, the clinical laboratory workflow is 
divided into four cardinal stages, including pathogen 
detection, identification, drug susceptibility, and 
epidemiological typing (28, 30) (Figure 7). Bacterial 
and fungal isolates are detected through these 
steps, but virus detection relies on PCR-based 
assays that are species specific. Nonetheless, each 
step involves a range of specialized tests that must 
be performed individually on each isolated organ-
ism (95). As specimens enter the clinical laboratory 
workflow, there is a subsequent increase in the 
involvement of the hands-on technician at each 
successive step of the process (10, 27, 30). Addi-
tional challenges are posed by particular organisms, 
some of which may be of critical public health 
importance. For instance, Mycobacterium tuberculo-
sis complex (MTBC) bacteria are extremely slow 
growing, and it may take weeks to 1 to 2 months 
to achieve susceptibility results. This extended 
turnaround time from clinical sample to result can 
delay appropriate treatment and negatively impact 
patient outcome (96). Many etiological agents, 
such as the Cystoisospora parasite, Borrelia burgdor-
feri (causative agent of Lyme disease), Bartonella 
species, Mycobacterium leprae, Naegleria fowleri 
(primary amebic meningoencephalitis), and HIV 
elude conventional testing altogether (21, 96, 129, 
150, 151). Hence, NGS technologies can provide 
an alternative mechanism for the identification of 
unculturable or difficult-to-culture microorganisms, 
including the abovementioned organisms along 
with fastidious bacteria, anaerobes, and possible 
bioterrorism agents.

When it comes to patient care, time is critical. The 
quest to identify and diagnose an infection can 
waste precious time for a patient, as in the case of 
encephalitis. Up to 60% of acute encephalitis cases 
go undiagnosed due to a lack of assays that can 
test for the more than 100 etiological agents that 
can cause encephalitis. Thus, not having a definitive 
diagnosis instills apprehension and worry for the 
patient and family (96). Clinicians are commonly 
forced to make an educated guess about thera-
py prior to knowing the infecting pathogen, and 
delays in microbe identification increase the risk 
of ineffective treatment and spread of infection. 
Broad-spectrum empirical therapy is commonly 
administered prior to identification of the etiolog-
ical agent. Such antimicrobials can cause “collateral 
damage” by eliminating helpful gut microbiota and 
subsequently giving rise to resistance development 
(116, 146). Ultimately, faster and more reliable de-
tection methods are needed, of which NGS holds 
significant promise.

Rather than a variety of individual tests being 
required to identify a pathogen, NGS offers a 
wide diagnostic repertoire that has the capabilities 
of identifying the culprit no matter the organ-
ism—bacterium, virus, fungus, yeast, or parasite 
(116). Unbiased or agnostic NGS amplifies all 
nucleic acid present in a clinical sample, including 
both host and microbial genetic material, without 
requiring primers for targeted amplification (21, 
71, 86, 129). NGS applications can potentially 
generate microbial sequence data for real-time 
patient management (Figure 8). As a result, NGS 
methodology has tremendous potential to impact 
patient care by helping clinicians customize and 
narrow patient treatment, therefore reducing the 
usage of ineffective drugs and decreasing the se-
lective pressure for resistance development (116). 
A compelling and notable application of NGS is 
expedited turnaround time for difficult-to-culture 
organisms, such as HIV. Phenotypic and genotypic 
HIV-specific assays have low sensitivity and are not 
able to detect low-abundance variants within the 
viral quasispecies that may express resistance to 
antiretroviral drugs (13, 56). Because NGS pro-
vides a deep sequencing dive at levels far superior 
to those of Sanger sequencing, the low-level-resis-
tance variants can be detected, which would allow 
one to monitor the development of resistance to 
determine at which point retroviral therapy would 
need to be changed (152). There is evidence that 
these populations can be detected at frequencies 
of less than 1%. Other studies have demonstrated 

Section 3  
Impact of NGS on Clinical  
and Public Health Microbiology

  Case Study 7

Encephalitis caused by a 
neuroinvasive astrovirus 
infection detected using 
unbiased NGS (96)

Approximately 1 month 
following an allogeneic 
bone marrow transplant, a 
42-year-old man developed 
lymphopenia, diarrhea, and 
aggressive sensorineural 
deafness resulting in bilateral 
hearing loss. The results of 
a brain magnetic resonance 
image (MRI) and enterovirus- 
and herpesvirus-specific PCR 
were negative. Microbiolog-
ical testing on frontal lobe 
biopsy tissue was unrevealing. 
Because a viral etiological 
agent was suspected, the 
patient was treated with 
high-dose glucocorticoids and 
intravenous immunoglobulin. 
Due to the difficulty diag-
nosing the patient along with 
his progressive neurological 
deterioration, unbiased NGS 
was used on a CSF sample 
and brain biopsy tissue. 
Sequencing results displayed 
a neuroinvasive infection with 
an astrovirus belonging to 
the recently discovered VA/
HMO clade that is distinct 
from human astrovirus clades 
1 to 8 which are targeted by 
conventional reverse tran-
scription-PCR assays. Despite 
the NGS diagnosis, treatment 
did not stop the progression 
of infection and the patient 
died. However, there is no 
approved therapy for astrovi-
rus encephalitis. This report 
demonstrates that NGS has 
the capability of detecting all 
potential pathogens simulta-
neously.
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the use of NGS in detecting mutations among vari-
ant viral populations of hepatitis B virus, hepatitis C 
virus, and influenza virus that confer resistance (13, 
79, 129, 153).

3a. Use of NGS in Outbreak Scenarios
Despite concerted efforts to improve infection 
control practices, outbreaks can occur in the 
hospital setting. With the implementation of NGS, 
outbreak isolates may be sequenced in real time 
and guide infection control efforts and antibiotic 
stewardship (56). Vital to containing outbreaks is 
fast identification of the infecting pathogen and 
contaminated source (24). [See Case Study 8 for 
a description of a MRSA hospital outbreak in a 
special-care baby unit and how NGS was suc-
cessfully applied to determine the source (154).] 
Because NGS holds promise for faster pathogen 
detection than traditional laboratory workup, 
this opens the opportunity for quicker interven-
tion strategies, such as patient isolation, contact 
precautions, or decolonization. With the ability to 
extract vital pathogen information, NGS has direct 
clinical value and can contribute to individual and 

improved patient management through a more 
accurate diagnosis and tailored therapy. Ideally, 
these factors would decrease hospital stays, deter 
the development of AMR, and decrease mortality 
rates. NGS can also help promote infection control 
accountability within and between hospitals and 
thus help curtail the spread and infection rates of 
high-risk organisms in health care settings (15, 97, 
154, 155). In an increasingly connected world, one 
could ideally determine if the same bacterial strain 
was responsible for an outbreak in geographically 
distinct health care facilities. A downfall of NGS is 
the lack of standardized guidelines or models en-
dorsed by regulatory agencies for responsible data 
sharing. There is also hesitation from hospitals due 
to privacy issues that make open data sharing diffi-
cult. If the data are siloed and not shared, there will 
be limited public health benefit to the use of NGS 
in the clinic. Besides demonstrating transmission 
pathways of hospital-acquired pathogens, NGS 
can provide insight into how bacterial populations 
respond to drug treatment. Since NGS provides 
an in-depth interrogation of genomic sequences, 
genetic variation associated with bacterial virulence 

Figure 8 Hypothetical work flow based on whole genome sequencing. 
A schematic of the clinical microbiology workflow that is anticipated after adoption of whole genome sequencing is displayed. The culture steps 
would be the same as those that are currently used in a routine microbiology laboratory. When a sample or likely pathogen is ready for sequenc-
ing, DNA will be extracted. This procedure is becoming simpler, as the input required for successful sequencing is reducing; it is now possible to 
use as little as 5 ng and to purify this in <30 minutes. For current bench-top machines, it can take as little as 2 hours to prepare the DNA for 
sequencing, and new platforms could enable sequencing without preparation. Therefore, bacterial genome sequencing in hours and possibly even 
minutes is a realistic prospect. After sequencing, the main processes for yielding information will be computational. The development of software 
and databases is a major challenge to overcome before pathogen sequencing can be deployed in clinical microbiology. Automated sequence 
assembly algorithms will be necessary to process the raw sequence data. This assembled sequence would then be analysed by modular software 
to determine species, relationship to other isolates of the same species, antimicrobial resistance profile and virulence gene content. Results of this 
analysis will be reported through hospital information systems. All of the results will also be used for outbreak detection and infectious diseases 
surveillance. These developments will require a new large database and other informatics technology and will take time to develop. In particular, it 
will need ‘intelligent systems’, which will incorporate elements of machine learning to allow automatic updating of key knowledge bases for species 
identification, antimicrobial resistance determination and virulence detection. Formal evaluation of such a solution will also need robust testing to 
ensure that it performs at least as well as current methods.
Republished from reference 30 with permission from the publisher.
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  Case Study 8

WGS used to monitor the 
transmission of MRSA be-
tween the community and 
hospital (154)

WGS was used to retrospec-
tively assess the accuracy of 
a MRSA infection control 
investigation at a special-care 
baby unit (SCBU) at a Nation-
al Health Service Foundation 
Trust hospital. The original 
MRSA outbreak was evaluat-
ed using traditional epidemi-
ological data and antibiogram 
profiles. Using this approach, 
12 infants were shown to be 
colonized with MRSA over 
a 6-month time period, and 
a persistent outbreak was 
suspected but never con-
firmed. WGS identified MRSA 
carriage among 26 patients 
and demonstrated that trans-
mission had occurred within 
the SCBU, the maternity ward 
in the hospital, and a wider 
community. A staff member 
was colonized with and 
transmitted the MRSA strain, 
which allowed the outbreak 
to persist during times of 
no known infection despite 
deep cleaning procedures. 
Had WGS been used rather 
than identification of MRSA 
based on case clustering, the 
outbreak could have been 
detected 6 months earlier 
and could have decreased 
morbidity and health care 
costs. This technology has the 
potential to help in imple-
menting control strategies 
to curtail the transmission of 
MRSA and other pathogenic 
microbes between hospitals 
and the community. 

or antibiotic resistance could be determined (10, 
28, 33, 156). Identifying these key biomarkers is 
advantageous for infection control teams to en-
hance their preparedness for current, emerging, or 
predicted infectious threats (6, 24, 97, 157). 

NGS can not only help monitor, detect, and pre-
vent hospital outbreaks, it can also initiate appro-
priate public health interventions when outbreaks 
occur in the community and abroad (158). [Case 
Study 9 showcases the discriminatory power 
of NGS over pulsed-field gel electrophoresis 
(PFGE) in tracking a salmonellosis outbreak that 
afflicted more than 44 states (157).] For exam-
ple, NGS can provide insights into the source and 
mode of pathogen transmission associated with a 
foodborne disease outbreak and can subsequently 
stimulate a proper public health response in the 
community, such as a food recall (70, 159, 160, 
161). Current bacterial typing methods used to 
examine isolates involved in outbreak situations 
include PFGE, multilocus sequence typing (MLST), 
and multilocus variable-number tandem-repeat 
analyses (MLVA). Roughly one-third of all out-
breaks in the United States do not have a deter-
mined source because of the low resolution of 
PFGE, the gold standard method used for trace 
backs and source tracking (162, 163). These anal-
yses target only selected regions of the microbe’s 
genome, and thus sequencing a whole genome 
provides superior resolution and detailed linkages 
for isolates responsible for outbreaks (159, 164). 
Essentially, NGS provides confidence in the match-
es among relatively few isolates across time and 
space, which allows regulators to intervene early 
and provide links from past isolates from known 
foods and environmental samples (61, 158). 

Outbreak investigators can unambiguously evaluate 
the relatedness of isolates, and with this informa-
tion combined with an estimated mutation rate, 
their evolution from a common ancestor can be 
calculated (33). The isolate’s evolution time and 
epidemiological data such as the patient’s admit-
tance date to the hospital can help predict if a 
transmission event occurred, which can then direct 
better targeting of infection control resources 
(144). NGS has the capacity to identify micro-
evolutionary differences among clinical outbreak 
isolates and essentially “rule in” or “rule out” the 
links between isolates that would otherwise be 
indistinguishable by existing approaches (33, 143, 
156, 162, 163, 165). Extensive mining of NGS data 
might reveal novel infectious agents and/or new 
targets to help bolster outbreak investigations in-
volving highly clonal pathogens. Taken together, the 
rapid and open release of genomic data has the 
power to transform our response to outbreaks, 
especially when data are shared globally and in real 
time as with the GenomeTrakr project housed at 
the National Center for Biotechnology Information 
(NCBI, NLM, NIH) (http://www.ncbi.nlm.nih.gov/
bioproject/183844) (105, 158, 166, 167). 

3b.  Impact of NGS on Metagenomics 
and Human Microbiome Studies

NGS also impacts human microbiome studies by 
characterizing the microbes that reside on the 
outer and inner surfaces of our bodies (168, 169). 
It is estimated that 90% of the human microbiome 
cannot be cultured using current technology (31, 
56). 16S rRNA metagenomic sequencing, shotgun 
metagenomic sequencing, and microbial meta-
transcriptomics are NGS methods that have the 

http://www.ncbi.nlm.nih.gov/bioproject/183844
http://www.ncbi.nlm.nih.gov/bioproject/183844
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potential to investigate the human microbiome to 
determine the wealth of microbes that live with us 
either symbiotically or antagonistically (47). These 
NGS methods have the potential to evaluate the 
intrapersonal diversity of culturable and uncultur-
able microorganisms and how their compositions 
change with various situations or diseases, such 
as admittance to the hospital, receiving a trans-
plant (e.g., solid organ, bone marrow, fecal), and 
vaccination (47, 158, 170). The gene content of 
the microbes that inhabit specific human niches 
is approximately 100-fold higher than that of the 
human genome, encoding various physiological 
and biochemical functions that could contribute 
to health or disease states (13). If alterations 
observed in the microbiome are predictive of 
disease, perhaps interventions to prevent the 
onset of disease could occur (46). This available 
information could be distilled and, in turn, stimulate 
the development of new in vitro diagnostic devices 
such as a multiplex PCR assay. Although this tech-
nology has a multitude of benefits, one concern 
is the overaggressive interpretation of NGS data, 
keeping in mind that not every species detected is 
clinically significant. In general, interpreting microbi-

ome studies is challenging because a standardized 
methodology has not been established. 

Beyond the metagenomic studies of the human 
body, NGS can be used to research the microbial 
composition and complex biodiversity of different 
environments, such as soil, mines, oceans, built 
environments, and others. A minute fraction of mi-
croorganisms isolated from the environment have 
been able to grow successfully in pure culture. 
Thus, we lack a true understanding of the diversity 
that exists on Earth. Metagenomic NGS studies 
have the potential to discover unknown organisms, 
etiological agents, and potentially new and original 
pathogens (171, 172). For metagenomic investi-
gations, DNA is extracted from environmental 
samples and direct NGS is applied, eliminating the 
need to culture the organisms beforehand (172). 
With the hopes of using NGS to discover novel 
species and subspecies, it is likely that a reevalua-
tion of current taxonomic classification will need 
to occur (6). An examination of microbial popula-
tions and diversity in both clinical and environmen-
tal isolates can be performed faster and cheaper 
with NGS.   

  Case Study 9

Tracking of a salmonellosis 
outbreak source using NGS 
(157)

Approximately 300 people 
from areas spanning 44 states 
and the District of Columbia 
became ill with salmonellosis 
stemming from ingestion of 
Salmonella enterica (S. enterica) 
serotype Montevideo. An 
epidemiologic investigation 
suggested that the cause 
of the outbreak was spiced 
salami produced at a New 
England processing facility. 
The manufacturer of the 
salami was also associated 
with a previous salmonellosis 
outbreak due to contaminat-
ed pistachios, but PFGE could 
not differentiate between the 
clinical Salmonella isolate from 
the spiced salami and the 
Salmonella that had origi-
nated from the pistachios. 
Therefore, the cause of the 
outbreak could have been in-
gredient supplies, the finished 
spiced salami product, or the 
pistachios. NGS was used to 
sequence 35 S. enterica sero-
type Montevideo genomes 
collected from the previously 
mentioned sources. The 
source of the outbreak was 
a red and black pepper rub 
used in the production of the 
spiced salami.  

Key Finding 3.1 NGS applications can generate 
microbial sequence data for real-time patient 
management and data sharing.

Key Recommendation 3.1 To greatly assist in 
outbreak scenarios in both the hospital and the 
community, guidelines or models for responsible 
data sharing among institutions should be 
developed and endorsed by a consortium 
of regulatory agencies. These models should 
encourage continual sharing of microbial 
genomic data and maximize public availability 
while balancing the need for patient privacy. This 
balance of sharing data and maintaining privacy 
is necessary for predictive outbreak detection to 
work; hence, the public health benefit of using 
NGS in the clinic can be gained. 

Key Finding 3.2 PFGE, the gold standard method 
for bacterial typing and outbreak tracking, 
does not provide the level of resolution or the 

detailed linkages for outbreak isolates that NGS 
does.

Key Recommendation 3.2 It is recommended 
that genomic sequences of emerging microbial 
pathogens be uploaded to a unified, public 
database as quickly as possible to allow for 
community engagement of the data analysis 
and use of those data to inform other clinical 
professionals of the pathogens they are 
encountering in their laboratory. If genomic 
sequences for high-priority pathogens are 
routinely deposited, NGS has the potential 
to serve as the new early warning system for 
outbreaks that could occur locally, nationally, or 
internationally. This tactic could help monitor the 
stability of the outbreak isolate’s genome over 
time and determine if acquisition or removal 
of genomic information affects diagnostic and 
therapeutic decision-making. 

SECTION 3 FINDINGS AND RECOMMENDATIONS
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4a. Cost of NGS Technology

Start-up costs and the necessary infrastructure 
(i.e., storage and retrieval services) to operate an 
NGS platform constitute a substantial in-house 
investment that can range from $80,000 to $10 
million (5, 6, 24, 38, 173). These prices can easily 
extend beyond the reach of an average diagnostic 
laboratory. With the advent of benchtop NGS 
instrumentation, these sequencers will likely be a 
better fit for sequencing in the clinical laboratory 
environment and individual research labs, with 
their reduced platform size and cost (7, 25, 30). 
Sequencing systems such as the Illumina MiSeq 
and the Life Technologies Ion Torrent PGM deliver 
high-throughput sequencing on the benchtop. 
However, informatics constitutes a major portion 
of the NGS cost and is highly dependent on the 
throughput of the instrument. Sequencing plat-
forms with higher-throughput abilities generally 
require large Unix-based servers with multiple, 
high-speed core processors and maintenance 
by trained information technology professionals. 

Smaller sequencing platforms with lower through-
put can function on high-powered Windows or 
Unix-based desktop systems (147). 

The cost of performing sequencing has decreased 
dramatically over the past 15 years and has even 
surpassed Moore’s law (10, 174) (Figure 9). In 
contrast, bioinformatics remain a costly compo-
nent of the analysis process. If an “easy button” or 
automated data analysis could be designed, then it 
is anticipated that bioinformatics costs will decline. 
There are also operational expenses associated 
with NGS instrumentation, including service con-
tracts for machine maintenance, consumables for 
library preparation and sequencing, and the labor 
cost of the medical technologist performing the 
test (6). Ancillary equipment or robotics could be 
used to run various applications or to streamline 
processes, which can be major unforeseen costs 
(38). For example, it is highly recommended that 
the integrity and quantity of the DNA be evaluat-
ed following the library preparation, such as with a 
bioanalyzer and fluorometer, respectively. Devices 

Section 4  
Factors Involved with NGS Implementation  
into the Workflow of a Clinical Diagnostic Lab

Figure 9. Dramatic decreases in the cost per megabase (Mb) of sequenced DNA compared to the  
expectation predicted by Moore’s law. 
The semi-log plot shows a dramatic reduction in the cost per megabase of DNA sequenced from 2001-2011.
Sequencing costs have fallen dramatically since 2007 due to competition from multiple vendors. Cost was calcu-
lated in January of each year.
Republished from reference 16 with permission.
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used for enrichment procedures may also be vital 
for completion of an NGS assay and need to be 
factored into the total costs. Therefore, users need 
to consider the whole process, from sample to 
sequence interpretation, and the equipment neces-
sary to maximize throughput and prevent sample 
backlogs (100). Despite these additional expenses, 
the sequencing cost per base is still significantly 
lower than that of Sanger sequencing (39). As 
competition among sequencing vendors intensifies, 
it is predicted that the price of sequencers, con-
sumables, and analysis will steadily decline. NGS re-
mains a relatively expensive technology compared 
to other diagnostic assays such as MALDI-TOF MS, 
which can be performed at a lower cost. 

With appropriate scale and efficiency, the U.S. 
government instituted a goal for the sequencing 
industry to obtain a $1,000 human genome, which 
has now been accomplished with select sequenc-
ing platforms that are currently available (1, 2, 3, 10, 
31). An average bacterial genome consists of ap-
proximately 2.8 million nucleotides. This size is less 
than one thousandth the size of a (haploid) human 
genome, which is composed of nearly 3 billion 
nucleotides (7, 9, 33). It is therefore predicted that 
a whole bacterial genome could be sequenced 
for $1 in the not too distant future (38, 174). 
Bacterial genomes are considerably smaller than 
eukaryotic genomes and house only one haploid 
chromosome. Despite a smaller genomic content, 
bacterial species are extremely diverse, with 10% 
to 40% of their genomes being dispensable due to 
mobile and accessory elements such as plasmids 
and transposons (15), which can be gained or lost 
over time due to selective pressures. In addition 
to the range of target genome sizes, factors such 
as genome complexity (e.g., high GC content, 
homopolymer regions), the anticipated level of 
completeness, and the availability of a reference 
strain for comparison could also possibly influ-
ence the price of a genome sequencing project as 
special protocols and/or additional technician time 
may be required.

NGS must appeal to hospital microbiology labo-
ratories and public health laboratories, with cost 
being a significant factor impeding its widespread 
adoption. Depending on the volume of isolates 
encountered daily in a hospital laboratory, costs 
can be saved by multiplexing, indexing, or batch-
ing isolates with barcodes rather than performing 
sequencing on individual isolates as they come into 
the laboratory (6, 38, 43, 175). A unique index “bar-
code” sequence of 8 to 12 nucleotides that usually 
makes up part of a platform-specific adapter is add-
ed to each DNA fragment created during library 
preparation and is linked to the organism that is to 
be sequenced. These indexes allow for downstream 
in silico sorting of the sequences, enabling multiple 

isolates to be sequenced in one run, which maxi-
mizes investment in the instrument and is econom-
ically sound. However, with barcoding, there are 
problems with false positives, cross-contamination, 
and indice bleeding with off-the-shelf methods.

Nonetheless, there are differences in opinion as 
to how this technology should be marketed by 
the sequencing companies. It narrows down to a 
cost-versus-value analysis. From one perspective, 
NGS technologies offer a cost-effective catch-all 
for the diagnosis of infectious diseases. Operation-
ally, NGS is cost efficient, because ideally no other 
tests would need to be performed once the assay 
has been optimized and validated. However, there 
are formidable hurdles to the development of an 
optimized, analytically and clinically relevant NGS 
assay. From a different perspective, NGS can be 
perceived as an expensive test but a value-added 
test that would fill the gaps from the diagnostics 
already conducted. With this viewpoint in mind, 
NGS is meant to enhance the standard of care 
when a clinical need is identified and results from 
other tests are elusive.  

4b.  Standard Operating Procedures  
for NGS Workflow

Genomic sequencing data generated in the clinical 
microbiology laboratory need to ultimately trans-
late into meaningful information for patient care 
and intervention. In order to incorporate NGS into 
the standard of care, there is a need for consensus 
practice guidelines for different types of infections. 
Different protocols for both the wet and dry labo-
ratory components of the process that are specific 
for the detection of etiological agents, including 
bacteria, viruses, fungi, yeasts, and parasites, should 
be created. All protocols must be optimized and 
internally validated prior to clinical implementa-
tion. During validation, specifications for essential 
performance characteristics (see below) need to 
be established (14, 37, 39, 176). 

Before NGS is used routinely by the broader 
clinical and public health laboratory community, 
it is anticipated that NGS will first be adopted by 
larger academic medical centers and reference 
laboratories that have the significant financial 
support and computational infrastructure required 
for the use of NGS. Furthermore, it is expected 
that the first applications of NGS used regularly in 
the clinical setting will be limited to a small number 
of targeted assays and panels that are validated to 
perform those specific applications. The develop-
ment of turnkey solutions, e.g., workflows that in-
clude automated sample preparation, standardized 
bioinformatics pipelines, and market authorization 
from FDA, would help promote the adoption of 
NGS in the clinical microbiology and public health 
laboratory space. NGS assays provide the user 

Evaluation of WGS 
performed on every isolate 
that entered a clinical 
laboratory on an average 
workday
 
To analyze the feasibility of 
using WGS in the clinical 
laboratory, every isolate that 
was recovered from culture 
on a single day at Houston 
Methodist Hospital was 
sequenced. A total of 130 
samples, including 107 aerobic 
cultures, 9 anaerobic cultures, 
and 14 acid-fast bacillus/
mycology samples, were 
sequenced and worked up using 
conventional microbiological 
methods. One hundred 
fifteen isolates were correctly 
identified using WGS. It took 
approximately 12 hours to 
extract DNA and prepare 
the sequencing libraries, 
39 hours to perform the 
sequencing, and 2 to 4 hours 
for de novo assembly of contigs. 
Isolates that were unable to 
be identified by sequencing 
were due to low read counts, 
insufficient sample preparation, 
or lack of a reference genome 
in the nucleotide collection 
(NT) database (part of the 
NCBI). This exercise confirmed 
that WGS can be implemented 
in the clinical microbiology 
laboratory to identify unknown 
organisms from cultured 
organisms (27).

Is it feasible to 
routinely use NGS 
in the clinical 
microbiology 
laboratory?
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with large amounts of data that require analysis by 
clinical laboratory professionals to identify and pri-
oritize the findings that are clinically relevant. The 
development of fully automated sequence inter-
pretation tools would allow for an easier transition 
into the diagnostic laboratory and could reduce 
bioinformatics analysis costs (7, 10, 28, 159, 160). 

Standardization of NGS protocols and quality 
metrics is critical to ensure the validity of NGS test 
results (37, 39, 121). NGS consists of two major 
processes, the analytical “wet bench” component 
and the bioinformatics or “dry bench” component. 
Both processes require separate considerations 
for the development of standards (39). Any clinical 
laboratory test should establish analytical per-
formance specifications (i.e., assay validation) of 
the assay for performance characteristics, which 
include accuracy, precision, analytic sensitivity and 
specificity, reproducibility/repeatability, and re-
portable range (limit of detection) (37, 43, 176). 
NGS-specific quality control (QC) metrics (e.g., 
depth of coverage, quality scores, etc.) should 

be established during test validation and be used 
as part of the standard operating procedures 
(SOPs) to monitor the performance of the assay 
and ensure accurate results (37, 177). In addition, 
laboratories developing high-complexity tests, like 
clinical applications that use NGS, should ensure 
that the tests are appropriate for the intended 
clinical use (i.e., establishing clinical validity). Quality 
assurance guidelines and standards for this technol-
ogy need to be developed and continually refined 
with insight from clinical microbiologists (15). Figure 
10 emphasizes the key considerations in quality 
assessment for whole-genome NGS analyses (9). 

There are a variety of NGS instruments, applica-
tions, sample preparation kits, and approaches to 
data analysis and result interpretation available; 
therefore, SOPs will not be the same for each lab 
using NGS. Nevertheless, clinical laboratories must 
assess their ability to detect analytes of interest 
and provide an independent verification of test 
performance compared to that of other labo-
ratories that use the same or different methods 

Figure 10. Quality assessment considerations for whole-genome NGS analyses.  
Rigorous quality control processes and standardization of testing is required for NGS analyses. However, such processes and standards have yet to 
be determined. The above figure provides suggestions when assessing the quality of WGS analyses. Contigs, contiguous sequences; GC, genome 
coverage; SNP, single nucleotide polymorphism; wgMLST, whole-genome multi-locus sequence typing.
Republished from reference 9 under http://creativecommons.org/licenses/by-nc-nd/4.0/.



Downloaded from www.asmscience.org by

IP:  190.2.111.105

On: Sat, 11 Jun 2016 19:44:52
28  |  Applications of Clinical Microbial Next-Generation Sequencing

via proficiency testing or external quality assess-
ment exercises. This requires the development of 
well-characterized proficiency testing materials that 
are suitable for the diverse range of NGS applica-
tions, as well as standard metrics to use as a com-
parator among laboratories (37). However, there 
is no current, formal proficiency testing program 
in place for NGS as applied in the clinical microbi-
ology and public health setting. There is a need for 
the development of reference materials, such as 
well-characterized microbial genomic DNA, spiked 
matrices, and data sets, so that laboratories can 
run these reference materials for assay validation, 
performance assessment, and quality control. NIST 
(National Institute of Standards and Technolo-
gy) has been granted FDA funding to develop 
standard microbial reference materials to be used 
when validating genomic sequencing diagnostics 
(111, 179). An international, inter-laboratory study 
involving five national metrology institutes assessed 
the variability in sequencing of the 16S rRNA 
gene from two certified genomic DNA references 
using different sequencing platforms. Participants 
were instructed to use the methods and protocols 
available in their laboratories. Although all data sets 
concurred for the biologically conserved regions, 
data sets varied in both read length and coverage, 
which impacted precision when examining the 
biologically variable positions of the 16S rRNA 
genes. Biases were also introduced by the individ-
ual laboratory’s algorithm that aligned the reads to 
the reference genome (180). Therefore, addressing 
these inconsistency and reproducibility issues is 
critical before NGS can make its transition into 
the clinical laboratory. Allowances/provisions must 
be made so that SOPs for NGS technologies can 
evolve over time. Validation and proficiency testing 
is in its infancy for WGS, but some laboratories 
have shown reproducibility for resequencing pure 
culture isolates (158). As new devices and assays 
are marketed, there needs to be some malleability 
in proficiency testing procedures or a mechanism 
in place to change these operations in a relatively 
alacritous fashion. While it is anticipated that NGS 
technologies and applications will continue to 
advance and change over time, the quality man-
agement requirements for assay validation, quality 
control, and proficiency testing or external quality 
assessment will maintain a high standard (37).   

Stakeholders from various sectors should collab-
orate to advance NGS guidance and standards. 
For example, the U.S. Centers for Disease Control 
and Prevention initiated the Next-Generation 
Sequencing: Standardization of Clinical Testing 
(Nex-StoCT I and Nex-StoCT II) working groups 
to develop guidelines for implementing NGS 
into clinical settings. The first of these guidelines 
concentrated on four main topics, including test 
validation, quality control, strategies for proficiency 

testing among laboratories, and the develop-
ment and use of reference materials (37). The 
Nex-StoCT II informatics working group devel-
oped recommendations for the development 
and optimization of a clinical NGS bioinformatics 
analysis pipeline (181). Although the primary focus 
of the Nex-StoCT working groups was on human 
genetic NGS applications, many of the recom-
mendations are appropriate for use in infectious 
disease testing and diagnosis. Furthermore, College 
of American Pathologists (CAP) formed an ad 
hoc committee referred to as the “NGS Work 
Group,” which developed an 18-item accreditation 
checklist for NGS standardization in the clinical 
laboratory (39). A new International Organization 
for Standardization (ISO) genomics committee has 
been constituted recently, and global proficiency 
testing is being conducted by the Global Microbial 
Identifier (GMI) network (182). Having standards 
that are published and available for new pipelines 
and instrumentation is critical to assist laborato-
ries with assay development and to maximize the 
positive impact NGS can have on clinical genomics 
and metagenomics.

4c.  Formulation of a Team of  
Specialists for Clinical  
Translation of NGS Data

In order to shift NGS into the clinical arena, there 
needs to be open communication and partner-
ships among clinicians, clinical microbiologists, 
bioinformaticians, NGS platform technology ex-
perts, and software designers (10, 28, 173). Having 
different areas of expertise, these individuals 
would have distinct responsibilities, priorities, and 
ways by which they view and interpret NGS data. 
There is a pressing need to incorporate this tech-
nology into clinical fellowship training programs 
and pathology training programs. For example, 
with ASM’s CPEP (Committee on Postgraduate 
Educational Programs) fellowship opportunities, 
students could be educated in both computa-
tional biology and clinical microbiology languages. 
Washington University School of Medicine has 
already implemented a Molecular Genetic Pathol-
ogy fellowship program which functions as a col-
laborative effort among the Divisions of Anatomic 
and Molecular Pathology, Laboratory and Genom-
ic Medicine, and Neuropathology. Many medical 
schools, such as the University of California—San 
Francisco, provide students with a medical and mi-
crobiological informatics lecture series to further 
prepare them for this era of genomic medicine. 
A common vernacular or lexicon encompassing 
both fields needs to be established for the next 
generation of clinical microbiologists, pathologists, 
and physicians (1, 31, 121). Since bench-level med-
ical technologists perform the bulk of the work in 
the clinical laboratory, training opportunities for 
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these individuals must be made available as well. 
ASCP (American Society for Clinical Pathology) 
could offer bioinformatics certification exams like 
those presented for other subspecialties in order 
to spark interest. Master’s level programs in NGS 
could be designed specifically for medical technol-
ogists in order to have adequately trained bench 
personnel for when NGS technology becomes a 
routine part of the clinical microbiology laborato-
ry workflow. 

Before NGS can reach its full potential in the 
clinical microbiology laboratory, validation and 
educational challenges need to be overcome. 
NGS technologies are not yet at the point where 
they simplify or accelerate the traditional, multi-
step workflow that is currently carried out in the 
clinical microbiology laboratory. In the initial phases 
of clinical use, NGS data analysis and reporting 
will require a holistic combinatorial approach as 
depicted here.  

Key Finding 4.1 Wet and dry bench steps for 
NGS protocols as well as quality metrics need to 
be standardized if NGS is to be used routinely 
in the clinical microbiology laboratory. CLIA 
requires the development and validation of test 
performance for any technology in the laboratory.

Key Recommendation 4.1 A group of 
stakeholders (i.e., government agencies, clinical 
laboratory professionals, academia, industry) 
should be brought together to develop 
standardized reference materials and data 
sets that can be used for assay validation and 
quality control procedures. To make validation 
of bioinformatics pipelines easier, publically 
hosted “digital” validation test sets could be 
purchased and evaluated by clinical laboratories. 
A set of reads that have a known answer 
could be downloaded and subjected to the 
lab’s bioinformatics components. Also, fully 
characterized biological reference organisms will 
be needed to evaluate both the wet and dry 
NGS processes. 

Key Finding 4.2 Having consensus guidelines 
for all types of infections or clinical scenarios 
encountered in the clinical microbiology 
laboratory will help with incorporating NGS 
methods into the standard of care. 

Key Recommendation 4.2 It is recommended 
that different wet and dry bench NGS protocols 
be created for the detection of etiological 
agents such as bacteria, viruses, fungi, yeasts, and 
parasites. Although NGS has the potential to 
detect all pathogens in a clinical sample, specific 
protocols would help to advance the transition 
of NGS into the clinical microbiology laboratory. 
There needs to be guidance for how to validate 
and perform QC procedures for these protocols 
as they pertain to the different pathogens (e.g., 
what are the unique/pathogen-specific QC 
metrics that need to be considered to ensure 
the quality of NGS results?). 

Key Finding 4.3 Until NGS becomes widespread 
and routinely used in the clinical microbiology 
laboratory, data analysis will require a 
collaboration from various groups of people.

Key Recommendation 4.3 To ensure successful 
translation of an NGS result, a multidisciplinary 
team within the hospital or public health 
laboratory setting should be formed to 
include the expertise of clinical microbiologists, 
medical technologists, clinicians, infectious 
disease pathologists, basic research scientists, 
software developers, and bioinformaticians. This 
collaborative effort will maximize the strength 
and interpretation of NGS data. 

Key Finding 4.4 Education of the clinical 
workforce is fundamental if NGS is to be used 
routinely in diagnostic microbiology practice.

Key Recommendation 4.4 Adoption of NGS into 
the clinical microbiology laboratory will require 
clinical microbiologists, medical technologists, 
and clinicians to receive training in molecular 
biology and bioinformatics. Competence in 
bioinformatics and programming software needs 
strengthening at many levels within the clinical 
workforce. Beyond general programming skills 
and bioinformatics knowledge, there needs to be 
training on understanding and interpreting NGS 
results. It is recommended that microbiological 
informatics be incorporated into the coursework 
of medical school students and clinical 
microbiology/pathology fellowship programs so 
these students gain familiarity with this diagnostic 
approach that is likely to be used during their 
clinical practice. Exposure to informatics might 
even begin at the high school and undergraduate 
levels, since the basic principles are applicable to 
many fields. 

SECTION 4 FINDINGS AND RECOMMENDATIONS
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5a.  Software Choices for  
NGS Analysis

NGS platforms produce massive volumes of data 
at a high rate, a feature that is both a strength and 
a limitation of these technologies at the current 
time. Terabytes of data are typically generated 
from a single run. New analytic approaches that 
can mine NGS data sets cannot keep pace with 
the amount of data produced (5, 110, 183). As dis-
played in Figure 11, NGS has shifted the sequenc-
ing workflow from less upstream sample prepara-
tion time to substantial downstream data analysis 
and management efforts (16). There is a need for 
advanced, efficient, and user-friendly computational 
architecture for NGS data analysis (6, 24, 110). 
Bioinformatics software is often freely available for 
download or can be purchased from commercial 
companies or designed by the user (9, 43). See 
Figure 12 and supplemental tables in studies by 
Voelkerding et al (5) and Pabinger et al (184) for 
common examples of NGS software tools used for 
WGS and other applications. For a more detailed 

review of diagnostic software tools, see the article 
by Fricke and Rasko (185). This paper contains a 
list of seminal publications on bacterial diagnos-
tic applications of WGS along with the analysis 
method used. The use of NGS analysis programs 
can be completed in-house within the microbiology 
laboratory, provided that the necessary hardware 
infrastructure and training are supplied. Analysis can 
also occur remotely with cloud-computing services 
where users rent computing power to evaluate 
NGS data (16). It is important to acknowledge that 
software for NGS interpretation is currently a mov-
ing target and will continue to change quickly, given 
that there are very few standard analysis practices 
at the moment.

Developed at the University of California—San 
Francisco (UCSF), sequence-based ultrarapid 
pathogen identification (SURPI) is a computa-
tional pipeline that can detect any pathogen in 
the GenBank reference database. This software 
program can be used on stand-alone and cloud-
based servers. SURPI can provide a comprehen-

Section 5  
Challenges with Analysis, Management,  
and Storage of NGS Data

Figure 11. Contribution of different factors to the overall cost of a sequencing project across time.   
Left: the four-step process: (i) experimental design and sample collection, (ii) sequencing, (iii) data reduction 
and management, and (iv) downstream analysis. Right: the changes over time of relative impact of these four 
components of a sequencing experiment. BAM, Binary Sequence Alignment/Map; BED, Browser Extensible Data; 
CRAM, compression algorithm; MRF, Mapped Read Format; NGS, next-generation sequencing; TAR, transcrip-
tionally active region; VCF, Variant Call Format.
Republished from reference 16 with permission.
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Databases

•  NCBI GenBank  
(http://www.ncbi.nlm.nih.gov/
genbank) and Genome Bank 
(http://www.ncbi.nlm.nih.gov/
genome)

•  European Nucleotide Archive 
(http://www.ebi.ac.uk/ena)

•  DNA Databank of Japan  
(http://www.ddbj.nig.ac.jp/)

Typing databases

•  MLST database (http://www.
mlst.net/databases/)

Antibiotic resistance  
gene databases

•  ARG-ANNOT  
(http://en.mediterra-
nee-infection.com/article.
php?laref=283&titre=arg-an-
not-)

•  ResFinder (https://cge.cbs.dtu.
dk/services/data.php)

Multifunction  
bioinformatic suites

•  Geneious Pro  
(http://www.geneious.com/)

•  CLC Genomics  
(http://www.clcbio.com/prod-
ucts/clc-genomics-workbench/)

•  Bionumerics  
(http://www.applied-maths.
com/bionumerics)

•  Nesoni  
(http://www.vicbioinformatics.
com/software.nesoni.shtml)

•  Harvest  
(https://github.com/marbl/
harvest)

•  Galaxy  
(http://galaxyproject.org/)

Figure 12. Examples of tools used for NGS bioinformatic analysis.   
Some tools are not necessarily used in the clinical microbiology laboratory in order to deliver an actionable result. These tools include annotation, 
genome visualization and comparison, SNP/variant calling, and phylogenetic analysis.
Republished from reference 9 under http://creativecommons.org/licenses/by-nc-nd/4.0/.

  De novo assembly
•  De novo assembly involves using computer algorithms 

to align overlapping WGS reads to form longer 
contiguous sequences known as contigs, and order the 
contigs into a framework of the sequenced genome 
(scaffolds). Velvet (https://www.Ebi.Ac.Uk/~zerbi-
no/velvet/)72 and SPAdes (http://bioinf.Spbau.Ru/
spades)73are two of the more popular assemblers 
for Illumina short-reads, while Ion Torrent reads are 
better assembled using MIRA (http://www.Chevreux.
Org/projects_mira.Html). Other commonly used as-
semblers include Newbler (http://swes.Cals.Arizona.
Edu/maier_lab/kartchner/documentation/index.Php/
home/docs/newbler) for 454 pyrosequencing reads, 
and the commercial CLC Genomics suite. Assemblers 
used for PacBio long reads include SPAdes, HGAP74 
and the Celera-MHAP assembler.75

•  Contigs can be visualized in the Java-based program 
Mauve (http://gel.Ahabs.Wisc.Edu/mauve/), which 
can also order and orientate contigs to a reference 
genome. Alternatively, command-line tools such as 
MUMmer (http://mummer.Sourceforge.Net/) can be 
used to automate and batch this process as part of an 
assembly pipeline.

  Annotation
•  Genome annotation includes identification of DNA 

segments of known and probable open reading frames 
(ORF) that contain gene coding DNA, and matching 
the identified segments to a database of known gene 
sequences. Tools include the web-based RAST (http://
www.nmpdr.org/FIG/wiki/view.cgi/FIG/RapidAnnota-
tionServer), NCBI’s Prokaryotic Genome Annotation 
Pipeline (http://www.ncbi.nlm.nih.gov/genome/
annotation_prok/) or the command-line tool Prokka 
(http://www.vicbioinformatics.com/software.prokka.
shtml) for automated genome annotation.

  Genome visualization and comparison
•  Once assembled and annotated, genomes can be 

viewed using a genome browser to display the struc-
ture and embedded genetic elements of a genome 
in a graphical format, and manipulate the genome 
sequence if required. The Wellcome Trust Sanger 
Institute’s Artemis (http://www.sanger.ac.uk/resourc-
es/software/artemis/), and the commercially available 
Geneious Pro suite (http://www.geneious.com/) are 
examples of genome browsers.

•  Visual comparisons of multiple genomes can also be 
made using the above utilities.

  Alignment and read mapping
•  Read mapping is the process of aligning reads to a 

reference, using a combination of local and global 
alignment. Bowtie2 (http://bowtie-bio.sourceforge.
net/bowtie2/index.shtml) and BWA (http://bio-bwa.
sourceforge.net/) are two of the more popular short 
read alignment algorithms.76

•  BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi), the 
most widely used utility for searching a sequence 

database, uses local alignment of sequence segments. 
BLAST can be run either as a web-based tool, or 
incorporated using a command line.

•  Whole genome alignment is a computationally inten-
sive process, but can be performed using Mauve or 
Mugsy/MUMmer (http://mugsy.sourceforge.net/).

  SNP/variant calling
•  Single nucleotide differences identified from aligning 

comparator sequences to a reference can be used to 
describe genetic relationships between isolates. Multi-
ple tools are available,77 and are frequently incorporat-
ed into more automated software packages.

•  We use the Nesoni suite of tools (http://www.
Vicbioinformatics.Com/software.Nesoni.Shtml) as 
well as SAMtools (http://samtools.Sourceforge.Net/), 
Freebayes (https://github.Com/ekg/freebayes) and 
Nucmer (part of MUMmer).

  Phylogenetic analysis
•  Phylogenetic trees can be used to analyze and visualize 

the SNP differences between isolates, although the 
true phylogeny of a group of isolates is never known. 
Popular methods include the simpler but rapid neigh-
bor-joining method (most phylogenetic software), and 
the more complex maximum likelihood approach 
(RAxML https://github.com/stamatak/standard-RAx-
ML, and  https://PhyML http://atgc.lirmm.fr/phyml/). 
More recently, Bayesian approaches to estimating 
phylogenetic relationships have become popular as 
computation technology has improved. Examples 
include BEAST (http://beast2.org/), MrBayes (http://
mrbayes.sourceforge.net/), and BAPS (http://www.
helsinki.fi/bsg/software/).

•  SplitsTree and FigTree are examples of phylogenetic 
software that can calculate neighbor-joining or display 
trees produced by other software.

  Utilities for clinical microbiology
•  Species identification can be performed on WGS data 

by either 16 S characterization, or by identifying short 
strings of DNA used in genome assembly (k-mer 
identification). Both options can be performed on the 
Danish Center for Genomic Epidemiology Java-based 
website http://www.genomicepidemiology.org/

•  A number of other clinically useful tools are available 
on this site, including ResFinder for the detection of 
antimicrobial resistance, and Multi-Locus Sequence 
Typing. Command-line based tools such as BLAST 
using de novo assemblies, or SRST2 (https://github.
com/katholt/srst2)78 which uses read-mapping on 
sequencing reads, are better suited to automation, 
batching of multiple sequence analyses, and incorpora-
tion into analysis pipelines.
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sive identification of bacteria, viruses, fungi, yeasts, 
and parasites in a clinical sample within a clinically 
relevant time frame and is capable of diagnos-
ing critically ill patients (21, 96). Illumina has also 
designed a suite of bioinformatics software that is 
integrated with each Illumina sequencer. BaseSpace 
is Illumina’s genomic computing environment that 
carries out many NGS analysis methods, includ-
ing WGS, de novo assembly, 16S metagenomics, 
RNA-seq, whole exome/enrichment, and targeted 
amplicon sequencing. NGS data storage, manage-
ment, and sharing either through a cloud or on-site 
are other key features offered by BaseSpace (186). 
Furthermore, Torrent SuiteTM is the data analysis 
software package that can be integrated with the 
Ion Torrent platforms. The Ion Reporter software is 
a component of the Torrent SuiteTM that helps to 
streamline the informatics process by performing 
primary and secondary analysis and data transfer 
to a secure Amazon cloud (187). 

Ultimately, the choice or design of software and 
computational analysis pipeline should align with 
the needs of the individual laboratory and the 
specific NGS application. Software programs can 
yield the same quality metrics but will likely differ in 

performance and potentially results. It is important 
to maintain records of software versions, dates of 
use, and changes to the software along with the 
parameter files used in the analysis phase to gener-
ate a complete audit trail (173, 188).  

5b. Pipeline for NGS Interpretation
NGS data analysis is not a trivial task and is critical 
to any sequencing experiment (175). In the clinical 
laboratory, analysis will equate to a clinically action-
able result that has the ability to impact patient 
care (9, 27, 110). There are three broad categories 
of NGS analysis tools, including base calling, align-
ment of the sequence to a reference sequence/
database or de novo assembly, and annotation 
and variant detection (Figure 13). However, the 
data analysis process can be directed onto many 
different paths depending on the needs of the end 
user. In the microbiological laboratory, steps like 
full-genome assembly and annotation are not nec-
essarily needed for clinically actionable data (111). 
Each step of NGS analysis employs a different tool 
or algorithm, which makes for a lengthy process. 
There are even differences in algorithms among 
platforms designed by the same company, such as 
the Illumina NextSeq versus MiSeq versus HiSeq. 

Figure 13. Outline of informatics pipeline for processing and analyzing data from massively parallel 
sequencing platforms. 
The data analysis process can be broadly divided into three stages, including base calling, alignment, and 
interpretation. The variant calling and analysis steps of the procedure are not necessary for the clinical 
microbiology laboratory to perform. Data collection and analysis involve extensive use of various compu-
tational methods for converting raw data into sequence information and the application of bioinformatics 
techniques for the interpretation of that sequence. 
Republished from reference 183 with permission from the publisher.
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For nontechnical laboratory staff and health care 
professionals with no bioinformatics training, these 
tools are complicated, and thus results can remain 
cryptic without proper education. This issue has 
to be addressed before NGS technologies can be 
used routinely in the clinical laboratory.     

Once the sequencing phase of the process is fin-
ished, raw sequencing reads are subjected to mul-
tiple steps beginning with preprocessing to remove 
adapter and low-quality sequences (38). Other 
analysis steps include base calling, assembly of the 
genome, alignment to known and curated genomic 
sequences, and annotation/comparative phyloge-
netics. Base calling is initially performed by pro-
prietary software on the platform to account for 
technology-associated bias (1, 40). Each base call 
is assigned a level of certainty, similar to a Phred-
like score that correlates to its predicted accuracy. 
Indications of mixed signals or other read errors 
are filtered or removed from analysis. The quality 
scores generated from each platform cannot be 
directly compared, because each platform uses a 
different algorithm (112). Following base calling, 
contigs are created by overlapping the numerous 
short reads (30 to 500 bp depending on the plat-
form) or long reads (>5,000 bp) generated from 
the millions of sequencing read fragments of the 
target genome (9). Longer contigs provide a higher 
depth of sequence coverage that improves the ac-
curacy and sensitivity of detecting pathogens (33). 
Bioinformatics software will align and compare the 
contigs against an available database of high-qual-
ity sequenced organisms (e.g., Kraken, SURPI, 
GOTTCHA, OneCodex, CLARK, LMAT, MG-RAST, 
MetaPhlan, MEGAN). The preferred program for 
assembling a genome depends on how the data 
are produced, either long or short read sequenc-
ing. For a more exhaustive list of genome assembly 
programs, see references 15, 189, and 190.

Genomes without a close relative in the ref-
erence database may not be detected using 
reference-based methods, necessitating de novo as-
sembly for newly discovered genomes (15, 25, 38). 
De novo assembly is also useful for the discovery 
of mobile accessory elements, such as plasmids 
and phages, which may not be present in the 
reference genomes. Genomes that are assembled 
de novo do not use an existing reference scaffold 
and can be assembled by popular programs such 
as SPAdes, IDBA-UD, SOAPdenovo, MIRA (which 
can also be used for reference guided assembly), 
and Velvet (7, 15, 38, 190, 191, 192). Producing 
long overlapping reads is essential for de novo 
assembly since data are not aligned to a refer-
ence genome, and choice of assembly software is 
technology dependent. It is important to under-
stand that a reference database is still necessary 
to accurately identify the organism even if de novo 
assembly is used. This may seem counterintuitive 
at first, but comparing long contigs against a refer-
ence database assists in the identification process 
and discovery of novel variants and genes.

After a set of ordered contigs, if not a whole 
genome, is obtained, annotation of the draft 
genome occurs. Most commonly used for bacterial 
genome annotation are Web-based tools such as 
the annotation tools RAST and Glimmer (38, 193). 
Ordered contigs are uploaded to RAST, and open 
reading frames that most likely represent genes are 
produced to create a highly annotated genome. 
The quality of the annotation process is largely 
dependent on the gene database that is applied. 
Besides RAST and Glimmer, there are other 
annotation tools available for users, including DIYA, 
Prokka, RATT, and BG-7. Additional information on 
annotation tools is presented in references 194 
and 195. With annotated genomes, users are often 
interested in finding genes of biological importance, 
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such as genes conferring antibiotic resistance and 
virulence. Furthermore, comparative genome 
analysis is frequently exploited to align multiple 
genomes to determine regions of sequence homol-
ogy or to identify unique regions of the genomes. 
Examples of software tools that enable annotated 
genomes to be compared and visualized include 
BRIG, Mauve, and ACT. Some of these alignment 
programs such as Mauve can identify SNPs that are 
useful in phylogenetic analyses and for establishing 
evolutionary relationships, tasks that are more suit-
able for public health surveillance and epidemiologi-
cal studies than for the clinical laboratory (61, 193). 

Because unbiased NGS generates sequence data 
for all types of DNA found in a clinical sample, the 
data can include organisms that do not prompt 
immediate action, such as normal microbiota 
components. With current microbiology practices, 
and more specifically, culture-based identification, 
the laboratory will report not only the etiological 
agent but also such commensal organisms. For 
example, the laboratory will report “normal respi-
ratory microbiota” for sputum samples and “mixed 
microbiota” for urine specimens. In parallel to this 
approach, a result from an NGS-based test that 
is sent in a final report to the clinician should be 
similar and include normal microbiota if detected. 
Nonetheless, there is some skepticism associated 
with this tactic. Reporting all organisms could in-
advertently introduce new organisms that are not 
necessarily actionable but could be acted upon by 
certain groups of physicians. This type of reporting 
could have a detrimental effect on antimicrobi-
al stewardship moving forward, and therefore 
irrelevant information should be filtered before 
the report reaches the hands of the physician. For 
the immediate future, any prediction coming out of 
NGS and bioinformatics will likely be followed up 
by real phenotypic tests or some other confirma-
tory evidence to verify the prediction.

5c.  Determining Clinical Relevancy of 
NGS by Distillation of Data:  
Integration into Care 

To extrapolate clinical relevancy in a time-efficient 
manner, an ongoing dialogue between clinicians, 
clinical microbiologists, and the developers of NGS 
software is necessary. There should be a gradual 
and logical transition in the type of data transmit-
ted to the clinician, from language with which they 
are familiar based on traditional tests and assays 
toward more complex analyses as training im-
proves and as this dialogue continues. The tremen-
dous amount of NGS output must be condensed 
into a reportable result, with unnecessary informa-
tion removed or strongly qualified (6). There will 
still be uncertainty in the results generated from 
NGS, even with advancements in the technology 

and bioinformatics pipelines. The complexity of the 
data is substantial, and thus it is easy to cherry-pick 
an answer and make a false conclusion. Finding the 
most optimal way to communicate an uncertain 
result is important to relay to the clinician.

NGS methods can both detect and identify 
infectious agents in a single run. Ideally, information 
regarding antibiotic resistance mechanisms and 
virulence determinants should also be derived 
from the same NGS assay without having to 
perform additional testing (30). Predicting antibi-
otic resistance from genetic data is still in the early 
stages of development, with limited cases showing 
the direct genotypic-phenotypic link (10, 15, 27, 28, 
30, 33, 143, 144, 196, 197). One study performed 
by Gordon et al (198) highlighted a genomic pre-
diction tool for determining antimicrobial suscep-
tibilities for Staphylococcus aureus. This genotypic 
tool was comparable to antimicrobial susceptibility 
testing methods with regards to specificity and 
sensitivity (198). Antibiotic resistance genes may 
hold predictive value; however, the genetic mech-
anisms responsible for a resistant phenotype are 
not always clear-cut. NGS can determine antibiotic 
resistance when known resistance genes or muta-
tions are identified but cannot reliably demonstrate 
resistance when unknown or novel mechanisms 
of resistance are present in the organism (188). 
Antimicrobial resistance remains one of the three 
greatest threats to human health according to the 
World Health Organization (WHO) (199, 200, 
201, 202, 203). Therefore, it is essential to detect 
resistance quickly and reliably, and in this aspect, 
NGS shows promise. Assessing virulence gene 
content from NGS data is also in the preliminary 
stages of development (30). In the foreseeable fu-
ture, NGS will be a preferred method for studying 
virulence and antibiotic resistance mechanisms 
with the hope of generating knowledge to further 
diagnostics, therapeutics, and vaccine design (Figure 
14) (1, 9, 28, 31, 56, 156, 164, 204). 

5d.  Storage of NGS Data  
and Security Concerns

Another principle challenge of NGS is downstream 
data management, storage, and sharing. Long-term 
storage of raw NGS data reads is not reasonable 
because of the large size of the data files (43). For 
example, storage of the reads for a single Staphy-
lococcus aureus genome requires approximately 1 
GB of space, a size that is comparable to the stor-
age of 10 music albums in MP3 format (33). The 
1 GB of storage space for the S. aureus genome 
is uncompressed, and therefore if the data were 
compressed to just the variants with respect to 
the reference (e.g., CRAM), the storage size would 
be much less. Following base calling, sequence data 
should be stored in platform-specific output files 
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such as .FASTQ files. Because each NGS platform 
delivers data in a slightly different format, this can 
cause difficulties when trying to compare data 
from various platforms and when uploading data 
into databases with multiple formats (38). A pos-
sible solution is to leverage cloud-based or public 
repositories, such as the NCBI Sequence Read 
Archive (SRA), which use standardized formats and 
offload storage costs. When regulations prohibit 
off-site storage, raw data and sample metadata 
(information on the clinical isolate) can be stored 
locally in a compressed format or replaced with 
a genome assembly or report of detected genes 
and variants. In fact, the NCBI, along with the 
FDA, CDC, and USDA, has already established 
a template (known as BioSample) for minimal 
information for pathogen metadata which could 
at least serve as a starting point for discussions of 
other organisms or for clinically relevant publicly 
available metadata (see https://submit.ncbi.nlm.
nih.gov/biosample/template/?package=Pathogen.

combined.1.0&action=definition). It should be em-
phasized that when the raw sequencing reads are 
submitted to the public archive, previous down-
stream analysis can be independently tested with 
new scientific algorithms, software, and protocols. 
Therefore, public repositories could be tools for 
the evaluation of new scientific understandings. 
Another information technology infrastructure 
demand includes long-term data archives, backup 
storage solutions, and retrieval facilities that would 
permit traceability to a patient’s report (10). An 
important archival note involves recording the 
software version, database version, and analysis 
parameters so that if the data require reanalysis, 
users will know what was applied previously.  

Because data generated from an NGS test is 
associated with a specific patient, laboratories 
must ensure that proper measures are in place to 
uphold patient confidentiality and privacy when 
these data are internally and externally stored 

Figure 14. Use of microbial genomics for tool development. 
A genome sequence can facilitate the development of a variety of tools and approaches for understanding, manipulating, and mitigating the 
overall effect of a microbe. The sequence provides insight into the population structure and evolutionary history of a microbe for epidemiologic 
investigation, information with which to develop new diagnostic tests and cultivation methods, new targets of drug development, and antigens 
for vaccine development. 
Republished from reference 56 with permission from the publisher.

https://submit.ncbi.nlm.nih.gov/biosample/template/?package=Pathogen.combined.1.0&action=definition
https://submit.ncbi.nlm.nih.gov/biosample/template/?package=Pathogen.combined.1.0&action=definition
https://submit.ncbi.nlm.nih.gov/biosample/template/?package=Pathogen.combined.1.0&action=definition
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or transferred (129). Consequently, laboratories 
must maintain the standards required by the 
Health Insurance Portability and Accountability Act 
(HIPAA). Because in-house NGS computational 
infrastructure requires significant financial resourc-
es, a popular alternative is cloud computing (7, 38). 
These services are offered at a reasonable price 
by technology companies such as Google, Amazon, 
and Microsoft and are easily scalable depending 
on the sequencing needs (10). Analysis of data can 
occur in the cloud, and data can be shared through 

this platform, although this may be impaired by 
bandwidth and data transfer capabilities. However, 
storing patient data in the cloud is not permitted 
by some institutions, and compliance with HIPAA 
regulations varies with provider. Rigorous policies 
regarding the sending and receipt of a patient’s 
clinical genomic data to cloud-based vendors or 
other health care institutions need to be enforced. 
Examples of these safety procedures include data 
encryption, secure data transfer, user authentica-
tion, and transmission tracking pathways (39). 

Key Finding 5.1 Establishing NGS capabilities 
in a clinical microbiology laboratory requires a 
significant financial outlay. Purchase of an NGS 
platform is only one component of the cost, 
and often underemphasized is the requirement 
for essential NGS hardware and accessory 
equipment. Bioinformatics expertise will be 
essential until the “easy button” is implemented. 

Key Recommendation 5.1 To help minimize 
the cost and bulkiness of NGS hardware 
implementation, the utility of benchtop and 
point-of-care (field-able) sequencing platforms 
should be emphasized for clinical laboratories 
seeking to engage in this space. These 
sequencing systems consume less space and 
are generally less expensive than larger NGS 
platforms, and data analysis can be completed 
on a high-end desktop server or even a laptop. 

Key Finding 5.2 NGS data need to be distilled 
into a clinically actionable result. This wealth of 
data can be made clinically relevant by identifying 
genotypic resistance mechanisms and genes 
encoding virulence factors. Deployment of NGS 
will require substantial validation of genotypic 
prediction of the AMR phenotype; however, 
there is limited precedent for this work.

Key Recommendation 5.2 Some NGS-based 
assays, e.g., metagenomic assays, are capable 
of returning a complex set of results that 
require careful interpretation by the clinical 
microbiologist to determine what is clinically 
actionable and what should be included in the 

results report to ensure optimal patient care. 
For example, NGS results should assist the 
physician in determining what antimicrobial can 
be used rather than what drugs the organism 
is resistant to or what drug is not suitable for 
treatment. The presence of the gene conferring 
AMR is not evidence of its expression and 
hence AMR phenotype. There needs to be a 
way to phenotypically verify the genotypic result 
generated by NGS. Rapid phenotypic testing 
methods are currently under development. 

Key Finding 5.3 Concerns over patient privacy 
and confidentiality of NGS genomic data remain 
an issue. 

Key Recommendation 5.3 When NGS data are 
to be stored remotely, such as on a server, in the 
cloud, or within a database, the information must 
protect patient privacy and be HIPAA compliant. 

Key Finding 5.4 All of the files associated 
with a whole-genome NGS run represent an 
enormous amount of data requiring significant 
storage space.

Key Recommendation 5.4 The raw sequence 
reads, .FASTQ files, and the complete genomic 
sequence of the identified pathogen would 
consume considerable storage space for the 
hospital. The assembled sequence should be 
uploaded to an appropriate database, and only 
the clinically relevant result should be maintained 
in the patient’s electronic medical file. 

SECTION 5 FINDINGS AND RECOMMENDATIONS
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The high cost of NGS instrumentation is a 
tremendous obstacle. Although NGS platforms 
continue to change and become more efficient, to 
a certain extent, this rate of change is hindering 
the adaptation of NGS technology in the clinical 
microbiology laboratory (121). It is necessary to 
reflect on the capabilities of the various platforms 
and adopt the equipment that best produces 
a clinically actionable result. All in all, this field is 
advancing at a remarkable rate which can, par-
adoxically, hinder acceptance of the technology. 
Continual NGS improvements make it arduous 
for clinical laboratories to lock down a platform 
and invest in the instrumentation. The constant 
altering and tweaking of NGS platforms and 
bioinformatics make it challenging to complete 
validation studies. Also, the clinical strains that will 
get validated will continue to evolve by acquiring 
or losing DNA. This necessitates continuous vali-
dation studies, which are not realistic (158). 

Physically getting the computational infrastruc-
ture into the laboratory can be a costly obstacle 
as well. Substantial computing resources are 
required for successful operation of an NGS 
platform, including analysis software, short- and 
long-term data storage, backup solutions, and 
data retrieval capabilities. The entire laboratory 
may require updating with electrical connections, 
fiber for increased bandwidth, switching hubs, 

power supplies, generators, and air conditioning in 
order to support sequencing efforts and on-site 
computing and data centers (10). 

The sheer amount of data generated from a single 
NGS experiment can be overwhelming and intim-
idating. The copious volume of genomic sequence 
that must be condensed into a meaningful result 
represents a formidable challenge. The primary 
bottleneck of NGS technologies that is preventing 
them from reaching their full clinical potential is 
complex data analysis (6, 7, 9, 10, 24, 25). Dehost-
ing or filtering out human host reads from NGS 
data remains a challenge because of a lack of 
software tools that can perform this task. This “data 
jam” is also due in part to the insufficient training 
among the clinical laboratory workforce with 
respect to computational analysis tools and skills 
in interpreting large data sets (6, 24, 112). There 
is a lack of development of vital bioinformatics 
resources and pipelines for NGS interpretation. 
An example of a major resource that needs to 
be developed is accessible reference databases of 
curated microbial genomes (27). These databases 
should not be stagnant but constantly evolving 
as new, relevant organisms are being sequenced. 
True representation of diversity, including current, 
circulating organisms and older strains, needs to 
be considered when assembling these databases. 
It is important to understand the existing reposi-

Section 6  
Deterrents and Shortcomings of NGS  
Technology and Challenges for Implementation  
into the Clinical Microbiology Laboratory
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tories, both public and private, in order to prevent 
the creation of silos, or databases that contain the 
same organisms. The NCBI’s GenBank database is 
the public repository for all types of genomic se-
quences and contains over 3,000 complete, anno-
tated genomes and nearly 25,000 draft genomes 
that need annotation (9). The NCBI, the European 
Nucleotide Archive (ENA), and the DNA Data 
Bank of Japan (DDBJ) are collectively known as the 
International Nucleotide Sequence Database Col-
laboration (INSDC), an initiative that supports and 
endorses data sharing among the three databases 
(http://www.insdc.org/). In addition to the INSDC 
public repository, the GMI is yet another platform 
designed for the storage of WGS data. GMI is a 
global genomic epidemiological database that holds 
sequence information from all genera of microor-
ganisms linked with important metadata (http://
www.globalmicrobialidentifier.org/About-GMI). 
The goal of GMI is to aid in global surveillance 
of infectious diseases by serving as a resource in 
detecting outbreak isolates and emerging patho-
gens. Furthermore, the FDA developed a microbial 
genomic sequence reference database known as 
FDA-ARGOS to cover the diversity of circulating 
strains, including clinically and environmentally 
important microbes, for diagnostic and regulatory 
purposes (see Section 7A).

Another barrier to NGS usage in the clinical labo-
ratory is the lack of a standardized report format 
because of issues with interfaces on the laboratory 
information management systems (LIMS). The 
unprecedented throughput and constant state of 
change associated with NGS create challenges for 
traditional LIMS. To support NGS genomics, LIMS 
must be scalable, adaptable to routine change 
and updates, and easily operated by nontechni-
cal laboratory staff. Genomics-specific LIMS will 
capture data quality, streamline data tasks, elim-
inate bottlenecks, track key associations such as 
consumable lot numbers and SOPs, and perform 
other support activities as discussed elsewhere 
(205). These customized functions take significant 
time and money to develop. There are commercial 
and noncommercial, open-source LIMS available 
to track NGS samples from request submis-
sion to test result. Illumina offers three versions 
of GenoLogics NGS LIMS that enable users to 
preconfigure and track workflows, generate and 
manage reports, and receive instrument and third 
party software updates. It is a difficult task to find a 
framework that meets the demands of all labo-
ratories, and hence, one user interface does not 
fit all. There needs to be a channel that allows for 
communication between the hospital databases 
and the sequencing databases to minimize errors 
in the process introduced by users. LIMS modules 
from different hospitals do not interact well with 
each other, making institutions that want to share 

data between systems concoct unique mechanisms 
for retrieval (206). Interconnectedness among 
LIMS is a hurdle that needs to be cleared and is vi-
tal for accessing, sharing, and leveraging the power 
of NGS data. Data sharing can aid in the creation 
of better software tools that would then allow the 
development of specific NGS applications.   

6a.  Regulatory Issues of an  
NGS Diagnostic Test

When any new technology, device, or method is 
implemented into a specific environment, there are 
challenges that have to be overcome. Incorpora-
tion of NGS technology in the clinical laboratory is 
no exception and has its own set of obstacles (37). 
In 1976, Congress enacted the Medical Device 
Amendments, which amended the Federal Food, 
Drug, and Cosmetic Act (the FD&C Act) to create 
a comprehensive system for the regulation of 
devices intended for use in humans. Under section 
201(h) of the FD&C Act, “an instrument, appa-
ratus, implement, machine, contrivance, implant, 
in vitro reagent, or other similar or related article, 
including any component, part, or accessory…in-
tended for use in the diagnosis of disease or other 
conditions, or in the cure, mitigation, treatment, or 
prevention of disease, in man or other animals” is 
defined as a device. Under the FD&C Act, the U.S. 
Food and Drug Administration (FDA) ensures that 
medical devices, including in vitro1 diagnostic (IVD) 
devices, provide a reasonable assurance of safety 
and effectiveness (176). The Center for Medicare 
and Medicaid Services (CMS) is responsible for 
regulating laboratories under the 1998 Clinical 
Laboratory Improvement Amendments (CLIA). 
CLIA governs the accreditation and certification 
process for laboratories (181, 207). In the United 
States, diagnostic tests, similar to other medical 
devices, undergo evaluation by the FDA to obtain 
marketing authorization. Determining the appro-
priate amount of regulatory oversight for NGS 
technology presents a new challenge. The FDA 
premarket review process has generally followed 
a “one test, one disease” paradigm that assesses 
a test’s analytical and clinical performance. NGS 
technology is essentially an ultimate multiplex test 
that can detect many infectious agents.   

FDA-Approved  
Medical Devices 
Those devices for which 
FDA has approved a 
pre-market approval 
(PMA) application prior to 
marketing. This approval 
process is generally reserved 
for high-risk medical 
devices and involves a more 
rigorous premarket review 
than the 510(k) pathway.

FDA-Cleared  
Medical Devices 
Those devices that FDA 
has determined to be 
substantially equivalent to 
another legally marketed 
device. A premarket 
notification, referred to as a 
510(k), must be submitted 
to FDA for clearance prior 
to marketing a device. 
A 510(k) is most often 
submitted by the medical 
device manufacturer.

FDA-Listed  
Medical Devices 
A medical device is FDA-
listed if the firm that 
manufactures or distributes 
the medical device has 
successfully completed an 
online listing for the device 
through the FDA Unified 
Registration and Listing 
System (FURLS).

Retrieved from http://www.fda.gov/
AboutFDA/Transparency/Basics/
ucm194468.htm

For your 
information…

1 FDA regulations defines in vitro diagnostic products as 
“those reagents, instruments, and systems intended 
for use in the diagnosis of disease or other conditions, 
including a determination of the state of health, in order 
to cure, mitigate, treat, or prevent disease or its sequel-
ae. Such products are intended for use in the collection, 
preparation, and examination of specimens taken from 
the human body. These products are devices as defined 
in section 201(h) of the Federal Food, Drug, and Cos-
metic Act (the act), and may also be biological products 
subject to section 351 of the Public Health Service Act.” 
21 CFR 809.3(a).

http://www.insdc.org/
http://www.globalmicrobialidentifier.org/About-GMI
http://www.globalmicrobialidentifier.org/About-GMI
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In 2013, the FDA allowed marketing of the Illumina 
MiSeqDx instrument platform and the Illumina 
Universal kit, two devices that make up the first 
FDA-regulated test system that allows laboratories 
to develop and validate sequencing of any part of 
a patient’s genome. This marketing authorization 
marked a significant milestone for this technology 
(96, 208). The FDA also cleared two devices that 
are used to detect DNA changes in the cystic 
fibrosis transmembrane conductance regulator 
(CFTR) gene, which can result in cystic fibrosis 
(CF), an inherited chronic disease that affects the 
lungs, pancreas, liver, intestines, and other organs 
of those who inherit a faulty CFTR gene from 
both parents (209). These two cleared devices 
are: Illumina MiSeqDx Cystic Fibrosis 139-Variant 
Assay and Illumina MiSeqDx Cystic Fibrosis Clinical 
Sequencing Assay. The Illumina MiSeqDx has not 
been granted marketing authorization by the FDA 
for microbial diagnostic use (http://www.access-
data.fda.gov/cdrh_docs/reviews/K123989.pdf). 
In addition, two other sequencing platforms were 
registered and listed with the FDA as in vitro diag-
nostic devices in 2014: Life Technologies Ion PGM 
and Vela Sentosa SQ301 (209, 210, 211). Taken 
together, establishing an FDA review process for an 
NGS platform or assay seeking marketing autho-
rization that appropriately balances the interest in 
doing an adequate review against the interest in 
minimizing the information and effort involved in 
preparing a submission able to support a favor-
able decision has presented challenges, especially 
because the technology is changing at a rapid pace. 
By the time one test is cleared or approved, a 
new test will likely appear on the market that can 
perform that same test with a quicker turnaround 
time and at a lower cost. However, this situation is 
not unique to clinical microbial NGS technology.

The process of validating microbial NGS-based 
tests faces many obstacles. Establishment of clear 
validation standards by either national or interna-
tional regulatory agencies could potentially help 

with the use of NGS tests in clinical laboratories. 
The standard reference materials being developed 
by NIST have the potential to address some of 
the challenges encountered during the validation 
process for microbial NGS-based tests (111). 
Similar to other medical devices, NGS testing is an 
inherently multi-analytical procedure for which the 
FDA, as part of its review, requires validation of all 
components of the system, including nucleic acid 
extraction, library preparation, sequence gener-
ation, sequence analysis, sequence interpretation, 
and formulation of a reportable result (7). This 
systems approach would benefit from continued 
collaboration from regulatory agencies such as 
the FDA and CMS as well as medical societies 
such as College of American Pathologists CAP. 
Another challenge to address is the regulatory 
and ethical issues that surface with the storage 
of patients’ NGS test results. Such storage must 
adhere to privacy laws such as compliance with 
HIPAA requirements. With the capabilities of NGS 
methods when sequencing a human clinical spec-
imen, it is also possible to uncover an unexpected 
finding such as a marker for an inheritable disease 
of which there are no guidelines for appropriate 
disclosure of such incidental data (212). 

6b.  Recommendations for  
Overcoming Barriers for  
NGS Implementation

Reimbursement codes need to be standardized or 
new codes that cover genomics-driven interven-
tions or NGS assays should be created (31). Some 
suggestions include “sequencing,” “microbiology 
genome diagnostics,” and “metagenomic sequenc-
ing.” It is important to engage insurance companies 
and inform them about the downstream cost 
savings of NGS analysis. Case studies and, ideally, 
clinical trials would be useful and encouraging 
tools that could be directed towards insurance 
companies. Success stories showing how an NGS 
test result decreased a patient’s hospital stay or 

http://www.accessdata.fda.gov/cdrh_docs/reviews/K123989.pdf
http://www.accessdata.fda.gov/cdrh_docs/reviews/K123989.pdf
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saved a patient’s life because the pathogen was 
identified more quickly and therapy was adjusted 
appropriately could be highlighted (36). [See Case 
Study 10, which demonstrates how WGS traced 
a hospital outbreak of a Klebsiella pneumoniae (K. 
pneumoniae) carbapenemase(KPC)-producing or-
ganism and hence provided actionable insights to 
decrease further intrahospital transmission (97).] 
There needs to be an open dialogue between the 
scientific community and insurance companies as 
NGS progresses towards the infectious disease 
diagnostic space. Tactics to convey the value added 
of NGS to agencies or groups that deal with reim-
bursement need strengthening (10).     

There are simple, cheap, and routine methodolo-
gies that work efficiently in the clinical laboratory 
at the current time. It is questioned that if these 
established methods are efficient, how is NGS 
better than what we have now? NGS signifies a 
value-added method that has the capabilities of 

detecting all pathogens from one test, exemplifying 
its power to transform the clinical microbiology 
field and potentially eliminate the need for a suite 
of conventional tests. A major hurdle is getting the 
medical community and hospital administrators to 
embrace NGS technology and to realize the clini-
cal value it possesses over current tests performed 
in the microbiology laboratory. 

Because traditional microbiological methods re-
main ingrained in diagnostic laboratories, hesitation 
and fear exist on the part of medical technologists, 
clinicians, and hospital administrators to learn the 
technology and terminology, which represents 
another barrier that is preventing acceptance of 
NGS (28, 33). This is not just a new technology but 
a new paradigm for how we conduct clinical mi-
crobiology, which can make these groups reluctant 
to engage NGS. Even though NGS is becoming 
widely available, there are a lack of education and 
sparse training opportunities, which inhibit the use 
of this advanced sequencing method (6, 24, 121). 
Courses in bioinformatics and data analytics could 
begin at the undergraduate level, with continued 
training in graduate and professional schools to 
help mold a new generation of scientists and phy-
sicians. Short courses, workshops, or CME (con-
tinuing medical education) credit could stimulate 
interest in NGS and help lessen anxiety for imple-
mentation while strengthening users’ competence. 
It would also be beneficial for professional practice 
organizations to articulate and implement NGS 
language and evidence-based guidelines to bolster 
familiarity with this powerful sequencing method.        

Numerous benchmarks must be met in order for 
NGS technologies to be incorporated into the 
workflow of the clinical microbiology laboratory. 
Many hurdles still need to be overcome before the 
medical community will embrace the capabilities of 
NGS technology and its deployment as an infec-
tious disease diagnostic system (5, 22, 112). 

6c.  “Diagnostic” Clinical Trials  
Evaluating Microbial NGS

Several clinical trials have been launched to 
evaluate the ability of NGS-based tests to detect 
inherited genetic diseases or cancer alleles. Little 
progress has been made surrounding clinical trials 
for the diagnosis of infectious diseases. As shown 
on the ClinicalTrials.gov website (https://www.clin-
icaltrials.gov), there are clinical trials currently un-
der way whose purpose is to evaluate the utility of 
NGS for the detection or characterization of mi-
crobes. However, these clinical trials are parallel to 
research studies in which patients are enrolled and 
provide consent for NGS analysis, including micro-
bial NGS. Specifically, diagnostic infectious disease 
NGS clinical trials are minimal to nonexistent. The 
ClinicalTrials.gov website shows that an overseas 

  Case Study 10

WGS tracks a hospital out-
break of carbapenem-resis-
tant K. pneumoniae (97)

Carbapenems are the most 
potent class of b-lactams, 
and with the emergence of 
carbapenem-resistant strains, 
treatment options have 
become extremely limited. 
The U.S. NIH Clinical Center 
had a carbapenem-resistant 
K. pneumoniae outbreak that 
afflicted 18 people and result-
ed in 11 deaths (Figure). WGS 
and epidemiological analy-
sis demonstrated that the 
outbreak source stemmed 
from a single patient who 
had been discharged 3 weeks 
prior to the appearance of 
clinically relevant cases. The 
index patient independently 
transmitted the outbreak 
strain at least three times to 
create two main clusters of 
patients. K. pneumoniae is also 
an organism that can secretly 
colonize the gastrointestinal 
tract of patients without 
causing overt signs of infec-
tion. These patients act as 
silent transmission vectors, 
allowing an outbreak to 
develop covertly over a time 
period, as evidenced by this 
study. This case highlights how 
NGS can help to limit the 
nosocomial transmission of 
pathogens and thereby guide 
infection control efforts.

Case Study 10 (Figure) Putative map of  
K. pneumoniae transmission during a hospital 
outbreak.  
The transmission map was constructed with genetic 
and patient trace data. Nodes represent patients, 
and arrows indicate a transmission event directly or 
indirectly from one patient to another. Blue, cluster I; 
green, cluster II. Red arrows, opportunity for a direct 
transmission event from patients overlapping in the 
same ward before the recipient cultured positive; 
black arrows, transmission events that cannot be ex-
plained by patient overlap (may result from a more 
complicated transmission route or an intermediate 
patient or environmental source); dashed lines, at 
least one other equally parsimonious transmission 
link leading to the given patient exists. 
Republished from reference 97.

https://www.clinicaltrials.gov
https://www.clinicaltrials.gov
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company, PathoQuest, is conducting a clinical trial 
for the evaluation of high-throughput sequencing 
for screening pathogens in immunocompromised 
patients with suspected infectious disease (Clinical 
Trials registration no. NCT02007642). The purpose 
of the study is to compare the high-throughput 
sequencing approach of PathoQuest to detect 
pathogens causing infectious disease to conven-
tional diagnostic methods. Preliminary findings have 
not been declared on the website or published as 
of June 2015 (213).

For the appropriate implementation of NGS as 
a diagnostic tool, clinical trials are necessary to 
expose strengths and weaknesses of both current 
NGS applications and traditional clinical laboratory 
approaches. Although there were early successes 

of diagnostic NGS trials, financial resources were 
lacking to continue to perform the clinical trials 
necessary to generate sustained interest. Such 
interest relies in part on adoption of the technol-
ogy as well as a true detailed understanding of the 
benefits and cost of use (7, 160). These elements 
are lacking right now for infectious disease NGS 
clinical trials. Because NGS is a multistep process, 
it will be necessary to perform clinical trials at all 
levels of validation (14). Moving forward, outcome 
studies will ultimately be needed to demonstrate 
how NGS information genuinely affects and 
impacts patient care, followed by a clinical trial 
evaluation (160). Currently, viable funding mech-
anisms to implement these types of clinical trials 
are not available.  

Key Finding 6.1 Data analysis remains a major 
bottleneck in the adoption of NGS. Genomic 
sequence data are able to be generated at 
orders of magnitude higher and at a lower cost 
per base than traditional Sanger sequencing, 
but interpretation of these data is not nearly 
as rapid. Analysis of NGS data is a time-
consuming and cumbersome process that 
requires the data to be channeled through 
multiple software programs and subjected 
to many different algorithms of which the 
interfaces are not user-friendly. 

Key Recommendation 6.1 Professionals who 
will use NGS technology should work closely 
with software developers to create a proficient, 
streamlined, and more manageable analysis 
pipeline to provide a quicker return of complete 
diagnostic information. This collaboration will 
help in the development of more efficient and 
user-friendly software programs and algorithms 
for genomic data analysis. 

Key Finding 6.2 The unprecedented throughput 
and constant state of change associated with 
NGS create challenges involving the interfaces of 
traditional LIMS.

Key Recommendation 6.2 An information 
visualization style approach to conducting 
controlled user studies could help to determine 
which form of NGS clinical reporting is most 
effective for clinicians to make a diagnosis or 
initiate/change treatment for the patient. 

Key Finding 6.3 Just like other clinical laboratory 
tests, an NGS diagnostic test will require a 
reimbursement code that provides an adequate 
description for the insurance company as to the 

type of test performed. It remains to be seen if 
insurance companies will pay for this genomic 
test, highlighting the need to educate these 
companies on the benefits of NGS applications 
for patient management and outcome.

Key Recommendation 6.3 New regulatory 
guidelines and insurance reimbursement 
codes for the use of NGS testing in the clinical 
microbiology laboratory need to be developed. 
Insurance billing codes should be revised to 
enhance the transparency of molecular services 
that are performed. Additionally, payers such as 
CMS should review publications showcasing that 
NGS assays guided or improved diagnostic and 
therapeutic decisions that could not be made 
using current laboratory methods. 

Key Finding 6.4 Microbial diagnostic NGS clinical 
trials are not documented on the Clinical Trials.
gov website (http://www.clinicaltrials.gov). It is 
possible that these types of trials are ongoing 
but are not publicized on this website. Clinical 
trials will need to be conducted at every step of 
the NGS workflow or conducted as part of a 
systems approach.

Key Recommendation 6.4 Outcome 
analyses and clinical trials highlighting the 
success and cost savings of NGS for the 
diagnosis of infectious diseases are highly 
recommended and could serve as justification 
for reimbursement companies. Incentive and, 
more specifically, funding, which are not widely 
available, must be given to initiate such studies. 
Therefore, an advisory board composed of 
relevant stakeholders should be created to 
address this issue. 

SECTION 6 FINDINGS AND RECOMMENDATIONS
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7a.  Database Creation and  
Maintenance of Whole-Genome  
Microbial Sequences

Efforts are under way at the FDA for the creation 
of a microbial reference database (i.e., FDA-AR-
GOS Public Regulatory-Grade Reference Data-
base; NCBI BioProject 231221 accession no. PRJ-
NA231221) populated with high-quality, accurately 
annotated genomic reference sequences that will 
serve as a reliable resource for NGS analysis, both 
for developers and clinical end users. The coordi-
nation, preservation, and updating of FDA-ARGOS 
are collaborative efforts among different agen-
cies, including the FDA, NCBI, the Department 
of Defense (DOD) Medical Countermeasure 
Systems (MCS), the U.S. Army Medical Research 
Institute for Infectious Diseases (USAMRIID), the 
Defense Threat Reduction Agency (DTRA), and 
the Institute for Genomic Sciences at the Univer-
sity of Maryland. This public database is intended 
to provide the most accurate microbial genomic 
sequences (i) to inform and guide treatment deci-
sions and (ii) to streamline the regulatory pathway 
for clearance and approval of NGS platforms for 
microbe identification by acting as a single-com-
parator method (111). With existing collections, 
there are notable gaps in deposited sequences, 
emphasizing the need for a broader diversity and 
depth of microbial submissions (27). It is important 
to have curated and complete reference databases 
in order to prevent false positives and public health 
scares, as evidenced by the high-profile “Anthrax in 
the Subway” article by Afshinnekoo et al (168). For 
many submissions in the NCBI BLAST databases, 
uploaded partial sequences can be contaminated, 
thereby complicating evaluations that are trying 
to search for novel microbes with low prevalence. 
Contaminated entries could prevent discovery of 
such microbes. Also, low sampling depth, common 
to de novo genome assembly, can result in incom-
plete and uneven read coverage for an organism 
of interest and consequently cause unsuspected 
contamination (80). The regulatory-grade sequenc-
es that will make up the FDA-ARGOS database 
aim to prevent contamination and serve as a major 
resource for diagnostic sequencing and ongoing 
surveillance studies. 

Another FDA genomic database known as 
GenomeTrakr is building databases with the 
NCBI (see example under BioProject accession 

no. PRJNA183844) for foodborne pathogens for 
source tracking in real time (105). This database 
includes isolates from clinical, environmental, and 
food sources to embrace the One Health Ini-
tiative as well as to provide full public access to 
draft genomes circulating globally. Laboratories at 
numerous state and federal departments of health 
have their own GenomeTrakr bioprojects for the 
isolates that are important for those areas. The 
FDA NCBI system should work for any human 
pathogen, and early database building is beginning 
under NCBI’s pathogen identification program, of 
which GenomeTrakr is one part for foodborne 
pathogens. Clinical and public health microbiology 
laboratories are on the front lines and are the first 
to encounter outbreak isolates and novel patho-
gens. These environments will play a key role in 
depositing these new genomes in the expanding 
knowledge base. 

Assembly of reference databases will require 
expert consensus and feedback from the infectious 
disease community and the medical community 
to determine which organismal sequences are 
necessary to include. Organisms that have a high 
clinical index of reportability or are observed in 
90% of cases in the laboratory should be included 
within the database along with rule-out organisms. 
However, there are also organisms that are not 
commonly seen in the laboratory but are clinically 
actionable. For example, Leptospira requires clinical 
intervention but is not regularly detected in the 
microbiology laboratory. Furthermore, a common 
skin contaminant, Malassezia, is not pathogenic for 
healthy individuals. In the context of an immu-
nocompromised patient or neonate, Malassezia 
can act like a pathogen and cause sepsis. It is not 
necessary or cost-efficient to include all known 
environmental organisms, but a variety of these 
rare and unusual pathogens should be deposited 
in reference NGS microbial databases. It would be 
ideal to craft reference databases for each infec-
tious disease etiological agent, including bacteria, 
viruses, fungi, yeasts, and parasites. The purpose of 
the databases is to capture the breadth of diversity 
for each infectious agent category, and thus more 
than one genome per species should be denoted. 
The databases should also be able to distinguish 
between pathogens and their near neighbors. An-
tibiotic resistance genes, phenotypic susceptibility 
data, and virulence factors could be represented as 
subsets within existing databases. For example, the 

Section 7 
Establishment of a Curated Microbial  
Diagnostic NGS Database—A Monumental  
but Necessary Undertaking
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NCBI, as part of a multi-group effort, has estab-
lished a template to capture antimicrobial suscep-
tibility phenotype information for those organisms 
submitted to the BioSample database (http://www.
ncbi.nlm.nih.gov/biosample/docs/antibiogram/). 
Additionally, it is imperative to “version” the da-
tabases when significant additions or updates are 
made. Finally, there needs to be a culture reposito-
ry of these collected reference strains if a reexam-
ination of the isolate is required.

For the greater good of public health, it is import-
ant to have NGS data publically available, filtered 
with metadata, so that patients are not identifiable. 
From a computational standpoint, the only way 
that this predictive strategy will work is if all of 
the genomic data are centralized. If sequence data 
are isolated in individual hospitals and not shared, 
this centralized approach will be nearly impossible 
to undertake (7). Individualized databases would 
represent only a single city’s microbiome instead 
of that of the whole country or the whole world. 
Furthermore, the NIH issued a mandate in 2003 
to promote data sharing from principal inves-
tigators requesting $500,000 or more in grant 
support. In January 2015, the NIH announced that 
all grantees are required to publicize large genomic 
data sets by the time of publication (166). One 
would imagine that this requirement would help 
tremendously in adding genomic sequence infor-

mation to public repositories, but enforcement has 
been meek (214, 215).

7b.  Representation of an NGS  
Diagnostic Test Result in a  
Patient’s Medical Record

It was suggested that none of the actual genomic 
data should be incorporated into the patient’s 
electronic medical record but rather the clinically 
actionable, interpreted result should be stated in 
the patient’s file. The version of the software and 
the genomic reference sequence database should 
also be noted in the medical record. The sugges-
tion that only the actionable result be stored is 
partly due to the challenges of laboratory man-
agement systems and hospital information systems, 
which largely cannot support the bioinformatics 
component of NGS. Hospitals can choose to store 
the bioinformatics data locally or to utilize off-site 
remote hosting like Amazon cloud support, as long 
as these systems uphold HIPAA compliance and 
security requirements. Clinical sequences could 
be deposited in the database, where personally 
identifiable information could be held locally and 
disconnected from the public data. All information 
in the reference database should be legally nondis-
coverable. A sophisticated link from the patient’s 
medical record to the reference database would 
benefit the broader community (30).

Key Finding 7.1 There are many repositories 
of genomic sequence data, most of which are 
not publically available. It would be beneficial 
to assimilate concise reference databases for 
etiological agents such as bacteria, viruses, fungi, 
and parasites and include both commonly 
encountered pathogens and clinically actionable 
pathogens.

Key Recommendation 7.1 A crucial 
recommendation is the expansion of curated and 
regulatory-grade microbial sequence databases 
in the public domain. Genomic sequence 
submissions should include high-quality sequence 
data that are accurately annotated with metadata. 
These databases should not be a static collection 
of information but should allow for local, national, 
and international data exchange that is in line 
with agreed standards (28). Additional databases 
are not needed, but existing databases should 
establish quality metrics or curation strategies to 
promote confidence in clinical decision-making.

Key Finding 7.2 Reference databases should be 
maintained and updated with emerging clinically 
and environmentally important microbial genomic 
sequence entries. 

Key Recommendation 7.2 It is recommended 
that sequencing efforts be focused on obtaining 
more pertinent whole genomes for pathogenic 
fungal, yeast, and parasitic species. 

Key Finding 7.3 Correlating genomic DNA 
data with phenotypic antibiotic susceptibility 
remains in early stages. Antibiotic resistance 
genes and factors produced by the organism that 
cause resistance should be represented within 
databases. 

Key Recommendation 7.3 Resistance genes 
should be annotated as a subset within an 
appropriate existing database. With new genetic 
mechanisms of resistance frequently arising, these 
databases would be ongoing projects requiring 
active curation and reannotation efforts. 

SECTION 7 FINDINGS AND RECOMMENDATIONS
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•  Microbial biomarkers, molecules produced by 
microorganisms during an infection that can be 
sensitively measured (e.g., endotoxin), are helpful 
in both diagnostic and therapeutic processes. 
Much research is currently focused on cancer 
biomarkers. There is also tremendous interest 
in identifying biomarkers for sepsis, a disease 
that is among the top 10 causes of mortality in 
the United States (133). The administration of 
correct antibiotics is key for the survival of septic 
patients, and yet there are few methods that are 
able to rapidly identify bloodstream pathogens. 
Identification of pathogen-specific biomarkers 
or signatures such as in sepsis cases can result 
in a more timely diagnosis and, subsequently, 
more targeted therapy. Responses to treatment 
can also be monitored by evaluating specific 
host biomarker levels (135, 216). It is highly 
unlikely that a single biomarker will correlate 
with a correct diagnosis and prognosis, but this 
is to be determined. The power of NGS can be 
leveraged to identify diagnostic biomarkers of in-
fectious disease by global transcriptome profiling 
involving the pathogen during infection and the 
host response to the pathogen insult. Therefore, 
future efforts could be devoted to biomarker 
discovery by utilizing the genomic and transcrip-
tomic data produced by NGS to provide the 
clinician with both diagnostic and prognostic 
information. There are studies investigating the 
biomarkers associated with infectious diseases 
such as dengue, sepsis, urinary tract infections, 
tuberculosis, Lyme disease, and Ebola, as well as 
chronic diseases such as chronic fatigue syn-
drome and lupus (217, 218, 219, 220).  
 
With metagenomic sequencing for diagnostics, 
potential biomarker data are not routinely ex-
amined, as human sequence reads are eliminated 
from analysis. Strategies to utilize these data 
should be developed to begin the formation of 
an integrative pipeline. However, to use the data 
generated for two different purposes would be 
highly dependent on the nucleic acid extraction. 
Evaluation of biomarker signatures would com-
plement NGS and therefore provide a highly 
informative classification of disease. 

•  The potential of NGS might open the door for 
many discoveries that could help advance the 
infectious disease field and knowledge of human 
biology. NGS will drive the fundamental basic 
science behind these discoveries.

•  To maximize the impact that NGS technolo-
gies could have on many fields, more basic and 
applied research efforts are needed to improve 
methods, analytics, and platforms.

•  Training opportunities for those who want to be 
involved in cutting-edge bioinformatics technol-
ogy, either as clinicians or Ph.D. scientists, should 
be made available. This type of training in clinical 
microbiology could assist in introducing genomic 
expertise to the hospital. Training should also 
be made available for bioinformaticians to learn 
clinical microbiology and medical terminology. 
The lack of educated individuals in the clinical 
bioinformatics field is associated with the lack of 
training opportunities.

•  With human genetics, many laboratories are 
employing genetic counselors to help with 
appropriate lab utilization and also interpretation 
of the data. Do we need something similar, such 
as “microbial genetic counselors,” to be housed in 
the clinical microbiology laboratory?

•  The implementation of NGS technologies in the 
clinical microbiology lab has been an uphill battle. 
A topic of discussion at the colloquium was why 
it is taking so long for this technology to become 
routine use. It was suggested that data inter-
pretation continues until a complete answer is 
obtained rather than what is specifically clinically 
relevant. A “complete answer” and a “clinically rel-
evant answer” are not interchangeable terms. In 
the hunt to produce the most complete answer, 
we may be delaying the ability to produce an 
actionable answer.

•  Approximately 70% of the population will not 
see a clinician when they are feeling ill. Therefore, 
surveillance could be done in the privacy of the 
home or crowd-sourcing could be attempted, 
as with the American Gut Project, the Harvard 
Personal Genome Project, and the GoViral 
Project. One would collect their specimen and 
send it for sequence analysis to determine their 
illness. The American Gut Project is the world’s 
largest open-source, open-access study aimed at 
understanding the microbial diversity of the guts 
of people from the United States and globally 
(226). Founded in 2005, the goal of the Harvard 
Personal Genome Project is to gain insight into 
human genomes to advance human genetics, 
biology, and health by allowing participants to 
openly share their personal genomes (227). 
GoViral is a study by Boston Children’s Hospital 
that collects viral diagnostic information from 
willing participants in the community to predict 
an individual’s risk for developing influenza (228). 
The goal is to help track influenza and provide a 
risk assessment so people can alter their public 
behaviors accordingly to prevent illness. Recently 
launched in March 2015, Open Humans is an 
online portal, managed by researchers at New 

Text box 3.  
Timeline for  
the invention of PCR 
 
The conception of polymerase 
chain reaction (PCR) by Kary 
Mullis in 1987 marks one of 
the most important scientific 
advancements in the molecular 
biology field (221, 222). 
Amplification of a segment of 
DNA into billions of copies 
was groundbreaking and is 
a common technique used 
routinely in various laboratories 
today. Although Mullis is 
credited with developing 
PCR, the concept behind this 
technique had been described 
17 years earlier by Har Gobind 
Khorana and colleagues in a 
process called repair replication 
for synthesizing short DNA 
duplexes and single-stranded 
DNA by polymerases 
(222). The discovery of the 
thermostable DNA polymerase 
by Erlich and colleagues in 
1988 was the innovative 
landmark that sparked the 
beginning of PCR utility (222, 
223, 224). PCR continued to 
evolve with improvements 
in polymerase stability and 
fidelity. The introduction of 
new PCR techniques such as 
real-time and digital PCR has 
ensured that PCR will remain 
a fundamental method across 
the sciences and clinical health. 
Taken together, this timeline 
of events for the discovery 
and implementation of PCR 
can be applied to the current 
status of NGS’s transition 
into the clinical microbiology 
laboratory (Figure 15). This 
long, drawn-out process 
described throughout this 
report is not something that is 
unique for NGS technologies 
but in actuality coincides with 
the evolution of PCR testing 
(225). Ordinary regulation 
bureaucracy mandates this 
process along with continuous 
enhancements in the NGS 
technology. 

Future directions
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Figure 15. The evolution of the PCR machine or thermal cycler.  
Republished from reference 225 with permission.

York University, the University of California San 
Diego, and Harvard Medical School, that urges 
U.S. citizens to share their DNA and medical 
data for three research studies (229). Open-
source data or a crowd-sourcing mechanism is a 
potential way to transition NGS into the clinical 
microbiology laboratory more quickly.   

•  A decade ago, such NGS data would have been 
unimaginable. With the arrival of NGS, one can 
only imagine what the next decade will unveil. 
Perhaps there will be futuristic approaches such 
as self-reporting and do-it-yourself sequencing. 
Instead of going to the doctor’s office, an individ-
ual could analyze the clinical sample themselves.

•  When a patient is admitted to the hospital, a 
sample could be sequenced to determine what 
organisms the patient is carrying. This type of 

information would help to distinguish between 
a colonizing organism present on admission and 
a hospital-acquired pathogen, which ultimately 
impacts insurance reimbursement. Approximate-
ly 2 million patients develop hospital-acquired 
infections (HAIs) annually, resulting in nearly 
100,000 deaths. In the United States, HAIs are 
the sixth leading cause of death and account for 
$28 to $45 billion in extra hospital costs (230). 
Also, the completion of this preliminary screen 
evaluating microbiome or host immune status 
enables clinicians to see if an individual may be 
at risk for obtaining a hospital-acquired infection. 
For example, analyzing the gut microbiome could 
determine which patients may be more suscepti-
ble to a Clostridium difficile infection. NGS has the 
potential to decrease HAIs.
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It has been nearly a decade since scientists George 
Church and Jonathan Rothberg of 454 Life Sci-
ences (now part of Roche) ignited the genomic 
revolution with the advent of NGS. The sequencing 
field exploded with Church and Rothberg’s pub-
lication highlighting the successful sequencing of a 
580-kb bacterial genome in 4 hours (231). Since 
the introduction of NGS, there has been a dou-
bling of sequence output nearly every 5 months, 
which has outpaced Moore’s law and has caused 
sequencing costs to plummet (65, 174, 232, 233). 
At present, the genomics field is a steeplechase, 
with sequence manufacturers constantly pushing 
the level of innovation with platform modifica-
tions. With higher-throughput abilities and lower 
per base sequencing costs, NGS has become an 
attractive diagnostic and a state-of-the-art genomic 
technique. No field or industry has witnessed such 
a rapid escalation in processing speeds coupled 
with such a dramatic decrease in cost as genomics. 
The power of these technologies has been har-
nessed for applications in the medical, biomedical, 
basic, and life sciences, with many other uses on 
the horizon (112). NGS is a quickly evolving field 
with extensive cross talk among many disciplines. 
What is showcased in this document represents 
a snapshot of the current status and practice of 
NGS technology as a “disruptive innovation” in the 
clinical microbiology laboratory. NGS has enabled 
the clinical laboratory to expand its test menu 
from single-gene targets with Sanger sequencing to 
WGS, a sign of phenomenal progress (7, 8, 40).

Undoubtedly, NGS technologies are progressing 
and will eventually cross the divide between micro-
bial research and the practice of diagnostic micro-
biology. NGS has made its mark on many fields 
and is anticipated to cause a real paradigm shift in 
how microbiology is performed when it is officially 
adopted as a clinical test (30). NGS platforms are 
highly versatile and offer a wide diagnostic reper-
toire that has the capabilities of replacing multiple 
clinical techniques (7, 8, 25). It is likely that a blend 
of NGS applications and traditional methodolo-
gies will be used in the near future. Perhaps NGS 
will not be the ultimate test but rather will serve 
as the underpinnings for more-precise molecular 
diagnostic assays and function as another tool in 
our clinical microbiology toolbox (6, 97). 

To achieve the promise of an NGS-based diag-
nostic infectious disease test, clinical laboratories 
will need to overcome a number of operational, 
technical, regulatory, and strategic challenges (121). 
Overall, the complexity of an NGS-based clinical 
test is far greater than a Sanger sequencing-based 
test (39). Methods for collecting NGS sequence 
data could outstrip our capacity to adequately 
analyze the data (1). Although genomes can be 
fully sequenced in hours and for pennies per base, 
the daunting task of how to handle and exploit the 
overload of data calls for urgent attention. Much 
work still needs to be completed to establish a 
clinical diagnostic role for NGS, including us-
er-friendly bioinformatics channels, a regulatory 
framework for approval, sufficient training, and 
thorough microbial databases. Currently there are 
incredible enthusiasm and interest in NGS capabili-
ties. There needs to be a way to transform this zeal 
into practical, working solutions for mainstream 
diagnostic use. 

The fields of public and clinical microbiology 
remain optimistic for the future of NGS to deliver 
tangible clinical benefits to improve patient care, 
patient outcomes, and public health. NGS would 
allow public health microbiology laboratories to 
become more proactive than reactive in identify-
ing potential pathogenic species and lineages that 
could trigger major outbreaks (105). In an age in 
which new multidrug-resistant pathogens con-
tinue to emerge while the antimicrobial pipeline 
remains stagnant, we can be preemptive and use 
NGS as a valuable tool to monitor, detect, and 
control threatening agents locally, nationally, and 
internationally (7, 30, 61). Although NGS has been 
marketed for over a decade, widespread use of 
genomics in the clinical microbiology laboratory 
is not quite ready for prime time. Given adequate 
time to overcome the roadblocks, NGS will have 
profound implications in critical decision support 
systems and clinical care pathways. NGS represents 
a technological leap into the future of precision 
medicine by guiding preventative measures, diag-
nosis, and therapeutic options for the patient. It is 
without a doubt that cutting-edge NGS technolo-
gies will become a cornerstone of clinical care.    

Conclusion
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