
Advanced molecular detection (AMD) combines 
next-generation sequencing (NGS), bioinformat-

ics, and traditional epidemiology to provide detailed 
information on disease-causing microorganisms, or 
pathogens (1). AMD has become central to the US 
public health system’s efforts to identify, track, and 
stop infectious diseases. The Centers for Disease Con-
trol and Prevention’s (CDC) Office of Advanced Mo-
lecular Detection, part of the Division of Infectious 
Disease Readiness and Innovation, National Cen-
ter for Emerging and Zoonotic Infectious Diseases, 
works to modernize the public health system’s dis-
ease investigation capabilities by using the latest tech-
nologies and building AMD capacity in public health 
partner institutions (1).

Although AMD has empowered public health 
agencies across the United States to rapidly identify 
and solve outbreaks that were previously undetect-
able, the technical terminology can be challenging for 
many healthcare and public health professionals. This 
article aims to provide nonlaboratorians such as phy-
sicians, advanced practice providers, public health 
professionals, and policy makers with an overview 
of how advanced molecular approaches are used to 
detect and control infectious disease threats. This 
primer will assist nonlaboratory personnel to better 
understand the concepts and terminology used in this 
AMD journal supplement, as well as in the daily prac-
tice of clinical medicine and public health.

We will focus on 3 aspects of AMD: pathogen 
genomics, how laboratory scientists use technologies 
to study the genetic composition, or sequences, of in-
fectious microorganisms; bioinformatics, how high-
performance computing is used to analyze genetic 
sequence data; and public health application, how ep-
idemiologists, clinicians, and other public health pro-
fessionals combine information from field investiga-
tions with genetic sequence data to identify and stop 
outbreaks. Although much has been written about 
the use of NGS for mapping the human genome, the 
focus of this journal supplement is pathogen genom-
ics, the sequencing of microorganism genomes that 
can cause infectious diseases.

Three Aspects of AMD

Pathogen Genomics
As recently as the late 20th Century, healthcare 
providers and clinical laboratories relied on estab-
lished, culture-dependent techniques for the labo-
ratory identification of bacteria and viruses and the 
reporting of such findings for disease surveillance. 
Sanger sequencing is a method for DNA sequenc-
ing of specific genes developed in the 1970s. Sanger 
sequencing is highly accurate but expensive and 
time-consuming, especially when sequencing an 
organism’s entire genetic code or genome (2). The 
development of NGS in the early 2000s greatly ad-
vanced the field of genome sequencing and analy-
sis, or genomics. NGS enabled the rapid, automated 
sequencing of many genetic fragments in parallel, 
providing a large amount of genetic information 
rapidly and at a lower cost compared with older 
methods. A wide range of approaches to sequenc-
ing have since been developed that can be targeted 
to look for a specific pathogen or be pathogen ag-
nostic and sequence any microbial genetic mate-
rial in a sample. Some examples of commercially 
available laboratory sequencing methods include 
detection of fluorescently labeled nucleotides (Il-
lumina, https://www.illumina.com), detection of 
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hydrogen ions during polymerization (Ion Torrent, 
https://www.thermofisher.com), analysis of electri-
cal signals from biologic molecules that have passed 
through nanometer-sized pores (Oxford Nanopore, 
https://www.nanoporetech.com), and direct obser-
vation of the sequencing process (PacBio, https://
www.pacb.com). To date, available sequencing 
systems, or platforms, can be broadly grouped into 
short-read or long-read platforms on the basis of the 
length of sequence reads they produce, measured in 
base pairs. A base pair is a unit of double-stranded 
nucleic acids consisting of 2 complementary DNA 
nucleotide bases bound to each other by hydrogen 
bonds. Short-read platforms (<500 bp) fragment the 
genome to be sequenced into short fragments and 
are more reliable for detecting low frequency genetic 
variations and short insertions, deletions, and muta-
tions (3). Long-read methods (3,500–11,000 bp) can 
read longer stretches of DNA, or complete regions 
of a gene, and are used when studying complex ge-
nomes such as in metagenomic sequencing, which 
involves analysis of genetic material of all organ-
isms that may be within environmental or clinical 
samples. Short-read platforms are better for identi-
fying the precise genome sequences, nucleotide by 
nucleotide, whereas long-read platforms are better 
for identifying large DNA insertions or deletions (4).

NGS involves both traditional laboratory com-
ponents, such as sample collection, DNA extraction, 
and sequencing machines, and bioinformatics com-
ponents, such as using computational models, also 
known as pipelines, to analyze the large volumes of 
data created by NGS. Analysis of these data can re-
veal epidemiologic patterns of disease transmission, 
genetic variations, antimicrobial resistance genes, 
and other information necessary to clinical care and 
public health. As NGS technologies became more 
widely available and affordable, sequencing whole 
bacterial and viral genomes to understand disease 
transmission became common in clinical and pub-
lic health laboratories (2). Along with increased use, 
validation of NGS tests is both critical and difficult 
because of workflow variations across laboratories, 
such as differing sample types; operating procedures 
for extraction, amplification, and sequencing; and 
bioinformatic processes. Because of those differences, 
specific quality parameters are vital for both labora-
tory sequencing and bioinformatic technologies. CDC 
has invested in the development of quality manage-
ment systems and quality system tools that are both 
technology and manufacturer specific.

Whole-genome sequencing (WGS), a type of NGS, 
enables scientists to determine a mostly complete  

sequence of an organism’s genome and provides 
more data than methods that only sequence a portion 
of the genome. For example, in addition to provid-
ing information about the evolutionary history and 
relationships among streptococcal organisms, poten-
tial streptococcal drug resistance patterns and typing 
(e.g., M protein typing) can be genetically inferred 
by using the same WGS pipeline (5). WGS has also 
improved surveillance for foodborne pathogen out-
breaks and enhanced the detection of trends in food-
borne infections and antimicrobial resistance at the 
state public health laboratory level.

An additional application that has moved from 
research to clinical practice is 16S sequencing. The 16S 
ribosomal RNA gene is conserved and found in all 
bacteria and is the most widely used for phylogenetic 
identity of a bacteria and the most frequently ordered 
of advanced molecular tests (6). Scientists amplify, 
sequence, and compare it with other known 16S se-
quences, using 16S variable and conserved regions 
for clinical laboratory diagnosis. Whereas WGS is also 
used for viral sequencing, ribosomal RNA sequenc-
ing enables many bacteria to be identified at the ge-
nus or species level, including bacteria that are hard 
to cultivate or following the administration of antimi-
crobial therapy (7).

Bioinformatics
NGS provides a large amount of genetic informa-
tion. Microbial bioinformatics is a data-driven ap-
proach that combines the use of sequencing data, 
machine learning, and artificial intelligence for rap-
id public health response. This field uses computa-
tional tools for disease surveillance, monitoring an-
timicrobial resistance, and outbreak investigations. 
By using computer science and statistical methods, 
such as high-performance supercomputing to or-
ganize and interpret the data, bioinformatic tools 
can track, identify, and monitor pathogens while 
tracing transmission pathways and phylogenetic 
origins. Phylogenetic methods play a crucial role in 
studying the evolutionary history and relationships 
among organisms. Bioinformatic pipelines are used 
to assemble genomes, detect genetic variants, and 
build phylogenies, which are visual representa-
tions of the evolutionary relationships among or-
ganisms. Those pipelines start with a defined set 
of files, such as FASTA sequences (a text-based 
format that represents nucleotide sequences). Con-
nected software routines are then used to generate 
results, such as sequence alignment or tree figures. 
Different tools and workflows can also be used to 
assemble a genome or to perform variant calling  
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(i.e., detecting variants by comparing against a ref-
erence genome) (8).

Alignments can identify genetic variations such 
as single-nucleotide polymorphisms, which are vari-
ations in a single nucleotide at a specific place on the 
genome. Alignments of specific gene sequences or 
whole genomes aligned to a reference sequence are 
used as the input for the software or pipelines that 
generate phylogenies, which trace patterns of shared 
ancestry among organisms. By analyzing phylog-
enies, researchers can infer relatedness between 
pathogen sequences and describe them by using 
graphics and diagrams such as phylogenetic trees, 
which illustrate the genetic relationships among or-
ganisms. Phylogenetic trees are built by using dif-
ferent probability methods for analysis with vari-
ous software developed to ensure computational 
efficiency (8). Phylogenetic trees that show related-
ness among pathogens from different sources can 
provide additional information to complement tra-
ditional epidemiology data, determine associations, 
and help link human cases or establish a common 
source of infection.

Commercially available bioinformatics pipe-
lines are often used for clinical diagnostic testing. 
Such pipelines must comply with patient safety, 
laboratory quality assurance, comparability across 
laboratories, and local and federal regulatory com-
pliance requirements (9). Many open-source tools, 
such as Nextstrain (https://www.nextstrain.org), 
UShER (https://www.genome.ucsc.edu/cgi-bin/ 
hgPhyloPlace), and MicrobeTrace (https://www. 
microbetrace.cdc.gov), and laboratory-developed 
code are also available and frequently used. Software 
containerization methods are used to package bioin-
formatics tools and pipelines into portable units (or 
containers), improving efficiency, reproducibility, 
and security (10), and to combine pathogen genomic 
information with other sources of information to 
estimate cases and predict the pathogen’s origins, 
movements, and potential affect (11).

Scientists have a critical need to share information 
quickly and efficiently. As a part of the National In-
stitutes of Health, the National Center for Biotechnol-
ogy Information (NCBI) serves a key role by provid-
ing access to biomedical and genomic information, as 
well as developing software tools for bioinformatics 
and sequencing analysis. NCBI has served as a hub 
for sharing genomic information through the Gen-
Bank DNA sequence database. The availability of se-
quences through GenBank enables scientists to com-
pare sequences from other laboratories. AMD is now 
used to track a wide array of disease agents, including 

antimicrobial-resistant foodborne bacterial and  
fungal pathogens, including many in the NCBI  
Pathogen Detection isolate browser (https://www.
ncbi.nlm.nih.gov/pathogens). Other examples of re-
sources that enable sharing of information include 
the Virus Pathogen Database and Analysis Resource 
(https://www.bv-brc.org), a platform which pro-
vides information about virus mutation, and GISAID  
(https://www.gisaid.org), an online platform that 
enables the sharing of information about viral ge-
nomic sequences. Those resources play a crucial 
role in monitoring viral pathogens, including nov-
el strains and respiratory viruses, contributing to  
the understanding of their evolution and transmis-
sion patterns.

Public Health Application
Because sequencing costs decreased and platforms 
were created to manage and analyze larger sets of 
data, the use of those methods went from proof-of-
concept and validating results against traditional  
epidemiology methods to becoming standard meth-
odologies (12). AMD has become a central part of 
public health efforts to identify and control infectious 
diseases and is now incorporated into public health 
outbreak and emergency response, disease surveil-
lance, drug resistance detection, clinical microbiol-
ogy, and other public health applications (13).

In the United States, funding provided through 
CDC has been instrumental in building national ca-
pacity for AMD in state, local, and territorial public 
health laboratories, as well as in hospital and clinical 
laboratories. The use of AMD has evolved to include 
a wide array of infectious diseases, including respi-
ratory diseases and antimicrobial drug resistant dis-
eases (14,15). AMD has enhanced public health pro-
fessionals’ ability to rapidly identify pathogens across 
the country, track the spread and identify sources of 
outbreaks, detect drug resistance in US hospitals, 
inform vaccine development, conduct disease sur-
veillance, and promote international collaborations. 
Other reports have provided examples of linkages of 
AMD to surveillance and epidemiology in traveler-
based genomic surveillance, enhanced AMR surveil-
lance, and outbreak investigation (16–18). The global 
relevance of AMD and presence of similar programs 
in other countries is also of note. For example, a re-
port on the national genomic surveillance system for 
Listeria monocytogenes and the effect of implementing 
decentralized sequencing in Australia is included in 
this issue (19). 

The following are a few examples of how AMD 
is used in the field of public health. First, PulseNet 
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is a national laboratory network that uses AMD di-
agnostics to detect and prevent foodborne outbreaks 
(20). PulseNet International involves implementa-
tion of whole WGS for global food-borne disease 
surveillance (21). Second, the MinION portable DNA 
sequencer was used during the 2014 Ebola virus 
outbreak in West Africa (22). Third, the Secure HIV 
TRAnsmission Cluster Engine has been used to iden-
tify clusters of highly similar HIV sequences, indicat-
ing rapid transmission (23). Fourth, AMD-supported 
diagnostics were used in the early detection of SARS-
CoV-2 variants (24). Finally, rapid AMD-supported 
diagnostic testing was used during the mpox out-
break response (25). 

A necessary part of applied public health is be-
ing aware of the caveats and limitations of methods 
and their applications, as well as understanding 
questions that public health practitioners should 
be asking when presented with data derived from 
NGS methods. Public health practitioners should 
consider several points when they are given data 
derived from NGS methods. First, practitioners 
should ask about the methods used when data 
are presented and be aware of the limitations of 
each. Each sequencing methodology has its own  

 limitations. For example, if a lab provides sequencing  
data using nanopore, there are challenges in using 
those data for the detection of mutations. Second, 
practitioners should know a gene being detected 
doesn’t indicate the gene is being expressed or is 
functional. Third, practitioners must realize dif-
ferent methods will yield different results; for 
example, genome assemblies of the same organ-
ism by 2 different methods may provide differ-
ent single-nucleotide polymorphism counts when 
run on the same panel and could affect epidemio-
logic investigations, and different bacterial or vi-
ral classifiers will yield different results from the 
same metagenomic raw data. Finally, practitioners 
should be aware that increasing use of metage-
nomics presents many unique challenges with re-
sults interpretation. When you receive results of 
interest consider the following: what the method 
or pipeline was built to do versus what is it doing 
(i.e., using a SARS-CoV-2 method to look for bac-
terial DNA); what the result is based on, a single 
gene or part of a gene; and what databases were 
used for the analysis. Many pathogens of interest 
are overrepresented in databases and may turn up 
disproportionally in results.
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Table. Education resources to further understanding of advanced molecular detection for nonlaboratorians 
Resource title Description Link 
Advanced Molecular Detection 
COVID-19 Genomic 
Epidemiology Toolkit 

Toolkit to address topics related to the application  
of genomics to epidemiologic investigations  
and public health response to SARS-CoV-2. 

COVID-19 Genomic Epidemiology Toolkit, 
https://www.cdc.gov/advanced- 
molecular-detection/php/training 

American Society for 
Microbiology Comprehensive 
Training in Infectious Disease 
Applications of Next Generation 
Sequencing 

Free training to educate the clinical microbiology 
workforce on next generation sequencing technologies 

to increase pathogen genomic sequencing capacity  
and increase preparedness for the next pandemic 

through enhanced molecular surveillance. 

Training in NGS for Infectious Disease 
Applications, 

https://asm.org/Webinars/training- 
ngs-infectious-diseases 

Association of Public Health 
Laboratories Advanced 
Molecular Detection 

Resources for building the advanced molecular 
detection workforce and other related activities. 

Advanced Molecular Detection, 
https://www.aphl.org/programs/ 

infectious_disease/Pages/ 
Advanced-Molecular-Detection.aspx 

Association of Public Health 
Laboratories Learning Center 

Multiple online courses on molecular testing  
and sequencing. Some courses are  

only available for members. 

Learning Center, 
https://learn.aphl.org/learn/signin 

Council of State and Territorial 
Epidemiologists Advanced 
Molecular Detection Workgroup 

Information about public health professionals interested 
in using the latest next-generation genomic sequencing 

technologies at local, state, tribal, and territorial  
health departments for disease detection,  

surveillance, outbreak investigation and prevention.  
The workgroup includes a listserv. 

Advanced Molecular Detection 
Subcommittee, https://www.cste.org/page/ 

AdvancedMolecularDetection 

Council of State and Territorial 
Epidemiologists Webinar Library 

Multiple webinars developed by council of state  
and territorial epidemiologists. 

Webinar Library, 
https://www.cste.org/page/WebinarLibrary 

Northwest Pathogen Genomics 
Center of Excellence 

Website includes publications, situation reports, tools, 
workflows, and other educational resources. 

Northwest Pathogen Genomics Center of 
Excellence, https://nwpage.org 

Minnesota Pathogen Genomics 
Center of Excellence 

Website describes projects completed by the Minnesota 
Pathogen Genomics Center of Excellence. 

Infectious Disease Projects, 
https://www.health.state.mn.us/ 

diseases/idlab/pathogen 
Virginia Pathogen Genomics 
Center of Excellence 

Videos and other teaching resources. Virginia Pathogen Genomics Center of 
Excellence, https://va-pgcoe.org 

State Public Health 
Bioinformatics Group 

Resources and materials from  
previous trainings offered. 

StaPH-B, https://staphb.org 
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Workforce Development and Capacity Building
Laboratory methods have evolved from relatively 
simple, culture-dependent techniques for identifying 
bacteria and viruses to expensive and time-consum-
ing DNA sequencing to more rapid and less costly 
sequencing, resulting in vast amounts of genetic in-
formation. Information about those advances has 
not always been communicated clearly to healthcare 
and public health professionals or the public. For 
readers who are interested in learning more, CDC 
has enabled state, local, and territorial public health 
laboratories to provide regional training, including 
sequencing and molecular epidemiology tools train-
ings, Bioinformatics Regional Resources, and other 
opportunities designed to help clinicians, scientists, 
and public health practitioners to understand trans-
mission chains, characterize emerging pathogens, 
and solve outbreaks (1) (Table).

Beyond regional trainings, examples of other re-
sources include CDC’s AMD Academy, hosted in 
partnership with the Association of Public Health 
Laboratories and the Council of State and Territorial 
Epidemiologists. The AMD Academy is a multiday 
training in molecular epidemiology and bioinformat-
ics for epidemiologists and microbiologists from state, 
territorial, and local health departments. The COVID 
Genomic Epidemiology toolkit is another valuable re-
source that addresses topics related to the application 
of genomics to epidemiologic investigations and pub-
lic health response to SARS-CoV-2 at state, territorial, 
and local levels. This toolkit provides introductory in-
formation such as how to interpret phylogenetic trees 
in the context of transmission, along with practical case 
studies demonstrating real-world applications (26). 

In conclusion, this journal supplement aims to 
improve knowledge and awareness of advances in 
AMD. The progress of AMD techniques over the past 
few decades has had a considerable effect on public 
health. We hope that this article can begin to demys-
tify the field of AMD by providing a brief introduc-
tion to other papers in this journal supplement and 
AMD in general. 

The authors have not received additional financial support 
for the development of this manuscript.
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Developing  
Biological  

Reference Materials 
to Prepare  

for Epidemics

Visit our website to listen:
https://go.usa.gov/xyfJX

Having standard biological reference  
materials, such as antigens and antibod-
ies, is crucial for developing comparable 
research across international institutions. 
However, the process of developing a stan-
dard can be long and difficult. 

In this EID podcast, Dr. Tommy Rampling, 
a clinician and academic fellow at the Hos-
pital for Tropical Diseases and University 
College in London, explains the intricacies 
behind the development and distribution 
of biological reference materials. 

https://doi.org/10.3201/eid2109.150581
https://doi.org/10.3201/eid3113.241407
https://doi.org/10.3201/eid3113.241227
https://doi.org/10.3201/eid3113.241307
https://doi.org/10.3201/
https://doi.org/10.1089/fpd.2006.3.9
https://doi.org/10.2807/1560-7917.ES.2017.22.23.30544
https://doi.org/10.2807/1560-7917.ES.2017.22.23.30544
https://doi.org/10.3201/eid2202.151796
https://doi.org/10.1016/j.amepre.2021.05.029
https://doi.org/10.1093/cid/ciac461
https://doi.org/10.15585/mmwr.mm7128e1
https://doi.org/10.15585/mmwr.mm7128e1
https://www.cdc.gov/advanced-molecular-detection/php/training/index.html
https://www.cdc.gov/advanced-molecular-detection/php/training/index.html
mailto:jricaldi@cdc.gov
http://www.cdc.gov/eid
https://go.usa.gov/xyfJX

