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ABSTRACT Advances in laboratory and information technologies are transforming
public health microbiology. High-throughput genome sequencing and bioinformatics
are enhancing our ability to investigate and control outbreaks, detect emerging in-
fectious diseases, develop vaccines, and combat antimicrobial resistance, all with in-
creased accuracy, timeliness, and efficiency. The Advanced Molecular Detection
(AMD) initiative has allowed the Centers for Disease Control and Prevention (CDC) to
provide leadership and coordination in integrating new technologies into routine
practice throughout the U.S. public health laboratory system. Collaboration and part-
nerships are the key to navigating this transition and to leveraging the next genera-
tion of methods and tools most effectively for public health.
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apid advances in both laboratory and information technologies are transforming

public health microbiology. Ten years ago, shotgun sequencing a single bacterial
genome containing 3 to 5 million nucleotides was a process that took several months
and thousands of dollars to complete; today, next-generation sequencing (NGS) instru-
ments can produce dozens of bacterial genomes per day at a fraction of the cost (1).
By using increasingly sophisticated bioinformatics tools and curated databases of
microbial sequences, public health microbiologists can examine and compare the
entire genomes of pathogens and microbial populations within days or even hours of
specimen receipt. Increasingly affordable, high-throughput laboratory methods and
bioinformatics are being rapidly translated from research techniques into practical
clinical and public health applications.

State-of-the-art molecular technologies promise to revolutionize our ability to iden-
tify pathogens and diagnose infectious diseases, investigate and control outbreaks,
understand transmission patterns and dynamics, predict antimicrobial susceptibility
and virulence characteristics, and develop and target vaccines, all with increased
accuracy, timeliness, and efficiency (2-4). Integrating advanced molecular methods into
routine public health practice faces a major practical challenge: the need to make
changes in large interconnected systems without interrupting system functions.
Laboratories will have to retool longstanding work practices and revise the flow of
biological samples and information. New information technology infrastructure will
be needed to handle the scale and complexity of genomic data, including enhanced
systems for data management, analysis, sharing, and reporting.

NEW TECHNOLOGIES: OPPORTUNITIES AND CHALLENGES

Public health laboratory-based surveillance provides the essential data for monitor-
ing trends, detecting outbreaks, and initiating the public health response to control
many infectious diseases. Most current surveillance systems rely on clinical laboratories
to culture, isolate, and identify pathogens from ill patients; they then report the results
or send the isolates to state health department laboratories for further characterization
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using specialized assays, e.g., for strain typing, virulence, antimicrobial resistance, or
antigenic determinants. In addition to supporting surveillance and outbreak investiga-
tions, state laboratories provide critical reference functions to support the diagnosis
and treatment of unusual or reportable pathogens.

Until recently, public health laboratories identified pathogens by using growth,
biochemical, phenotypic, or molecular assays that entailed hours to days of work, even
for skilled laboratorians. Additional phenotypic or molecular assays for further subtyp-
ing and characterization were often subjective, required specialized expertise, and
could take days, weeks, or even months to obtain and confirm critical results. Today,
NGS and other high-throughput laboratory methods are replacing many traditional
microbiological techniques for identifying, typing, and characterizing pathogens. Be-
cause they are often faster, more comprehensive, and more accurate, these methods
can help public health authorities recognize and stop outbreaks earlier, preventing
illness and saving lives (5). Whole-genome sequencing (WGS) has higher resolving
power than older molecular methods for distinguishing clusters of related cases and
can greatly improve our ability to match clinical and environmental isolates during
epidemiologic investigations. WGS also offers crucial insights into rapidly evolving
pathogen characteristics, detecting the emergence of antimicrobial resistance or highly
virulent strains. Another important advantage is in the generalizability of sequencing
and bioinformatics workflows: laboratories using NGS can often consolidate workflows
for multiple pathogens, or pathogens that are emerging or difficult to identify and
characterize, improving overall efficiency in terms of throughput and cost.

New technology is also transforming clinical laboratories, where next-generation diag-
nostic tests based on the detection of nucleic acid sequences or other molecular markers
are rapidly replacing traditional culture-based methods for many routine diagnostic assays.
These culture-independent diagnostic tests (CIDTs) are based on molecular features of
pathogens and can deliver fast and accurate diagnoses, either in clinical laboratories or
potentially at the point of care, bypassing the public health laboratory entirely. The U.S.
Food and Drug Administration (FDA) has already approved many syndromic CIDT panels
for enteric, respiratory, and invasive pathogens (http://www.fda.gov/MedicalDevices/
ProductsandMedicalProcedures/InVitroDiagnostics/ucm330711.htm). In theory, CIDTs
could become a source of more complete data on infectious disease incidence than are
presently available because they are generally more sensitive and specific than culture-
based diagnostic tests; furthermore, they are faster, more comprehensive, and more
convenient for clinicians, who might now choose to test more patients than before (6).

Together, NGS and CIDT clearly offer unprecedented opportunities to improve
infectious disease diagnosis and expedite pathogen identification and characterization.
On the other hand, both present major challenges to public health laboratories and
programs. Incorporating NGS into routine public health activities will require funda-
mental changes in laboratory practice at multiple levels. For example, as consolidated
workflows reduce the need for many labor-intensive laboratory processes, laboratories
will need to reorganize, retrain, and recruit a workforce with new expertise. As molec-
ular methods produce vast and rapidly growing amounts of complex data, sophisti-
cated new computing infrastructure and bioinformatics capacity will be needed to
manipulate and analyze them. Because even a single bacterial genome may represent
several gigabytes of raw sequence data, “big data” approaches are needed for storing,
sharing, and analyzing WGS data and integrating them with other laboratory and
epidemiologic data. Systems for quality assurance, data standards, and data security are
also essential elements of the infrastructure needed to communicate molecular data
within the public health system reliably and efficiently (7).

The growing use of CIDTs also presents immediate and important challenges to
many well-established public health surveillance activities. The number and types of
settings where such tests can be performed are growing to include doctors’ offices,
pharmacies, and even people’s homes. Decentralized testing will complicate the sys-
tematic data collection needed to maintain a consistent baseline for surveillance. As
CIDT technologies continue to evolve, the changing array of available tests is likely to
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affect case definitions and trends in ways that are not entirely predictable (6). More
importantly, widespread use of CIDTs requires clinical laboratories to perform fewer
primary cultures for many organisms, reducing the supply of isolates that can be sent
to state and local public health laboratories for detailed characterization and reporting.
Because CIDTs are designed to provide results for clinical decision-making, they do not
produce all the data, such as strain type, virulence profile, and antimicrobial suscepti-
bility, that are needed for public health surveillance, outbreak investigation, and
treatment guidelines. Furthermore, because CIDT panels are highly targeted to specific
molecular features, they may produce false-negative results for pathogens that have
evolved sufficiently to evade detection. Laboratory methods, such as direct metag-
enomic sequencing of clinical specimens, may offer a future strategy for obtaining
some of these missing data; however, many technical and logistical obstacles must be
overcome before these techniques are practical and economical for routine testing (8).

Longstanding cooperation between clinical and public health laboratories forms the
basis for infectious disease surveillance and control, and this cooperation is now more
important than ever. During the transition from traditional microbiology to molecular
detection, all parties can benefit from active engagement and constructive dialog (9).
For example, the American Society for Microbiology, the Association of Public Health
Laboratories, and the CDC have all worked together to produce interim guidelines to
help clinical laboratories performing CIDTs continue their participation in public health
surveillance for enteric pathogens (10). These guidelines will be revised as additional
data and experience become available.

The CDC’s Emerging Infections Program (EIP [http://www.cdc.gov/ncezid/dpei/eip/])
offers another means to engage a wide array of partners in evaluating the public health
impact of new technologies and practices. The EIP is a network of state health
department epidemiologists and laboratorians and their collaborators in local public
health departments, academic institutions, other federal agencies, public health and
clinical laboratories, and health care settings. The EIP can help assess the potential
value of new diagnostic tests for surveillance of infections with emerging pathogens or
for those for which reliable detection methods were previously unavailable. The EIP is
well positioned to evaluate how changes in factors, such as test performance and case
definitions, impact surveillance and population-based estimates of disease burden (6).
For example, EIPs in many states conduct regular systematic surveys of clinical, com-
mercial, and public health laboratories to evaluate the use of CIDTs and changing
diagnostic practices at the population level.

CDC’S ADVANCED MOLECULAR DETECTION INITIATIVE

The Centers for Disease Control and Prevention (CDC) is responding to these new
opportunities and challenges by leading the transformation of public health systems in
a way that will maximize the timely availability, utility, and quality of the information
needed for action at every level. Beginning in fiscal year 2014, Congress appropriated
funds for the Advanced Molecular Detection and Response to Infectious Disease Out-
breaks (AMD) initiative to allow the CDC to coordinate the integration of NGS and advanced
bioinformatics with traditional epidemiologic methods to enhance infectious disease pre-
vention and control (http://www.cdc.gov/amd/pdf/amd-overview-2016-508.pdf). The over-
arching goals for the AMD initiative include improving pathogen identification and
detection; developing new diagnostics to meet evolving public health needs; support-
ing states to coordinate current and future reference testing needs; implementing
enhanced, sustainable, and integrated laboratory information systems; and developing
tools for the prediction, modeling, and early recognition of emerging infectious dis-
eases. A range of activities is under way in CDC laboratories and programs and in state
and local health departments to incorporate NGS and other new laboratory technolo-
gies into routine public health practice. Recognizing that no single approach will serve
every purpose, the overall strategy in AMD has been to balance innovation and
flexibility with the need for standardization and sustainability.

The AMD initiative supports cross-cutting efforts that focus on (i) building shared
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computing and laboratory capacity for genomics, bioinformatics, and next-generation
diagnostic testing, including standardization of workflows, data systems, and quality
management processes; (ii) developing training in bioinformatics and other essential
skills, including fellowships and career paths for public health laboratory staff; and (iii)
supporting continued innovation and coordinated application of genomics and other
emerging technologies to meet public health challenges.

NGS technology is already transforming the workflow and output of many CDC
laboratories and is expected to expand rapidly in state and local public health labora-
tories. Now in its fourth year, the AMD initiative is accelerating the rollout of NGS
technologies to state public health laboratories. Much of this effort is being led by
individual CDC programs, such as PulseNet and the tuberculosis and influenza pro-
grams, with the support of AMD initiative funding. The rationale for this approach is
that it is more likely to deliver the technology at a time when it meets an existing
demand, along with the training needed to get started and program resources to
sustain it. These program-led efforts are strategically coordinated to identify common
resource needs, opportunities for shared information technology and laboratory infra-
structure, protocol and data analysis methods, and common requirements for training
and workforce development. The AMD initiative has enabled the CDC to build vital core
capacity in NGS, bioinformatics, and scientific computing and has provided the public
health workforce at the CDC and in state, county, and local laboratories with training
and support to help navigate this fundamental technological shift in public health
microbiology. Health departments in all 50 states, the District of Columbia, and Puerto
Rico are already sending samples to the CDC for one or more AMD projects; of these,
more than 20 are also performing next-generation sequencing on site.

The AMD program promotes coordination and standardization of next-generation
sequencing protocols and bioinformatic methods across public health programs. For
example, multiple CDC programs that are implementing bacterial whole-genome
sequencing have agreed to use standardized procedures for extracting and preparing
DNA and to establish consistent quality standards and metrics for library preparation
and quality control in public health laboratories. In addition, AMD funding has been
extended to state partners to support the development of training networks and
courses for next-generation sequencing, bioinformatics, and other skills that will ad-
vance the adoption of AMD technologies nationwide. State and local public health
departments are also being encouraged to form local or regional training networks,
with one laboratory taking the lead. These networks will be able to partner with local
universities to build local capacity, foster long-term collaboration, and promote inno-
vation.

In the following sections, we present some examples of how we are implementing
AMD to improve the detection and control of infectious diseases. In addition to
highlighting some exciting progress, we use these examples to point out a few of the
challenges encountered so far.

DETECTING, INVESTIGATING, AND CONTROLLING FOODBORNE OUTBREAKS
Approximately 48 million foodborne illnesses occur in the United States each year,
resulting in about 128,000 hospital admissions and 3,000 deaths. Most cases are not
associated with recognized outbreaks, even though state and local health departments
investigate more than 1,000 outbreaks annually (http://www.cdc.gov/foodsafety/
foodborne-germs.html). The National Molecular Subtyping Network for Foodborne
Disease Surveillance, also known as PulseNet, was established by the CDC and the
Association of Public Health Laboratories in 1996 (11). PulseNet introduced the use of
then-new technology, pulsed-field gel electrophoresis (PFGE), a type of “DNA finger-
printing,” as a standardized approach to subtype and categorize foodborne bacterial
pathogens. PulseNet USA currently includes 83 participating laboratories, including
state and local health departments, federal agencies, and international partners. Each
laboratory follows a set of standardized laboratory and analysis protocols to generate
PFGE patterns from foodborne bacterial isolates and upload them to electronic data-
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FIG 1 Listeriosis clusters detected and outbreaks solved before and after implementation of real-time whole-
genome sequencing (WGS) of Listeria monocytogenes isolates from patients, food, and the environment, United
States, September 2012 to August 2015. *, Cluster detection sooner or only by WGS, compared with pulsed-field

gel electrophoresis. Based on figure published in reference 5).

bases at the CDC; there, they can be compared to patterns from other bacteria that
have been isolated from humans, animals, and foods throughout the country. By
looking for pattern matches, investigators can identify clusters of related illnesses and
potential sources, even those resulting from a widely distributed food or other vehicle.
Once a potential source has been identified, public health authorities work with
regulatory agencies, such as the FDA or the U.S. Department of Agriculture (USDA), to
implement control measures that can limit the number of additional cases and improve
outcomes among affected persons. Furthermore, by identifying unsafe food produc-
tion, processing, and preparation practices and vehicles of contamination that would
otherwise not be recognized, foodborne disease outbreak investigations give the food
industry and regulatory authorities the information they need to prevent future out-
breaks and improve the safety of the food supply. An economic analysis recently
published by authors from academia, state public health, and the CDC estimated that
PulseNet activities prevent at least 260,000 cases of foodborne disease each year in the
United States, saving the U.S. economy one-half billion dollars (12).

In 2013, the CDC helped to establish the nationwide Listeria Whole Genome
Sequencing Project, a collaboration with the FDA, USDA, the National Institutes of
Health (NIH) National Center for Biotechnology Information (NCBI), and state and local
health departments. The goal was to evaluate the feasibility and usefulness of real-time
WGS to enhance surveillance and outbreak investigation for listeriosis, one of the most
deadly foodborne infections (http://www.cdc.gov/listeria/). The project built on earlier
efforts by PulseNet and the FDA GenomeTrakr network to sequence strains from highly
characterized outbreaks, foods, and production environments (13), along with the
Listeria Initiative, an enhanced epidemiology approach for surveillance of listeriosis
pioneered by the Institut de Veille Sanitaire en France (14). The Listeria Whole Genome
Sequencing Project aimed to conduct WGS in parallel with PFGE on every clinical isolate
of Listeria monocytogenes in the United States, along with related food and environ-
mental isolates from USDA and the FDA GenomeTrakr program, and to deposit them
in near-real time into a shared sequence data repository at NCBI. The goal was to detect
outbreaks earlier, to distinguish clusters of related cases more precisely, and to link
illnesses to a potential contaminated food source more quickly. During the first 2 years
of the project, the number of outbreaks detected increased, as did the number solved,
while the median cluster size decreased (Fig. 1) (5). These results indicate that more
clusters were being identified and that WGS was effective in attributing these infections
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to their sources; most importantly, they suggest that outbreak clusters were being
caught much earlier, preventing many severe illnesses and deaths. During the fall of
2014, for example, WGS was used to help investigate an outbreak of listeriosis that
resulted in 34 hospitalizations and 7 deaths across 12 states, ultimately tracing two
distinct Listeria strains to caramel apples made from fruit from a single supplier.
Caramel apples and other produce had not historically been associated with Listeria
infections, and using conventional laboratory and epidemiologic methods, the source
of this outbreak might not have been conclusively identified.

Experience with the Listeria Whole Genome Sequencing Project has laid the ground-
work for the next generation of PulseNet as a generalizable platform for genome-scale
epidemiologic surveillance of foodborne illness. The CDC is currently helping to build
WGS capacities in state health departments and develop whole-genome multilocus
sequence typing (wgMLST) databases for standardized WGS analysis of Campylobacter,
Vibrio, Shigella spp., Salmonella, Shiga toxin-producing Escherichia coli, and other E. coli
pathotypes. Replacing PFGE with WGS promises to provide not only higher-resolution
data for comparison in epidemiologic investigations but additional information on
pathogen characteristics, like serotype, virulence, and antimicrobial resistance, without
further testing. Although the per-isolate reagent cost for WGS is approximately 10- to
20-fold higher than for PFGE, it continues to fall; furthermore, even greater savings can
be achieved through laboratory automation and workflow consolidation, particularly if
WGS replaces reference methods for identifying and characterizing enteric bacteria.
Making the transition to these methods presents significant organizational challenges,
however, including the need to build appropriate informatics systems, software, and
network infrastructure for managing, analyzing, and transmitting data and harmonizing
them with laboratory and program operations. While providing a richer substrate for
analysis, WGS data also raise scientific and policy questions. For example, is it possible
to develop standard criteria for defining a cluster with WGS data? How should WGS
data be integrated and analyzed with epidemiologic data? What information can be
shared with other public health agencies, researchers, and the public?

DEVELOPING SEASONAL INFLUENZA VIRUS VACCINE

The CDC’s Influenza Division serves as the U.S. National Influenza Center and as a
WHO Collaborating Center for Surveillance, Epidemiology and Control of Influenza
(http://www.cdc.gov/flu/weekly/who-collaboration.htm), where laboratory scientists
and epidemiologists monitor the evolution of influenza viruses year-round as they
spread through human and other animal populations. The division’s laboratory ana-
lyzes 8,000 to 12,000 influenza virus samples annually to support surveillance and the
selection of candidate vaccine strains. Using current technologies, seasonal influenza
virus vaccine is produced in a “just in time” fashion every year, with 150 million doses
per year needed in the United States alone. Because the influenza virus evolves very
rapidly through antigenic drift and reassortment, it is critical to identify prevalent
variants quickly and to monitor for emerging strains and changes in the cocirculating
viral population dynamics. Preparedness for pandemic influenza virus also depends on
the rapid identification of emerging antigenic variants while they are still rare, which
sometimes signals the arrival of immune escape variants that have increased fitness in
the population.

Current laboratory surveillance procedures entail unavoidable delays, requiring
approximately 1T month from specimen collection to complete antigenic analysis for
most domestic isolates and up to 2 months or more for those that are collected by
international partners. The CDC's Influenza Division and other public health global
partners are implementing a sequencing first approach for genetic surveillance of
cocirculating virus variants. This fundamental change in the laboratory surveillance
model for seasonal influenza produces significantly more data for candidate vaccine
selection and public health decision-making. By using advanced bioinformatics to infer
antigenicity, they can help expedite and improve candidate vaccine strain selection.
Changing the sequence of laboratory procedures, that is, performing genetic analysis
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FIG 2 Schematic of inferred relationships among cases of HIV infection based on epidemiologic
information, genetic information, or both. Each circle represents one case, with circle size proportional
to the number of epidemiologic or genetic connections.

first and using the results to select a subset of samples for isolation, propagation, and
phenotyping, changes the surveillance paradigm, allowing the laboratory to acquire
more higher-quality data in less time and at lower cost.

This approach was particularly helpful in 2014, when new H3N2 influenza virus
subtypes were found to have drifted; notable changes in the hemagglutinin structures
of these viruses made them difficult to characterize antigenically. The CDC’s Influenza
Division performed deep sequencing of these viruses using a new NGS pipeline that
employs multisegment reverse transcription-PCR and an iterative refinement meta-
assembler (IRMA) (15). Analysis of the sequence data confirmed the expansion of
cocirculating variant H3N2 viruses in clades 3C.2a and 3C.3a; the data also allowed
inference of antigenicity, improving the knowledge base for upcoming vaccine recom-
mendations for the Southern Hemisphere. At the Southern Hemisphere Vaccine Con-
sultation Meeting in September 2014, the recommended H3N2 vaccine component
was changed to include one of the major variant viruses (http://www.who.int/influenza/
vaccines/virus/recommendations/2015_south/en/).

GUIDING HIV PREVENTION

The human immunodeficiency virus (HIV) epidemic emerged 35 years ago and
remains a major public health problem. Currently, more than 1.2 million people in the
United States are living with HIV infection, and about 40,000 people become newly
infected each year (http://www.cdc.gov/hiv/statistics/overview/ataglance.html). In
2015, an outbreak of HIV infections occurred in a rural county of southeastern Indiana,
where historically fewer than 5 cases of HIV infection had been reported per year (16).
Most of the people newly infected with HIV resided in the same community and were
linked by sharing syringes and paraphernalia used to inject the prescription narcotic
oxymorphone. The CDC integrated HIV genomic sequences with epidemiologic data in
phylodynamic analyses to infer transmission dynamics and characterize the outbreak in
near real-time (Fig. 2). Network analysis showed that both sexual and injection drug use
(IDU) contact were correlated with HIV infection; however, many more potential
transmission events corresponded with a reported IDU contact (82%) than with re-
ported sexual contacts (11%) (17). The public health response led by the Indiana State
Health Department included a public education campaign and community outreach,
short-term authorization of syringe exchange, and support for comprehensive medical
care and substance abuse counseling and treatment. The potential for high-resolution
genome sequence data to improve outbreak response now and in the future depends
on its timely integration with epidemiologic data to help focus response efforts where
they will have the greatest impact, for example, by recognizing unreported contacts
and foci of ongoing transmission.

DETECTING EMERGING INFECTIONS
The causative agent of Middle East respiratory syndrome (MERS), first reported from
the Kingdom of Saudi Arabia in 2012, was found to be a previously unknown corona-

March 2017 Volume 55 Issue 3

Journal of Clinical Microbiology

jcm.asm.org 709


http://www.who.int/influenza/vaccines/virus/recommendations/2015_south/en/
http://www.who.int/influenza/vaccines/virus/recommendations/2015_south/en/
http://www.cdc.gov/hiv/statistics/overview/ataglance.html
http://jcm.asm.org

Minireview

virus (18), now called Middle East respiratory syndrome coronavirus (MERS-CoV). Fol-
lowing the first case reports, CDC laboratory scientists used NGS data to develop a
specific real-time PCR assay for MERS-CoV, which the FDA authorized for emergency
use in June 2013. The CDC subsequently developed and validated additional diagnostic
tests for MERS-CoV and distributed them to public health laboratories throughout the
United States and in 48 other countries to date (19). By developing methods that can
use small-volume samples without the need for cultured virus, the CDC has also been
able to generate complete and accurate MERS-CoV genome sequences both rapidly
and cost-effectively. Sequence data have been deposited in GenBank (http://www.ncbi.
nlm.nih.gov/GenBank/) for 54 complete or nearly complete genomes obtained from
human cases or from camels, the suspected primary reservoir of MERS-CoV. Full-
genome sequence data are useful for epidemiologic investigations to describe chains
of transmission and serve as an important resource for identifying mutations with the
potential to increase the virulence or transmissibility of MERS-CoV.

Genomic and metagenomics sequencing has been vital in the identification and
characterization of other novel pathogens, such as the tick-borne Heartland virus, a
Bunyavirus that was first identified in two Missouri farmers in 2012 (20). In 2014, a
Kansas man presented with a presumed tick-borne illness that was negative for
molecular and serologic test results for known tick-borne pathogens, including Heart-
land virus. CDC scientists used NGS to identify a previously unknown Thogotovirus, the
first of its kind known to have caused human disease in North America (21). It was
named Bourbon virus after the county where it was collected. MERS-CoV and Heartland
and Bourbon viruses are RNA viruses, the most commonly implicated class of emerging
human pathogens. Improved surveillance, including the use of NGS and broad-based
molecular approaches, are likely to identify more such viruses (22).

COMBATTING ANTIMICROBIAL RESISTANCE

Widespread use of antimicrobial drugs has led multiresistant strains of bacteria to
emerge and spread, threatening to undermine control of infectious diseases. In the
United States alone, antimicrobial-resistant (AR) bacteria cause at least 2 million infec-
tions and 23,000 deaths (23). A comprehensive federal plan has been developed to
combat this threat (24), accompanied by an action plan released in March 2015 (25).
The goals of this plan are to slow the emergence and spread of AR bacteria, improve
surveillance, develop advanced diagnostic tests, accelerate research on antibiotics and
vaccines, and improve international capacity and collaboration. NGS and other ad-
vanced molecular technologies are poised to play an essential role in supporting these
efforts by detecting and characterizing resistance faster and more accurately, and
shedding light on mechanisms and transmission patterns.

Investigation and control of health care-associated infections are crucial to stem-
ming the spread of antimicrobial resistance. By clarifying transmission links with more
confidence and precision, WGS is serving as a force multiplier for epidemiologic
investigation of health care-associated outbreaks. For example, in 2012, multiple cases
of infection with New Delhi metallo-beta-lactamase-1 (NDM-1) Klebsiella pneumoniae
strains occurred in a Colorado health care facility (26). Epidemiologic investigation
found many potential links among cases, which also appeared to be highly related
(>90%) by PFGE analysis. WGS made it possible to compare the genomes of every
isolate from this outbreak with databases of antimicrobial resistance genes and marker
sequences, simultaneously screening for more than 1,000 different acquired resistance
genes. Ultimately, the cases could be sorted into three transmission clusters in separate
parts of the facility.

ADDRESSING THE CHALLENGES OF NEW TECHNOLOGIES

Partnerships and collaboration are critically important in the CDC's efforts to inte-
grate advanced molecular and bioinformatics technologies into public health practice.
Our partners include other federal agencies, state and local public health departments,
major professional organizations, academic centers, and industry groups. These part-
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nerships lend specialized expertise to public health programs and expand the range of
work that is possible, for example, in bioinformatics, which is a relatively new discipline
for public health. The CDC has engaged with several academic institutions and expert
groups to develop and deliver bioinformatics training to the CDC laboratory workforce
through seminars, coursework, and hands-on technical workshops. In partnership with
the Association of Public Health Laboratories (APHL), the CDC has also introduced a
new postdoctoral and postmasters fellowship program that gives bioinformaticians a
chance to apply their skills to challenging public health problems and to explore potential
careers in public health (https://www.aphl.org/fellowships/Pages/Bioinformatics.aspx). To
date, 17 bioinformatics fellows have been placed in CDC programs and, beginning in
2016, in several state public health laboratories. Collaborations that pair state health
departments with local academic experts (such as the Integrated Food Safety Centers
of Excellence) are also developing training in AMD concepts and methods for public
health epidemiologists.

In addition to leveraging partnerships through existing programs and cooperative
agreements, the CDC's AMD program has used special funding mechanisms to foster
innovation. For example, the “No Petri Dish” test challenge grant focused on develop-
ing methods to rapidly identify and characterize pathogens directly from complex
clinical samples (http://www.cdc.gov/amd/achievements/index.html). A CDC broad
agency announcement (http://go.usa.gov/x94fN) was used to seek proposals on inte-
gration of epidemiologic and genomics data; as a result, the CDC is now working with
the developers of Microreact, a tool for genomic epidemiology, to develop new
applications for public health data integration and visualization (27).

The CDC's partnerships with other federal agencies are crucial in ensuring that
federal resources are used efficiently to support public health efforts at state and local
levels. Major efforts currently focus on harmonizing methods for laboratory proficiency
testing and bioinformatic analysis of clinical and environmental samples for surveil-
lance and investigation of foodborne disease. Other priorities include sharing resources
and capabilities and promoting interagency collaboration among communications
groups to ensure that public information uses consistent terminology and is cross-
cleared. The CDC participates in work led by other federal agencies, such as the effort
to establish standards for pathogen detection via next-generation sequencing led by
the National Institute of Standards and Technology and the FDA (28). Partnerships with
the NIH on scientific and technical issues help the CDC transfer cutting-edge knowl-
edge and expertise from the research domain to the front lines of public health. The
CDC’'s most important collaboration in this area has been with NCBI, which has
developed new data structures, a repository of pathogen sequence information, and
useful tools for the public health community to use for analyzing pathogen sequences
(https://www.ncbi.nlm.nih.gov/pathogens). In addition, the CDC has consulted with the
National Cancer Institute (NCI) on the development and optimization of computational
methods and with the National Human Genome Research Institute (NHGRI) on the
analysis of antimicrobial resistance. Several CDC projects have also engaged the
genome sequencing centers and bioinformatics resource centers funded by the Na-
tional Institute of Allergy and Infectious Diseases (NIAID).

Rather than a one-time overhaul, the integration of advanced molecular methods
and bioinformatics into public health practice will require ongoing adaptation to
fast-paced technological innovation and significant changes to public health informat-
ics and workforce capacity. This adaptation must be further propagated and coordi-
nated among diverse public health systems in state and local health departments,
federal agencies, and public health organizations around the world. Laboratory and
bioinformatics methods for WGS, proteomics, and other high-throughput technologies
are undergoing active development for application to microbiology (29). Multiple
platforms are currently in use, sometimes side-by-side within the same laboratories; all
of them generate vast quantities of complex data. To assimilate, analyze, and integrate
these data with epidemiologic information, public health programs need enhanced and
new capacities in bioinformatics and data science, supported by specialized data
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systems and software. As laboratory costs for generating comprehensive data on
microbial pathogens continue to decrease, the costs of storing, managing, exchanging,
and interpreting the data continue to increase; as a result, information technology and
the management and governance of large-scale data sets are increasingly critical
considerations for public health.

The diffusion of molecular technology throughout the network of U.S. public health
laboratories means that data will eventually replace biological specimens as the
currency in many routine transactions. Reference laboratories will need to add sub-
stantial “dry lab” capabilities, including databases and analytic tools, to complement
their sample repositories. Although still at an early stage, the development of data
standards, analytical standards, and quality assurance measures is crucial in their
implications for the uses and usefulness of data beyond their laboratory of origin (7, 30,
31). Efficient and reliable communication channels are needed to transmit data from
point to point. Feedback on data quality must also be built into reporting systems to
preserve the integrity of data that will be used to make public health decisions. The
success of this process ultimately depends on harmonizing both technical and policy
efforts.

The utility of WGS data for public health depends on the availability of comprehen-
sive and well-curated reference databases for a comparison to understand pathogen
diversity and characteristics. NCBI maintains databases, such as the Sequence Read
Archive (SRA [http://www.ncbi.nim.nih.gov/sra]), which store raw genetic sequence data
and alignment information for many pathogens, as well as for other organisms. Curated
databases for particular pathogens (e.g., Los Alamos National Laboratory Pathogen
Research Databases [http://www.lanl.gov/collaboration/pathogen-database/]), groups
of pathogens (e.g., PATRIC, the Bacterial Bioinformatics Resource Center [https://www
.patricbrc.orgl), or pathogens and their associated vectors or hosts (e.g., PHI-base
[http://www.phi-base.org/]) are maintained by academic research groups with govern-
ment funding to support basic and clinical research. Most genetic sequence data,
however, are either not actively archived, not curated, or inaccessible, leading some to
propose community-based curation models (32).

The collaborative Listeria Whole Genome Sequencing Project demonstrated the
feasibility of a population-based approach to collecting, curating, and sharing Listeria
monocytogenes genome sequences from clinical and environmental isolates. In this
project, the participating agencies submitted raw sequence data immediately following
initial quality control, along with laboratory and epidemiologic metadata (e.g., date,
location, submitting laboratory, sequencing parameters, and source of isolate), to publicly
accessible NCBI data archives, where they are associated with a shared BioProject
identifier (http://www.ncbi.nlm.nih.gov/bioproject/?term=PRINA211456). NCBI contin-
uously updates and shares phylogenies constructed using these and other publicly
available Listeria monocytogenes genome sequences. This data submission model,
which is the basis for the next generation of PulseNet, marked an important departure
from traditional public health surveillance, where primary laboratory and epidemiologic
data are collected and analyzed in secure systems without public access.

Data sharing and collaboration are fundamental to the success of public health
surveillance and interventions, as well as applied research to develop antibiotics and
vaccines. An open data model for real-time sharing of pathogen genome sequences
enables rapid access for basic science research and diagnostic development, even as an
outbreak unfolds. Developing an effective model requires careful consideration of
appropriate metadata standards and patient privacy concerns. Public health agencies
can play an important role in facilitating data sharing and encouraging research
transparency while maintaining necessary controls over private health care information.
A recent review of barriers to data sharing in public health, conducted by an indepen-
dent policy institute based in London (United Kingdom), concluded that only a complex
process based on trust, advocacy, and capacity building could overcome existing
barriers; these included legal, political, economic, technical, motivational, and ethical
barriers, with the first three presenting the biggest challenges (33). The reviewers
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concluded that a single global system was probably not feasible; instead, the model
most likely to succeed might be “a global data governance or ethical framework, supple-
mented by local memoranda of understanding that take into account the local context.”
Collaborations, like the Global Microbial Identifier (http://www.globalmicrobialidentifier.
org/), help maintain ongoing international dialog and consensus on increasingly com-
plicated technical and policy issues, and help develop a shared vision for aggregating,
sharing, and using microbial genomic data to improve global public health.

CONCLUSION
High-throughput technologies and bioinformatics have demonstrated potential to
improve public health control of infectious diseases by speeding outbreak detection
and response, improving preventive interventions, detecting emerging infectious dis-
eases, and combatting antimicrobial resistance. The Advanced Molecular Detection
(AMD) initiative is helping the CDC accelerate and coordinate the integration of new
technologies into practice. Collaboration and partnerships are the key to navigating
this transition and leveraging the next generation of methods and tools for public
health.
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