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Presentation 
outline

• Pathogenic organism

• Overview of Comparative Genomics & 
Objective

• Comparative Genomics pipeline & Software 
Selection

• ANI

• MLST

• SNP Typing

• Future directions & deliverables
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Campylobacter 
jejuni

• Shares high sequence homology to 
Campylobacter coli

• It colonizes the intestinal mucosa of most 
food-producing animals

• Highly associated with acute gastroenteritis in 
humans causing global bacterial food 
poisoning

• Virulence factors

• AMR Profiles
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What is 
Comparative 
Genomics?

• Comparison of whole genome sequences for 
determining how closely related organisms are 
to one another

• Genomes can be compared by the following 
features:

• Genomic sequence

• Strand asymmetry

• Genes

• Gene order

• Genomic structural landmarks (functional 
annotations)

• And more...!
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Comparative Genomics Objectives
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IDENTIFY KINDS OF STRAINS 
(OUTBREAK VS. SPORADIC)

CONSTRUCT PHYLOGENY 
DEMONSTRATING WHICH 

ISOLATES ARE RELATED AND 
WHICH DIFFER

DETERMINE SOURCE OF 
OUTBREAK

MAP VIRULENCE AND 
ANTIBIOTIC RESISTANCE 
FEATURES OF OUTBREAK 

ISOLATES

COMPILE RECOMMENDATIONS 
FOR OUTBREAK RESPONSE AND 

TREATMENT



Comparative Genomics Pipeline Summary
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Data

• 50 Assembled Genomes

• Predicted and Annotated 
Genes

• Epidemiological data

Comparison Methods

• MLST

• SNP-Based

• ANI

Data Consolidation

• Phylogeny generation

• Virulence Profile

• AMR Features

CDC Recommendations

• Preventative measures

• Outbreak response

• Treatment strategy

**We will benchmark each software for each category prior to finalizing our selection**



Data 
overview

• Assembled genomes from the Genome 
Assembly group

• Predicted genes from the Gene Prediction 
group

• Annotated functions from the Functional 
Annotation group
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How we plan 
to utilize the 

functional 
annotations

• Presence of virulence factor genes in each 
outbreak strain

• Presence of antibiotic resistant genes in each 
outbreak strain
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Types of 
comparative 

genomics 
techniques
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Average 
Nucleotide 

Identity (ANI)

Multi 
Locus Sequencing 

Typing (MLST)

Single Nucleotide 
Polymorphisms (SNP) 

Typing

Classification of 
bacterial species.

Estimates 
relationships between 
bacteria 
based on allelic 
variations

Compares base-by-base 
alignments to ascertain 
similarity



Average 
Nucleotide

Identity (ANI)

Average Nucleotide Identity (ANI) is a 
measure of nucleotide-level genomic 

similarity between the coding regions of 
two genomes (A,B): define bacterial 

species?
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ANI<70%?

Two inportant factors affecting 
ANI: gene identity threshold, 
sequence alignment fraction

Konstantinidis et.al., 2005, PNAS

A value of 70 % DDH (DNA-DNA hybridization, 1 kb fragments of genome) was proposed as a recommended standard for delineating 
species (Wayne et.al.,1987) ANIb: blast based ANI



ANI Tools
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Jspecies (Java implementation of ANIb, ANIm)

OrthANI (Java based)

ANI_Calculator ( gANI)

pyani (Jan, 2020), python implantation of ANIb, 
ANIm, OrthANIb, OrthANIm

Alignment based
ANIb, ANIm (faster than ANIb)

OrthANIb, OrthANIm, OrthANIu

gANI, genome wide ANI (predicted 
gene based, no rRNA and tRNA, faster 

than ANIm)

Non-Alignment based

MUmer based (Richer et.al., 2009, 
PNAS)



OrthANIb, OrthANIm,
OrthANIu
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>30% identity, >70% alignment

(Goris et.al., 2007; Lee et.al., 2016)

A
N

Im

•Usearch-based
•Usearch, a faster 
local alignement tool than blast 
for short sequences

•MUMer-based
•MUMer uses an 
efficient data structure, suffix 
trees to calculate alignments.
• These suffix trees can rapidly 
align 
sequences containingmillions of 
nucleotides with precision.

• Blast-based
• based on a large number of genes

• better measure of genomic relatedness 
than single gene, 16S rRNA gene

• Not affected by varied evolutionary rates 
or HGT

• Computationally intensive for large datasets



gANI (genome 
wide ANI)

• high performance similarity search tool 
NSimScan: protein-coding genes (A, B) 
were compared at the nucleotide level

• High speed: query aggregation, use of 
optimized bitwise operations in 
alignment computing, and by avoidance 
of dynamic programming

• Can be used for a large number of 
genome pairs

• gANI (Varghese et.al., 2015, Nucleic 
Acid. Res)
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FastANI
(Jain et.al., 2018, NC)

• Mashmap: (A) fragments are mapped to the reference 
genome (B) using Mashmap. Mashmap first indexes the 
reference genome and subsequently computes mappings 
as well as alignment identity estimates for each query 
fragment, one at a time

• Reciprocal way, fastest and parallelized

• Only for identity around 80% or higher
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MLST: Multi-locus 
Sequence Typing

• Identify a set of loci (genes) in the genome and 
compare each locus in a genome against the set 
of loci 

• Estimates relationships between bacteria based 
on allelic variations

• Each sequence for a given locus is screened 
for identity with already known sequences 
for that locus

• If the sequence is different, it is considered 
to be a new allele and is assigned a unique 
(arbitrary) allele number.

• MLST has been used successfully to study 
population genetics and reconstruct micro-
evolution of epidemic bacteria and other micro-
organisms.
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MLST: Multi-locus 
Sequence Typing

• Whole-genome MLST (wgMLST) – all the loci of a given 
isolate compared to equivalent loci in other isolates 
(typing scheme based on a few thousand genes)

• Create wgMLST tree (different styles)

• Core-genome MLST (cgMLST) – focused on only the core 
elements of the genomes of a group of bacteria (typing 
scheme based on a few hundred genes)

• 7-gene MLST - choose 7 loci in the genome and compare 
all genomes to these 7 loci

• Profile of alleles (“sequence type” or ST) by calling 
the alleles

• Genome assembly optional – there are 
assembly free methods

• Ribosomal MLST (rMLST) – based on 53 loci that code for 
ribosomal proteins in most bacteria
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Database: 
PubMLST for 

Campylobacter
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MLST Tools 
Overview
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MLST tools comparison

Figure: Running time (s) of each application as the coverage 
increases to assess the impact of the depth of coverage. 

Figure: Disk space requirements in bytes for each software 
application as the depth of coverage increases. Due to the 
large difference between applications, a log scale is used.
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• To understand the behavior of tools in the 
presence of more than one strain, tools were 
tested on simulated dataset consisting of two 
Salmonella samples with different alleles in 
varying ratios.

• STs called by each software application when 
given data containing two different Salmonella
samples in varying ratios of abundance. 

• Where there is no ST called, or where the ST has 
any ambiguity at all, it is marked as low 
confidence. 

• A false positive is where an ST is called with high 
confidence and is not one of the two samples in 
the raw data.

MLST tools comparison
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MLST tools comparison

Figure: Running time for all MLST caller programs on the 
different schemes. X indicates that there are no results 
for the caller on the dataset, either because it failed or 
took more than 24 h. The bars represent the 95 % 
confidence interval.

Figure: Peak memory usage for all MLST callers on 
the different schemes. X indicates that there are no 
results for the caller on the dataset, either because 
it failed or took more than 24 h. The bars represent 
the 95 % confidence interval.



MLST tools comparison

Figure: Average number of calling errors 
from three M. tuberculosis simulated 
samples, with varying depth of coverage 
and using the 553 gene ecgMLST scheme. 
The bars represent the 95 % confidence 
interval.
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MLST tools 
comparison
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Tool Year of 
Publication

Citations Algorithm Basis

MLST 2012
(version 2.0 

in 2018)

912 Assembly based Stand-alone tool, 
takes in de novo 
assemblies, very 

fast and searches all 
databases on 

pubMLST

String MLST 2017 40 k-mer based Stand-alone tool 
available, well 
documented, 
assembly and 

alignment free.

ARIBA 2017 154 Assembly based Stand-alone tool 
available, well 
documented.



String MLST 

• Tool for detecting the sequence type 
(ST) of a bacterial isolate directly from 
the genome sequence reads

• Developed by the Jordan Lab

• Assembly-free & alignment-free

• Faster algorithm compared to 
traditional MLST tools that maintains 
high accuracy

• Options to either build a database or 
use existing online database
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String MLST
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MLST

• MLST tool that scan contig files against 
traditional PubMLST typing schemes

• Takes de novo assemblies as input on the 
command line and uses BLASTN to align 
sequences to alleles.

• It is very fast and searches all databases on 
pubMLST to automatically detect the 
organism, then calculates the ST.

• Can build DB but also has bundle of all 
available databases in their software 
repository, which are regularly updated (every 
1-2 months)

• Version 2.x does not just look for exact 
matches to full length alleles. It attempts to tell 
you as much as possible about what it found
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ARIBA

• Assembly based tool

• Primarily developed for identifying Anti-Microbial Resistance - associated genes and 
single nucleotide polymorphisms directly from short reads

• It provides inbuilt support for and functionality for multi-locus sequence typing 
(MLST) using data from PubMLST.

• It provides inbuilt support for PlasmidFinder and VFDB (Virulence Factor Databases)

• Can be used in the study of Virulence Profile and AMR features along with the results 
from the Functional Annotation group
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What are SNPs?

• A DNA sequence variation that occurs at a 
single position in the genome

• Prevalence of each variation > 1%

• Construction of phylogenetic trees based 
on SNPs for studying genetic and 
evolutionary factors in various organisms

Algorithm Overview:

• Pre-processing and read cleaning

• Mapping

• SNP calling against reference genome

• Phylogeny based on SNP profiles
29

Single Nucleotide 
Polymporphisms (SNP) Typing



SNP tools 
comparison
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Tool Year Citations Algorithm Basis

kSNP 3.0 2013 214 k-mer
based

Stand-alone tool available. Well 
documented. Multiple software 

versions created.

Lyve-SET 2017 54 MSA Stand-alone tool available. Consistent 
performance. Higher specificity then 

kSNP.

SNPhylo 2014 186 MSA Stand-alone tool available. Reduces SNP 
redundancy.

ParSNP 2014 570 MSA Stand-alone tool available. Fast.

REALPHY 2014 222 Reference 
Sequence 
Alignment

Stand-alone tool available. Poor 
documentation.

SNVPhyl 2017 48 SNV 
Alignment

Stand-alone tool available. Can 
determine outbreak from non-outbreak.



SNP-based tools: 
kSNP3.0

• kSNP is optimal for situations where 
whole genome alignments don't work

• MSA-based approaches are 
computationally expensive and slow

• k-mer-based approaches are 
alignment-free and have a faster 
runtime

• Multiple kSNP versions have been 
created and thoroughly tested
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SNP-based tools: 
Lyve-SET

• Linear regression model (y =mx+b) 
where m = number of hqSNPs per Lyve-
SET hqSNP and b = number of 
hqSNPs when there are no Lyve-SET 
hqSNPs

• This represents all pairwise distances 
comparing Lyve-SET with other 
pipelines
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SNP-based tools: 
Lyve-SET

• MSA based approaches 
are computationally expensive!

• Computationally complex

• O(LengthNseqs)

• Most use heuristic approaches 
rather than global optimization
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SNP-based tools: 
ParSNP

• MSA based approach that is NOT 
computationally expensive

• Utilizes Maximal Unique Matches to 
cluster sample against reference

• Low FDR

• Output includes variant (SNP) calls, 
core genome phylogeny and multi-
alignments

• Uses information provided by multi-
alignments flanking SNP sites for QC
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Virulence Profile 
& AMR Features
• Virulence Factors: Secreted by pathogen 

to colonize host at cellular level

• Antimicrobial Resistance (AMR) 
contributes to tens of thousands of 
deaths each year

• Can be derived from tools utilizing AMR 
Genes database including ARG-ANNOT, 
CARD, SRST2, MEGARes, Genefinder, 
ARIBA, KmerResistance, AMRFinder, and 
ResFinder

• Results from annotation group most 
helpful here
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• Preventative measures

• Identify food source of outbreak strains to recommend 
recalls

• Determine potential water source shutdown

• Create PSAs to alert public of risks and hygienic 
prevention

• Outbreak response

• Analyze date distribution / geographic outbreak plots

• Refer related cases to physicians for treatment

• Alert state labs of heightened related cases

• Investigate supply chain correlations for specific 
product

• Treatment strategy

• Recommend which antibiotics will be most effective 
and ineffective from AMR profile

Deliverables: 
CDC Recommendations
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Thank you!

Questions?
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