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A B S T R A C T

We review how FDA surveillance identifies several ways that whole genome sequencing (WGS) improves ac-
tionable outcomes for public health and compliance in a case involving Listeria monocytogenes contamination in
an ice cream facility. In late August 2017 FDA conducted environmental sampling inside an ice cream facility.
These isolates were sequenced and deposited into the GenomeTrakr databases. In September 2018 the Centers
for Disease Control and Prevention contacted the Florida Department of Health after finding that the pathogen
analyses of three clinical cases of listeriosis (two in 2013, one in 2018) were highly related to the aforementioned
L. monocytogenes isolates collected from the ice cream facility. in 2017. FDA returned to the ice cream facility in
late September 2018 and conducted further environmental sampling and again recovered L. monocytogenes from
environmental subsamples that were genetically related to the clinical cases. A voluntary recall was issued to
include all ice cream manufactured from August 2017 to October 2018. Subsequently, FDA suspended this food
facility's registration. WGS results for L. monocytogenes found in the facility and from clinical samples clustered
together by 0–31 single nucleotide polymorphisms (SNPs). The FDA worked together with the Centers for
Disease Control and Prevention, as well as the Florida Department of Health, and the Florida Department of
Agriculture and Consumer Services to recall all ice cream products produced by this facility. Our data suggests
that when available isolates from food facility inspections are subject to whole genome sequencing and the
subsequent sequence data point to linkages between these strains and recent clinical isolates (i.e., < 20 nu-
cleotide differences), compliance officials should take regulatory actions early to prevent further potential ill-
ness. The utility of WGS for applications related to enforcement of FDA compliance programs in the context of
foodborne pathogens is reviewed.

1. Introduction

Whole genome sequencing (WGS) has been used to provide detailed
characterization of foodborne pathogens. Genomes comprising diverse
groups of pathogenic genus and species including Listeria mono-
cytogenes, E. coli, Salmonella, Campylobacter and Vibrio have provided
insight into the genetic make-up and relatedness of these pathogens.
Numerous government agencies, industry, and academia have devel-
oped applications in food safety using WGS approaches such as out-
break detection and characterization, source tracking, and determining
the root cause of a contamination event. In this particular case study,
the FDA GenomeTrakr database, PulseNet and The NCBI Pathogen
Detection Portal were used to cluster and characterize low levels of

sporadic illnesses caused by L. monocytogenes that had been docu-
mented in the United States. By fusing WGS with the GenomeTrakr
database, a relationship emerged early between sequences from en-
vironmental swabs and those derived from clinical L. monocytogenes
samples. This observation supported a potential relationship between
illnesses and non-food contact environmental samples obtained as part
of FDA inspection activities at this food manufacturing facility. This was
an important lead as traditional cluster detection methodologies based
on PFGE did not identify these cases as an outbreak cluster so they had
not previously been investigated for a common vehicle, prior to the
linkage referred to here with the FDA samples. As WGS testing and
additional follow-up questioning ensued, public health officials con-
cluded that the illnesses were, in fact, related exposure to the suspect
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ice cream eaten by ill consumers. The authorities reported this in-
formation to the food company, and the firm issued a voluntary recall
notice for all of their ice cream products. This was followed by sus-
pension of the facility's registration. In this case, strong genomic evi-
dence mobilized the Office of Compliance early, documenting an ex-
ample where application of WGS and the resultant sequence evidence
derived from it provided clear and actionable data to support further
investigation.

WGS has been applied to the traceback of foodborne pathogens
where insufficient genetic resolution bogged down existing subtyping
tools (Lienau et al., 2011; Allard et al., 2013; Hoffmann et al., 2014).
The primary application of using WGS for pathogen surveillance was to
look for close matches between clinical and environmental isolates,
although any WGS linkage can support an investigation and direct
additional inquiry (Mellmann et al., 2014; Ashton et al., 2015; Dallman
et al., 2016a). In addition to finding similar “matches” in the database,
another advantage of WGS data as the premier subtyping tool for
foodborne pathogen traceability was the ability to reconstruct the
evolutionary history within a cluster of clonal isolates, enabling the
identification of a recent common ancestor or source of a contamination
event (Chen et al., 2017a; Chen et al., 2017b; Hoffmann et al., 2016).
These phylogenetic cluster analyses are highly accurate and can be
made readily available, often making the genomic linkage the first lead
in an outbreak or compliance investigation, whether this is linking
clinical, environmental or both kinds of isolates. In an ideal pathogen
surveillance network, these genetic linkages need to be analyzed, in-
vestigated and acted on rapidly. Additionally, WGS data diversity in the
database should represent the real-world, global, microbial diversity
and should include sequences from all countries currently gathering
pathogen genomes. Such a database should be manifold in structure
and comprise genome sequences from food, environmental and clinical
sources (Allard et al., 2016; Gardy and Loman, 2018). A contamination
event discovered in the United States may involve foods that were
traded on the other side of the world as documented by a recent case
study involving trade with Australia (Kwong et al., 2016a). A dearth of
real-time WGS data sharing remains in some parts of the world, and
despite several conspicuous reasons for this lack of open data avail-
ability (Aarestrup and Koopmans, 2016; Nadon et al., 2017), the con-
cern remains that some contamination events likely will not be fully
elucidated thus allowing globally traded contaminated product to
linger in the food supply chain for extended periods. Restated, the
sharing of all WGS data in real-time globally enables timely access for

analysis of the data to all relevant stakeholders engaged in food safety
surveillance and mitigation (Allard et al., 2016). Moreover, the con-
tinued pooling of data to an open and common curated source(s) allows
for refinement of geographical mapping of foodborne pathogen species
on a global scale. Unfortunately, many countries still do not actively
share genomic data or metadata, an act that clearly stifles growth of
global open-source WGS databases, and potentially limits insight into
the sources of foodborne contamination and outbreaks on an interna-
tional scale (Van Walle et al., 2018; Yozwiak et al., 2015). Both the
Food and Agricultural Organization (FAO, http://www.fao.org/food/
food-safety-quality/a-z-index/wgs/en/) and World Health Organization
(WHO, http://www.who.int/foodsafety/publications/foodborne_
disease/wgs_landscape/en/) are developing guidance documents on
the value and barriers of WGS technologies for many countries, and the
intrinsic value of sharing these data. As an example, the GenomeTrakr
database is made publicly available in real-time in support of these lofty
goals (Allard et al., 2016). The database is housed within the National
Center for Biotechnology Information (NCBI) and their Pathogen De-
tection web tools (https://www.ncbi.nlm.nih.gov/pathogens/) which
provide WGS genomic linkages and phylogenetic trees daily, funded by
NCBI. Additionally, the Centers for Disease Control and Prevention
(CDC) led PulseNet Network also uploads all SRA genomic data to NCBI
as does the United States Department of Agriculture's Food Safety and
Inspection Services (USDA-FSIS). Together these data comprise a one-
health oriented database where clinical, veterinary, food and environ-
mental WGS samples are combined to discover novel linkages among
foodborne pathogens from various niches. Each of these governmental
agencies releases minimal metadata for the isolates including who,
what, when and where. For example, NCBI biosample SAMN07702403
for strain FDA00012171 lists this isolate as an environmental swab
from FL, with a collection date of 2017-08-30 and sequenced from FDA
lab 0973150-044-001. The federal laboratories also keep confidential
data that is not made publicly available such as firm names, specific
locations of food manufacturers, and commercial details of ingredient
sources for each specific food product. Confidential data often is shared
among professional public health agencies in-order to solve outbreaks.
The Listeria monocytogenes ice cream case study presented here docu-
ments the value of intervention, even when only a few isolates match
genomically and or are observed over a long period of time (Table 1). It
also highlights the critical need to conduct WGS testing on all clinical
and environmentally derived isolates of Listeria infected and ill patients
in real-time as these data have the potential to provide critical evidence

Table 1
Metadata of environmental and clinical isolates of Listeria associated with ice cream. Sequences are deposited at NCBI.a

Strain Isolate Create date Location Isolation type BioSample Figure

CFSAN004306 PDT000102694.2 1/21/2016 USA:OK bbq beans w/beef SAMN03354331 1
FDA00011473 PDT000200081.2 4/5/2017 USA:VA Environmental swab SAMN06649805 1
FDA00012171 PDT000244002.2 9/26/2017 USA:FL Environmental swab SAMN07702403 1
FDA00012170 PDT000244003.2 9/26/2017 USA:FL Environmental swab SAMN07702404 1
FDA00012169 PDT000244004.2 9/26/2017 USA:FL Environmental swab SAMN07702405 1
FDA00012166 PDT000244007.2 9/26/2017 USA:FL Environmental swab SAMN07702408 1
FDA00012164 PDT000244009.2 9/26/2017 USA:FL Environmental swab SAMN07702410 1
FDA00013579 PDT000400899.3 11/8/2018 USA:FL Environmental swab SAMN10368217 1
FDA00013578 PDT000400902.3 11/8/2018 USA:FL Environmental swab SAMN10368218 1
PNUSAL000220 PDT000000969.3 11/19/2013 USA Clinical SAMN02361174 2
PNUSAL000373 PDT000001329.3 11/19/2013 USA Clinical SAMN02400182 2
FDA00012168 PDT000244005.2 9/26/2017 USA:FL Environmental/other SAMN07702406 2
FDA00012167 PDT000244006.2 9/26/2017 USA:FL Environmental/other SAMN07702407 2
FDA00012165 PDT000244008.2 9/26/2017 USA:FL Environmental/other SAMN07702409 2
PNUSAL004217 PDT000362180.1 8/13/2018 USA Clinical SAMN09813030 2
FDA00013582 PDT000393756.1 10/21/2018 USA:KS Environmental/other SAMN10251102 2
FDA00013583 PDT000393775.1 10/21/2018 USA:KS Environmental/other SAMN10251093 2
FDA00013584 PDT000393777.1 10/21/2018 USA:KS Environmental/other SAMN10251092 2
FDA00013577 PDT000400898.3 11/8/2018 USA:FL Environmental/other SAMN10368216 2

a Genome Accessions are provided for FDA isolates from the inspections involving ice cream that were assembled and submitted to GenBank; SRA accessions are
provided for all other isolates. Metadata and WGS associated with clinical isolates were provided by CDC PulseNet.
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in support of compliance investigation and regulatory response.

2. Materials and methods

Minimal methods are provided for this case study to document how
FDA surveillance identifies several ways that WGS improves actionable
outcomes for public health and compliance in cases involving Listeria
monocytogenes contamination. More detailed methods have been pub-
lished for several Listeria cases (Chen et al., 2016, Chen et al., 2017b, Li
et al., 2017, Chen et al., 2017c; Burall et al., 2016). In late August 2017
FDA conducted environmental sampling inside an ice cream facility as
part of an FDA sampling assignment designed to gather baseline en-
vironmental surveillance data and other inspection information on ice
cream facilities. When investigators collect an environmental sample
this generally consists of one hundred subsamples across zones 1 (e.g. a
food contact surfaces) and 2 (e.g. likely to contaminate a food contact
surface). At each facility roughly 200 environmental swabs are col-
lected and assessed for the presence of foodborne pathogens. If positive
isolates are observed, then often a second inspection is conducted
where roughly 300 to 400 additional environmental swabs are collected
and assessed for the presence of foodborne pathogens. The timing and
extent of additional inspections depends on the circumstances ob-
served. Libraries of genomic DNA were prepared with the Nextera XT
DNA Library Preparation Kit (Illumina, San Diego, CA) and subse-
quently sequenced on a MiSeq (Illumina, San Diego, CA) according to
the manufacturer's instruction. Quality control and assessment of the
genomic data followed FDA validated and published methods (Timme
et al., 2019a, 2019b). Paired-end reads were assembled using SPAdes
software v 3.X with default settings and invoking the –careful and –cov-
cutoff auto options (Bankevich et al., 2012). Annotations of assemblies
were processed using the NCBI's Prokaryotic Genome Annotation Pi-
peline (PGAP, Tatusova et al., 2016). Fastq files obtained from MiSeq
run were used as input of CFSAN SNP pipeline v 0.8 (Davis et al., 2015).
The CFSAN SNP pipeline was used to generate a SNP matrix, with high-
density SNP regions filtered (i.e., those with> 3 SNPs within 1Kb). The
GARLI (Genetic Algorithm for Rapid Likelihood Inference) v 2.01 was
used to reconstruct the maximum likelihood (ML) phylogenetic tree.
We searched the best tree with 10 ML replicates and conducted boot-
strap analysis for 1000 replicates (ratematrix= 6rate; rate-
hetmodel= gamma). Python program SumTrees was used to generate
the ML phylogenetic tree with bootstrap values (https://pythonhosted.
org/DendroPy/programs/sumtrees.html). The phylogenetic relation-
ships among the strains in comparison with others isolated worldwide
and SNP Cluster nomenclature were checked at the NCBI Pathogen
Detection url (https://www.ncbi.nlm.nih.gov/pathogens). Identifica-
tion of acquired antimicrobial resistance genes (Clausen et al., 2016;
Knowles et al., 2016; McDermott et al., 2016) and plasmids within the
outbreak isolates were performed using ResFinder v3.0 (Zankari et al.,
2012; Zankari et al., 2017) and PlasmidFinder v1.3 (Carattoli et al.,
2014), respectively. As an aside, we believe that general food micro-
biologists will greatly benefit from a thorough understanding of pre-
cisely how to these powerful new genomic tools are being used. Part of
learning a new field is also learning the language. Detailed glossaries
are readily available online and provide definitions for molecular
biology, genomics and phylogenetics terminology for example see
https://www.ncbi.nlm.nih.gov/projects/genome/glossary.shtml and
https://ucmp.berkeley.edu/glossary/gloss1phylo.html as examples.”

3. Results

Listeria monocytogenes derived from five environmental subsamples
from FDA's 2017 sample 0973150 (subs FDA00011473, FDA00012171,
FDA00012170, FDA00012169, FDA00012166, FDA00012164), and
2018 samples FDA00013579 and FDA00013578 are genetically related
based on SNP distance (≤20 SNPs) and a monophyletic relationship
(NCBI cluster PDS000004821.11, Fig. 1, Table 1) in the resultant

phylogenetic tree. Three subsamples from FDA's 2017 sample 973,150
(subsamples FDA00012168, FDA00012167, and FDA00012165) and
2018 sample FDA00013577 formed a second distinct cluster (NCBI
cluster PDS000025188.7, Fig. 2) and were determined to be the same
strain as three CDC-sequenced clinical isolates (two clinical isolates
from 2013 (PNUSAL000220, PNUSAL000373) and one clinical isolate
from 2018 (PNUSAL004217)) based on SNP distance (≤20 SNPs) and a
monophyletic relationship with perfect bootstrap support (100%). The
NCBI pathogen detection data analysis pipeline clusters isolates that are
between 0 and 50 SNP differences apart. These strains are distinct and
only represented by these 7 isolates out of ~21,000 L. monocytogenes
isolates in the NCBI Pathogen database at the time of analysis. These
strains had not been isolated previously from food or environmental
samples from any other firm for which WGS data is available. Two
strains of L. monocytogenes isolated from environmental samples col-
lected by FDA investigators during an ice cream facility inspection in
2018 (FDA00013579 and FDA00013578) were determined to be the
genetically related to strains isolated from the 2017 inspection of the
same facility, indicating the presence of multiple resident L. mono-
cytogenes strains (Table 1, Fig. 1). Other strains were determined to be
genetically related to clinical isolates from 2013 and 2018 (Table 1,
Fig. 2) indicating that this strain of L. monocytogenes can cause illness
and has potentially been resident since at least 2013. The WGS findings
strongly predicted that an epidemiological link would be found, and
this was confirmed after exposure findings were completed that pointed
to these contaminated ice cream products as the causative agent for the
three clinical illnesses reported in 2013 and 2018. FDA, CDC and the
Florida Department of Health discussed these findings with the firm and
the firm issued a voluntary recall notice for all ice cream products that
was then followed by FDA suspending the firm. For a detailed de-
scription of FDA safety alerts and advisories see (https://www.fda.gov/
Food/RecallsOutbreaksEmergencies/SafetyAlertsAdvisories/
ucm624256.htm). The phylogenetic results also are available at The
NCBI Pathogen Detection web site by searching for the NCBI clusters
PDS000004821.11 and PDS000025188.7 (https://www.ncbi.nlm.nih.
gov/pathogens/isolates/#/search/taxgroup_name:%22Listeria
%20monocytogenes%22%20AND%20PDS000025188.7). This case
study shows that low levels of sporadic L. monocytogenes contamination
induced illnesses that were linked by WGS to predict a common source
and root cause. With application of WGS, a genomic linkage to a food
manufacturing location was quickly and convincingly established al-
lowing for mobilization of FDA's compliance officials to act rapidly.
This is not the first instance of the use of WGS to identify contamination
events caused by very low levels of sporadic contamination persisting in
a food facility, nor is it the first reporting of L. monocytogenes in an ice
cream product (Pouillot et al., 2016, Chen et al., 2016, Chen et al.,
2017b, Li et al., 2017, Chen et al., 2017c; Burall et al., 2016). PulseNet
has recently replaced PFGE with WGS as the primary molecular sur-
veillance tool for Listeria (Jackson et al., 2016), and other foodborne
pathogens such as enterohemorrhagic E. coli and Salmonella are soon to
follow. It is notable that WGS evidence has improved most con-
tamination investigations as some PFGE matches may not trigger
cluster investigation since related cases spread out over several months
or years and often do not rise above the background illness. With the
adoption of WGS analysis for all clinical, food and environmental iso-
lates, the potential for more refined and accurate cluster detection now
exists. This approach, which integrates WGS into investigatory work-
flow will only further strengthen compliance efforts as more data are
shared in real-time and globally. Several bottlenecks to the in-
vestigatory process persist as part of current compliance and outbreak
investigational workflow. Such checkpoints in the process include fa-
cility inspections, epidemiological food exposure determinations with
statistical confidence, and record review and auditing all of which are
slower and more interactive processes requiring investigators on the
ground, patient questionnaires, and/or follow up additional inspections
and laboratory analyses. WGS-based phylogenetic clustering provides a
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new and valuable step in this workflow because of the rapidity and
accuracy of the resultant genetic linkages. Additional methods have
been proposed to speed up investigations such as predicting zoonotic
source attribution using machine learning from WGS data (Zhang et al.,
2019).

4. Discussion

4.1. What is unique about this case?

WGS provided detailed information and an increased degree of
certainty in identifying the source of this sporadic contamination
cluster. WGS sequencing mitigated the associated compliance in-
vestigation substantially. Indeed, its specific role augmented FDA's
decision-making processes in a series of observations including sup-
porting the thesis that these illnesses were a cluster and linked to spe-
cific L. monocytogenes isolates found in an ice cream facility – likely
source of this contamination event. It is noteworthy that traditional
epidemiology, after exposure data was collected and analyzed, further
supported the relationship between the illness isolates and isolates from
the processing facility. Arguably, this particular event is a poignant
example of where WGS has aided in solving a food safety concern that
may not have been solved previously. The continued adoption of WGS
applications makes it far more likely that contamination sources asso-
ciated with sporadic foodborne illnesses will now be able to be iden-
tified (Van Walle et al., 2018; Franz et al., 2016; Ronholm et al., 2016;
Dallman et al., 2016b). FDA and their regulatory offices now include
genomic evidence when disclosing compliance investigation details to
firms. With this additional information, companies can determine
whether a voluntary recall notice is appropriate and can also act to
improve preventative controls that may have broken down in produc-
tion processes. Voluntary recall is an important method to speed up the
removal of contaminated product and quickly reduce the public health
burden during a contamination event.

The GenomeTrakr and PulseNet databases further leverage WGS
technology in an open-access platform which enables more rapid
identification of the root sources of foodborne illness and, in turn, al-
lows for faster public health response and reduced numbers of illnesses.
WGS has been fully deployed across FDA field laboratories, and this
detailed genomic approach is now being applied to all FDA-derived

isolates of Salmonella, E. coli, Campylobacter and Listeria in real-time as
they are collected from food and environmental sources. To this end,
FDA WGS analysts welcome legitimate scientific criticism to improve its
analytical methods, but to be convincing, such criticism should include
transparent side-by-side analyses and results that compare methods
(i.e., between K-mer, SNP and MLST approaches) clustering the same
genomic dataset(s). As an example, Nadon et al. (2017) recently re-
ported several weaknesses of a SNP-based analytic approach, yet sci-
entific evidence supporting these claims remains scant. On the contrary,
FDA's GenomeTrakr workflow ascribes several beneficial attributes to
its own SNP-based validated pipeline including the ability to provide
for: 1) stable strain nomenclature; 2) international standardization; 3)
curation; and 4) scalability (Davis et al., 2015; Allard et al., 2016;
Timme et al., 2019b).

Public health professionals understand that the speed at which one
can identify the cause of a contamination event has health con-
sequences. This work identifies ways that WGS improves actionable
outcomes for regulatory and public health entities. One way is to se-
quence more foodborne pathogens from food, environmental and
clinical sources and to share them in real-time in publicly available
databases. Global comparisons ensure that contamination due to in-
ternational travel and trade is identified rapidly. Another way is when
isolates are available from food facility inspections and the WGS data
links these isolates to clinical isolates by a few nucleotide differences,
FDA's Compliance officials may be activated early to launch regulatory
actions. The ice cream Listeria case reported here, catalyzed by WGS,
was an example of an early-warning match observed by FDA com-
pliance investigators despite the sporadic nature of the illness and the
length of time spanned. The continued success and support of WGS
technology in food safety has made it indispensable for recognizing
other contamination events. Indeed, it is now common practice to
surveil for early matches between foods, environmental samples and
clinical cases (Gwinn et al., 2017; Jackson et al., 2016; Kwong et al.,
2016b; Lambert et al., 2017; Moura et al., 2017; Waldram et al., 2018).

In conjunction with this practice, FDA currently inspects roughly
800 facilities per year with 200 environmental swabs collected at each
inspection for a total of 160,000 samples. From this effort, roughly one
in four firms produce positive foodborne pathogen isolates all of which
are sequenced and uploaded (2000 to 4000) into the GenomeTrakr
database and NCBI Pathogen Detection where they are shared publicly,

Fig. 1. Phylogenetic results of Listeria clustering environmental isolates, NCBI Pathogen detection cluster PDS000004821 (as of date of April 23, 2019). The number
line corresponds to SNPs, where the branch length is proportional to the number of SNPs present. Detailed SNP differences also are available at the NCBI Pathogen
Detection site by searching for either strain IDs or SNP cluster IDs. * indicates contamination cluster.

Fig. 2. Phylogenetic results of Listeria clustering environmental swabs and clinical isolates, NCBI Pathogen detection cluster PDS000025188.7 (as of date of April 23,
2019). The number line corresponds to SNPs, where the branch length is proportional to the number of SNPs present. Detailed SNP differences also are available at
the NCBI Pathogen Detection site by searching for either strain IDs or SNP cluster IDs. * indicates contamination cluster.
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including with PulseNet and USDA FSIS, as well as global public health
laboratories. Depending on the phylogenetic clusters observed, FDA
may act with further inspections, communications and advisories to
coordinate public health response. The cumulative number of com-
pliance actions/cases supported by WGS since 2014, in conjunction
with the Office of Analytics and Outreach, is 370 cases, with 29 new
cases in FY18 Q4, ending in October.

Over the past four years (2014–2017) the FDA office of compliance
and office of regulatory affairs has collected and sequenced 11,672
isolates gathered from contaminated facilities during routine surveil-
lance, as well as outbreak and post-outbreak response. As all of these
isolates have known geographic locations and provenance, our biosta-
tistics have been able to calculate several probabilities including: P
(F|D≤ d): What is the probability that 2 isolates are collected from the
same food facility if their genetic distance is no more than d SNPs?; P
(D≤ d|F): What is the probability that the genetic distance of 2 isolates
is no more than d SNPs if both of them are collected from the same food
facility?; and P(D≤ d|!F): What is the probability that the genetic
distance of 2 isolates is no more than d SNPs if they are collected from
different food facilities? The details of this analytical work are pub-
lished (Wang et al., 2018) and includes two data sets, one for Salmonella
(n=6351) and one for Listeria (n=5321), including isolates se-
quenced from our freezer collections as well as recent samplings, 04/
04/1999 to 07/24/2017. In the Wang et al. (2018) manuscript, the
authors clearly define the parameters in the probability equations, and
clearly state how their hypothesis testing is structured. For results after
bias adjustment, P= .91 for Salmonella and P=100.00 for Listeria
when SNP distance is 0. The facility match probability reduces with
increase SNP distance on a continuum, with the various probability
distributions varying between the two species. The take home message
is that when SNP distances are low there is a high probability that the
isolates came from the same facility. These foodborne pathogens are
evolving uniquely in the facilities that they reside, allowing FDA to
leverage this bacterial characteristic to use in source tracking and root
cause analysis. Closely related isolates (< 10–20 SNPs) generally ori-
ginate from the same facility (Pightling et al., 2018). Facilities with
multiple positive findings often had multiple strains.

This ice cream case study documents that, as a tool for food safety
and compliance, WGS case reports are rare. Food facilities are faced
with the similar infection control problems that hospitals and hospital
networks are also dealing with, and that WGS could provide solutions
for termed “precision epidemiology” (Ladner et al., 2019). The detailed
metadata associated with isolates and the clusters into which they
group into also supports efforts to improve risk assessment and risk
management (Sanaa et al., 2018). This analysis provides further evi-
dence that the high resolution and greater certainty of linkage from
WGS, by better informing source attribution and root cause analyses,
greatly enables government regulators to aid in decisions regarding
removing contaminants from the food supply through source attribu-
tion and root cause analysis. The added value of a distributed network
of desktop sequencers uploading WGS data from all contaminants
available from the inspections of food facilities was documented as was
the need for the regular inspection of high-risk commodities and the
associated facilities that produce them. This study documented the need
for a more rapid process that later included more automation and in-
tegration that is now part of the current methods supported by the
GenomeTrakr and the NCBI Pathogen Detection tools. As speed and
action are needed to reduce the impact and public health consequences
for any contamination event, there was value of network support for
both data collection, as well as bioinformatic support was obvious. The
NCBI Pathogen detection web site currently provides automated phy-
logenetic analysis from validated data-analysis pipelines to regularly
cluster all incoming data. This is further confirmed by FDAs validated
CFSAN- SNP pipeline. The NCBI systems are designed to identify all
clusters of 50 SNPs or less. Careful screening of all new genomes for
phylogenetic clusters of 0–20 SNPs away is also regularly conducted, as

is the ability to look for any cluster that include at least one food and
environmental isolate with at least one clinical isolate. Because of the
compliance work documented in this study here, FDA bioinformaticists
now watch for any new isolates clinical or veterinary strains that match
FDA isolate genomes to determine whether additional investigation is
warranted.

Another strength of making the genomic data public available is
that it allows food production and testing companies the ability to
download all GenomeTrakr data and validated software locally so that
they can identify potential issues and minimize the impact to their
brand without a need to upload their data to the public database.
Therefore, companies can take advantage directly of the data for the
good of public health and their customers. Several companies and third-
party providers have already recreated the GenomeTrakr and NCBI
Pathogen Detection data and tools thus permitting them to apply these
important data directly toward augmenting their own preventive con-
trols programs. FDA also provides the data publicly to further foster
innovation and encourage more proactive stances among food industry
partners. Several diagnostic companies have used these genomic data
already to design better tests for enteric foodborne pathogens.

The economic savings gained from the adoption of WGS methods
has been published (Jain et al., 2019) and suggests that Canada, as one
example, could be saving from $5,000,000 to $90,000,000 USD an-
nually in controlling and responding to Salmonella-derived food safety
concerns alone. If one extrapolates the Canadian study to the United
States costs for the burden of foodborne illnesses (Minor et al., 2015)
then the savings annually would be estimated at billions of US dollars
across the food safety sector. A more detailed economic estimate must
be assessed to determine the exact figure, but the idea is clear that
adoption of WGS both nationally and internationally could provide
significant savings to public health, the burden of foodborne illness, and
the costs associated therewith.

5. Conclusions

In this case study and review, we have shown how regulatory au-
thorities and public health officials in government can leverage the
power of WGS to identify, characterize and remove contaminants that
emerge in the farm to fork continuum. These Data sharing and com-
pliance work flows involving WGS are mechanisms which are highly
coordinated both within the agency as well as across the sectors of food,
environmental and clinical public health including the CDC, FDA, NCBI,
USDA-FSIS and state departments of health and agriculture labora-
tories. The FDA GenomeTrakr database and network are specific for
food safety, while the NCBI Pathogen Detection site also is available for
other human pathogen groups including nosocomial and veterinary
pathogens, so these mechanisms can be utilized both by other countries
and for additional pathogenic bacterial species. The potency, degen-
eracy, and agnostic nature of WGS data allows for academicians, in-
dustry scientists, and or government officials to document and leverage
common and specific applications for this powerful tool to improve
food safety. This then can be adopted across the globe and allow for
rapid identification, linkage, and prevention for both compliance ac-
tions and outbreak detection of foodborne contamination events as they
emerge globally in the food and feed supply. It is noteworthy that the
crosscutting application of WGS data inherently provides a mechanism
to expand global one health objectives for full molecular epidemiolo-
gical integration and linkage across the different disparate public health
sectors including those comprising clinical, foods, and environmental
pathogens. When WGS is tied to global real-time data-sharing timely
discovery of foodborne pathogens can be tracked at a global level.
These growing efforts suggest that it is time for global comprehensive
international discussions, perhaps through the World Health
Organization and or the Food and Agriculture Organization for co-
ordinated efforts among governments to wholly exploit the full poten-
tial of this powerful new tool for improved food safety and public
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