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The age of precision food safety  

• The same tools used in “precisions agriculture” and “personalized 
medicine” are leading to a paradigm shift in food safety 
– Improved outbreak detection and surveillance 

– Improved source tracking 
– Improved definition and identification of 

pathogens 
– Shift to a predictive and pro-active rather 

then reactive approaches 

• “omics” tools are important for “precision 
food safety”, but other tools are part of this 
– Machine learning, Artificial Intelligence, 

Geographic information system (GIS)   

 



Outline 

• Background: NGS, WGS, metagenomics, data analysis 
etc. 

• Use of WGS for Improved outbreak detection  
• Use of WGS and other subtyping tools for source tracking 

and to understand pathogen persistence 
• Use of WGS to better define pathogens and food safety 

hazards: Listeria monocytogenes and Salmonella as case 
studies 

• Metagenomics  
• Challenges 

 

 

 



Sequencing technologies 
• Sanger Sequencing (First generation) 

– Most widely used sequencing technology for approximately 25 years 

• Next Generation Sequencing (NGS) 
– Also referred to as high-throughput sequencing 
– Includes most sequencing technologies that came after Sanger sequencing 
– Technologies 

• Second Generation (Short-read) 
– Illumina 
– Ion Torrent 
–454 pyrosequencing (Legacy Technology) 

• Third Generation (Long-read) 
–Pac-Bio 
–Oxford Nanopore 
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NGS and WGS  

• Whole genome sequencing (WGS) can be performed by Sanger or 
NGS 

• NGS can be used for many things other than WGS: 
– Metagenomics (“sequence all DNA found in a sample”) 

– Highly parallel sequencing of targeted genes (identify and sequence 
hundreds of specific genes in a given sample) 

– RNA-seq (“sequence all genes that are active in a given sample”) 
 

 

 

 

 
 

 

 

 



Bacterial Genome 

– Typically between 2 and 10 Mb (mega bases) 

–Core genome: genes present in most/all strains of a given 
species 

–Accessory genome: up to thousands of genes, not always 
present; can have very important functions (antimicrobial 
resistance, toxins) 

–Includes plasmids, prophages etc. 

 –“Whole genomes sequencing” rarely 
provides a sequence for the whole 
genome (unless genomes are finished, 
which today is not routinely done for 
standard applications) 

 



Workflow overview 

Assembly  

– Reference guided mapping – When you have “map” of final product, 
and try to match your pieces together to look like final product 

• Example: Jigsaw puzzle – you have picture and put pieces together 

– De Novo assembly– Put pieces together by what “makes sense” 

• Example: Jigsaw puzzle – you may not have picture, but can put pieces together 
by what fits together 

thermofisher.com 



Data analysis part 2: What is a SNP? 

• Single Nucleotide Polymorphism (SNP) 
ATGTTCCTC sequence   

ATGTTGCTC reference 

  

• Insertion or Deletion (Indel) 
ATGTTCCCTC sequence   

ATGTTC-CTC reference 

*differences not used in hqSNP analysis (SNV 
would includes indel) 

 



Data analysis part 2: the hq SNP concept 

Isolate 1 AACATGCAGACTGACGATTCGACGTAGGCTAGACGTTGACTG 

Isolate 2 AACATGCAGACTGACGATTCGTCGTAGGCTAGACGTTGACTG 

Isolate 3 AACATGCAGACTGACGATTCGACGTAGGCTAGACGTTGACTG 

Isolate 4 AACATGCATACTGACGATTCGTCGAAGGCTAGACGTTGACTG 

1 

3 

2 

4 

1 2 3 4 

1 0 

2 1 0 

3 0 1 0 

4 3 2 3 0 
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Whole genome multilocus sequence typing 
(MLST) 

• Database is built from genes found among diverse isolates 
of the species of interest 

• Each unique gene is referred to as a “locus” – a locus may 
include the entire gene or a piece of the gene 

• Any changes – SNP, insertions, deletions – equals a new 
allele call for a locus 

• New alleles are named sequentially when encountered- not 
based on sequence 

Locus 1 ACTAGAGGGAAA    ACTAGAGGCTAA ACT-GAGGGAAA 

    allele 1      allele 2    allele 3 

2 SNPs 1 indel 



Whole genome multilocus 
sequence typing (MLST) 

• Allows for simpler analysis and clear naming of subtypes 

• Performs comparison on a gene by gene level 

 Isolate A Isolate B Isolate C 

Locus 1 (303 nt) 1 1 1 

Locus 2 (102 nt) 1 1 2 

Locus 3 (1,200nt) 1 1 1 

Etc. 

Locus 2,005 (600nt) 1 1 2 

MLST type A A B 



SNPs and allele differences 

• L. monocytogenes: ∼2.5 × 10−7 substitutions per 
site per year (approx. one substitution on the core 
genome every 2.5 years) (Moura et al., 2016) 
– cgMLST types diversify slowly (roughly 0.2 alleles per year) 

• Salmonella Cerro: approx. 7 × 10-7 substitutions per 
site per year (Kovac et al., 2017) 

 

 



WGS and data analysis summary 

• Data analysis involves many steps 
• Considerable efforts and advancements in 

standardization and transparency 
• Different analysis approaches exist, but 

– Once a genome has been sequenced data can be reanalyzed 
with different methods 

– If done correctly, different methods typically give comparable 
results (may not apply to all organisms) 

• WGS analyses establish recent common ancestor, but do 
not establish (relevant) epidemiological link 
– Good epidemiological data and meta data are essential 

 

 

 

 



Outline 

• Background: NGS, WGS, metagenomics, etc. 
• Use of WGS for Improved outbreak detection  
• Use of WGS and other subtyping tools for source 

tracking and to understand pathogen persistence 
• Use of WGS to better define pathogens and food safety 

hazards: Listeria monocytogenes and Salmonella as case 
studies 

• Metagenomics  

 

 

 



PulseNet allows 
international outbreak 

detection and traceback – 
a hypothetical example 

Food isolate, deposited into 

PulseNet 

Human case 

Human case 



Xbal               SpeI   

L 

Den Bakker 

et al. 2011. 

AEM. 

Includes isolates form 

Salmonella outbreak 

linked to sausages 

(Rhode Island) and 

isolates from pistachios 



Tip-dated maximum clade credibility tree 
based on SNP data for 47 Montevideo 
isolates 



 





Salmonella Enteritidis is most common cause of human salmonellosis in the US 

– poorly resolved by current subtyping technologies. 

 

 

PFGE type  frequency 4
34
2
21
5
8
19
692
56
23
327
88
231
899
879
199
184
171

52 PFGE types 



Taylor et al. JCM. 2015 
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2000 US outbreak - Environmental 
persistence of L. monocytogenes 

• 1988: one human listeriosis case linked to hot dogs produced by plant X 

• 2000: 29 human listeriosis cases linked to sliced turkey meats from plant X 

1988 and 2000 isolates differed by as little as 1 SNP (Orsi et al., 2008) 
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L. monocytogenes persisted in rubber 
floor mats despite sanitation 

Listeria can be protected from sanitizer in “micro-cracks”, but can 

be squeezed out by pressure if people stand on mats   



Implications: a hypothetical case study 

• January 2016: sliced turkey from plant A found 
positive for L. monocytogenes when a sample 
collected at a supermarket was tested 



Implications: a hypothetical case study 

• January 2016: sliced turkey from plant A found 
positive for L. monocytogenes when a sample 
collected at a supermarket was tested 

• December 2016: ham from plant A found positive 
for L. monocytogenes when a sample was tested 



Implications: a hypothetical case study 

• January 2016: sliced turkey from plant A found 
positive for L. monocytogenes when a sample 
collected at a supermarket was tested 

• December 2016: ham from plant A found positive 
for L. monocytogenes when a sample was tested 

• Isolates from January and December match by WGS 
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Consequences of unreliable differentiation 
between pathogens and non-pathogens can 

be costly 

• Suspected botulism-causing bacteria identified in whey products 

• ~1,000 tones of products recalled in 7 countries 

• No disease cases 

• Detailed strain characterization confirmed species misclassification 

 





Bacara                  BCBT                 BHI 

B
. 
w

ei
h

en
st

ep
h

a
n

en
si

s 
  
 B

. 
ce

re
u

s 
(s

.s
.)

 Bacara                  BCBT                 BHI 

B
. 
w

ei
h

en
st

ep
h

a
n

en
si

s 
  
 B

. 
ce

re
u

s 
(s

.s
.)

 

Traditional phenotypic traits (e.g., lecithinase, colony 

morphology, hemolysis) are not strong indicators for 

differentiating among species within the B. cereus group 

 

 

 

 

 

 

 

 

 

 

 
Figure 1  Morphology of B. cereus group strains on bacara, Bacillus 

cereus/Bacillus Thuringiensis (BCBT), and brain heart infusion (BHI) agars. 

 

 

 

16S rRNA-based differentiation among B. 
cereus group species 

Miller et al., 2016 



Number of isolates Ribotype 

Food Human 

P-value 
1)

 Comments 

DUP-1030A 8 8 NS  

DUP-1030B 0 10 ** not found in food 

DUP-1038B 15 63 ****  

DUP-1039A 12 31 **  

DUP-1039B 18 43 **  

DUP-1039C 35 25 NS  

DUP-1042A 11 16 NS  

DUP-1042B 18 72 ****  

DUP-1042C 14 0 *** multiple food types, not in humans 

DUP-1043A 30 16 *  

DUP-1044A 11 28 **  

DUP-1044B 1 19 *** rarely found in food 

DUP-1044E 10 0 ** blue cheese only 

DUP-1045B 14 11 NS  

DUP-1052A 58 39 *  

DUP-1053A 24 41 *  

DUP-1062A 151 9 **** rarely found in humans 

DUP-1062D 28 1 **** rarely found in humans 

rare 22 42 * Ribotypes with 1-4 isolates 

uncommon 22 33 NS Ribotypes with 5-8 isolates 

Total 502 507 **** Overall analysis of ribotype vs. origin 
1)

 P-values refer to comparison of origin between ribotype specified in that row vs. all other ribotypes 1 

where NS = not significant, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 2 

Molecular characterization of Listeria 
monocytogenes human, and food isolates 



Virulence attenuation of ribotype DUP-1062A 

Isolates with ribotype DUP-1062A carry a premature stop codon 
in inlA, which leads to reduced invasion of human epithelial cells 

Wildtype 

inlA (745 aa) 

DUP-1062A 

inlA (631 aa) MA 

Truncated & Secreted 
InlA 

L. mono L. mono 

Human Cell Human Cell 

E- Cadherin 

Full-Length  InlA 



Salmonella Cerro – an emerging cattle 
pathogen (NY data) 
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Kovac et al. unpublished. 



S. Cerro displays mutations that may reduce 
human virulence  

Non-synonymous mutation in sopA, which results in premature stop 
codon on position 434/783 

– All analyzed S. Cerro isolates carried this mutation 
 

 
 
sopA encodes an effector protein 
– A E3 ubiquitin ligase that interferes with host signaling pathway 
– Alters host cell physiology and promotes bacterial survival in host tissues 

• Additional mutations in D-alanine transporter, which is Involved 
in intracellular survival in murine macrophages 
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Could this be the future? 

• Auditor conducts audit of supplier facility X; collects 5 
samples of ingredient (e.g., pepper), which are 
subsequently characterized by metagenomic analysis 

• Subsequently, metagenomic analysis is conducted, at 
a risk-based frequency, of lots received at customer 

• Lots that show “substantial” deviation will trigger 
further analyses (and possibly other actions?)  

–Statistical approaches to reliably identify meaningful 
deviations as main challenge 

 



Figure taken from Hong et al., 2016. 

Nature Scientific reports   

A hypothetical example  

4 samples 

taken during 

plant audit 



Challenges 

• Bacteria with very few/no SNP differences can be found in 
different locations, foods, and food associated 
environments 
– WGS will rarely give a final answer 
– Epidemiology is more important than ever 

• Metagenomics detects both live and dead cells 
– Is presence of certain genes a public health hazard (business risk) even 

if we don’t know if they are found in a living cell 

• Uncertainty around data interpretation, different data 
analyses approaches, and data use may affect industry 
willingness to use technologies 
– Can we have a “safe harbor” for industry use of WGS and 

metagenomics tools 

 
 

 

 



Conclusions 

• Precision food safety is here  
• Improved outbreak detection, surveillance, source 

tracking and bacterial identification due to WGS use is 
the new reality 

• Roadmap for other uses of WGS and NGS is less clear 
– Will metagenomics and WGS replace “hygiene indicators” and will these 

tools be used for process control 
– Will we change the approach to defining hazards and move away form 

bacterial species and serotypes to genomic –based hazard characterization 

• Training is essential to facilitate efficient and appropriate 
use of WGs, NGS, and other “precision food safety 
tools” 
 

 

 
 

 




