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Listeria Sensu stricto

- Clade 1 - 6 species

L.monocytogenes

L.ivanovii
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14 [1/2a,1/2b, 1/2c,
34, 3b, 3¢, 4a, 4b, 4c,
4d, 4e, and 7]

1/2a [Lineage II]
1/2b,4b [Lineage I]
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Image:https://www.forbes.com/sites/anagarcia
valdivia/2019/08/23/health-alert-in-spain-listeri
osis-outbreak-affects-168-people/#d21192426 2
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Person becomes sick

Person is exposed
to Listeria

o - I -o- T -

After a person eats
foed contaminated
with Listeria, symptoms
usually begin within

a few weeks, but may
not occur for up to one
month. For pregnant
women, it may take

up to two months for
symptoms to appear.

Person seeks
healthcare

Most people who
develop listeriosis seek
medical care within
two days of developing
symptoms.

General timeline for Listeria infection

Timeline for Linking a Case of
Listeria Infection to an Outbreak

Diagnosis

A health care provider
sends a specimen of
blood or spinal fluid
to a clinical lab. The
lab detects Listeria in
the person’s specimen
one to three days
after it is received. The
clinical lab reports the
Listeria infection to
the local public health
department.

?

T o -

The clinical lab ships an
isolate of the person’s
Listeria to the state
public health lab. This
step can take a week
or longer, depending
on how soon the lab
prepares the shipment
and transportation
arrangements.*

Public health lab
receives isolate

®

PFGE completed

CDC lab
receives isolate

1-4 days 1-2weeks 0 - 4-5 days -0

Next, the state public
health lab conducts

Some state public
health labs ship the

After receiving the
isolate, CDC performs

Z‘icsf:]j: ‘demg;sl PFEBon Listeria isolate to CDC WGS, which usually
the Listeria lsolate, and fo';WGS, DehveLy can takes 4 to 5 days.
uploads the PEGE pattem take 1 to 2 weeks.

to PulseMet’s natlonal

database. This can be

done In four days but can
take longer If the lab has
limited staff or resources or
1s responding to multiple
emergencles. Some state
public health laboratorias
can perform whole
gQenaome sequencing
(WGS) at the same tima
they are completing PFGE.

Image:https://www.cdc.gov/listeria/timeline.ht

ml

WGS completed

Case reported as
partof outbreak

T O R

If a person's Listeria
infection is linked to an
outbreak, the case will
be reported as part of
the outbreak.
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How to establish if different isolates are part of an outbreak?

Laboratory . Epidemiology | Traceback

[detect clusters] [link cases to source] [stop further spread of disease]

The Listeria WGS project was started by
CDC, federal partners and state and local
health department since 2013 to links WGS
and epidemiologic data to better detect and
investigate listeriosis outbreaks.

N

Eg: Multistate Outbreak of Listeriosis Linked to Commercially Produced, Prepackaged Caramel Apples Made from Bidart Bros. Apples [2015] - using WGS

 Listeria infection are rare -however higher fatality - 20-30% in high risk.
« Listeria initiative: provides a look at the who, where and when of Listeria @MQ;
infections e
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Listeria monocytogenes - Genetic view

2.8 - 3.2 million
Total Genome bases
GC content 39%
core genome MLST 2014 - 2647 loci
whole genome MLST 4804 loci
Pan genome MLST 3560-6612 loci
Plasmids 14 in Listeria

* Quorum sensing and other signals cause the
up-regulation of several virulence genes.

amoxicillin,
B-lactam enicillin
antibiotic penicitin,

ampicillin
aminoglycoside gentamicin

allergy to penicillin

trimethoprim -
sulfamethoxazole

alternative
treatment

tetracycline and
erythromycin
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Listeria monocytogenes - Interested genes

e All L.monocytogenes species in general are inherently resistant to cephalosporins, oxacillin and

ImrB lincomycin resistance protein
vanA, vanB vancomycin resistance
dfrD and dfrG Trimethoprim resistance

tetA, tetK, and tetL, tetM and tetS

Tetracycline resistance

emrA, emrB and emrC

Erythromycin resistance

|de gene

Fluoroquinolone resistance

fosfomycin

Genes associated with virulence factors and pathogenicity islands - LIPI 1, LIPI 2, LIPI3, LIP14
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Genomic approaches - Subtyping

e Genomic data can be exploited with many different bioinformatics methods.

e Whole genome approach or Phylogenetic approach - ANI, MLST [core genome, whole genome ] and
SNP

<14, 4e_CCHEC)
Appl Environ Microbiol. 2016 Oct 15; 82(20): 6258—6272. PMCID: PMC5068157 |.| [ I_4b_CC651 d
Published online 2016 Sep 30. Prepublished online 2016 Aug 12. PMID: 27520821 '-4"::.(:0‘3554
|_4bv_CC373
doi: 10.1128/AEM.01532-16 i|v§n sl

1_4bv_STI82ECIX
|_4b_ST663
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ANI for Listeria

100

95 .

ANI

85 .

Comparisons of Other Listeriaspecies

Comparison
Within L innocua
Between L innocua and Lm

~ Between Linnocua and Non-Lm
=1 Within L ivanovii

Between L. ivanovii and Lm

E Between L. ivanovii and Non-Lm
¢ Within L marthii

Between L marthii and Lm
Between L marthii and Non-Lm

. Between L seeligeri and Lm

Within L seeligeri

Between L seeligeri and Non-Lm
Between L welshimeri and Lm
Within L welshimeri

Between L welshimeri and Non-Lm

Establish “Cut off” Values for ANI

6 Within Listeria
monocytogenes
B > 92% R
4 Within
> Lineagel
z ~99%
L Between Listeria e
species
? <91%
0
85 90 95 100

ANI

(J92% ANl is a clear cutoff for species in Listeria
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ANI for Listeria
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* ANI values are based on pairwise alignment of the genome stretches.

» Reliability depends on the quantity and quality of the aligned fragment.
 We can calculate the ANI based on BLAST (ANIb) and MUMmer (ANIm)
« JSpecies is able to run BLAST-based and MUMmmer-based ANI

» Limitation: Needs a lot of time.



I(A,B)/100 = 1 +%xlog( Afigh, B) )

1+ J(A, B)

 Fast-ANI

* Avoids expensive sequence alignments

* Uses Mashmap as its MinHash based sequence mapping engine to
compute the orthologous mappings and alignment identity estimates

- Estimates a k-mer based Jaccard similarity

$ ./fastANI —-q [QUERY_GENOME] -r [REFERENCE_GENOME] -o [OUTPUT_FILE]

./contig/CGT38082contigs.fasta ./contig/CGT38083contigs.fasta



Fast ANI

B_quintana.fna v/s B_henselae.fna

500 kb 1000 kb

12
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- Aim

- Characterizing DNA sequence variations in bacterial isolates by focusing on
allelic diversity across housekeeping genes (highly-conserved genes)

- Evaluating relationships between strains based on their unique allelic profiles
or sequences (Maiden, 2006)

- Important in pathogen outbreak surveillance

. Deliverables: Allelic profiles of analyzed genes, sequence type for
each isolate, phylogenetic tree generated with MLST output

- Types: /-gene MLST, wgMLST, cgMLST, rMLST



. MentaLIST

- Performs allele calling directly from reads, relies on existing schemas and
allele definitions (from PubMLST and cgMLST.org) (Silva, 2018)
- Faster than other tools for larger schemas like cgMLST and wgMLST

(“MentaLIST")
. ChewBBACA

- Complete stand-alone pipeline including constructing and validating novel
cg/WwgMLST schemas and performing allele calling
- De novo assemblers on complete or draft genomes

. Suitable for large scale studies

e StringMLST

. Easy and fast to run
. Self-reported 100% accuracy

Table 1. Comparative performance comparison and accuracy
testing

Comparative test

lool name Type® Input % Correct Run time

Alleles STs

stringMLST K-mer Reads 100.0 100.0 45

CGE/MLST BLAST Reads 99.6 97.5 2922
SRST2 Mapping  Reads 98.6 92.5 1887
SRST BLAST  Assembly 95.0 77.5 2386
Offline CGE BLAST  Assembly 96.1 80.0 170

Gupta, Anuj, et al. “StringMLST: a Fast k-Mer Based Tool for Multilocus Sequence Typing.” Bioinformatics
(Oxford, England), U.S. National Library of Medicine, 1 Jan. 2017, www.ncbi.nim.nih.gov/pubmed/27605103.



Exploratory tool for MLST, 7 housekeeping genes
Utilized the existing MLST scheme from PubMLST
Very fast and efficient

Plan: Construct phylogenetic tree from this initial output to visualize the
sequence types of isolates at hand, research heteroresistance and
susceptibility of sequence types

First five lines of output:

dapE dat
1 3

1 3
CGT3292 ! ! 1 3
CGT3372 1 3



* EXisting or constructed schema

» A traditional MLST schema exists for our species on PubMLST and cgMLST
schema exists on cgmilst.org

» Verifled and comprehensive MLST schemes take time & funding

» We choose to use this existing scheme along with known phenotypic profiles
of our samples to easily and accurately get variances in significant genes for
26,395 strains of Listeria

. Options

. 7-gene MLST, cgMLST --> Plan: Construct phylogenetic tree, compare with the
tree from StringMLST output

- Detects novel alleles and their mutation(s)

. Efficiency
- Faster than ChewbaCCa with same or better accuracy, less computational

resources needed when running larger schemas like wgMLST (a few thousand
loci) and cgMLST (a few hundred loci) (Feijao, 2017)



(SNP)-based Phylogenetic Analysis

NP
= |dentifies and compares SNPs between isolate genomes S Ca A CGT

- Measures variations of SNPs between isclates W GA
T

« Construct a tree based on comparisons to differentiate isolstes Ca c c©

AGA

G T

» The NGS reads are mapped on areference
genome

Comparing with wgMLST

« High quality variants are identified for each
isolate using a predefined filtering parameters

s

» More flexible as they do notrequires

- The variant calks of individual isolates are 3 predefinedscheme
selected based on specifies rules and combined - Provide an excepticnally highsubtyping
into a populstion-wide SNF matrix ¢ resolution
« Computationsally demanding
i * Distinguish between isolates that have

« Concatensted SNPs from the SNP matrix are : “
used to construct a phylogenetictree been identified as closely related Gheiia
J Tech




Citation Reference Features Preference
Genome

ParSNP

RealFhy

kSNF3.0

SNFPhylo

CFSAN SNP
Pipeline

Lyve-SET

SNVPhyi

58072014

226/2014

22172015

18672014

S3/2015

552017

48/2017

Draft assemblies
or finished genomes

FASTQ (short reads), Yes
FASTA or
Genbank format

A listof sequence filepath  No
containing a genome and a
name for that genome (txt

file)

SNP/genotype format No
{vcf/hapmap file),
SNF data format file,

GDS file

FASTQ (short reads) Yes
FASTQ (short reads) Yes
FASTQ (short reads), Yes
Invalid positions file (bad

file)

(multiple)

Multi- maxaimal unigue matches

Only aligns the core genomes
Requires finished or assembled genomes

Either FASTA or Genbank format (contigs or

fully sequenced genomes) as reference
genomse

Option to combine individual reference
alignments

K-mer

Without genome alignment or reference
genome

Reduce SNP redundancy by linkage
disequilibrium (LD)

Decreases running time without losing
informative sites

Focus on closely related sequences, not
suited for the analysis of relatively distantly

related organisms

Customzed pipeline fordifferent species
Fhage masking

Mask out regions on the reference genome
with variants. Masked regions will not be
included in the phylogeny

Developedas 2
solution to the
problem of
aligning large
numbers of
microbial genomes
RealFhy depends
on accurate
mapping of raw
reads {or contigs)
to the reference

genomes
kSNP3.0

SNPhylo

Developad with
the objective of
creating high
quality SNP
matrices for
segquences from
closely-related
pathogens
Lyve-SET



LYVE-Listeria, Yersinia, Vibrio and Enterobacteriaceae reference lab SET

« Reads cleaning: CG-
Fipeline

Reads mapping: SMALT
Variant calling: VarScan
SNF matrix: beftools
SNP matrix to MSA
Phylogeny: RAXML v8

19
The Lyve-SET workflow Tocig '

Lee, etal. 2017, Front. Microbiol.



e Pan-genome
o Pan-genome: all the genes found in the given sample set
o Core-genome: genes shared among all samples
o Accessory genome: pan-genome minus core-genome




e Core steps of pan-genome analysis
o Collection of genome data
o Homology clustering
o Profiling of pan- and core-genomes



Pan-genome analysis

Core steps of pan-genome analysis

7))
Pan-genome Q2
€ Pan
T
)
CATCTGGTGGTTCTGGT o
CTTGTGGTGCTTGTGGT 8)
«« TCTGGTGCATCTGGT
o
O
o Core
E
AGECCOGCEGTGBAT =
AGGCCGGCCGTGGAT < Number of genomes
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Pan-genome analysis

e Biological information from pan-genome analysis

o Phylogenetic tree
o Presence and absence of genes
o Functional distribution of proteins

Biological information from

pan-genome analysis

ms
BE
mK

v
COG distribution T

e |

Genomes

Number of genes




Tools for pan-genome analysis: Roary

e 20175; 1045 citations.
e |nput: one annotated GFF3 file per sample
e Workflow:

Input GFF3 Protein i BLASTP Clustering
sequence pre-cluster

Order &
Downstream
. annotate
analysis
clusters

24
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Tools for pan-genome analysis: Roary

e Output:
o Profiling of pan- and core-genomes
o (Gene presence/absence matrix
o Representative sequence for each cluster
0 Core/accessory genome phylogenetic tree

it _—

N )Il U\VM Il I\I\ i m

lﬂllw | ||‘ ;

w” | ‘\ 4\‘ | n
LR

f\ (e m o

‘ JJJ ‘lmh' “'

L[1[} ‘ B |“

Al
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Tools for pan-genome analysis: BPGA

e 20176; 187/ citations
e |nput: one protein sequence file per sample
e Workflow:

Input Pre-proces Clusterin Prte) sence/ Downstream
FASTA sing 9 absence analysis
matrix
26
Georgia “‘
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e Output:

o Profiling of pan- and core-genomes
Representative protein sequence for each cluster
Gene presence/absence matrix
Atypical GC content
Gene function distribution
Core/accessory genome phylogenetic tree

O O O O O O



Plasmids in Listeria

Number of plasmids curated: >57
Length of Listeria plasmids: 30K-100K

Number of ORFs: 35-100
MGEs: 9-20

General features of 14 plasmids of genus Listeria.

Host Plasmid Isolation  Status Length ORFs? MGEsb
[bp]

L. monocytogenes 1/2b Lml pLM33 cheese closed 32307 36 9

L. monocytogenes 1/2a FSLF2-515 pF2-5135 meat contigs 37163 61 12
(11)

L. monocytogenes 7 UG1 pLM7UG! human closed 50100 55 13

SLCC2482

L. monocytogenes 1/2¢ UG1 pLM1- human closed 50100 54 1=

SLCC2372 2¢UGI1

L. monocytogenes 1/2b FSL J1.194 pJ1-194 human contigs 57536 69 16
(1)

L. monocytogenes 1/2b UG1 pLMI- human closed 57780 63 16

SLCC2755 2bUG1

L. monocytogenes 1/2b FSL R2- pR2-503 human contigs 56540 86 20

503 3)

L. monocytogenes 4b FSLN1-017  pN1-017 trout contigs 56037 62 13
3)

L. monocytogenes 1/2a 08-5578 pLM5578  human closed 77054 76 11

L. monocytogenes 1/2a J0161 pLMJ0161 human contigs 82700 90 10
(2)

L. monoytogenes 1-2b
pLM33

L. monocytogenes 1-2a
pF2-515

L. monocytogenes 7
pLM7UG1

L. monocytogenes 1-2¢
pLM1-2cUG1

L. monocytogenes 1-2b
pJ1-194

L. monocytogenes 1-2b
pLM1-2bUG1

L. monocytogenes 1-2b
pR2-503

L. monocytogenes 4b
pN1-017

5000 10000 15500 20000 25000 o.\m

%ﬂm —oo (fr—u—lrm—h_j ,
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0 11 oo umnmmn U:[I!IDDJIDEII:EIJD

5000 10800 15500 20000 25000 30000 35800 40500 43500 5ot

T = . s B e LT

3600 10500 15500 20000 25000 30300 35600 0500 45500 sot

| : —

e P, e e i =% =]
= I | ™ o, ooy
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000 10600 15500 20000 25000 30000 35000 40H00 4sbo0 50000 55000

0 e 0B} conf ] 400 00y,

5000 10000 15000 20000 25000 30000 35000 40000 45000 0 5500

oy e ol R R Ly Ty T 8

B e N O S

a

Copper
detoxification

Cadmium
detoxification

Arsenite
detoxification

Oxidative stress
response
Multidrug
detoxification
T4SS

PemIK
stability

R/M systems,
Abi-like

Kdp potassium
transport

Duplication
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Plasmid Databases and Tools

Databases/T | Year

ools

Citations

Number of

plasmids/sequences

Description

Limitations

PLSDB

2019

29

13789

Sources from RefSeq, INSDC(DDBJ,
EMBL-EBI, GenBank)

Novel, not been used for
typing before

PATLAS

2019

12746

web server containing comprehensive
information about bacterial plasmids

online, Limited functionality

pMLST

2014

1061

769

sourced from pubMLST, updated weekly

no command line alternate

Plasmid count

20

g 6 6
e
2010 2013 2014 2015 2016
Plasmid record creation date

Highcharts.com © Natural Earth

15
11
9 I

2017 2018 2019

C' Il ||Qlisteria

Plasmid
CP044433.1
CP044431.1
MH277333.1
MK134858.1
CP030101.1
MH382833.1
U40997.1

o ~ [} w S w N — +

KU513859.1

Topology
circular
circular
circular
circular
circular
circular
circular

circular

|

X O\ Search ¥

Created (...  Loc. name Loc. name (mapp... Latitude (ma...  Longitude (m... Isolation sour... Host
2019-09-30 USA:CA USA,CA 36.7014631 -118.7559974  environmental ... missing
2019-09-30 USA: CA USA,CA 36.7014631 -118.7559974  swab

2019-12-31

2019-11-04

2018-07-09 USA: NY USA,NY 43.1561681 -75.84499459... water Environment
2018-06-27

1996-04-02

2016-03-21 Italy: MILAN 45.46 9.1900000000... blood Homo sapiens

Sample type PlasmidFinder pMLST
rep25_2_M640p00130(J1776plasmid), CPOOG...
rep25_2_M640p00130(J1776plasmid), CPOOG...
rep25_2_M640p00130(J1776plasmid), CPO0G...
rep26_2_repA(pLGUG1), FR667693

rep26_3_M643p00680(N1011Aplasmid), CPOO...
rep22_1b_repB(pAMalphal), AF503772
rep26_2_repA(pLGUGL), FR667693

29
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e ARG-ANNOT. PMID: 24145532
e CARD. PMID: 23650175

* Rapid antimicrobial resistance genotyping it i B
e Uses fastq reads and can extract information « NCBI BioProject: PRINA313047
relevant to both Genome and Plasmids that we might  ® plesmidfinder PMID: 24777052

e resfinder. PMID: 22782487

have missed out in assemblies -

e SRST2's version of ARG-ANNOT. PMID: 25422674.
e VirulenceFinder PMID: 24574290.

Output will be compared and combined with results
obtained from annotation group

o 80 P

Tools Year Citations i

= 601 Tool
ARIBA(rapid antimicrobial 2017 156 - ——ARIBA
resistance genotyping) s 401 — KmerResistance

0
KmerResistance 2016 60 zg 201 SRST2
SRST2(Short read sequence 2014 481 01 30
typing) 50 75 100

Mean read depth



Epidemiological Data Exploration

Number of samples/cases as per timeline Q o ’é{
12 ‘
10
8
United
6 States

0 : L i
Jun'2019  Jul'2019 Aug'2019 Sep'2019 Oct'2019 Nov' 2019 Dec' 2019 Jan'2020 \ @ '. L

Percentage of food items consumed as per timeline

100%

\
F fornia < -

90% Values
80% = Sum of Beef
70% m Sum of Wheat bread

QUARTER(Sample Date)
60%

B Sum of Lettuce
0% m Sum of Grilled chicken - 2
0% W Sum of Celery Q
30% m Sum of Chocolate .
20% B Sum of Avocado Q3 201 9

Qtr3

m Sum of Sausage
" l . . B Sum of Chicken Salad . Q4
B = Sum of Oranges m 3 1
) - ~ Q1 2020 weorgia |
2019 2020 |
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* Qutbreak vs Sporadic Strains
» Combined analysis if clusters from MLST, SNP and ANI tools

- Compare with information received from ARIBA/SRST2 and additional
results from Gene Prediction/Annotation Groups

Narrow down on the location and food source using the Epidata

 Recommendations to FDA/CDC
- List of recommended Antibiotics based on resistance profiles

- Further WGS analysis on the food source and imposing limitations on
distribution



Comprehensive Analysis

Provides an overview of

diversification

7g9,cg MLST
ANI

Reads (FastA/FastQ)
Functional Annotations

(GFF)

wg MLST
SNP
PanGenome

Provides features
relevant to outbreak
analysis

ARIBA

O
O

Epidata

Provides timeline and

Provides detailed insight source of the outbreak

Analysis Results
Recommendations to
FDA/CDC

33
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