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The power, potential, benefits, and challenges of implementing
high-throughput sequencing in food safety systems
Behzad Imanian 1✉, John Donaghy2, Tim Jackson3,14, Sanjay Gummalla4, Balasubramanian Ganesan 5, Robert C. Baker5,
Matthew Henderson6, Emily K. Butler 7, Yingying Hong 7, Brendan Ring8, Clare Thorp8,15, Ramin Khaksar9, Mansour Samadpour10,
Kahlil A. Lawless 11, Iain MacLaren-Lee12, Heather A. Carleton13, Renmao Tian 1, Wei Zhang1 and Jason Wan1

The development and application of modern sequencing technologies have led to many new improvements in food safety and
public health. With unprecedented resolution and big data, high-throughput sequencing (HTS) has enabled food safety specialists
to sequence marker genes, whole genomes, and transcriptomes of microorganisms almost in real-time. These data reveal not only
the identity of a pathogen or an organism of interest in the food supply but its virulence potential and functional characteristics.
HTS of amplicons, allow better characterization of the microbial communities associated with food and the environment. New and
powerful bioinformatics tools, algorithms, and machine learning allow for development of new models to predict and tackle
important events such as foodborne disease outbreaks. Despite its potential, the integration of HTS into current food safety systems
is far from complete. Government agencies have embraced this new technology, and use it for disease diagnostics, food safety
inspections, and outbreak investigations. However, adoption and application of HTS by the food industry have been comparatively
slow, sporadic, and fragmented. Incorporation of HTS by food manufacturers in their food safety programs could reinforce the
design and verification of effectiveness of control measures by providing greater insight into the characteristics, origin, relatedness,
and evolution of microorganisms in our foods and environment. Here, we discuss this new technology, its power, and potential. A
brief history of implementation by public health agencies is presented, as are the benefits and challenges for the food industry, and
its future in the context of food safety.
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INTRODUCTION
The global food supply chain is an intricate system of numerous
interconnected producers, processors, distributors, consumers,
and regulators, each playing a critical role in the farm to fork
continuum. Population growth, globalization, and consumers’
changing expectations have added extra layers of complexity to
this system and more challenges to its management. Continuous
attention, proactive surveillance, and vigilance are increasingly
required to detect, identify, and mitigate the risks of foodborne
pathogens, spoilage organisms, allergens, and other food safety
hazards that may enter food at any stage from production to
consumption. These risks are evident in the history of outbreaks
associated with domestic and imported foods. Incorporating
scientific and technological advances in food safety systems is a
crucial strategy to keep pace with escalating complexity of food
systems and expanding risks that threaten their functionality and
safety.
The past two decades have witnessed the convergence of

diverse technical fields, resulting in novel molecular instruments
with enhanced accuracy, precision, speed, and throughput,
ushering us into an era of “big data”. The impacts of these
advances are being felt widely, profoundly, and often globally.
While we have shown proficiency in discovery and innovation, our
adoption and integration of these technological upgrades have
been slow and less systematic across various scientific disciplines.
The human genome project is an excellent example of an

insightful, international, multidisciplinary, transparent, and suc-
cessful undertaking1,2. Among the many stated and achieved
goals of the project was the development of technology that
revolutionized genomics via high-throughput or next-generation
sequencing (HTS/NGS). In this review, we have used the terms HTS
and NGS interchangeably to refer to all the post-first-generation
(or post-Sanger) sequencing technology and platforms that are
distinguished from their predecessors, especially by their sig-
nificantly higher throughputs or the number of sequences and
data they produce. We have conducted a thorough search of the
scientific literature, using different search engines to find, review,
and reference the most relevant and recent publications on the
top journals and academic research databases using words and
phrases such as HTS, NGS, sequencing technology, microbial
pathogens, foodborne bacteria and many more pertaining to the
use of HTS/NGS by the governmental agencies and food industry.
In addition, we have carefully searched the world wide web (e.g.,
the official websites of governmental agencies, biotechnology
companies, various laboratories and consulting and analytical
enterprises that use HTS) for relevant information. Promoting the
use and implementation of this technology and its many
applications in our food safety system will improve our food
safety inspections, strengthen our responses to food-borne
disease outbreaks and, more revolutionarily, enhance our
capabilities for preventive measures3. Here, with these potential
impacts in mind, we present our brief review of the recent
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advances in HTS and its impacts on food industry and three U.S.
federal agencies: Centers for Disease Control and Prevention
(CDC), Food and Drug Administration (FDA), and the Department
of Agriculture’s Food Safety and Inspection Service (USDA FSIS).

HTS DEVELOPMENT BY BIOTECHNOLOGY COMPANIES
Advances in HTS technology by biotechnology companies have
been tied to their ability to secure funding, and to monitor,
identify, acquire, and incorporate new relevant scientific and
technological innovations from many fields, notably in biochem-
istry, optics, nanofluidics, nanofabrication, engineering, and
computer science. This has often been achieved through
acquisitions of other smaller companies established by academics.
Illumina, PacBio, and Oxford Nanopore are a few success stories
that reveal a common trend towards smaller, smarter, cheaper,
and scalable instruments with enhanced chemistry and shortened
library preparation time, higher quality and longer reads and
higher throughput that can be processed by sophisticated
bioinformatic and visualization tools, thus simplifying the user
experience4–6.
Illumina sequencers use Sequencing by synthesis (SBS). The

molecular clustering technology enhanced accuracy of base calling
due to stronger signals and reduced cost of system optics6. The
introduction of complementary metal oxide semiconductor7 in
conjunction with a patterned flow cell with billions of evenly spaced
nanowells led to further improvement in the light detection emitted
by incorporating labeled nucleotides to the growing synthesized
DNA chain8. Switching from 4-channel to 2-channel or 2-image/
cycle SBS shortened the data processing and sequencing time9. Use
of the Nextera transposon-mediated library prep reduced the time,
cost, and complexity of sample and library preparation10. One of the
latest Illumina sequencers, the NovaSeq 6000 System, can produce
16–20 billion paired-end reads of 150 bp, 85% of which have a Q30
or higher quality (≤1 error in 1000 bp) amounting to a maximum
throughput of 3TB (https://www.illumina.com/systems/sequencing-
platforms/novaseq/specifications.html). New improved algorithms
have led to better consensus accuracy and higher read quality. To
date, over 20,000 sequencing systems from Illumina are installed
and supported globally https://www.illumina.com/company/news-
center/press-releases/press-release-details.html?newsid=e3ad6d4e-
fcbe-4a0d-ac1d-5a3996d1bfd8.
PacBio also built upon a combination of advances in

semiconductor processing, photonics and biotechnology11. These
innovations have significantly increased the length of the
analyzed sequences12. With improved quality, the latest PacBio
instruments provide a reliable solution for sequencing highly
repetitive and difficult-to-sequence regions of a genome. PacBio
improved the quality of sequences by refining its signal detection
technique through zero-mode waveguides (ZMWs). The flow cell
contains many ZMWs that facilitate and enhance detection of the
light emitted from labeled nucleotides added to the growing DNA
strands in all nanowells simultaneously. This allows a real-time
sequencing unlike Illumina instruments, where sequencing occurs
in cycles interrupted by the base calling process. However, the
real-time sequencing in both PacBio and Oxford Nanopore
sequencing does not read individual nucleotides unlike in Illumina
sequencing. Thus, there is still a possibility for homopolymer
errors13, but they are being constantly reduced through algo-
rithmic improvements for base-calling. The density of ZMWs in
newer PacBio sequencers is significantly increased reaching eight
million in one of the recent instruments, thus providing higher
throughput. Latest PacBio instrument can produce up to 4,000,000
reads of a median average of 15 kb with a consensus accuracy of
up to 99.999% (https://www.pacb.com/technology/hifi-sequenc
ing/sequel-system/; https://www.pacb.com/literature/smrt-
sequencing-brochure-delivering-highly-accurate-long-reads-to-
drive-discovery-in-life-science/).

Oxford Nanopore is best known for building the first hand-held
sequencer and longer reads14–16. Its technology is mainly based
on advances in strand sequencing in a modified nanopore and an
enzyme motor to control DNA movement through the pore17,18.
Instead of the emitted light, the ionic current within the pore is
detected and measured. The protein nanopore is set in an
electrically resistant polymer membrane, and the ionic current is
passed through the nanopore by setting a voltage across this
membrane. As a strand of DNA is captured and fed through the
pore, a change in electrical current occurs which can be detected
by extremely sensitive sensors and interpreted as a DNA
sequence. Interestingly, the same methodology allows direct
sequencing of RNA, DNA with modified bases (e.g., methylated),
proteins and small molecules19,20. Additionally, the read length is
determined by the length of the DNA molecule passing through
the pore, so it is effectively unlimited. Oxford Nanopore has
greatly improved the output of sequence data by increasing the
density of pores and sensor channels on their flow cells. Oxford
Nanopore’s PrometION 48, at full capacity, can theoretically
produce 14 TB of sequence data with a read median length of
30 kb, and the best read quality achieved so far is 99.3% (https://
nanoporetech.com/q20plus-chemistry; https://nanoporetech.com/
products/specifications).
With increased throughput, the three companies needed to

address significant data processing and analytical challenges.
Following acquisitions of software and data management compa-
nies, Illumina developed its BaseSpace cloud-computing platform.
There, users can stream and analyze their data with numerous click-
and-compute applications (https://www.illumina.com/products/by-
type/informatics-products/basespace-sequence-hub/apps.html) and
share the results without the need for investment in computing
infrastructure.
To address the high error rates in the first generation of long

reads, PacBio employed computational approaches and algorithms.
PacBio’s latest instruments can now perform heavy-duty computa-
tions and sequence longer HiFi reads obviating the need for
thousands of CPU hours on a high-performance computer (HPC)
(https://www.pacb.com/wp-content/uploads/Pacific-Biosciences-
New-Sequel-IIe-System-Puts-Focus-on-High-Read-Accuracy.pdf). This
is especially helpful for small and medium-sized laboratories and
companies that would have to invest on separate HPCs for their
analyses. Most recently, PacBio has updated their microbial whole
genome assembly pipeline to address the unique challenges of
assembling bacterial genomes with circular chromosomes and
plasmids of varying sizes.
Oxford Nanopore has also updated its instrument control

software, computational capabilities and analytical tools internally
or in collaboration with NVIDIA https://nanoporetech.com/about-
us/news/oxford-nanopore-and-nvidia-collaborate-partner-dgx-ai-
compute-system-ultra-high. The recent gains in sequence accu-
racy have come through iterative chemistry improvements,
reengineering of the protein pore structure and especially via
continuous enhancements in the machine learning methods used
to interpret the raw signal to bases (ACGT). Interestingly, all three
companies have formed their own user communities that actively
share experiences, provide support for each other and contribute
to the development of new analytical tools.
Other laboratories, analytical and consulting firms have

increasingly contributed to the development and improvement
of HTS technology, marketing untapped new applications and
services for various sectors of the economy including the food
industry. Some are developing better and cheaper reagents for
sample and library preparation (e.g., Qiagen, Agilent, Zymo,
Thermo Fisher Scientific, IEH). A few have streamlined the process
flow and improved reproducibility (e.g., Roche, Qiagen, Thermo
Fisher Scientific, Clear Labs). Many are actively investigating new
or existing commercial HTS applications to replace traditional
methods reliant on binary (yes/no) and/or culture-based tests (e.g.,
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IEH, Clear Labs, CosmosID21). Additionally, many proprietary or
public sequence databases have been created, customized and
curated for specific purposes addressing authenticity, food
spoilage and adulteration, genetic modifications (e.g., GMO),
microbial composition, detection of a particular microorganism,
speciation and serotyping (e.g., Creme Global, Clear Labs,
CosmosID, IEH22). Others focus on developing analytical tools
(e.g., Qiagen’s CLC, Biomerieux’s Bionumerics, Genevia Technolo-
gies), while some are exploring how machine learning (ML) and
artificial intelligence (AI) can be utilized to data mine sequences
and associated metadata to provide predictability and preventive
capability (e.g., Creme Global, Clear Labs, IEH).

ADOPTION AND USE OF HTS BY U.S. GOVERNMENTAL
AGENCIES
One important factor for the success and rising use of HTS
technology has been its adoption and practice by various
governmental agencies for applications in health care and other
areas including food safety.
In the United States, CDC, FDA and USDA FSIS work together

with state agencies to protect public health and food safety. To
this end, agencies work to identify and implement cost-effective
advances in technology, such as HTS and its Whole Genome
Sequencing (WGS) application, to rapidly detect and investigate
foodborne outbreaks of domestic and international origin23. The
decreasing cost of WGS (https://www.genome.gov/about-
genomics/fact-sheets/Sequencing-Human-Genome-cost) coupled
with its superior discriminatory power compared to previous
generations of “gold standard” methods such as Pulsed-Field Gel
Electrophoresis (PFGE) has resulted in a transition to WGS across
regulatory agencies in the United States and several other
countries. Unlike PFGE, WGS can provide subtyping information
as well as serotype, virulence gene profile, and antibiotic
resistance determinants. Additionally, WGS provides more preci-
sion in determining potential outbreak clusters than PFGE24.
In 1996, CDC founded PulseNet, a national molecular surveil-

lance network for foodborne disease. PulseNet currently consists
of 83 states, local, and federal public health laboratories. Also,
laboratories in 86 countries contribute to PulseNet International.
PulseNet uses standardized molecular subtyping techniques and
analytical tools to characterize strains of foodborne bacteria and
detect potential outbreak clusters by identifying genetically
related pathogen fingerprints examined across the country. In
collaboration with FDA and USDA FSIS, CDC compares molecular
fingerprints generated from pathogens isolated from patients to
those of food, animal, and environment to identify potential
sources of foodborne disease outbreaks. The establishment of
PulseNet25 and the use of PFGE to identify foodborne pathogens
revolutionized outbreaks’ detection and investigations by these
agencies and networks. PFGE outperformed nearly all previous
approaches and remained the main method for traceback for two
decades prior to WGS.
As an initial proof of concept for using WGS, in 2010, CDC used

WGS to characterize the Vibrio cholerae strains from an outbreak in
Haiti26,27. In 2013, FDA, USDA, National Center for Biotechnology
Information (NCBI) and an initial pilot group of ten states
collaborated on a project to use WGS for surveillance of Listeria
monocytogenes28. Afterwards, PulseNet began to use WGS
routinely to characterize isolates associated with outbreaks
especially Salmonella, E. coli, Campylobacter, Vibrio, and Shigella.
In 2019, PulseNet fully transitioned to WGS as the new gold
standard for molecular subtyping29. CDC funding to the District of
Columbia, Puerto Rico and all 50 states facilitated this transition
https://www.cdc.gov/pulsenet/pathogens/wgs.html. Since 2013,
USDA FSIS also developed its own WGS capabilities, and now
sequences all pathogenic isolates routinely, submitting the data to
NCBI in real-time30.

In 2013, the FDA’s Center for Food Safety and Applied Nutrition
launched an integrated network of federal and state laboratories,
called the GenomeTrakr (GT). In collaboration with NCBI, the
network established its public database, also called GT, for WGS
data from foodborne and environmental bacterial pathogens30,31.
The FDA has also been working closely with the Office of
Regulatory Affairs to implement full integration of FDA’s GT
network into the Laboratory Flexible Funding Model (LFFM). With
LFFM and other incentives, the GT network has expanded to 54
federal, state health and university laboratories in the U.S. and 21
laboratories in 10 other countries. The GT database has been
steadily growing, and now holds WGS data for over 752,000
isolates, with over 13,000 new entries each month (https://
www.fda.gov/food/whole-genome-sequencing-wgs-program/
genometrakr-fast-facts). The FDA has also developed GalaxyTrakr,
a distributed analysis tool to process public health WGS data for
non-bioinformaticians32. The use and implementation of HTS/WGS
by governmental Agencies have improved our response time and
quality to any outbreak33–36.
Through consortia such as the Genomics for Food Safety and

other venues, the three federal agencies work closely to
harmonize their efforts to improve and standardize WGS
laboratory and analytical protocols. PulseNet and GT laboratory
networks, for example, have developed a harmonized proficiency
test exercise, conducted annually, on the same set of strains,
following the same standard operating procedure for genomic
data collection37, and soon, for data analysis. While different
agencies, for historical and practical reasons, use slightly different
analytical tools and pipelines, the end results have been
scrutinized, compared and found to be concordant28,30,38,39.
There are initiatives to promote the transparency and timely

public sharing of the WGS data generated from foodborne
pathogens in clinical, environmental, and food samples40,41. The
product of one such initiative for open data sharing is NCBI’s
Pathogen Detection (PD) database (https://www.ncbi.nlm.nih.gov/
pathogens/) of WGS data for numerous foodborne pathogens. All
isolates in PD are grouped into genetically similar clusters within
50 single nucleotide polymorphism to facilitate outbreak detec-
tion and traceback. As the PD database of foodborne pathogens
grows, so does its value in monitoring pathogens’ characteristics,
distribution, relatedness, and evolution. These, in turn, improve
understanding of a pathogen’s reservoirs and routes of contam-
ination, along with the root causes of foodborne diseases and
potential preventive measures.
In addition to WGS, the federal agencies are actively

experimenting with other HTS applications. For example, amplicon
sequencing (e.g., 16s rDNA, ITS, ITS1, ITS2) can provide information
about the composition of the microbial community in a mixed
sample at a given place and time42. The CDC is developing an
approach to use HTS to amplify thousands of targets in a
metagenomics sample that are then sequenced, and the data are
used for subtyping. Also, the shotgun sequencing of total DNA or
RNA of the same sample can provide further information by
unraveling the genomics of nearly all the individual members of
the community and their metabolic interactions43. These addi-
tional applications generate information that can be utilized by
public health, food safety, and other investigators44.
Many clinical and diagnostic laboratories are moving toward

culture-independent diagnostic tests (CIDTs) for the identification
of foodborne bacteria from patient samples. With CIDT an isolate
is not required for identification of the pathogen, and clinical
laboratories can forward a residual stool specimen to a public
health laboratory, which meet the reporting requirements45.
PulseNet is now evaluating metagenomics approaches for
generating molecular fingerprints directly from specimens,
including patient samples. Metagenomics approaches present
challenges like low-signal-to-noise ratio when a small amount of
target DNA, for example, of a pathogen like shiga toxin-producing
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E. coli (STEC), is present in a sample along with a large amount of
background DNA from commensal, nonpathogenic E. coli, human
and non-human—e.g., in a stool sample. For PulseNet’s evaluation
of metagenomics approaches, PulseNet is using amplicon
sequencing to amplify thousands of subtyping targets associated
with foodborne pathogens in the stool and enrichment techni-
ques to enrich the pathogen DNA in the metagenomic sample.
Metagenomics also presents opportunities to discover new
pathogens or bacteria not commonly associated with foodborne
outbreaks, infections due to multiple strains, or potential outbreak
sources by evaluating food DNA in stool specimens46.
Working with public and private food industry stakeholders and

their academic partners, the FDA is also developing enhanced
protocols and procedures for the environmental sampling of STEC
and other enteric foodborne pathogens. The combination of HTS
technology, on-the-farm environmental pathogen surveillance,
and open sharing of those genomes will help stakeholders
discover linkages among isolates that may lead to a better
understanding of agricultural sources and routes of contamina-
tion, and preventive controls to reduce contamination of ready-to-
eat produce.
The high-throughput shotgun sequencing of environmental

samples is now the best approach to generate comprehensive
genomic data about food safety or spoilage-related microorgan-
isms (bacterial, eukaryotic, viral) in a microbial community47–49.
Such data generated and accumulated over time provide valuable
information about each microbial community and its members
with a time-place stamp. These data, in conjunction with relevant
metadata representing abiotic factors (e.g., temperature, pressure,
acidity, salinity turbidity) and information about associated
significant events (e.g., disease outbreaks, spoilage, and recalls)
will be the resources for future artificial intelligence (AI) systems,
helping us predict, prevent or resolve such problems.

CURRENT HTS USE, CHALLENGES, AND OPPORTUNITIES IN
THE FOOD INDUSTRY
Food producers, processors, distributors, and consumers each
have high-stakes roles in ensuring food safety and preventing
foodborne disease outbreaks. According to USDA, foodborne
illnesses cost over $15.6 billion annually, and CDC estimates that 1
in 6 Americans gets sick and about 3000 die every year from
consuming contaminated food (https://www.cdc.gov/foodsafety/
cdc-and-food-safety.html#:~:text=Foodborne%20illness%20is%
20a%20common,than%20%2415.6%20billion%20each%20year).
Two main factors contribute to the food industry’s interest in

implementing HTS. First, HTS has the potential to improve control
measure design and verification and/or reduce food safety
management costs. Second, WGS is adopted by governmental
agencies, and the use of WGS and other HTS applications are
gaining prominence in public and private sectors. The publication
of general requirements and guidance for WGS by the Interna-
tional Organization for Standardization50 and the statement by
the European Food Safety Authority on the WGS requirement for
microorganisms intentionally used in the food chain51 are
testimonials to HTS/WGS growing importance in governmental
circles.
The food industry recognizes that HTS, especially WGS,

provides the highest discriminatory power to identify and
distinguish pathogens, and could improve the tracing of
contamination sources, develop an understanding of their origin
and characteristics and thus better predict and prevent persis-
tence or future contamination events. Incorporating the precision
provided by WGS into root cause analyses could enable more
rapid identification and better targeting of corrective actions,
enhancing productivity and lowering costs. The industry has
begun to appreciate more the value of metagenomic applications
of HTS for environmental monitoring and its predictive value

(https://www.cremeglobal.com/wp-content/uploads/2019/12/
Case-Study-SAFE.pdf) and to understand factory/ingredient
microbial ecology and investigate quality and spoilage incidents
where the causative agents are unknown or reasons for
recurrence are not understood. However, many food companies
have not actively embraced the latest technology for applicable
operational use. Even where it has been applied, many enlist the
use of third-party providers for technical support when and if
required.
A number of global food manufacturers have invested in the

technology and created internal infrastructure to apply HTS in-
house, and actively or intermittently use HTS52 for various
purposes including source tracking and/or environmental surveys
and monitoring. Their numbers have grown slowly but steadily
especially in the past few years. Nestlé and Mars are among the
first to invest in the infrastructure for and experiment with HTS.
Research and development (R&D) is an active area where these
companies are testing and evaluating the multifaceted use of this
technology. Such evaluations are conducted, for example, to
compare the accuracy of different sequencing platforms for
serotype predictions, to investigate laboratory cross-
contaminations53, to validate sequence workflows, to understand
pathogenic genetic responses to heat stress and source track-
ing54,55, and to catalog, characterize and quantify foodborne
pathogenic bacteria and the related bacterial communities along
the food supply chain56.
While much has been articulated by the Agencies and

academics regarding the benefits, use, and implementation of
HTS, few publications have focused on the benefits and practical
applications of HTS from a food industry perspective. In one
review, the industry authors discussed the importance of WGS in
international tracking of foodborne diseases, its benefits over all
previous subtyping methods/tools, and its extensive use and
implementation by the Agencies. They encouraged food compa-
nies to learn more about WGS, its benefits, and obstacles52.
However, compared to the older subtyping methods, they also
concluded that the added cost of WGS limited its application to
routine testing, and the potential benefits did not justify the cost
for routine programs. The authors recommended its application
for occasions where microbiological verification programs identify
persistent or recurring issues/problems and are unable to
determine root causes. A closer evaluation of the practices,
challenges, and concerns of the food industry about this new
technology may help to identify and demonstrate benefits that
would justify reinforcing existing food safety management tools
with various HTS applications.
Sequencing instruments, new IT plus computational capabilities,

and bioinformatic expertise are among the essentials for the use
of HTS that many food manufacturers do not have. A lack of
internal resources to conduct traditional microbiological or
modern molecular testing (e.g., HTS/WGS) is often remedied by
using external third-party laboratories. However, this could limit
access to the historical isolates, which can be helpful to determine
root causes. Thus, the benefits from historical source tracking or
trend analysis could not be realized. Larger food manufacturers
with in-house analytical facilities could make the most of retained
isolates for in-depth investigations, whereas small and medium-
sized manufacturers may only perform isolated studies for a
particular incident. If they conduct a “costly” investigation with a
limited number of isolates, and the results do not assist with a root
cause discovery, they may not perceive the value and be able to
justify the cost for future use. Also, food manufacturers point out
that the process can be slow and is performed “after the event”
leading them to use it sporadically, not proactively.
Apart from source tracking, food companies that have adopted

WGS have reported other practical applications: 1) Discovering the
occurrence and extent of laboratory cross-contamination during
analytics; 2) Uncovering hygienic engineering limitations of some
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equipment, which act as harborage sites for pathogens; 3)
Identifying raw materials from the global supply chains that can
lead to cross-contamination in manufacturing factory environ-
ments. The use of WGS to identify instances of laboratory cross-
contamination could reduce waste from investigative costs or
affected products if false-positive results occur from cross-
contamination53. When such events are identified, they also bring
about better awareness of good laboratory practices, segregated
testing of sensitive from less sensitive materials, and improve-
ments in the use of uniquely identifiable positive controls.
A food safety management system requires appropriate and

robust analytical verification tools and methods that involve
testing raw materials, the production environment, and finished
products. The food industry currently utilizes a host of traditional
culture, immunological, and molecular-based diagnostics that are
readily available, relatively inexpensive, and rapid. These tests
provide sufficient information to meet both regulatory and supply
chain requirements and verify the production of food under
hygienic conditions. The uptake and use of WGS by a food
manufacturer, therefore, will depend on several factors inter alia:
the number of occasions the plant has experienced deviations in
their verification; the perceived cost-benefit of a WGS investiga-
tion; WGS accessibility in-house or through a third party; the type
of the pathogen and whether cheaper identification tools are
available; and more critically, the potential negative regulatory
and legal implications. The higher precision of WGS demands clear
rules of engagement and communications to alleviate the
apprehensions of using it actively. These rules should address:
(1) Retrospective outbreak investigation and linking of new
isolates with past illnesses; (2) Use and purpose of metadata
associated with the sequences; (3) The incongruity or agreement
between the WGS and related epidemiological findings.
There is a wide agreement that the increased precision HTS

methods provide supplements or alternatives to the traditional
but predominantly microbiological and molecular tools and
methods. Further innovations by biotechnology companies, new
entrepreneurial approaches to cost reduction and market expan-
sion, along with expanding use of the HTS applications by
regulatory agencies and academia will help the industry discover
practical and cost-effective applications of the technology in food
safety management systems. A new and comprehensive cost-
benefit analysis is needed that includes the values of new
infrastructure, skilled employees, loss prevention, and predictive
capabilities that may not currently exist.

DATA AVAILABILITY
All the data used for this manuscript are publicly available and are referenced in the
text and/or in the References section.

Received: 10 February 2022; Accepted: 26 July 2022;

REFERENCES
1. Hood, L. & Rowen, L. The human genome project: Big science transforms biology

and medicine. Genome Med. 5, 1 (2013).
2. Gibbs, R. A. The Human Genome Project changed everything. Nat. Rev. Genet. 21,

575–576 (2020).
3. Quijada, N. M., Hernández, M. & Rodríguez-Lázaro, D. High-throughput sequen-

cing and food microbiology. in (ed. Toldrá, F.) vol. 91, 275–300 (Academic Press,
2020).

4. Levy, S. E. & Myers, R. M. Advancements in next-generation sequencing. Annu.
Rev. Genom. Hum. Genet. 17, 95–115 (2016).

5. Levy, S. E. & Boone, B. E. Next-generation sequencing strategies. Cold Spring Harb.
Perspect. Med. 9, 1–12 (2019).

6. Hu, T., Chitnis, N., Monos, D. & Dinh, A. Next-generation sequencing technologies:
an overview. Hum. Immunol. 82, 801–811 (2021).

7. Rothberg, J. M. et al. An integrated semiconductor device enabling non-optical
genome sequencing. Nature 475, 348–352 (2011).

8. Singer, G. A. C., Fahner, N. A., Barnes, J. G., McCarthy, A. & Hajibabaei, M. Com-
prehensive biodiversity analysis via ultra-deep patterned flow cell technology: a
case study of eDNA metabarcoding seawater. Sci. Rep. 9, 1–12 (2019).

9. Ambardar, S., Gupta, R., Trakroo, D., Lal, R. & Vakhlu, J. High throughput
sequencing: an overview of sequencing chemistry. Indian J. Microbiol. 56,
394–404 (2016).

10. Cain, A. K. et al. A decade of advances in transposon-insertion sequencing. Nat.
Rev. Genet. 21, 526–540 (2020).

11. Kanwar, N., Blanco, C., Chen, I. A. & Seelig, B. PacBio sequencing output increased
through uniform and directional fivefold concatenation. Sci. Rep. 11, 1–13 (2021).

12. Rhoads, A. & Au, K. F. PacBio sequencing and its applications. Genom., Proteom.
Bioinform. 13, 278–289 (2015).

13. Goodwin, S., McPherson, J. D. & McCombie, W. R. Coming of age: ten years of
next-generation sequencing technologies. Nat. Rev. Genet. 17, 333–351 (2016).

14. Sun, X. et al. Nanopore sequencing and its clinical applications. Methods Mol. Biol.
13–32, https://doi.org/10.1007/978-1-0716-0904-0_2 (2020).

15. Lu, H., Giordano, F. & Ning, Z. Oxford nanopore MinION sequencing and genome
assembly. Genom. Proteom. Bioinforma. 14, 265–279 (2016).

16. Kono, N. & Arakawa, K. Nanopore sequencing: review of potential applications in
functional genomics. Dev. Growth Differ. 61, 316–326 (2019).

17. Wang, Y., Zhao, Y., Bollas, A., Wang, Y. & Au, K. F. Nanopore sequencing tech-
nology, bioinformatics and applications. Nat. Biotechnol. 39, 1348–1365 (2022).

18. Jain, M., Olsen, H. E., Paten, B. & Akeson, M. The Oxford Nanopore MinION:
delivery of nanopore sequencing to the genomics community. Genome Biol. 17,
1–11 (2016).

19. Liu, Y. et al. DNA methylation-calling tools for Oxford Nanopore sequencing: a
survey and human epigenome-wide evaluation. Genome Biol. 22, 295 (2021).

20. Simpson, J. T. et al. Detecting DNA cytosine methylation using nanopore
sequencing. Nat. Methods 14, 407–410 (2017).

21. Ogunremi, D. et al. A new whole genome culture-independent diagnostic test
(WG-CIDT) for rapid detection of salmonella in lettuce. Front. Microbiol. 11, 602
(2020).

22. Dobritsa, A. P. et al. Clostridium tepidum sp. Nov., a close relative of Clostridium
sporogenes and Clostridium botulinum group I. Int. J. Syst. Evol. Microbiol. 67,
2317–2322 (2017).

23. Stevens, E. L. et al. The use of whole-genome sequencing by the federal inter-
agency collaboration for genomics for food and feed safety in the United States.
J. Food Prot. https://doi.org/10.4315/jfp-21-437 (2022).

24. Ribot, E. M., Freeman, M., Hise, K. B. & Gerner-Smidt, P. PulseNet: entering the age
of next-generation sequencing. Foodborne Pathog. Dis. 16, 451–456 (2019).

25. Swaminathan, B., Barrett, T. J., Hunter, S. B. & Tauxe, R. V. PulseNet: the molecular
subtyping network for foodborne bacterial disease surveillance, United States.
Emerg. Infect. Dis. 7, 382–389 (2001).

26. Takishita, K., Yamaguchi, H., Maruyama, T. & Inagaki, Y. A hypothesis for the
evolution of nuclear-encoded, dehydrogenase genes in ‘“ Chromalveolate”’
members. Evolution 4, 1–7 (2009).

27. Reimer, A. R. et al. Comparative genomics of Vibrio Cholerae from Haiti, Asia, and
Africa. Emerg. Infect. Dis. 17, 2113–2121 (2011).

28. Jackson, B. R. et al. Implementation of nationwide real-time whole-genome
sequencing to enhance listeriosis outbreak detection and investigation. Clin.
Infect. Dis. 63, 380–386 (2016).

29. Tolar, B. et al. An overview of PulseNet USA databases. Foodborne Pathog. Dis. 16,
457–462 (2019).

30. Brown, E., Dessai, U., Mcgarry, S. & Gerner-Smidt, P. Use of whole-genome
sequencing for food safety and public health in the United States. Foodborne
Pathog. Dis. 16, 441–450 (2019).

31. Stevens, E. L. et al. The public health impact of a publically available, environ-
mental database of microbial genomes. Front. Microbiol. 8, 1–4 (2017).

32. Gangiredla, J. et al. GalaxyTrakr: a distributed analysis tool for public health whole
genome sequence data accessible to non-bioinformaticians. BMC Genom. 22,
1–11 (2021).

33. Hoffmann, M. et al. Tracing origins of the salmonella Bareilly strain causing a
food-borne outbreak in the United States. J. Infect. Dis. 213, 502–508 (2016).

34. Gilmour, M. W. et al. High-throughput genome sequencing of two Listeria
monocytogenes clinical isolates during a large foodborne outbreak. BMC Genom.
11, 120 (2010).

35. Bakker, H. C. Den, et al. Rapid whole-genome sequencing for surveillance of
Salmonella enterica Serovar Enteritidis. Emerg Infect Dis. 20, 1306–1314 (2014).

36. Allard, M. W. et al. On the evolutionary history, population genetics and diversity
among isolates of Salmonella Enteritidis PFGE pattern JEGX01.0004. PLoS One 8,
(2013).

37. Timme, R. E. et al. Gen-FS coordinated proficiency test data for genomic food-
borne pathogen surveillance, 2017 and 2018 exercises. Sci. Data 7, 1–5 (2020).

B. Imanian et al.

5

Published in partnership with Beijing Technology and Business University npj Science of Food (2022)    35 

https://doi.org/10.1007/978-1-0716-0904-0_2
https://doi.org/10.4315/jfp-21-437


38. Cunningham, S. A. et al. Comparison of whole-genome sequencing methods for
analysis of three methicillin-resistant Staphylococcus aureus outbreaks. J. Clin.
Microbiol. 55, 1946–1953 (2017).

39. Katz, L. S. et al. A comparative analysis of the Lyve-SET phylogenomics pipeline
for genomic epidemiology of foodborne pathogens. Front. Microbiol. 8, 375
(2017).

40. Allard, M. W. et al. Practical value of food pathogen traceability through building
a whole-genome sequencing network and database. J. Clin. Microbiol. 54,
1975–1983 (2016).

41. Gardy, J. L. & Loman, N. J. Towards a genomics-informed, real-time, global
pathogen surveillance system. Nat. Rev. Genet. 19, 9–20 (2018).

42. Ranjan, R., Rani, A., Metwally, A., McGee, H. S. & Perkins, D. L. Analysis of the
microbiome: advantages of whole genome shotgun versus 16S amplicon
sequencing. Biochem. Biophys. Res. Commun. 469, 967–977 (2016).

43. Carleton, H. A. et al. Metagenomic approaches for public health surveillance of
foodborne infections: opportunities and challenges. Foodborne Pathog. Dis. 16,
474–479 (2019).

44. Billington, C., Kingsbury, J. M. & Rivas, L. Metagenomics approaches for improving
food safety: a review. J. Food Prot. 85, 448–464 (2022).

45. Carleton, H. A. & Gerner-smidt, P. Whole-genome sequencing is taking over
foodborne disease surveillance. Microbe 11, 311–317 (2016).

46. Li, N. et al. High-throughput sequencing analysis of bacterial community com-
position and quality characteristics in refrigerated pork during storage. Food
Microbiol. 83, 86–94 (2019).

47. Beck, K. L. et al. Monitoring the microbiome for food safety and quality using
deep shotgun sequencing. npj Sci. Food 5, 1–12 (2021).

48. Bharti, R. & Grimm, D. G. Current challenges and best-practice protocols for
microbiome analysis. Brief. Bioinform. 22, 178–193 (2021).

49. Cinar, H. N. et al. Molecular typing of Cyclospora cayetanensis in produce and
clinical samples using targeted enrichment of complete mitochondrial genomes
and next-generation sequencing. Parasites Vectors 13, 1–12 (2020).

50. International Organization for Standardization (ISO). Microbiology of the food
chain: whole genome sequencing for typing and genomic characterization of
foodborne bacteria: general requirements and guidance. 23418:2018(E).
(2020).

51. EFSA (European Food Safety Authority). EFSA statement on the requirements for
whole genome sequence analysis of microorganisms intentionally used in the
food chain. EFSA J. 19, 6506 (2021).

52. Klijn, A. et al. The benefits and barriers of whole-genome sequencing for
pathogen source tracking: a food industry perspective. Food Saf. Mag. Available
online: https://www.foodsafetymagazine.com/magazine-archive1/junejuly-2020/
the-benefits-and-barriers-of-whole-genome-sequencing-for-pathogen-source-
tracking-a-food-industry-perspective/ (2020).

53. Rouzeau-Szynalski, K. et al. Whole genome sequencing used in an industrial
context reveals a Salmonella laboratory cross-contamination. Int. J. Food Micro-
biol. 298, 39–43 (2019).

54. Barretto, C., Rincón, C., Portmann, A. C. & Ngom-Bru, C. Whole genome
sequencing applied to pathogen source tracking in food industry: key con-
siderations for robust bioinformatics data analysis and reliable results inter-
pretation. Genes 12, 1–12 (2021).

55. Baert, L., Gimonet, J., Barretto, C., Fournier, C. & Jagadeesan, B. Genetic changes
are introduced by repeated exposure of Salmonella spiked in low water activity
and high fat matrix to heat. Sci. Rep. 11, 1–11 (2021).

56. Jagadeesan, B. et al. The use of next generation sequencing for improving food
safety: translation into practice. Food Microbiol. 79, 96–115 (2019).

ACKNOWLEDGEMENTS
This publication is supported by the Food and Drug Administration (FDA) of the U.S.
Department of Health and Human Services (HHS) as part of an award totaling
$4,148,332 with 0% financed with nongovernmental sources. The funding body did
not play a role in the design of the study and collection, analysis, and interpretation
of data, and in writing the manuscript. The findings and conclusions in this
manuscript are those of the authors and do not necessarily represent the views of the
Food and Drug Administration, the Centers for Disease Control and Prevention, the
U.S. Department of Health and Human Services, Illinois Institute of Technology or any
of the co-authors’ affiliated companies. Use of trade names is not intended to
promote or single out any of the named companies or imply their endorsement by
the above-mentioned organizations, but to provide examples to aid further search for
similar services by the interested users and for identification purposes only.

AUTHOR CONTRIBUTIONS
B.I. conceived of the presented ideas in the manuscript, led the administration, and
coordinated the writing of this review. All co-authors provided critical feedback on
various parts of the paper: J.D., T.J., S.G., B.G., R.C.B., M.H., E.K.B., and Y.H. especially
contributed to the current HTS use, challenges and opportunities in the Food
Industry section; B.R., C.T., R.K., M.S., K.L., and I.M. to the HTS Development by
Biotechnology Companies section; B.I. and H.A.C. to the Adoption and Use of HTS by
U.S. Governmental Agencies part. R.T., W.Z., and J.W. provided expertise and critical
review of the manuscript. All co-authors actively participated in the rounds of review
and editing process and helped shape the final version of this paper.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Behzad Imanian.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

B. Imanian et al.

6

npj Science of Food (2022)    35 Published in partnership with Beijing Technology and Business University

https://www.foodsafetymagazine.com/magazine-archive1/junejuly-2020/the-benefits-and-barriers-of-whole-genome-sequencing-for-pathogen-source-tracking-a-food-industry-perspective/
https://www.foodsafetymagazine.com/magazine-archive1/junejuly-2020/the-benefits-and-barriers-of-whole-genome-sequencing-for-pathogen-source-tracking-a-food-industry-perspective/
https://www.foodsafetymagazine.com/magazine-archive1/junejuly-2020/the-benefits-and-barriers-of-whole-genome-sequencing-for-pathogen-source-tracking-a-food-industry-perspective/
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The power, potential, benefits, and challenges of implementing high-throughput sequencing in food safety systems
	Introduction
	HTS development by biotechnology companies
	Adoption and use of HTS by U.S. governmental agencies
	Current HTS use, challenges, and opportunities in the food industry
	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




