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Introduction

● Microbiologists often work with bacterial isolates taken from an infectious 
disease outbreak

● They may need to identify the species and strain of bacteria responsible for 
the outbreak based on the isolate

● Many approaches exist to attempt to accomplish this; often the goal will also 
be to identify clusters of strains associated with the outbreak

● The methods we will be discussing can be broken down into three categories:
1. Whole Genome Distance                
2. Gene by Gene Distance (MLST)
3. SNP-Based Distance



So we have E. coli...
● Virulence genes most likely acquired by horizontal gene transfer via plasmids, 

bacteriophages, pathogenicity islands, and transposons
● Antibiotic resistance is also highly prone to HGT

● Shared virulence 
strategies between 
strains

● Widely studied 
pathotypes may help 
us differentiate our 
isolates



● Most pathogenic 
strains belong to 
diarrheagenic E. coli

● Can cause 
extra-intestinal 
infections 

● Diagnostic targets 
may serve as guiding 
points for strain 
analysis



Objective

● Identify outbreak vs. sporadic strains
● Assess functional & structural similarities and differences between isolates
● Describe the virulence and antibiotic resistance functional features of the 

outbreak isolates
● Identify the source of the outbreak, and patient(s) zero
● Provide recommendations for outbreak response and treatment
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Whole Genome Distance

ANI ( Average Nucleotide Identity) : average nucleotide identity of all orthologous 
genes of two genomes



Whole Genome Distance

● It is widely accepted that ANI >95% 
indicates the same prokaryotic 
species

● There seems to be no consensus 
on ANI threshold to classify strains

● Results from tools consist of 
distance matrix that can be 
converted into phylogenetic tree or 
network graph

APPROACHES:

● FastANI - to get Phylip 
distance matrix

● Neighbor Joining - to 
get phylogenetic tree

● Visualization of 
network graph using 
threshold(s) of choice



FastANI - a MinHash algorithm-based tool for 
whole genome distance estimation
FastANI: use Mashmap (MinHash based alignment-free sequence mapping 
algorithm) pairwise comparison for both complete and draft genome assemblies, 
can estimate ANI in 80-100% identity range

Jain, Chirag, et al. (2018)



FastANI - input and output
Input:

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

./fastANI -q [QUERY_GENOME] --rl [REFERENCE_LIST] -o [OUTPUT_FILE]

./fastANI --ql [QUERY_LIST] --rl [REFERENCE_LIST] -o [OUTPUT_FILE]

Output:

Distance matrix in Phylip format



Phylip distance matrix example

● The output of FastANI is a distance matrix in Phylip format.
● Example of a triangular distance matrix:

98

U68589

U68590 0.3371

U68591 0.3609 0.3782

U68592 0.4155 0.3197 0.4148

U68593 0.2872 0.1690 0.3361 0.2842

U68594 0.2970 0.3293 0.3563 0.3325 0.2768



Visualization of genome clusters

Ways to derive insights from a distance matrix:

● Phylogenetic tree
● Network with nodes and edges



Deciding on tools for phylogenetic tree - 2018 paper



BIONJ - a neighbor joining algorithm-based tool 
for phylogenetic tree estimation from whole 
genome distance
● When combined with MASH distance algorithm, performed best out of 

methods that did not require alignment
● CPU time only 0.75 minutes

Input:

Distance matrix in Phylip format

Output:

Phylogenetic tree in Newick format



Newick phylogenetic tree example

(,,(,));                               no nodes are named

(A,B,(C,D));                           leaf nodes are named

(A,B,(C,D)E)F;                         all nodes are named

https://en.wikipedia.org/wiki/Newick_format



Network with nodes and edges

Chose ANI threshold for strains: >99% by inspection
Orange = low eccentricity (minimum eccentricity = more central node)
Large = higher closeness centrality
Large + Orange = nodes more closely related to the other nodes in cluster





MLST

● Multilocus sequence typing (MLST) was first proposed in 1998 specifically for 
inferring genetic relationships between bacteria

● It is often used to analyze isolates from infectious disease outbreaks for 
surveillance purposes

● It is based on analyzing and comparing multiple alleles from “housekeeping” 
genetic loci between bacteria

● It estimates relationships between bacteria based on their unique alleles, 
rather than their nucleotide sequences



High-resolution bacterial genome mapping

● One widely-used method of mapping the genetic relationships between 
bacteria is to compare their 16S rRNA genes

● This method is widely used and very effective, except when used on closely 
related bacteria

● This includes comparing different isolates within a species or potentially even 
different species within a genus

● In such cases, comparing these genes will provide limited resolution, meaning 
that a new method(s) had to be developed

● MLST is one such method; it is now “the method of choice for typing many 
organisms” (Maiden et al. 2013)



MLST and pan-genome analysis

● MLST only compares bacterial sequences at a selection of “housekeeping” 
genes

● By contrast, pan-genome analysis compares “the entire repertoire of genes 
accessible to the clade studied” (Vernikos et al. 2015)

● Pan-genome analysis and MLST both enable the detailed modeling and 
prediction of bacterial genomic diversity

● MLST can only be used on closely related bacteria
● Its focus on “housekeeping” genes allows it to account for widespread 

vertical and horizontal genetic transfer in bacteria



Varieties of MLST

● There are now many different types of MLST that have been developed, 
including:

● Whole-genome MLST (wgMLST), “in which all the loci of a given isolate are 
compared to equivalent loci in other isolates” (Maiden et al. 2013)

● Core-genome MLST (cgMLST), focused on only the core elements of the  
genomes of a group of bacteria

● Ribosomal MLST (rMLST), based only on the 53 loci that code for ribosomal 
proteins in most bacteria



The “gene-by-gene” approach

● Also known as the “MLST-like” approach, this method involves conducting a 
de novo assembly and annotation

● It can be thought of as applying MLST to whole-genome sequences (WGS)
● It is exceptionally versatile and flexible, and you can increase the level of 

detail simply by including more genes in the analysis



Roary
● Roary is a tool that builds bacterial pan-genomes based on a large number 

(potentially thousands) of related isolates
● It takes in annotated de novo assemblies, all of which must be from the same 

species
● “Isolates are clustered based on gene presence in the accessory genome, 

with the contribution of isolates to the graph weighted by cluster size” (Page 
et al. 2015)



Piggy

● Piggy is a modified version of the pan-genome analysis tool Roary
● But instead of assembling large-scale pan-genomes, Piggy only assembles 

intergenic regions of bacterial genomes
● The advantage of this comes from the fact that most pan-genome tools 

(including Roary) only focus on protein-coding sequences
● This is despite the fact that non-coding regions are often also phenotypically 

important, a shortcoming which Piggy addresses (Thorpe et al. 2018)



stringMLST
● stringMLST is a tool for detecting the sequence type (ST) of a bacterial isolate directly from the 

genome sequence reads.
● Much Faster algorithm compared with tradition MLST tools while still has high accuracy.
● The scale of the analysis is flexible. (manually create database)
● Accept existing database on the internet.

sample gene1 gene2 gene3 gene4 ST

CGT1 1 1 1 1 1

CGT2 1 2 1 1 2

CGT3 3 1 5 10 12



stringMLST
● MLST:

Download Escherichia locus/sequence definitions database from PubMLST. 

But the database only contains housekeeping genes.

● wgMLST

Build database and definition profile according to the result of pan-genome analysis.



SNP-Based Approach
● Single nucleotide changes can be measured for phylogenetic comparison
● Advantages include detecting host specific intergenic region SNPs 
● This is very useful when differentiating closely related strains
● However computationally demanding when providing an exceptionally high subtyping resolution
● Two types:

○ Reference based (Parsnp, RealPhy, CSI Phylogeny-1.2, CFSAN, PHEnix, etc.)
■ Higher likelihood of including all information of raw data
■ Computationally expensive, need space to 

○ Non-reference based (Cortex, Bubbleparse, NIKS, discoSnp, Stacks, etc.)
■ Including lineage-specific regions that may be absent from reference
■ Non-model organisms can be greatly facilitated
■ Smaller groups with fewer resources/ wider phylogenetic groupings
■ Help resolve the data storage and access issues, personal genomics based medicine.
■ De Bruijn graph as data-structure for identifying variants

● The tool kSNP can be used either with or without reference genome



Reference-free SNP-based approach

De Bruijn graph



Reference-free SNP-based approach

SNP bubble



kSNP 3.0
Why chose this one:

● Annotation of SNPs in all replicons can be provided
● Parsimony tree is consensus, not random
● Input file is a list of paths to genome files, helpful when dealing 

with raw read genome file sizes >> 500MB
● Automatically detects and incorporate  raw-read files
● Option to append a new genome to an existing run, save time 

compared with repeating the run

Compared to reference genome required methods:Designed to 
deal with aligning large numbers of microbial genomes and reference 
genome is not required, more versatile comparing to Parsnp as one of 
the substitutes. 

RealPhy depends on accurate mapping of raw reads (or contigs) to the 
reference genomes. Taxon diverged by > 5–10% the distances to 
reference are underestimated, leading to  incorrect topologies. 

Limitations:

● Cannot find SNPs that are 
too close together (closer 
than one half k).

● Cannot distinguish true 
SNPs from sequencing 
errors



Lyve-SET (SNP Extraction Tool) 
● High quality SNP pipeline to remove lower-quality SNPs and increase 

phylogenetic signal
● Map reads to reference using SMALT (hash index)
● Call SNPs from aligned reads with VarScan v2.3.7

○ Empirically determined E. coli settings

● Creation of SNP matrix with bcftools
● MSA FASTA created from SNP matrix
● Phylogeny inferred with RAxML v8
● Independently run tools
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