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Recent Advances in Food Safety Science 

“THE 5 SECOND RULE” 



What’s New in Food Safety? 
 

What’s New in Food Microbiology? 
 

What’s the New Food Microbiology? 
 

What’s the New Microbiology? 
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A high-throughput sequencing method that 

parallelizes the sequencing process,  

producing millions of sequences at once. 

 

Over the past 7 years, “Next-Generation” 

sequencing technologies have made 

accessible data capable of answering 

questions fundamental to our understanding 

of life and the factors that govern human 

health.  The combination of the vast increase 

in data generated, coupled with plummeting 

costs required to generate these data, has 

rendered this technology a tractable, general 

purpose tool for a variety of applications.  

Next-Generation Sequencing 
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“Whole Genome Sequencing Is The Biggest Thing To  

Happen To Food Microbiology Since  

Pasteur Showed Us How To Culture Pathogens…” 
Dr. Jorgen Schlundt 

Exec Director and Founder 
The Global Microbial Identifier 

 



Background: CFSAN SNP Pipeline 

http://www.ibbl.lu/wp-content/uploads/2012/07/SNPs.jpg 

Reference 

Food or  
Environmental 

Isolate 

Single Nucleotide Polymorphism 



Pedigree vs Phylogeny 



Is WGS a viable solution? 

• Cost  

• Increasing ease of operation 

• Database longevity 

• Comparable times to 
conventional pipelines 

• Sample prep 
– Identical for all pathogens 

•  Cost savings 
– Resistance, subtyping, virulence 

factors, more… 

• New applications 
– tracking, regulatory/compliance 

actions, historical trends, more… 
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$70/genome 

 in 2014 

$40/genome 

 in 2015 w/ 

Illumina NextSeq Technology 



• WGS is high resolution 
 3-5 million data points are collected for each isolate 

 
• WGS analyses are statistically robust 

 Unlike PFGE patterns, WGS data can be analyzed in its evolutionary 
context. Accurate and stable genetic changes within pathogen 
genomes enable us to pin point specific common sources of outbreak 
strains (farms, processing plants, food types, and geographic regions).  
 

 Source Tracking is Key Application: 
 moving from PFGE to WGS has been no less 
 impactful than the move from backyard 
 telescopes to the Hubble in terms 
 of resolution in differentiating foodborne 
 outbreaks. 

PFGE transition to WGS 





Topics to be discussed… 

     (1) The rationale for WGS in Food Safety and @ FDA 

     

     (2) Augmenting traceback of foodborne outbreaks     

      with WGS 

 

     (3) National and International Activities: The    

     GenomeTrakr 

      

     (4) Genotypes = Phenotypes, Adaptations and other    

     WGS byproducts 

      

 

FDA circa 1906 



The Rationale for WGS and 
other ‘Omics in FDA’s Food 

Safety Programs 
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The Salmonella ‘radiation’ 



Understanding How Salmonella 

Contamination found its way to the food 

supply is not an easy task... 



 Once tomatoes reach the supply chain, things really “simplify”. 

The Fresh-cut Tomato Supply Chain 



Some perspective on the food supply  

• Tracking and Tracing of food pathogens  

• Almost 200,000 registered food facilities 

– 81,574 Domestic and 115,753 Foreign 

• More than 300 ports of entry  

• More than 130,000 importers and more than 
11 million import lines/yr 

• In the US there are more than 2 million farms 

 



(Salmonella Saintpaul outbreak – Summer 2008) 

“The Smokin’ Hot Pepper” 



HIGHLIGHTS IN SUBTYPING  
METHODS DEVELOPMENT IN THE FDA FOODS PROGRAM  

SINGLE 
MARKER 

PFGE 

CONCATENATED 
PFGE MLSA 

HYPERVARIABLE 
SNPS 

INTRAGENIC 
SNPS 

WGS 

X-MAP BIOSENSORS 



Augmenting the Traceability 
of Foodborne Outbreaks  

    and Other Important Food 
Safety Applications for WGS  



NGS 

Biomarker 
Assays 

SNP 
Discovery 

Outbreak 
response 

Microarray 
Targets 

MLVA and 
CRISPR 

loci 

Next-Generation 

Sequencing (NGS) 

provides support 

for other 

technologies and 

fosters novel 

targets and assay 

design for rapid 

diagnostics. 



2009  
Don’t eat the salamae 
 
Rejected by Science 
2010 

FOODBORNE OUTBREAK INVESTIGATION: 
WGS analysis of foodborne salmonellae case study 

This investigation focused on Salmonella 
Montevideo samples associated with red 
and black pepper used in the production of 
Italian-style spiced meats in a New England 
processing facility. This manufacturer was 
implicated in a major salmonellosis 
outbreak that affected more than 272 
people in 44 states and the District of 
Columbia.  
 
15-20x shot gun sequencing 
35 pure culture isolates  
from patients, foods and  
Environmental samples. 
 
Concatenate 40 variable genes for 
Phylogenetic analysis 

IN or OUT? 



This from 1859, Darwin's, On 
the Origin of Species 

  
“It is obvious that the Galapagos 

Islands would be likely to receive 
colonists, whether by occasional 

means of transport or by formerly 
continuous land, from America; 

and the Cape de Verde Islands from 
Africa; and that such colonists 

would be liable to modification;—
the principle of inheritance still 

betraying their original birthplace" 

In WGS, we now have the potential to discern those birthplaces… 
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PFGE-SpeI 

JIXS18.0001 

PFGE-BlnI 

JIXA26.0012 

PFGE-XbaI 

JIXX01.0011 

During the S. Montevideo outbreak, all isolates were 
indistinguishable by 1st, 2nd, and third enzyme PFGE. 
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40 genes vary within an S. Montevideo outbreak while 
unique SNPs and a 100kb insertion separates a CA isolate 

from the outbreak  



Next-Generation sequencing can be used to 

address different facets of outbreak response: 

• Have we seen this isolate before? 

     (Compare it to reference isolates) 

 

• Do these isolates form a cluster? (i.e. is it outbreak or background 

(Compare them to reference and other outbreak isolates) 

 

• Is there a similarity between food/environmental and clinical 

isolates? (Compare them to reference, clinical, and 

food/environmental isolates) 

 



Salmonella reveals extensive  

phylogeographic structure 

Romaine #1 

Pistachio #3 

Pistachio #2 

Pistachio #1 



(Slide courtesy of J. Ostell, NCBI) 

COMPLEX FOOD VEHICLES 



Salmonella enterica serovar Bareilly 

• CDC investigated a multistate (29 states) outbreak 

• 410 confirmed cases between January 1st and July 7th, 2012 

• Among the 326 case patient, 55 (17%) had been hospitalized  

• Tuna was implicated  as source of this outbreak 

• At this time no reference genome was available at NCBI 

 

 

 

 

Linking Food Reservoirs Across the Globe? 



S. Bareilly Outbreak 

April-June 2012 
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Different PFGE than the 
outbreak pattern 

Same PFGE but not part 
of  the outbreak 

Outbreak Isolates 

MD isolates – in green 
NY isolates – in purple 

WHERE DO YOU LIVE? 



0.2 

FDA1142 SAL2910 Shell-on Shrimp Sri Lanka       

FDA1119 SAL2893 Frozen Fish   India         

FDA1120 SAL2896 Crushed Chilis India         

FDA1116 SAL2885 Coriander Powder India         

SAL3153 Clinical NY 

FDA1165 SAL2894 Raw Shrimp Vietnam        

FDA1160 SAL0956 Environmental USA          

FDA1164 SAL2887 Sand Goby Fish Vietnam        

SAL3149 Clinical NY 

SAL3129 Clinical MD 

FDA1113 SAL2880 Frozen Shrimp India         

FDA1205 SAL2923 Bangladeshi Fresh Water Fish (Bacha) Bangladesh      

SAL3133 Clinical MD 

FDA1154 SAL2436 Feather Meal USA 

FDA1203 SAL2921 Frozen Baila   Bangladesh      
FDA1112 SAL2877 Frozen Undeveined Shrimp India         

FDA1118 SAL2891 Coriander Powder India         

FDA1121 SAL2897 Sesame Seed  India         

FDA1126 SAL2906 Ginger Powder India         

SAL3147 Clinical NY 

FDA1117 SAL2888 Frozen Shrimp India         

FDA1204 SAL2922 Chili Powder India         

FDA1206 SAL2924 Fish Stomach Vietnam        

FDA1202 SAL2919 Coriander Powder India         

SAL3128 Clinical MD 

SAL3141 Clinical NY 

SAL3132 Clinical MD 
FDA1159 SAL0955 Unknown Environmental USA          

FDA1150 SAL2439 Frog Legs Unknown 

SAL3155 Clinical NY 

FDA1139 SAL2890 Kheer Mix Pakistan       

FDA1130 SAL2912 Cayenne Pepper  India         

FDA1144 SAL2883 Frozen Whole Tilapia Thailand       

SAL3131 Clinical MD 

FDA1143 SAL2920 Lobster Tails Taiwan        

FDA1152 SAL2434 Poultry Meal USA 
FDA1149 SAL2438 Nonfat Dry Milk Unknown 

SAL3152 Clinical NY 
SAL3158 Clinical NY 

FDA1156 SAL2892 Irrigation Water USA          

FDA1115 SAL2882 Frozen Raw Peeled Shrimp India         

FDA364 ATCC 9115 

FDA1148 SAL2904 Frozen Rock Lobster Tails United Arab Emirates 

SAL3125 Clinical MD 

SAL3142 Clinical NY 

FDA1155 SAL2889 Fresh Cantaloupe USA                  

FDA713 SAL0949 Environmental USA          

FDA1107 SAL2914 Pabda Fish Bangladesh      

FDA1201 SAL2918 Coriander   Bangladesh      

SAL3157 Clinical NY 

SAL3144 Clinical NY 

FDA1124 SAL2902 Coconut India         

FDA1137 SAL2913 Scallops Indonesia       

FDA1128 SAL2909 Punjabi Cheole Spice India         

FDA1153 SAL2435 Poultry Feather Meal USA 

FDA1140 SAL2895 Red Chili Powder Pakistan       
FDA1147 SAL2886 Fennel Seeds United Arab Emirates 

FDA1161 SAL2876 Whisker Fish Vietnam        

FDA1146 SAL2903 Hilsa Fish  Thailand       

FDA1145 SAL2898 Chili Powder Thailand       

FDA1123 SAL2901 Sesame Seeds India         

SAL3140 Clinical NY 

SAL3139 Clinical NY 

FDA1200 SAL2917 Cumin Powder India         

SAL3146 Clinical NY 

FDA1132 SAL2916 Shrimp India         

FDA1163 SAL2879 Frozen Raw Esomus Swaison Whole   Vietnam        

FDA1131 SAL2915 Frozen Rohu Rish India         

FDA1127 SAL2907 Shrimp India         

SAL3151 Clinical NY 

FDA1207 SAL2925 Chili Powder India         

FDA1157 SAL2908 Ground Red Pepper USA          

SAL3126 Clinical MD 

FDA1129 SAL2911 Organic Black Pepper India         

SAL3130 Clinical MD 

FDA1114 SAL2881 Frozen Raw Shrimp India         

SAL3148 Clinical NY 

SAL3127 Clinical MD 

SAL3150 Clinical NY 

SAL3156 Clinical NY 

FDA1141 SAL2884 Frozen Crab with Claws  Sri Lanka       

SAL3145 Clinical NY 

SAL3143 Clinical NY 
SAL3154 Clinical NY 

FDA1138 SAL2900 Coriander Mexico        

FDA1125 SAL2905 Turmeric Powder India         

1203NYJAP-1 

JAPX01.0042 

Different PFGE 

than the outbreak 

pattern 

Same PFGE 
but not part of  
the outbreak 

Outbreak Isolates 

S. Bareilly Phylogeny & PFGE 

Food Isolates 



PFGE 
Match 

SAL3153 Clinical NY 

SAL3149 Clinical NY 

SAL3129 Clinical MD 

SAL3147 Clinical NY 

SAL3128 Clinical MD 

SAL3141 Clinical NY 

SAL3155 Clinical NY 

SAL3131 Clinical MD 

SAL3152 Clinical NY 

SAL3158 Clinical NY 

SAL3125 Clinical MD 

SAL3142 Clinical NY 

SAL3157 Clinical NY 

SAL3144 Clinical NY 

SAL3140 Clinical NY 

SAL3139 Clinical NY 

SAL3146 Clinical NY 

SAL3151 Clinical NY 

SAL3126 Clinical MD 

SAL3130 Clinical MD 

SAL3148 Clinical NY 

SAL3127 Clinical MD 

SAL3156 Clinical NY 

SAL3145 Clinical NY 

SAL3143 Clinical NY 

SAL3154 Clinical NY 

FDA1114 SAL2881 Frozen Raw Shrimp India         

FDA1144 SAL2883 Frozen Whole Tilapia Thailand       

FDA1143 SAL2920 Lobster Tails Taiwan        

FDA1148 SAL2904 Frozen Rock Lobster Tails United Arab Emirates 

FDA1146 SAL2903 Hilsa Fish  Thailand       

SAL3133 Clinical MD 

FDA1206 SAL2924 Fish Stomach Vietnam        

FDA1116 SAL2885 Coriander Powder India         

FDA1203 SAL2921 Frozen Baila   Bangladesh      

FDA1112 SAL2877 Frozen Undeveined Shrimp India         

FDA1201 SAL2918 Coriander   Bangladesh      

FDA1202 SAL2919 Coriander Powder India         

FDA1203 SAL2921 Frozen Baila   Bangladesh      

FDA1142 SAL2910 Shell-on 

Shrimp Sri Lanka       

FDA1119 SAL2893 Frozen 

Fish   India         

FDA1120 SAL2896 Crushed 

Chilis India         

FDA1116 SAL2885 Coriander 

Powder India         

SAL3153 Clinical 
NY 

FDA1165 SAL2894 Raw 

Shrimp Vietnam        

FDA1160 SAL0956 

Environmental USA          

FDA1164 SAL2887 Sand Goby 

Fish Vietnam        

SAL3149 Clinical 
NY 

SAL3129 Clinical 
MD 

FDA1113 SAL2880 Frozen 

Shrimp India         

FDA1205 SAL2923 Bangladeshi Fresh Water Fish (Bacha) 
Bangladesh      
SAL3133 Clinical 
MD 

FDA1154 SAL2436 

Feather Meal USA 

FDA1203 SAL2921 Frozen Baila   

Bangladesh      

FDA1112 SAL2877 Frozen 

Undeveined Shrimp India         

FDA1118 SAL2891 Coriander 

Powder India         

FDA1121 SAL2897 Sesame 

Seed  India         

FDA1126 SAL2906 Ginger 

Powder India         

SAL3147 Clinical 
NY 

FDA1117 SAL2888 Frozen 

Shrimp India         

FDA1204 SAL2922 Chili 

Powder India         

FDA1206 SAL2924 Fish 

Stomach Vietnam        

FDA1202 SAL2919 Coriander 

Powder India         

SAL3128 Clinical 
MD 

SAL3141 Clinical 
NY 

SAL3132 Clinical 
MD 

FDA1159 SAL0955 Unknown 

Environmental USA          

FDA1150 SAL2439 Frog 

Legs Unknown 

SAL3155 Clinical 
NY 

FDA1139 SAL2890 Kheer 

Mix Pakistan       

FDA1130 SAL2912 Cayenne 

Pepper  India         

FDA1144 SAL2883 Frozen Whole 

Tilapia Thailand       

SAL3131 Clinical 
MD 

FDA1143 SAL2920 Lobster 

Tails Taiwan        

FDA1152 SAL2434 

Poultry Meal USA 

FDA1149 SAL2438 Nonfat Dry 

Milk Unknown 

SAL3152 Clinical 
NY 
SAL3158 Clinical 
NY 

FDA1156 SAL2892 

Irrigation Water USA          

FDA1115 SAL2882 Frozen Raw 

Peeled Shrimp India         

FDA364 

ATCC 9115 

FDA1148 SAL2904 Frozen Rock Lobster Tails 

United Arab Emirates 

SAL3125 Clinical 
MD 

SAL3142 Clinical 
NY 

FDA1155 SAL2889 Fresh 

Cantaloupe USA                  
FDA713 SAL0949 

Environmental USA          
FDA1107 SAL2914 Pabda 

Fish Bangladesh      

FDA1201 SAL2918 Coriander   

Bangladesh      

SAL3157 Clinical 
NY 

SAL3144 Clinical 
NY 

FDA1124 SAL2902 

Coconut India         

FDA1137 SAL2913 

Scallops Indonesia       FDA1128 SAL2909 Punjabi 

Cheole Spice India         

FDA1153 SAL2435 Poultry 

Feather Meal USA 

FDA1140 SAL2895 Red Chili 

Powder Pakistan       
FDA1147 SAL2886 Fennel Seeds 

United Arab Emirates FDA1161 SAL2876 Whisker 

Fish Vietnam        

FDA1146 SAL2903 Hilsa 

Fish  Thailand       

FDA1145 SAL2898 Chili 

Powder Thailand       

FDA1123 SAL2901 Sesame 

Seeds India         

SAL3140 Clinical 
NY 
SAL3139 Clinical 
NY 

FDA1200 SAL2917 Cumin 

Powder India         

SAL3146 Clinical 
NY 

FDA1132 SAL2916 

Shrimp India         

FDA1163 SAL2879 Frozen Raw Esomus 

Swaison Whole   Vietnam        

FDA1131 SAL2915 Frozen 

Rohu Rish India         

FDA1127 SAL2907 

Shrimp India         

SAL3151 Clinical 
NY 

FDA1207 SAL2925 Chili 

Powder India         

FDA1157 SAL2908 Ground 

Red Pepper USA          

SAL3126 Clinical 
MD 

FDA1129 SAL2911 Organic 

Black Pepper India         

SAL3130 Clinical 
MD 

FDA1114 SAL2881 Frozen Raw 

Shrimp India         

SAL3148 Clinical 
NY SAL3127 Clinical 
MD 

SAL3150 Clinical 
NY 

SAL3156 Clinical 
NY 

FDA1141 SAL2884 Frozen Crab with 

Claws  Sri Lanka       

SAL3145 Clinical 
NY 

SAL3143 Clinical 
NY 
SAL3154 Clinical 
NY 

FDA1138 SAL2900 

Coriander Mexico        

FDA1125 SAL2905 Turmeric 

Powder India         

<=5 SNPs 

20-25 SNPs 

110-130 SNPs 

S. Bareilly Phylogeny 



NGS distinguishes geographical structure among 
closely related Salmonella Bareilly strains 
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• Useful to identify geographic locations important for 
historical transmission and spread of Salmonella  

• Enable food producers and public health officials to target 
interventions at places where they may have the most 
impact for improving food safety 

 

 

 

 

Transmission Networks 
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WGS Cpmparative genomics can also pinpoint sources on a  

global scale. 

<=5 SNPs 

20-25 SNPs 
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National and International 
WGS Initiatives 
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The “Brussels Meeting”-Hosted by  
my friend and colleague, Dr. Jorgen Schlunt September 2011-Birth of “GMI” 



Global Microbial Identifier 

Work groups  

 

1.Political challenges, outreach and building a 

global network  

2.Repository and storage of sequence and meta-

data  

3.Analytical approaches 

4.Ring trials and quality assurance  

5.Pilot project 

 

• Make novel genomic technologies and informatics tools available for improved 

global patient diagnostics, surveillance, research and public health response. 

develop a global system to aggregate, share, mine and use microbiological 

genomic data to address global public health and clinical challenges, a high 

impact area in need of focused effort.  500 members in 30 countries 

 

http://www.g-m-i.org/ 



Why Develop a WGS based Network? 

• Tracking and Tracing of food pathogens  
• Insufficient resolution of current tools 

-matching clinical to environmental 

• Faster identification of the food involved in the outbreak 

• Limited number of investigators vs. facilities and import lines 

• Global travel 

• Global food supply 



Can WGS function on a distributed level 
(ie, a WGS-based food shield)? 

• If yes, then...  

• Initiate pilot study - GenomeTrakr 

• Develop collaborations and partnerships 
– NCBI, States, CDC and other Federal partners 

• What infrastructure would be needed? 

• Support multiple sequencing platforms? 
– Multiple data formats 

– How reproducible are the data AND answers? 

• How would data be accessed and stored? 

– Public vs. private   No data hoarding  

• Metadata 





Key elements of a national/international 
WGS network 

Labs to generate 
WGS data 

Sequence storage,  
data provider & preliminary analysis 

Network management 
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Current Status 
 

• NGS unequivocally supports foodborne contamination 

investigators – more than 55 different examples at FDA 

• NGS network is reliable, efficient and can provide very good 

location/ingredient inferences – expanding to 17 states in 

2017. 

• At the WGS Laboratory in CFSAN, we have sequenced more 

than 15,000 Salmonella, more than 3,000 Listeria, and closed 

130 genomes.  Our current rate is about 600 draft sequences 

per month.  

• The need for increased number of well characterized 

environmental (food, water, facility, etc.) sequences may 

outweigh need for extensive clinical isolates  

• Highly successful partnership with CDC on real-time tracking 

of Listeria outbreaks – looking forward to expand into other 

pathogens like STEC (next joint RT effort) and Salmonella (#1 

most devastating foodborne pathogen).  



Montevideo black and red pepper 
Senftenberg black and red pepper 
Enteritidis shell/liquid eggs 
Heidelberg ground turkey 
Heidelberg chicken broilers 
Heidelberg chicken livers 
Enteritidis custard 
Bareilly tuna scrape 
Tennessee peanut butter/peanut butter paste 
Typhimurium peanut butter 
Braenderup peanut butter/nut butter 
Tennessee cilantro 
Agona dry cereal 
Agona papaya 
Newport tomatoes 
Newport environmental 
Kentucky - Cerro dairy/dairy farms 
Anatum spices/pepper flakes 
Javiana  cantaloupes 
Saintpaul hot peppers 
4,5,12: i –  

Lmono cantaloupes 
Lmono queso cheese 
Lmono potato salad 
Lmono artisanal cheeses 
Lmono avocados 
Lmono ricotta 
Lmono celery/chix salad 
Lmono smoked fish 
Lmono other herbs 
Lmono peaches 
 
Cronobacter infant formula 
 
V para oysters 
 
EcO157:H7 lettuce 
 
STEC beef 
 
…Numerous other taxa 
 
 
 
 

FDA WGS Application to Actual Food Contamination Events  



0.02

PNUSAL000355

VA-WGS-00226

VA-WGS-00225

CFSAN010070

VA-WGS-00228

PNUSAL000140

VA-WGS-00229

PNUSAL000520

CFSAN010069

VA-WGS-00231

CFSAN010076

PNUSAL000569

CFSAN010075

PNUSAL000517

CFSAN010077

NY-NYAG12B11863-1

CFSAN010072

VA-WGS-00222

CFSAN010073

VA-WGS-00224

VA-WGS-00227

VA-WGS-00221

CFSAN010071

VA-WGS-00230

VA-WGS-00223

CFSAN010068

CFSAN010074

2014 
outbreak 
5 SNPs 

Same PFGE 
pattern 
10-15 SNPs 



Real-time Integration of WGS into 
FDA regulatory workflow 



S. Braenderup 



Comparison of Nut Butter Outbreaks*  

• Salmonella Tennessee, Con Agra, Peter Pan Peanut Butter,  
– 2006/2007: 715 cases, 129 hospitalizations, no deaths 

• Salmonella Typhimurium, multiple peanut products, Peanut Corporation of 
America,  
–  2008/2009: 714 cases, 166 hospitalizations, may have contributed to 9 

deaths 
 

  Post GenomeTrakr Network –Whole Genome Sequencing 
 

• Salmonella Braenderup, nSpired Natural Foods, multiple almond and peanut 
butters, 2014: 6 cases, 1 hospitalization, no deaths 

 
 
* Source: CDC’s Foodborne Outbreak Online Database (FOOD Tool) 

 



“Bypassing a Food Vehicle Altogether” 

S. Bareilly in tuna (2012):  “Linking up halfway across the world” 

S. Braenderup in nut butter 

(2014):  

S. Tennessee in peanut butter paste 

(2007/2009) & S. Agona in dry cereal 

(1998-2008):  
“Probing back in time” 

S. Enteritidis in shell eggs (2010):  “Sourcing down to the farm” 

S. Montevideo in salami (2009):  “Sorting through the ingredients” 

“A COMPASS THAT POINTS TRUE NORTH and a 

TELESCOPE FOR THE DEEPEST OF SPACE” 
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Epidemiology w/ WGS 

Food 

enters 

commerce  

clinical and environmental isolates 

enter the database in real-time. 

FDA, CDC, USDA, States 

Source of contamination 

 identified through WGS combined  

database queries 

Single case doesn’t qualify as an outbreak 



Next-Generation sequencing faces several large challenges 

as it deploys to a global public health tool: 

How much 
metadata? 

Will all share data? 

Administration, coordination, and oversight? 

Who pays? 

Who owns the IP? 

Quality concerns and curation? 
2014 2015 

2017 

2020 

2016 

W 
G 

S 



WGS and Beyond:, 
Epigenetics, Phenotypic 

Prediction, and Adaptation 



S. Bareilly CFSAN000189

new genomic island 

arsenic resistance operon 

about 40 kb 

Salmonella Bareilly from Tuna 
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Name Minimum Maximum Length Direction product

toxin	CDS 43,465 43,788 324 forward toxin

antitoxin	CDS 43,124 43,444 321 forward antitoxin

transcriptional	regulator	CDS 38,480 39,184 705 forward transcriptional	regulator

fatty	acid	transporter	CDS 36,027 37,214 1,188 forward fatty	acid	transporter

mechanosensitive	ion	channel	protein	MscS	CDS 34,410 35,996 1,587 forward mechanosensitive	ion	channel	protein	MscS

alkyl	sulfatase	CDS 32,360 34,267 1,908 forward alkyl	sulfatase

histidine	phosphatase	CDS 30,833 31,447 615 reverse histidine	phosphatase

transcriptional	regulator	CDS 28,266 28,532 267 reverse transcriptional	regulator
magnesium	transporter	CDS 24,110 24,766 657 forward magnesium	transporter

fimbrial	usher	protein	CDS 20,181 22,691 2,511 reverse fimbrial	usher	protein

fimbrial	chaperone	protein	StdC	CDS 19,404 20,129 726 reverse fimbrial	chaperone	protein	StdC

Positive	regulator	GrlA	CDS 17,713 18,189 477 reverse Positive	regulator	GrlA

transcriptional	regulator	CDS 16,860 17,720 861 reverse transcriptional	regulator

membrane	protein	CDS 14,535 15,275 741 reverse membrane	protein

ArsR	family	transcriptional	regulator	CDS 13,772 14,101 330 reverse ArsR	family	transcriptional	regulator

NADPH-dependent	FMN	reductase	CDS 13,057 13,770 714 reverse NADPH-dependent	FMN	reductase

RNA	polymerase	sigma	70	CDS 12,503 13,048 546 reverse RNA	polymerase	sigma	70

arsenic	resistance	operon	repressor	CDS 12,065 12,427 363 reverse arsenic	resistance	operon	repressor

arsenic	transporter	ATPase	CDS 10,287 12,044 1,758 reverse arsenic	transporter	ATPase

ModE	family	transcriptional	regulator	CDS 9,845 10,213 369 forward ModE	family	transcriptional	regulator

arsenate	reductase	CDS 8,388 8,819 432 forward arsenate	reductase

arylsulfatase	CDS 7,086 8,375 1,290 forward arylsulfatase

arsenic	transporter	ATPase	CDS 5,287 7,038 1,752 forward arsenic	transporter	ATPase

arsenic	resistance	operon	repressor	CDS 4,907 5,269 363 forward arsenic	resistance	operon	repressor

arsenic	resistance	operon	repressor	CDS 4,506 4,859 354 forward arsenic	resistance	operon	repressor

nucleotidyltransferase	CDS 2,538 4,313 1,776 forward nucleotidyltransferase

integrase	CDS 1 1,194 1,194 forward integrase

New Genomic Island 



Better understanding of adaptive change in Salmonella and Lm may provide  
more accurate risk assessment as well as enhanced preventive control  

measures on the farm and in the processing plant.   

Functional Assays for SNPs 



Chromosome and plasmids features of a clinical S. Heidelberg isolate 41578 as 

 characterized by PAC-BIO reads. 

.  

Maria Hoffmann et al. Genome Biol Evol 2014;6:1046-1068 

Published by Oxford University Press on behalf of the Society for Molecular Biology and 

Evolution 2014. This work is written by US Government employees and is in the public domain 

in the US. 



Caenorhabditis elegans survival data from six S. Heidelberg isolates 

 shows decreased survival with presence of specific plasmids.  

Maria Hoffmann et al. Genome Biol Evol 2014;6:1046-1068 

Published by Oxford University Press on behalf of the Society for Molecular Biology and 

Evolution 2014. This work is written by US Government employees and is in the public domain 

in the US. 



Applications of WGS in the 

Food Safety Environment 
Delimiting scope and traceback of food 

contamination events (Track-N-Trace) 

Quality control for FDA testing and surveillance 

(Confidence in Regulatory Actions) 

Preventive control monitoring for compliance 

standards (the “repeat offender” project) 

ID, geno/pheno typing schemes (AST,Serotyping, 

VP) (CVM,CDRH,CFSAN) – risk assessment and 

adaptive change in Salmonella and Listeria 



SeqSero  
Salmonella Serotyping by Whole Genome Sequencing 

 

•Reads (paired-end & interleaved) 

•Reads (paired-end) 

•Reads (single-end) 

•Genome Assembly 

 

 *The following formats are supported for raw reads input: .fastq.gz(preferred), .fastq 

and .sra.  

 

 Please select your input file:  

 

 *The following formats are supported for raw reads 

      input: .fastq.gz(preferred), .fastq and .sra. 

 

 Please select the first reads file: 

  

 Please select the second reads file:  

 

 *The following formats are supported for raw reads input: .fastq.gz(preferred), .fastq 

and .sra.  

 

 Please select your input file:  

 

 *The FASTA format is supported for genome assembly input.  

 

 Please select your input file:  

 http://www.denglab.info/ 

http://www.denglab.info/SeqSero#raw_read
http://www.denglab.info/SeqSero#raw_read
http://www.denglab.info/SeqSero#raw_read
http://www.denglab.info/SeqSero#raw_read_separated
http://www.denglab.info/SeqSero#raw_read_separated
http://www.denglab.info/SeqSero#raw_read_separated
http://www.denglab.info/SeqSero#raw_read_single
http://www.denglab.info/SeqSero#raw_read_single
http://www.denglab.info/SeqSero#raw_read_single
http://www.denglab.info/SeqSero#genome_assembly


Result 

No. of genomes (% of total) 

Reads mapping, 

CDC strains 

Reads mapping, 

GenomeTrakr 

strains 

Assembled 

genomes 

Expected 

serotypea 

304 (98.7) 3,061 (92.6) 324 (91.5) 

Unexpected 

serotype 

2 (0.65) 205 (6.2)b 11 (3.1)b 

Partial or no 

serotypec 

2 (0.65) 40 (1.2) 19 (5.4) 

Total tested 308 3306 354 

  

 

a The identification of the predicted serotype was considered correct when the serotype antigens detected 
corresponded to the antigens detected by conventional methods. See Text S1 in the supplemental material 
for a discussion of interpretation of serotype results. For GenomeTrakr and genome assembly datasets, 
serotype prediction in consensus with annotated serotype was considered correct.  
b Numbers represent serotype predictions inconsistent with the annotated serotype; the accuracy of the 
annotated serotype is unknown.  
c Some or all of the expected serotype determinants were not detected. 
 
J Clin Microbiol. 2015 May;53(5):1685-92. doi: 10.1128/JCM.00323-15. Epub 2015 Mar 11. 
 

Table 1.  Accuracy of serotype predictions 

Zhang S, Yin Y, Jones MB, Zhang Z, Deatherage Kaiser BL, Dinsmore BA, Fitzgerald C, Fields PI, Deng X. 

http://jcm.asm.org/content/53/5/1685/T1.expansion.html#fn-3
http://jcm.asm.org/content/53/5/1685/T1.expansion.html#fn-4
http://jcm.asm.org/content/53/5/1685/T1.expansion.html#fn-4
http://jcm.asm.org/content/53/5/1685/T1.expansion.html#fn-5
http://www.ncbi.nlm.nih.gov/pubmed/25762776


From WGS to Antibiotic Resistance Genotype 

DNA from 

Single colony 

Sequencing 
With Illumina Miseq 

Assembly 

CLC Genomics  

Workbench 

Local Blast AR 

Gene Database 

BLAST ® 

Sequences alignment 

gyrA gene 

23S rRNA gene  

Acquired AR genes 

AR Genotype 

Point mutations related  

to AR 

aac(3)-IIa, aadA1, 

aph(3')-Ia 

catA1, tetO … 



Phenotype/Genotype Correlation 
                    

Antibiotic 

Phenotype: resistant Phenotype: susceptible  

Sensitivity (%) 

  

 

Specificity (%) 

  

Genotype: 

resistant 

Genotype: 

susceptible 

Genotype: 

resistant 

Genotype: 

susceptible 

GEN 3 0 0 73 100  100 

KAN 10 0 0 66 100  100  

STR 52 0 12 12 100  50  

AMC 26 0 0 50 100  100  

AXO 23 1 0 52 95.8  100  

FOX 24 0 2 50 100 96.2  

TIO 22 1 1 52 95.7  98.1  

COT 13 0 0 63 100  100  

FIS 68 0 0 8 100  100  

AZI 1  0 0 75 100  100  

AMP 55 0 0 21 100  100  

CHL 55 0 0 21 100  100  

CIP 6 0 0 70 100 100  

NAL 21 0 0 55 100  100  

TET 67 0 0 9 100  100  

Overall 446 2 15 677 99.6 97.8  

J Antimicrob Chemother. 2015 Jul 3. pii: dkv186. [Epub ahead of print] 
WGS accurately predicts antimicrobial resistance in Escherichia coli. 

Tyson GH1, McDermott PF1, Li C1, Chen Y1, Tadesse DA1, Mukherjee S1, Bodeis-Jones S1, Kabera C1,  
Gaines SA1, Loneragan GH2, Edrington TS3, Torrence M4, Harhay DM5, Zhao S6. 



I 

Detection 

(species) 

II 

Identification 

(serotype) 

III 

Traceback 

(subtype) 

Is a pathogen 

there? 

What kind of 

pathogen is it? 

Is it part of the 

outbreak? 

Next-Generation Sequencing 

Investigating Food Contamination Events with OMICS Approaches 

Next-Generation Sequencing 



Species                Resistance 
 
 
Virulence                 Subtype 
 
 
Serotype            Adaptations 

ONE MICROBIOLOGICAL WORKFLOW: ONE MICROBIOLOGICAL TOOL BOX 
                                            All AT YOUR FINGERTIPS 

IN THE NOT SO DISTANT FUTURE….. 
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Summary 
Conventional approaches to strain subtyping cannot always remain in step with a 

foodborne investigation. Rapid methods for genotyping outbreak strains in “high 

resolution” are needed.  

 

Certain foodborne pathogenic strains are highly clonal in nature, requiring the 

Application of methods with enhanced sensitivity for differentiating highly 

homogeneous groups of isolates. 

 

WGS is the “engine” that will drive gene/SNP discovery and the future of one  

Microbiology work flow in the diagnostic microbiology laboratory. 

 

WGS is agnostic, portable, and highly capable of distributed networking 

 

 

WGS provides the ultimate in discriminatory power by interrogating millions of nucleotide 

positions in a matter of just a few hours.   

 

WGS-based typing approaches are supplanting current 

Microbiological methods (i.e., phage typing – serotyping, PFGE, etc.) AND WILL 

YIELD ONE MICROBIOLOGICAL WORKFLOW VERY SOON. 
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