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Predicting Resistance: From Genotype to Phenotype

Details on genetic context
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NARMS Genotype-Phenotype Correlations
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Whole-Genome Sequencing for Detecting Antimicrobial Resistance in
Nontyphoidal Salmonella
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Predicting Resistance from WGS

Gen/Phe
correlation

Reference

Bacterium

99.70% Zankari et al., 2013, J Antimicrob Chemother
Salmonella enterica

99.00% McDermott et al., 2016, Antimicrob Agents Chemother
97.10% Stoesser et al., 2013, J Antimicrob Chemother

Escherichia coli
98.50% Tyson et al 2015., J Antimicrob Chemother

99.20% Zhao et al 2015., J Antimicrob Chemother
98.80% Gordon et al 2014., J Antimicrob Chemother
98.00% Metcalf et al 2016, Clin Microbiol Infect
100.00% Shelburne et al, 2017 Clin Infect Dis

95.30% Phelan et al 2016. Genome Med
Mycobacterium
92.30% Walker et al 2015. Lancet Infect Dis
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Ciprofloxacin MICs by Mechanism and GCVs
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Tyson GH, Zhao S, Li C, Ayers S, Sabo JL, Lam C, Miller RA, McDermott PF. Establishing genotypic cutoff values to measure
antimicrobial resistance in Salmonella. Antimicrob Agents Chemother. 2017 Feb 23;61(3).



Summary of GCVs

Antimicrobials CLSI susceptible (S): EUCAST ECV: GCV: no resistance
treatment success wild-type (WT) | mechanism (NRM)

likely

Ampicillin <8 <4 <8
Amoxicillin-clavulanate <8 None <2
Cefoxitin <8 <8 <8
Ceftriaxone <1 None

Ceftiofur <2 <2 <2
Gentamicin <4 <1 <2
Tetracycline <4 <4 <4
Chloramphenicol <8 <16 <16
Ciprofloxacin <0.06 <0.06 <0.06
Nalidixic acid <16 <16 <8
Azithromycin None None <16
Sulfisoxazole <256 None <256

Trimethoprim-sulfamethoxazole <2 <1 <0.05

Tyson GH, Zhao S, Li C, Ayers S, Sabo JL, Lam C, Miller RA, McDermott PF. Establishing Genotypic Cutoff
Values To Measure Antimicrobial Resistance in Salmonella. Antimicrob Agents Chemother. 2017 Feb 23;61(3). 6



Using machine learning to predict antimicrobial minimum inhibitory E

concentrations and associated genomic features for nontyphoidal Salmonella

Marcus Nguyen, S. Wesley Long, Patrick F McDermott, Randall | Olsen, Robert Olson, Rick L Stevens,
Gregory H Tyson, Shaochua Zhao, James | Davis
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Using machine learning to predict antimicrobial minimum inhibitory
concentrations and associated genomic features for nontyphoidal Salmonella

Marcus Nguyen, S. Wesley Long, Patrick F McDermott, Randall | Olsen, Robert Olson, Rick L Stevens,
Gregory H Tyson, Shachua Zhao, James | Davis

*  The MIC prediction models have average
accuracies between 95-96% within + 1 two-fold
dilution factor.

* The models are capable of predicting
susceptible and resistant MICs with no a priori
information about the underlying gene content
of the genomes.

. By using diverse genomes for training sets, MIC
prediction models with accuracies >90% can be
generated with fewer than 500 genomes.

*  Despite annual fluctuations in AMR gene
content in the sampled genomes, this approach
for predicting MICs is stable year after year.

*  Evaluating loci for including in R-gene screening




WGS gives new answers to old questions
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Welch TJ, et al. Multiple antimicrobial resistance in plague: An emerging public
health risk. PLoS One. 2007 Mar 21;2(3):e309.
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Plasmid-mediated colistin resistance

Colistin is used as a last-resort drug to treat
patients with multidrug-resistant infections,
including CRE

The mcr-1 (mobile colistin resistance) gene was the
first plasmid-mediated resistance mechanisms
discovered. First reported in China, November 2015

Without opening a freezer door, we screened over
155,000 bacterial genomes, about 7,000 from
NARMS, and none contained the gene

By selective culture enrichment, our partners at
USDA found mcr-1 in E. coli isolates collected from
the intestines of two pigs (out of 2,000 samples
tested)

Metagenomic analysis of blinded samples also
detected the mcr-1 gene.
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National Antimicrobial Resistance Monitoring System

2015
INTEGRATED

REPORT

Google-> NARMS Integrated
Report

Integrated reporting of genomics: transforming
bewildering complexity to intelligible order

NARMS Now: Integrated Data

al Aesstince Wonkrg fysee

Resistance by Species and Serotype

Compare antimicrobial resistance in bacteria from animals and humans. You

have the option to choose from four different organisms, 14 animal and meat

sources, and several antimicrobials. P

Resistance by Sample Source and Place

Compare resistance to a single antimicrobial agent in bacteria from multiple
sources and see the geographic distribution of the resistant bacteria.

Resistance Genes in Salmonella

Explore the distribution of resistance genes from Salmoneila, and see distinct
and commeon resistance genes in bacteria from different sample types.

Resistance to Multiple Antimicrobial Agents

Compare any combination of multiple antimicrobial agents for resistance over
time, and compare by source.

Multidtrug Resistance

Compare multidrug resistance trends for Salmonella and Campylobacter.
Additionally, compare resistance in E. coli and Enterococcus from retail meat
and food animals over time.

References

For those interested in other NARMS resources, including the isolate level
data, go to the reference page.

FOA
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Adaptations of Food Safety Importance

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

Thermal tolerance
Dessication resistance
Osmotic/lonic tolerance
Quat resistance
Chlorine resistance
Biofilm persistence
Surface adherence
Antibiotic resistance
Antimicrobial resistance

(10) Ecological fitness

(11) Heavy metal resistance

(12) Metabolic persistence

(13) Enhanced hydrophobic fitness
(14) Produce invasiveness

(15) Flower invasiveness

(16) Root system invasiveness

(17) Acid resistance

(18) Surface water fitness

(19) In vivo plant migratory fitness
(20) Sail fitness

(21) Capsaicin resistance

(22) Swarming

(23) Trans-ovarian poultry colonization
(24) Fecal persistence (poultry)

(25) Yolk content invasion

(26) Multidrug resistance

(27) External amoeba harborage
(28) Internal amoeba harborage
(29) Acyl-homoserine lactone (AHL)
(30) KatE stationary-phase catalase
(31) In vivo migratory fitness

(32) RDAR phenotype

(33) The ‘Weltevreden’ type

(34) Peristence within the tomato**

12



Representative genes from the literature that may be linked
to resistance, which may affect preventative controls.

ItrC LMM7_2442 cold stress Chaturongakul et al., 2008
pdhB LMM7_1083 oxidative stress Chaturongakul et al., 2008
rshbv Imo0893 regulator of sigB activity Chaturongakul et al., 2008
rsbw Imo0894 regulator of sigB activity Chaturongakul et al., 2008
rsbX BN389_09250 regulator of sigB activity Chaturongakul et al., 2008
gadC Imo2362 acid stress Chaturongakul et al., 2008; Begley and Hill 2015
gadA Imo0447 acid stress Chaturongakul et al., 2008;Begley and Hill 2015
opuCA LMRG_00880 osmotic stress Fraseretal.,, 2003

opuCB LMRG_00879 osmotic stress Fraseretal.,, 2003

opuCC LMRG_00878 osmotic stress Fraseretal.,, 2003

opuCD LMRG_00877 osmotic stress Fraseretal., 2003

arcA Imo0043 acid stress Gahan and Hill, 2014

arcB LMHCC_0975 acid stress Gahan and Hill, 2014

arcC BN389_00490 acid stress Gahan and Hill, 2014
argB Imo1589 acid stress Gahan and Hill, 2014
argC Imo1591 acid stress Gahan and Hill, 2014
argD Imo1588 acid stress Gahan and Hill, 2014
argG Imo2090 acid stress Gahan and Hill, 2014
argH Imo2091 acid stress Gahan and Hill, 2014
argR Imo1637 acid stress Gahan and Hill, 2014
uspA Imo0515 general stress response Gomez etal., 2011

rpoN LMM7_2503 osmotic stress;cold stress Okadaet al., 2006

sigl BN389_24240 cold stress Raimann et al., 2009

betL LMM7_2191 osmotic stress;cold stress Tasara and Stephan 2006

Mine the literature, mine the WGS databases.
Match Genotype with Phenotype



Making Data Accessible: NARMS Now

Nearly 200,000 entries of isolate-level data for

. Human Clinical Cases — Click the link to be

taken to CDC’s NARMS Now: Human Data Salmonella, Campylobacter, E. coli and Enterococcus
where you can download the human data. collected since 1996.
e  Retail Meats — Last updated 10/20/2017 ¢  Salmonella from 14 human, food and animals sources
*  Food Producing Animals * Extensive metadata including MICs to 16 antibiotics
— HACCP 1997-2005 — Last updated e WAGS data on all food Salmonella since 2002
8/21/2015 e  WGS data on human and animal Salmonella since
— HACCP 2006-2015 — Last updated 2014
10/20/2017 e 2018-2019 goal is towards publication of real time
— Cecal 2013-2015 - Last updated WGS data to public domain

10/20/2017

— Data Dictionary

14


https://wwwn.cdc.gov/narmsnow/
https://www.fda.gov/downloads/AnimalVeterinary/SafetyHealth/AntimicrobialResistance/NationalAntimicrobialResistanceMonitoringSystem/UCM458659.xlsx
https://www.fda.gov/downloads/AnimalVeterinary/SafetyHealth/AntimicrobialResistance/NationalAntimicrobialResistanceMonitoringSystem/UCM458661.xlsx
https://www.fda.gov/downloads/AnimalVeterinary/SafetyHealth/AntimicrobialResistance/NationalAntimicrobialResistanceMonitoringSystem/UCM458663.xlsx
https://www.fda.gov/downloads/AnimalVeterinary/SafetyHealth/AntimicrobialResistance/NationalAntimicrobialResistanceMonitoringSystem/UCM458664.xlsx
https://www.fda.gov/downloads/AnimalVeterinary/SafetyHealth/AntimicrobialResistance/NationalAntimicrobialResistanceMonitoringSystem/UCM592840.xlsx

One Health, One Method

Methods Results Characteristics
Identification | —> Genus, species Slow and piecemeal
- Low resolution typing
o Serotyping —> Serotype Multiple assays and reagents
iu'marll = Limited drug coverage
nimal =] e - .. : .
o |—> Antibiotic S . Limited resistance mechanisms
_Food o Susceptibility Resistance pattern Specialized training
Environmental = Labor intensive
PFGE —> Genetic relationship Costly
Historical continuity
Molecular study —> Genetic mechanisms
Traditional
WGS
Metagenomic Rapid and comprehensive
Sample i i i
p Identification H_|ghest resolgtlon typing
Single assay/instrument/output
\l/ Serotype .
Resistance aenes All resistance genes
DNA |[—> WGS —> 9 Detect all known genes

Pure Culture

Genetic relationships
Virulence properties
Phage type

Details on genetic context
Computation intensive
Lower costs

Requires new standards

FOA
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Antimicrobial Resistance Surveillance
One Health - One Method

Highest practical resolution of structural traits in microbial members of an ecosystem

Accurate prediction of clinical resistance, and perhaps MIC.

Resistance to compounds not tested such as disinfectants and heavy metals, and
other potential drivers of resistance

Deep surveillance into previously hidden associations (e.g., co-resistance with
plasmid type, virulence) including determinants of zoonotic transmissibility of
resistance

Source attribution for more precise intervention
Retrospective resistance surveillance
Metagenomics to escape limitations of classical microbiology

Look farther with few resources: domestic and wild animal populations, animal feed,
environmental transmission & exposure pathways.

Global resistance emergence and spread
Greater confidence in public health decision making
16
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Changes in resistance genes by vear Back to Table of Co..

To begin, select an antimicrobial. To view a specific retail meat source, use the source filter. Move the cursor from left
to right to view the changes in distribution of the resistance genes.

Please note: Not all resistant isolates were sequenced and of those sequenced, some did not carry genes known to
confer resistant to a certain antimicrobial or classes of antimicrobials. As a result, the resistance information does not ..

Select an Antimi.. Source Retail Chickens Retail Ground Turkey Retail Ground Beef Retail Pork Chops

Tetracycline - (Al - | | * v O

Tetracycline resistance in Salmonella from retail meat
80.0%
60.0%
40.0%

20.0%
0.0%

Percent Resistance

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Distribution of resistance genes in 2003 (click on a gene for more information)

Retail tet(B)
Chickens 56.5%

Retail

« Ground
Turkey

Retail

= Ground
Beef

Retail

@ Pork

Chops
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RESISTOME TRACKER
Salmonella

Select an icon or alert below to get started.

clelole

CUSTOMIZE COMPARE DISCOVER EXPLORE

https://www.fda.gov/AnimalVeterinary/SafetyHealth/Antimicrobi
alResistance/NationalAntimicrobialResistanceMonitoringSyste
m/ucmS570694.htm 20



RESISTOME TRACKER
Salmonella

Select an icon or alert below to get started.

olelole

CUSTOMIZE COMPARE DISCOVER EXPLORE

https://www.fda.gov/AnimalVeterinary/SafetyHealth/Antimicrobi
alResistance/NationalAntimicrobialResistanceMonitoringSyste
m/ucm570694.htm 21
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RESISTOME TRACKER
Salmonella

Me. of BieSample Recerds

Return to main menu

4K

3K

2K

0K

Detection of All Beta-lactam Resistance Genes in the NCBI Database

years before 20

2013

2014

2015

NCEI Publication Date

2016

2017

2018

Back

<)

Gene
Geographi
Non-USA
Unknown

usa

(Al) -

ampH-1
blaACC-1
blaACC-3
DIaACT-4
bIaACT-5
bIaACT-5
DIaACT-7
blaACT-12
blaACT-14
blaCARB-1
blaCARB-2
bIaCARB-3
blaCARB-5
blaCARB-6
blaCARE-11
bIaCEPH-A
blaCKO-1
blaCMG
blaCMY-2
blaCMY-3
blaCMY-4
blaCMY-4-1
blaCMY-4-2
blaCMY-5
DlaCMY-6
blaCMY-7
blaCMY-15
blaCMY-16-1

blaCMY-17

m

-
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RESISTOME TRACKER

Salmonella

Back
Relurn to.main meny (¢}
Detection of blaCMY-2 Beta-lactam Resistance Genes in the NCBI Database Gene
Geographi
I
800 Non-USA
Unknown
2 — usa
% 600 I
o
o .
- e
E
3
S 400
m
5
o
=
200
0
years before 20. 2013 2014 2015 2016 2017 2018

NCEBI Publication Date

blaCMY-2  ~

Enter search text

(A -
ampH-1
blaACC-1 3
blaACC-3
DIRACT-4
blaACT-5
blaACT-6
bIRACT-7
blRACT-12
blaACT-14
blaCARB-1
blaCARB-2
blaCARB-3
blaCARE-5
blaCARB-G
blaCARE-11
blaCEPH-A
blaCKO-1
blaCMG

blaGMY-2
blaCMY-3
blaCMY-4
blaCMY-4-1
blaCMY-4-2
blaCMY-5
blaCMY-6
blaCMY-7
blaCMY-15
blaCMY-16-1
blaCMY-17 =
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RESISTOME TRACKER
almonella

Detection of blaCMY-2 Beta-lactam Resistance Genes in the NCBI Database Gene blaCMY2  +

Geographic Area

800 Non-USA ]
Unknown ]
0
B2 USA
2 600
g
o«
2 Click on sheet below to see
E source distribution of all
K] beta-lactam genes
S 400
@
2 uploaded in 2017
=z
200 from USA region
0 |
years before 20.. 2013 2014 2015 2016 2017 2018 .I I
NCBI Publication Date n | |
i I i
Year of
Geographic NCBI _  Click Buttons for
Bio Sample Class Gene Location Sources Serovar Release T Links to NCBI
Date
SAMNO04394748 Beta-lactam blaCM.. USA: Wash.. stoolfecal . Newport 2017 Click Here ®
SAMNO04394757 Beta-lactam blaCM.. USA: New .. stoolfecal .. Dublin 2017 Click Here ®
SAMNO04394778 Beta-lactam blaCM.. USA: New .. fecal sample Dublin 2017 Click Here ® =
SAMNO04394792 Beta-lactam blaCM.. USA: Wash.. stool Newport 2017 Click Here ® =l I.
SAMN04394801 Beta-lactam  blaCM_ USA Wash _ stcolffecal . Typhimurium 2017 Click Here ® 2 5 m w0 w
SAMNO04394809 Beta-lactam blaCM.. USA: New .. stoolfecal . Newport 2017 Click Here ® R E E £ § 3 E’
SAMN04394812 Beta-lactam _ blaCM.. USA: New .. stoolifecal . Newpori 2017 Click Here ° oz 5 = E =
FAMN[M]SAB]S Beta-lactam blaCM.. USA: Wash.. stool Dublin 2017 Click Here é E z
ANINUZ 397535 Tactam  BIACW. USA: Wash. o T oTT Thc! I 5 g
SAMNO04394840 Beta-lactam blaCM.. USA: Wash.. stoolfecal .. Null 2017 Click Here ® § g (5}
SAMN04394862 Beta-lactam blaCM.. USA: Wash.. stoolfecal . Dublin 2017 Click Here ®
SAMNO04394899 Beta-lactam blaCM.. USA: New .. stoolfecal.. Newport 2017 Click Here ®
SAMNO04394906 Beta-lactam blaCM.. USA: Wash.. stool Newport 2017 Click Here ®
SAMNN4394920  Beta-lactam blaCM  LJSA  Wash  stonlifecal  Dublin m7 Plick Hore @ L

Biosamples may have more than one entry if there is more than one SRA number per Biosample.

25



U.S. National Library of Medicine

National Center for Biotechnology Information

Home / Isolates Browser / Collapsed Tree View | Whole Tree View

L9, L UUUIIIgu, |

20 40 000069441.2
1 1 1 ]

4(% clinical, 2017-01-18, USA, PNUSAS007086, PDT000178903.2
clinical, 2017-01-19, USA, PNUSAS007089, PDT000179237.3
f————————0 clinical, 2016-03-21, USA, Urine, PDT000118741.2
O clinical, 2018-02-23, USA, PNUSAS034912, PDT000288913.2
O clinical, 2017-04-13, USA: New York, stool, R8_3358_R1, PDT000202992.1
————0Oclinical, 2017-05-04, USA, stool, PNUSAS011118, PDT000207185.2
O clinical, 2018-02-23, USA, Joint Fluid, PNUSAS033707, PDT000288998.2
—————= clinical, 2017-04-13, USA: Washington, stool, R8_3253_R1, PDT000202985.1
Eclinica\, 2016-04-20, USA, Beef, PNUSAS001636, PDT000126302.2

clinical, 2017-01-27, USA, urine, 2014AM-1538, PDT000181601.2
environmental/other, 2018-01-29, USA:PA, comminuted beef, FSIS31800064, PDT000282605.2
environmental/other, 2016-12-05, USA:SD, boneless beef, CFSAN056851,
clinical, 2018-05-16, USA, blood, PNUSAS040823, PDTOO(
environmental/other, 2017-06-12, USA'FL, Bos Taurus Intestine & I
O clinical, 2018-03-22, USA, PNUSAS036725, PDT000297383.2

_‘4)—0 environmental/other, 2016-04-22, USA, Ground beef, CRJJGF_Q00150, PDT000126

environmental/other, 2015-02-10, USA:ID, Bovine (necropsy), CFSAN013260, PDT000031812.3
environmental/other, 2015-02-11, chili pepper, FCC0057, PDT0000019845.5
environmental/other, 2015-02-10, USA:OR, Ground beef, WAPHL-SAL-A00348, PDT000026419.3
environmental/other, 2015-02-10, USA:WA, Avian (environmental-incubator), CFSAN018730, PDT0000356(
environmental/other, 2015-02-10, USA:OR, Ground beef, WAPHL-SAL-A00349, PDT000026420.3
environmental/other, 2014-09-10, USA:WA, CFSAN023612, PDT000038643.2
O environmental/other, 2015-02-10, USA:MN, Bovine Lung, MDH-2014-00546, PDTO(
environmental/other, 2015-02-10, USA:MN, Bovine Brain, MDH-2014-00554, PDT00004030:
environmental/other, 2015-02-10, USA:MN, Bovine Liver, MDH-2014-00312, PDT000032861.3
environmental/other, 2015-02-10, USA:MN, Bovine Feces, MDH-2014-00552, PDT000040307.3
environmental/other, 2015-02-10, USA:MN, Bovine Liver, MDH-2014-00071, PDT000029668.3
environmental/other, 2015-02-10, USA:WI, Bovine Liver, MDH-2014-00077, PDT000032245.4
environmental/other, 2014-09-06, USA:WA, feline (necropsy-kidney), CFSAND23227, PDTO(
environmental/other, 2014-06-30, USA:ID, Bovine, CFSANO18487, PDT000034242.2
environmental/other, 2015-02-10, USA:MN, Bovine Feces, MDH-2014-00425, PDT000036914.3
—C-:Oclinical. 2017-01-27, USA, urine, 2014AM-2597, PDT000181593.2

environmental/other, 2015-02-10, USA:MN, Bovine Lung, MDH-2014-00455, PDT000037353.3

—— 0 environmental/other, 2016-02-24, not collected, culture, BCW_6662, PDT000109250.2
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[ LAy
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| |2014

| ]2015

|| 2018
2017

| |2018

|:| years be_

a.. Ap..

Geographi..
[ any

Ammal Cattle  Chickens Companio Environ.. Game Humans Mlnnl Other Other  Produce Swine  Turkeys DNUH-USA
n Animals Animals  Avian/ DUnknnwn

ammnls Eags
a9 UsA

_ o

Animal . Companion Environmen

Minor food Other Other

Cattle Chickens Animals tal Game Humans animals Animals Avia < Produce Swine Turkeys
2 83 42 7 12 1 591 1 5 4 1 103 57
. B Compan N Minar Other Seeds,
Animal e Cheesef Chicken S Emdiron e Humans  food  Muts  CU®  Avian/ Produce Reptiles Seafood Spices, Swine  Turkeys
Feed Dairy s mental Animals
mals animals Eggs Herbs
200 1456 10 3942 110 1,808 T 18,818 10 105 81 80 186 54 20 a5 1,704 522
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