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National Investigations
(30 – 60 clusters monitored per week)

State and Local Investigations
~ 1,500 per year

Clusters (Pre-WGS)



Each year, an estimated…..
• 270,000 cases are prevented
• $507,000,000 saved

Cost-Benefit Study (Pre-WGS)
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PulseNet Cases (Human):  U.S.*

Disease Cases/year

Listeriosis 800

Shiga toxin-producing E. coli 
disease

5,000

Salmonellosis 42,000

*laboratory confirmed, approximate



Minnesota ETEC Study

 5th most common enteric 
pathogen reported

 36% of cases traveled 
(64% did not!)



WGS analysis workflow in PulseNet Labs: BioNumerics

Reference ID and Allele 
Databases
• Species name
• Allele names, 
• Allele code (strain names)

Calculation Engine: 
Temporary storage,
• QA/QC
• Trimming
• Mapping
• de novo assembly
• SNP detection
• allele detection

Public Health databases
Database managers 

and end users 

External storage
NCBI, ENA 

Sequencing

QC checked raw sequence 
data submitted to NCBI

7-gene MLST ST
cgMLST Allelic profile
wgMLST Allele Code
Plasmid profile
(SNPs on demand)            

Genus/species
Serotype
Pathotype
Virulence
Resistance



Listeria 
Nomenclature
“allele code”

. .. .5     1      1     2     
5

71 Alleles 51 Alleles 36 Alleles 19 Alleles 0 Alleles

LMO1.0 -

Organism 
version

Allele Code

LMO1.0 – 5 . 1 . 1 . 2 . 5

LMO1.0 – 5 . 1 . 1 . 2 . 5

LMO1.0 – 5 . 1 . 1 . 2 . 9

LMO1.0 – 5 . 1 . 1 . 3 . 2

LMO1.0 – 5 . 1 . 2 . 3 . 6

indistinguishable
close

distant

Names to be uploaded to SEDRIC



Metrics for Pathotype Detection in BioNumerics

Pathotype
Abbreviation

E. coli pathotype
Present 
Genetic 
markers

Gene combination Gene notes

Shigella/EIEC
Shigella or 

Enteroinvasive
ipaH, ipaD, or 

icsA (vifG)
One or more of these Invasion plasmids

STEC (EHEC)
Shiga toxin -
producing

stx1 or stx2 any Shiga toxin-encoding genes

EAEC Enteroaggregative
aaiC, aggR, 
aatA, aafA

aaiC, aggR or aafA,: aatA
must also have one of the 

other three present

Gene encoding secreted protein of EAEC 
(Chromosome), regulator gene (plasmid), 

mediated adherance, Aggregative adherence 
fimbriae (plasmid)

ETEC Enterotoxigenic cfa, est, eltA
Use gene names in 

Database
colonization factors, Heat stable toxin, Heat-

labile toxin 

EPEC Enteropathogenic eae, ehyl, pEAF
eae plus one of the other 

two
intimin, hemolysin, plasmid encoded EPEC 

Adherence factor

DAEC Diffusely adherent afaC afimbrial adhesin

*Two pathotypes that can be reported out as a hybrid pathotype
(STEC/EAEC) if genes from both pathotype are present.

*only two pathotypes that we report out as a hybrid pathotype (STEC/EAEC) if genes from both pathotype are present.



Virulence/Serotype Detection in BioNumerics



Genotype-Phenotype Concordance for Salmonella, 
all drugs tested

15

Phenotype
Resistant Not resistant

G
e

n
o

ty
p

e

PR 1478 48

NPR 127 31443

Measure Value (%)

Sensitivity 92.1

Specificity 99.9

Positive Predictive  Value 96.9

Negative Predictive Value 99.6

Kappa coefficient 0.94 (very 
good)



Predicted resistance

Ampicillin
Amoxicillin/

clavulanic acid
Cefoxitin
Ceftriaxone
Ceftiofur
Kanamycin
Gentamicin
Streptomycin
Chloramphenicol
Sulfisoxazole
Trimethoprim/

sulphamethoxazole
Tetracycline
Cipro intermediate/Nalidixic acid 

Example: Salmonella ser. Newport, routine surveillance 2005

blacmy-2

aph(3’)-Ia
aac(3)-VIa
aadA2, strAB
floR
sul1, sul2
dfrA12, sul1, sul2

tetA
gyrA83

Genotype Phenotype



Sequence Data Analysis Plan
(Resistance)

Users upload raw sequence 
data using Bionumerics 
Software. Calculation 
engine determines 
resistance genes and 
mutational resistance
using Resfinder plug-in.

Sequence data that passes
quality checks goes to NCBI
(to designated Bioproject)

Analyzed sequence data, R 
genes, and metadata go 
into PulseNet National 
Database

NARMS 
Database

R genes for all sequenced 
isolates (including 95% not 
tested phenotypically);  
NARMS Applied Research 
Unit reviews data and 
assigns predicted resistance

R genes and 
predicted resistance 
reported publicly at 
CDC and FDA NARMS 
Now sites and annual 
reports

R genes and predicted 
resistance back to states 
through NARMS and 
Bionumerics



State Public 
Health Lab NARMS

AST 
performed

• 5% of isolates have 
phenotypic antimicrobial 
susceptibility data

• 95% of isolates have no 
susceptibility data

CDC-NARMS routine surveillance testing

1 in 20 
isolates 
shipped 
to CDC



1 in 20 
isolates 
shipped 
to CDC

• 5% of isolates have 
phenotypic antimicrobial 
susceptibility data

• 95% of isolates 
have predicted 
resistance from 
genes 

+ predicted                 
resistance from genes

100% of 
isolates 
undergo 
WGS and 

screened for 
resistance 

genes

CDC-NARMS routine surveillance testing and WGS

NARMS

AST 
performed

State Public 
Health Lab



Isolates obtained from 
outbreaks and 

surveillance programs.

Isolates and resistance
data shared with  

researchers. 

Data used to inform  
antibiotic and diagnostic test

development

CDC & FDA AR Isolate Bank:
Sharing Bacteria and Data to Support Drug, Diagnostic Development

Current inventory: 228 isolates in 5 panels



Reference Characterization by WGS:
’One Shot’ Characterization Of STEC

Genus/Species:  Escherichia coli

Serotype:  O104:H4

Pathotype: Shiga toxin-producing and enteroaggregative E. coli (STEC/EAEC)

Virulence profile:  stx2a, aggR, aggA, sigA, sepA, pic, aatA, aaiC, aap

Sequence Type:  ST678

wgMLST code: 102.45.26.35.3

Antimicrobial resistance genes: blaTEM-1, blaCTX-M-15, strAB, sul2, tet(A)A, dfrA7

Predicted resistance:  ampicillin, ceftriaxone, streptomycin, sufoxizone, 
tetracycline, trimethoprim



Prospective WGS Impacts

 More clusters detected (and ruled out) 

 More outbreaks solved with fewer cases

However…. 

 More data to handle, evaluate, and store

 More clusters to investigate

 More workforce development



WGS: New Concerns

WGS turnaround time issues

 Culture-independent diagnostic testing (CIDT)

 Interpretation concerns
o Confusion about the meaning of a “match” or “mis-match” 

o No “absolute” cutoff values (SNPs or allele)

 Cluster triage

 Food industry concerns
o No “statute-of-limitations” on liability

o No precise definition of “outbreak”



Trends in the Cost of FBD Surveillance

 PFGE

 Reference testing

 WGS and data systems

 Reflex culture

 Epidemiology capacity



Turnaround Time

Right-sized sequencing kits

Reduce/eliminate batching by harmonization 
of protocols
 Norovirus (CaliciNet)

 Cryptosporidium spp. (CryptoNet)

 Cyclospora cayetanensis

 Hospital-acquired infections

 Legionella pneumophila

 Neisseria gonorrhoeae



WGS Advanced Analytical Tool Development 
(Proposed)

 Basic clustering tools 

o Integration in Bionumerics

o Include resistance and virulence data in output

o New clustering mathematics?

 Anomaly detection tool

o Integrate metadata into cluster analysis

 Source prediction tool

o Sequence historical isolates with known vehicles

o Apply machine learning methods



U.S. Federal Agencies Global Partners

U.S. State and Local 
Partners

Coordination

• PulseNet USA
• Genome TrakR
• Gen-FS
• PulseNet International
• Global Microbial Identifier



PulseNet International:  Global Vision



PFGE WGS

Subtyping methods work by grouping
together cases most likely to share an 
common exposure (such as a food)

Yes Yes

“Matches” between cases and 
food/environmental isolates provides a 

hypothesis (but not “proof”) for investigators
Yes* Yes*

The historical database is routinely 
examined for “matches” to current clusters

Yes Yes

PFGE  WGS: What has NOT changed? 

*Other data such as epidemiological and trace-back information are needed



PFGE  WGS: What is DIFFERENT? (1)

PFGE WGS

Specificity
High for some 
organisms, low 

for others
High

Our ability to evaluate the 
“closeness” of strains

Low High

Nature of the data Categorical* Continuous

*i.e. patterns are either indistinguishable or not



Current CDC “Rule-of-thumb” cutoffs

Listeria monocytogenes <20 alleles (<30 “watch”)

Salmonella / STEC;  Suspected foodborne <10 alleles or SNPs

Salmonella / STEC;  Suspected zoonotic < 20 alleles or SNPs

 “Absolute” cutoff values not possible

 Combining epidemiology, microbiology, and trace-back 
data is the best accurate way of “defining” clusters. 

Caveats



Whole Genome Multilocus Sequence Typing, PFGE, and Antimicrobial 

Resistance
Percent similarity

Clade 1
0-30 Alleles Different

Clade 2
0-21 Alleles Different

Clade 3
0-32 Alleles Different

0-59 Alleles Different

0-282 Alleles Different

WGS ID#



Single Outbreaks May Involve Multiple Strains, Serotypes, Even Species



Patterns in OB (11)

GX6A16.0336/GX6A12.1840 (3b)

GX6A16.0061/GX6A12.0026 (1/2b)

GX6A16.0026/GX6A12.0227 (1/2b)

GX6A16.0336/GX6A12.2255 (3b)

GX6A16.0020/GX6A12.0227 (1/2b)

GX6A16.0026/GX6A12.0489 (1/2b)

GX6A16.0061/GX6A12.2551 (1/2b)

GX6A16.0617/GX6A12.1840 (3b)

GX6A16.0026/GX6A12.0077 (1/2b)

GX6A16.0282/GX6A12.0355 (1/2a)*

GX6A16.0061/GX6A12.1512 (1/2b)

Ice cream-Associated Listeriosis

PFGE Data WGS Data



WGS DataPFGE Data

Patterns in OB (11)

GX6A16.0336/GX6A12.1840 (3b)
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Ice cream-Associated Listeriosis



WGS DataPFGE Data

Ice cream-Associated Listeriosis

Patterns in OB (11)
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GX6A16.0282/GX6A12.0355 (1/2a)*

GX6A16.0061/GX6A12.1512 (1/2b)



PFGE  WGS: What is DIFFERENT? (2)

PFGE WGS

Size of outbreaks 
(number of cases) 

when detected
Larger Smaller

Number of outbreaks 
detected and solved

Less More

Possible outbreaks 
ruled out

Less More

Interpretation of case, 
food, and 

environmental 
“matches”

New or very rare PFGE pattern:  
Strong hypothesis*
Common pattern: Weak 
hypothesis

Strongest 
hypothesis*

* Likely some association, although it may not be direct
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Diagnostic Trends That Will Impact Surveillance

 Syndromic CIDT panels
 Point-of-care testing
 Metagenomics





“Mesa Biotech’s unique test kits provide everything 
needed to conduct rapid molecular tests at the point-of-
care. The palm-sized, reusable dock and disposable test 
cassette form a user-friendly system for use anywhere, 
from the physician’s office to the patient’s home.”
http://www.mesabiotech.com/technology/

Point-of-Care Testing



 Fast!
But…
 Specimen inactivation?
 QC issues?
 Dispersed reporting

Point-of-Care Testing



N Engl J Med. 2014 Jun 19;370(25):2408-17

https://www.kariusdx.com/products/Digital-Culture

Metagenomics, Clinical



Culture

Year

DNA/RNA 
Panels

Metagenomics

Antigen-based
tests

Where is Clinical Enteric Microbiology Heading?*

N
u
m

b
e
r 

o
f 

te
st

s

* My opinion only



Subtyping Methods: Isolate Dependency 

Method Isolates Required?

PFGE Yes

AST Yes

WGS Yes



 Expedited isolate recovery protocols
• Optimal media/transport
• Screening process; processing 

thresholds
 Encourage reflex culture (at clinical 

lab and state levels)
Work with manufacturers to assure 

compatibility

Strategies for Maintaining Isolate Availability



-80o C Freezer

Remove 
aliquot(s) 

from -80o C to 
defrost

Salmonella Workflow Phase 2 
(EXAMPLE)

qPCR 

• Oranienburg
• Newport
• Unseeded

Serotype Inoculum Size
Storage 

Temperature
Storage Media Storage Time Plating Media

• (103 CFU/mL)
• (102CFU/mL)
• (101 CFU/mL)
• Unseeded

• 22oC
• 4oC

• Cary-Blair
• GN Broth

• 7 days
• 14 days
• 21 days
• 28 days

• HEK
• XLD

35oC 
18-24 hours

Enrichments

• Selenite
• Tetrathionate
• MSRV
• None

Only one out of two of these variables will be used (decision based on data from Phase 1)

Oranienbur
g

103

22°C 
7 

Days

DNA 
Extraction Plate titer

Cary-Blair
C
B

C
B

C
B

C
B

HEK

HEK

HEK

HEK

37°C 
24 hours

S
E
L

Selenite

S
E
L

S
E
L

HEK

No 
enrichment 

control

Seeded:
3 colony picks and 1 sweep 
selected from each plate for 
qPCR

Unseeded:
6 colony picks selected from 
each plate

37°C 
24 hours



Culture-Independent Metagenomic Subtyping (CIMS) Team



 Pathogen discovery

 Direct-from-specimen pathogen 
characterization

 Food identification (in and outside 
the body)

 Understanding (and controlling) 
spoilage, contamination

 Outbreak root cause analysis / 
environmental analysis

 Population biology (e.g. dysbiosis)

 Host factors

Selected Metagenomics Food Safety Applications



Subtype and 
Serotype data 

Uploaded

Patient Eats
Contaminated

Food 

Stool
Sample

Collected

Salmonella
Identified

Shipping 
0–7 days

Public Health
Laboratory 
Receives
Sample

Serotyping 
and DNA fingerprinting 

2–10 days

Patient 
Becomes

Ill

Contact with 
health 

care system 
1–5 days

Onset of Illness
1–3 days

Diagnosis 
1–3 days

• Opportunity to reduce 
reporting time

Food Vehicle 
Identified

Direct-from-specimen Tests: Reduce Time to Actionable Results



CDC Applied Research: Direct-from-Specimen 
Pathogen Characterization Development

Amplicon sequencing Shotgun metagenomics

1,000’s of MLST targets

• Enrichment of 
pathogen 
targets

• Unbiased 
sequencing



• Microfluidic thermocycler

• 48 DNAs x 4800 amplicons (200 bp
optimal) in 35 nL reactions

• Indices added to amplicons on chip

• <2 hour load time

• ~4.5 hour run time

• ~4 hour cleanup and final PCR

DNA

Primer pools & 
mastermix

Harvest 
reagent

Control line fluid Control line fluid

Reaction 
chambers

What is the 
Fluidigm Juno?



Improve sensitivity, reduce cost, and 
resolve strains closely related to 
normal flora
• Target enrichment (e.g. bait 

capture)
• “Phasing” (e.g Hi-C analysis)
Adapt methods for outbreaks of 
undetermined etiology

Shotgun Metagenomics: Goals



Alignment-based Binning
(Alignment to reference)

Reference-free Binning

PanPhlAn, ConStrains, Sigma, 
Pathoscope, WG-FAST, MIDAS

MetaProb, Canopy, CONCOCT, 
GroopM, MaxBin, MetaBAT

Two Types of Strain-level Binning Tools:



2,465 outbreaks of unknown 
etiology reported to CDC 
2007-2016 (~200/year)

Etiology confirmed or 
suspected

78%

Undetermined
22%

Outbreak Etiology

Etiology confirmed or suspected Undetermined

Pathogen Discovery:  Foodborne Outbreaks of Unknown Etiology



Etiology confirmed or 
suspected

78%

Undetermined
22%

Outbreak Etiology

Etiology confirmed or suspected Undetermined

Etiology of Foodborne Disease Cases*

* Calculated from data in the Scallan papers

Pathogen Discovery:  Foodborne Outbreaks of Unknown Etiology



Binning 
bioinformatics

Known 
pathogen 
HMAS 
panel

Metagenomic
shotgun 
sequencing

DNA 
extraction 
and 
processing Samples with 

uncertain 
pathogen 
content

Samples with 
unambiguous 
pathogen 
content

Contigs that 
match known 
organisms

Contigs that match 
rare organisms or 
are unknown

Outbreak 
core 
analysis

Genomic material 
shared across 
putative outbreak

Unknown diarrheal illnesses outbreaks (UNDIs)

Analyze, place in 
tree of life, 
modified Koch’s 
postulates
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The findings and conclusions in this presentation are those of the author and do not 
necessarily represent the views of the Centers for Disease Control and Prevention

Laboratory Update:  WGS/Metagenomics


