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“So, I’ve sequenced 4 
million bp of DNA for 106 

Salmonella strains”“Cool…Now what?”

“Umm, I’ve sequenced 4 
million bp of DNA for 106 

Salmonella strains…”
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FDA circa 1906

PRESENTATION OBJECTIVES

(1) To frame the importance and rationale
for application of next-generation typing 
methods in food safety, including NGS.

(2) To identify specific areas and situations where current NGS approaches can augment
the laboratory’s contribution to food outbreak investigations.

(3) To present several retrospective examples where application of NGS provided additional 
insight for (i) delimiting the scope of a contamination event; (ii) affirming a cluster 
from diverged background genotypes;  and (iii) source-tracking by comparative genomics of 
food and environmental isolates of Salmonella.

(4) To discuss challenges associated with next-next generation sequencing and the pursuit
of characterization of foodborne pathogens directly from foods.
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Salmonellae are emerging

in a wide variety of foodborne niches:



…And are difficult to traceback due to
complex disseminations on the farm



…and that is just on the farm. Once it reaches

the supply chain, things really “simplify”.

The Fresh-cut Tomato Supply Chain



(Salmonella Saintpaul outbreak – Summer 2008)

“The Smokin’ Hot Pepper”



Program Goal 6: Improve detection of and 

response to foodborne outbreaks and 

contamination incidents 

Obj. 1: Improve response to foodborne outbreaks and 
contamination incidents 

Obj. 2: Investigate and adopt innovative technologies 
and processes to detect and investigate foodborne 
outbreaks and contamination events 

FDA Foods and Veterinary Medicine Program 
Strategic Plan (2012 – 2016) 
OF/CFSAN/CVM/ORA/NCTR
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A high-throughput sequencing method that 

parallelize the sequencing process, producing 

thousands or millions of sequences at once.

Over the past five years, so called “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

http://www.caliperls.com/support/reference-library/glossary/next-generation-sequencing.htm

?

? ?

?
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Next-Generation 
Sequencing

Biomarker 
Assays

SNP 
Discovery

Outbreak 
response

Microarray 
Targets

MLVA and 
CRISPR 

loci

NGS Provides support 
for other 
technologies

Next-Generation Sequencing (NGS)



Multiple Sequence Alignment Places the Individual Changes 

across a DNA Sequence into Their Proper Data Bins

The trick is doing it for 4 million bp across 100 different strains ….

at the same time.

Non-outbreak
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Yamaichi Y, Calderwood SB, Mekalanos JJ, Schadt EE, Waldor MK. Pacific Biosciences, Menlo Park, CA, USA.
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Rise of the Superbacteria - The O104:H4 genome sequence suggests that it’s yet another concoction from evolution’s cauldron. 

The bacteria contain many segments of DNA not seen in other E. coli strains. This new DNA may be responsible for its high level 

of virulence—more - Newsweek · 6/5/2011

Sci Transl Med 22 August 2012. DOI: 10.1126/scitranslmed.3004129
Tracking a Hospital Outbreak of Carbapenem-Resistant Klebsiella pneumoniae with Whole-Genome Sequencing
Evan S. Snitkin1,and others and Julia A. Segre1,*National Human Genome Research Institute, Bethesda, MD 20892, USA.
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Many of our projects fall into one of two 

categories that challenge PFGE:
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This region contains isolates where we 
are comfortable that PFGE will 
differentiate unrelated isolates 

WGS-based characterization of 

salmonellae associated with the food supply



General NGS Questions that Can be 

Asked:
1. Is a particular isolate part of the outbreak?

– Or is it background?

2. Have we seen this isolate before?

– i.e.) seasonality in S. Newport from Eastern Shore

3. Does this food/environmental isolate match 

this clinical isolate?

– Can we link an isolate from food or manufacturing 

facility to an outbreak?



NGS Analysis Strategy

Different PFGE

Same PFGE but 
Not Related

Event-Related

• We try to include 
several sets of isolates 
to ensure that NGS 
can answer the 
questions that we’re 
asking for this 
organism and/or 
serotype
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XbaI – Primary Enzyme BlnI – Secondary Enzyme

Several pattern combinations were found during the 2010 

egg outbreak, but JEGX01.0004 is 40% of all of the S. 

Enteritidis seen in the PulseNet database

JEGX01.0004

JEGX01.0004

JEGX01.0004

JEGX01.0034

JEGX01.0104

JEGA26.0002

JEGA26.0031

JEGA26.0002

JEGA26.0002

JEGA26.0030

S. Enteritidis



JEGA26.0002

JNXX01.0031

JEGX01.0030

BlnI Patterns

JEGX01.0004

Very Different

JNXX01.0104

JEGX01.0034

XbaI Patterns

S. Enteritidis 2010 Shell egg 
Outbreak

Event-Related

Same PFGE but not 
related

Similar

Different



S. Enteritidis
Unrelated Reference Isolates – different PFGE
Unrelated Reference Isolates – same PFGE
Clinical Isolates
Egg or Related Food Isolates
Environmental Isolates

FDA WGS Program–
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Salmonella Agona
1998/2008 Dry Cereal Outbreaks 

XbaI – Primary Enzyme BlnI – Secondary Enzyme
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S. Senftenberg

WGS Diversity of Salmonella Agona
Associated with Cereal Contamination
(maximum likelihood tree)



SA-1, SA-2, SA-3 SA-4, SA-5, SL483

SNP variation among S. Agona

over 10 years



Clustering of filtered SNPs delineates10 year 

divergence of S. Agona cereal isolate JABX01.0001 

2.0E-4

SL483

ATCC BAA-707

ATCC 51957

SA-1

SA-3

SA-2

SA-4

SA-5

SAR B1

4 SNPs

2 SNPs

1998

2008

~4851341 columns in alignment
~5855 variable sites
~197 SNPs (parsimony informative sites)



Salmonella Agona strains could be readily distinguished based on WGS
analysis – providing a set of 5 unique and stable genetic differences that
defined the two temporally related isolate groups underscoring the ability to
differentiate and track an isolate over time within the same facility.

The re-emergence of the isolate in the facility may have been a combination
of renovations in an older side of the plant which included drilling into a
wall, previously well-sanitized, which could have released the dormant
pathogen; also, wet cleaning sanitation practices could have spread the
pathogen throughout that part of the facility.

Training of facility employees was re-emphasized to reduce risk of spreading
Salmonella as was use of dry sanitation over wet cleaning methods.

Salmonella Agona Dry Cereal Outbreak



S. Bareilly PFGE
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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



S. Bareilly Phylogeny

USA

ASIA

Outbreak-Like (OB)
USA Asia OB

USA -

Asia 6500 -

OB 6200 5200 -
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

SAL3150 Clinical NY

SAL3156 Clinical NY

SAL3145 Clinical NY

SAL3143 Clinical NY
SAL3154 Clinical NY

FDA1116 SAL2885 Coriander Powder India        

SAL3133 Clinical MD

FDA1203 SAL2921 Frozen Baila   Bangladesh     
FDA1112 SAL2877 Frozen Undeveined Shrimp India        

FDA1206 SAL2924 Fish Stomach Vietnam       

FDA1202 SAL2919 Coriander Powder India        

FDA1144 SAL2883 Frozen Whole Tilapia Thailand      
FDA1143 SAL2920 Lobster Tails Taiwan       
FDA1148 SAL2904 Frozen Rock Lobster Tails United Arab Emirates

FDA1201 SAL2918 Coriander   Bangladesh     

FDA1146 SAL2903 Hilsa Fish  Thailand      

FDA1114 SAL2881 Frozen Raw Shrimp India        

FDA1205 SAL2923 Bangladeshi Fresh Water Fish (Bacha) Bangladesh     

FDA1113 SAL2880 Frozen Shrimp India        

FDA1115 SAL2882 Frozen Raw Peeled Shrimp India        
FDA1127 SAL2907 Shrimp India        

FDA1125 SAL2905 Turmeric Powder India        

FDA1204 SAL2922 Chili Powder India        

FDA1130 SAL2912 Cayenne Pepper  India        
FDA1137 SAL2913 Scallops Indonesia      

FDA1128 SAL2909 Punjabi Cheole Spice India        

FDA1154 SAL2436 Feather Meal USA

FDA1121 SAL2897 Sesame Seed  India        

FDA1152 SAL2434 Poultry Meal USA
FDA1149 SAL2438 Nonfat Dry Milk Unknown
FDA364 ATCC 9115

FDA1153 SAL2435 Poultry Feather Meal USA

FDA1156 SAL2892 Irrigation Water USA         

FDA1142 SAL2910 Shell-on Shrimp Sri Lanka      

FDA1119 SAL2893 Frozen Fish   India        

FDA1120 SAL2896 Crushed Chilis India        

FDA1165 SAL2894 Raw Shrimp Vietnam       

FDA1164 SAL2887 Sand Goby Fish Vietnam       

FDA1118 SAL2891 Coriander Powder India        

FDA1126 SAL2906 Ginger Powder India        

FDA1117 SAL2888 Frozen Shrimp India        

FDA1150 SAL2439 Frog Legs Unknown

FDA1139 SAL2890 Kheer Mix Pakistan      

FDA1107 SAL2914 Pabda Fish Bangladesh     

FDA1124 SAL2902 Coconut India        

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

FDA1161 SAL2876 Whisker Fish Vietnam       

FDA1123 SAL2901 Sesame Seeds India        

FDA1200 SAL2917 Cumin Powder India        

FDA1132 SAL2916 Shrimp India        

FDA1131 SAL2915 Frozen Rohu Rish India        
FDA1207 SAL2925 Chili Powder India        

FDA1157 SAL2908 Ground Red Pepper USA         

FDA1129 SAL2911 Organic Black Pepper India        

FDA1141 SAL2884 Frozen Crab with Claws  Sri Lanka      

FDA1138 SAL2900 Coriander Mexico       

FDA1163 SAL2879 Frozen Raw Esomus Swaison Whole   Vietnam       

FDA1145 SAL2898 Chili Powder Thailand      
FDA1160 SAL0956 Environmental USA         

SAL3132 Clinical MD
FDA1159 SAL0955 Unknown Environmental USA         
FDA1155 SAL2889 Fresh Cantaloupe USA                 

FDA713 SAL0949 Environmental USA         



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



S. Bareilly from Tuna Scrape



S. Bareilly Phylogeny

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 EmiratesFDA1161 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 NYSAL3127 

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
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NGS distinguishes geographical structure
among closely related Salmonella Bareilly
strains



The ―100K Pathogen Genome 

Project‖ is a public database of food 

pathogen genomes that will provide a 

roadmap for public-private 

development of methods to aid in 

quick identification and tracking of 

pathogens back to their source. 

More information:

BCWEIMER@UCDAVIS.EDU

The 100K Pathogen Genome Project



FDA, USDA, CDC
State, Local, Federal and

Foreign Public Health Agencies
Academia

NCBI, EMBL  DDBJ  
(Public Access Database)

High Capacity
Sequencing
of Collections Network of Sequencers

DATA ANALYSIS

DATA ASSEMBLY AND STORAGE

DATA ACQUISITION 



Metagenomics



Cultured vs. Uncultured

cultured                        uncultured   



Enterobacteriaceae



Phyla in a Salmonella Positive Metagenome 



A Parallel Move Forward in Foods…

Metagenomic Identification of Salmonella in Tomatoes and Tomato Growing Environs

SEEC
HS

44 23 646.
17

3913 

SEK2
94

39 23 646.
17

3913 

S. Newport ref genomes

Salmonella hits from tomato phyllosphere metagenome



SUMMARY

Various desktop NGS platforms now exist and are dropping precipitously in price –

and per reaction cost making the technology largely accessible for public health

applications

Genomics is becoming an integral part of the science of food safety, both for more

comprehensive characterization and testing of foods and for providing insight about

the phylo-geographic structure of foodborne pathogens. 

WGS, as part of a laboratory next-generation analysis pipeline, can augment

food safety investigations, particularly in cases where strain homogeneity is a

problem

Metagenomic analysis provides one avenue for the potential detailed  typing of 

pathogens directly from complex high background food sources (i.e., produce).

Much can be gleaned from genomic and metagenomic approaches comparing 

outbreak and environmental strains, the microbial compositions of foods, and the 

rich meta-data associated with these important strains. Thank you…
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ONE THING’S FOR CERTAIN:

IT TAKES A VILLAGE TO GET THERE! Many thanks to the following:

Narjol Gonzalez    Yi Chen


