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O iOverview

• Impact of Next‐Generation sequencing to science
• Generic workflow in bacterial genome analysis• Generic workflow in bacterial genome analysis
• High‐throughput screening of bacterial genomes
• Comparative genomics and Phylogenomics
• Getting published
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“The work is very descriptive and does not have a real 

One reviewer’s comment to a manuscript conducting comparative genomics study

y p
hypothesis that can be tested…”

And the authors replied…

“…thought this manuscript has no hypothesis to be 
tested and that this observation somehow diminished 
th l f th t d W i l i t t th t fthe value of the study. We can simply point out that for 
“genome” analyses that is universally true. Such studies 
are often hypothesis generating and that perhaps is one
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are often hypothesis generating and that perhaps is one 
of their primary purposes.”



Impact of Next-Generation 
sequencing to sciencesequencing to science



What is Next-Generation What is Next Generation 
sequencing?

#Si l
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C i l
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#Require 
template 
amplification
#35–700 bp
read length
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P Bi (P ifi Bi i )
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454 (Roche) IonTorrent (Life Tech)

‐PacBio (Pacific Bioscience)
‐Oxford Nanopore Technologies



NGS Platform available in the GS at o a a ab e t e
market
Short‐read NGS
• 454 (Roche)
• SOLiD (Thermo Fisher)
• Complete Genomics (BGI)
• Illumina
I T (Th Fi h )• Ion Torrent (Thermo Fisher)

Long‐read NGS
• PacBio (Pacific Biosciences)
• Oxford Nanopore Technologiesp g
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Sequencing technology 
ti litimeline

30‐100 Mb data

http://www.ipc.nxgenomics.org/newsletter.htm7



• The first milestone for high‐
throughput analysisg p y

• Initiated ~1990

• First draft of human genome was 
(published in 2001 (92% of the 

genome)

• BAC clone and genome walking g g
technique

• Multiple bioinformatic tools have 
been invented and polished tobeen invented and polished to 
hasten analytical process

• Sequence assembly
• Genome annotation (gene finding)• Genome annotation (gene finding)
• Distributed computing 

• Nowadays, the cost of 
sequencing a human genome 
down to around US$1 000down to around  US$1,000 
(finished within a week)
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Application for basic and pp cat o o bas c a d
clinical research

Shyr, D. and Liu, Q. (2013) Next generation sequencing 
in cancer research and clinical application. Biological 
procedures online 15, 4.
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Generic workflow in Generic workflow in 
bacterial genome 

analysis



W ki  ith NGS d tWorking with NGS data
Is there a perfect OS for NGS analysis

o Program compatibility: Linux > MacOS >>>>>>> Windows

https://my.vmware.com/we
b/vmware/downloads

o Most of NGS data analysis packages run on Unix‐based OS (Linux, Mac)
o For Windows user …

• Dual installation of Linux (Ubuntu is recommended)
• Use virtual machine program (VMware)  limited computing performance
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W ki  ith NGS d tWorking with NGS data

Comp ter Web based anal sis

Operate computational analysis by…

Local computing

• Most versatile, a

Computer 
networking (server)

• High performance

Web‐based analysis 
(via web browser)

• Fit for basic usersMost versatile, a 
lot of 
experimentation

• Time‐consuming

High performance 
computing

• Limited programs 
to use

• OS independent
• Does not require hi‐
end desktop• Time consuming, 

not applicable for 
large dataset 

to use
• Authorization?

p
• Large variety of 
application and 
computational power
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Pre‐assembly analysis
• Input: Raw reads ( fastq)Input: Raw reads (.fastq)
• Output : Contigs, 

scaffolds, complete 
genome ( fasta)genome (.fasta)

Post‐assembly analysis
• Data mining, Data 

i i Vi li iinterpreting, Visualization
• Input: .fasta
• Output : Biologically 

meaningful result

Bayliss, S.C., et al. (2017) The Promise of Whole 
Genome Pathogen Sequencing for the Molecular 
Epidemiology of Emerging Aquaculture Pathogens. 
Frontiers in microbiology 8, 121.
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High-throughput screening 
of bacterial genomesof bacterial genomes



Identification gene of interest de t cat o ge e o te est
from bacterial genome
• Important elements in bacterial genome

• Virulence factors• Virulence factors
• Antibiotic resistance genes
• Genomic island• Genomic island
• Bacteriophage
• CRISPR• CRISPR
• Prokaryotic Regulatory Proteins
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Public databases enlisting important Public databases enlisting important 
bacterial elements

Virulence factor
• Virulence factors refer to the 
properties (i.e., gene products) properties (i.e., gene products) 
that enable a microorganism to that enable a microorganism to 
establish itself on or within a hostestablish itself on or within a hostestablish itself on or within a hostestablish itself on or within a host
of a particular species and 
enhance its potential to cause 
disease. 

• e.g. bacterial toxins, surface 
proteins mediated attachmentproteins mediated attachment, 
cell surface carbohydrates and 
proteins that protect a bacterium, 
and hydrolytic enzymes
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Public databases enlisting important Public databases enlisting important 
bacterial elements

Virulence factor
• Virulence Factor Database (VFDB)  online resource u e ce acto atabase ( ) o e esou ce
for curating information about virulence factors of 
bacterial pathogens (http://www.mgc.ac.cn/VFs/)

Antibiotic resistance genes
• The Comprehensive Antibiotic Resistance Database 
(CARD): http://arpcard.mcmaster.ca/

• Antibiotic Resistance Genes Database (ARDB):• Antibiotic Resistance Genes Database (ARDB): 
https://ardb.cbcb.umd.edu/
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Public databases enlisting important Public databases enlisting important 
bacterial elements

Genomic island
• IslandViewer(www pathogenomics sfu ca/islandviewer/)IslandViewer(www.pathogenomics.sfu.ca/islandviewer/) 

• Curated database for GIs present in bacterial genomes
• Predict GI from submitted genome using integrated tools

Bacteriophage
• Database

• PhageDB (http://phagesdb.org/)

• Prediction tool
• PHASTER (PHA e Sear h Tool http //phaster a/• PHASTER (PHAge Search Tool ‐ http://phaster.ca/
•  web server for the rapid identification and annotation of 
prophage sequences within bacterial genomes and 
plasmidsplasmids.
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Public databases enlisting important Public databases enlisting important 
bacterial elements

CRISPR
• Clustered Regularly Interspaced Short Palindromic RepeatsClustered Regularly Interspaced Short Palindromic Repeats
• A prokaryotic immune system that confers resistance to foreign 
genetic elements 

• CRISPRFinder (http://crispr.i2bc.paris‐saclay.fr/)  automated tool for 
identification of CRISPR array present in bacterial genome
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Public databases enlisting important Public databases enlisting important 
bacterial elements

Prokaryotic regulatory proteins
• transcription factors (TFs) and two‐component systems (TCSs)transcription factors (TFs) and two component systems (TCSs)

• P2RP (Predicted Prokaryotic Regulatory Proteins)
• http://www p2rp org/http://www.p2rp.org/
• Freely accessible web server, to provide a RP database and a 
platform for RPs prediction
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Searching gene of interest:Sea c g ge e o te est
Practical strategies

RAST, 

Obtained DNA/protein 
sequences from public 

d t b

Repository 
genome/proteome

MicroScope

NCBI database genome/proteome

VFDB,
CARD, 

IslandViewe

NCBI, 
UniProt, 
EMBL 
etc

Search against 
repository  genomes 

(local BLAST)

Search against 
public database

IslandViewe
r, PHASTer

etc.

etc.

(local BLAST)

Sequence similarity Sequence similarityPredicting functional 
epitope

RAST, 
MyDBFinder

Retrieve best‐hit 
gene(s)

Retrieve best‐hit 
genes
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Identification gene of interest from 
b t i l bacterial genome

• Download and extract specific CDS from a genome 
curated in RAST server (http://rast.nmpdr.org/)( p // p g/)
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Identification gene of interest from 
b t i l bacterial genome

• MicroScope platform: a web‐based platform for microbial 
comparative genome analysis and manual functional 
annotation 
(http://www.genoscope.cns.fr/agc/microscope/home/index
.php).php) 
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Comparative genomics 
and Phylogenomicsand Phylogenomics



By carefully comparing 
characteristics between 
various organisms 
can can pinpoint regionspinpoint regions of of 
similarity and differencesimilarity and difference. 
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The benefits of comparative e be e ts o co pa at e
genomics

Virulent 
strains

vs

A i i
Reference 
genomes

Antimicro
bial 

resistant

Newly 
emergent  vs vs

Acquiring a 
set of 
i dgenomes resistant 

strainsstrains interested 
genes

Metabolic 
different

vs
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different 
strains



How to conduct comparative p
genome analysis: 
relevant bioinformatic toolsrelevant bioinformatic tools

• Whole genome alignment (DNA-based)
• Ortholog clustering (protein-based)
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Wh l   li tWhole genome alignment

RAST & SEED viewer (http://rast.nmpdr.org)
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Wh l   li tWhole genome alignment

MAUVE
• Input:• Input:

• DNA fasta
• GenBank file ( gbk)GenBank file (.gbk) 

• Visualizing genome 
rearrangementrearrangement

• Java program
h //d l l b• http://darlinglab.org
/mauve/mauve.html
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Prophage sequence is deleted in piscine S. 
agalactiae strains comparing to human strainsagalactiae strains comparing to human strains

• Laminin binding 
protein and C5aprotein and C5a 
peptidase genes 
were found in huma
strains but not in 
fish strains

• Deletion involved in 
niche adaptation

Genomic island 
specifically present 
in S. agalactiae Thai

30

in S. agalactiae Thai 
isolate



O th l  l t iOrtholog clustering

Group orthologous protein 
togethertogether

• All vs All protein comparison
• Information used: sequence speciation similarity, synteny
• Difficulty increases with taxa 
distance

speciation

distance
• DEPEND ON ANNOTATION 
QUALITY!!

Software: OrthoMCL, cd‐hit, 
uclust etc.
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O th l  l t iOrtholog clustering
(almost) all in one comparative genomics tool(almost) all‐in‐one comparative genomics tool
MicroScope

http://www.genosc
ope.cns.fr/agc/micrp / g /
oscope/home/inde
x.php
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Taxonomic classification based on 
NGS data
Standard parameters for taxonomic revision in the genomic era

I. Average nucleotide identity (ANI)g y ( )
• The ANI values between genomes of the same species are typically 
above 95%

• https://www ezbiocloud net/tools/anihttps://www.ezbiocloud.net/tools/ani
• http://ani.mypathogen.cn/

II. Digital DNA‐DNA hybridization (dDDH)g y ( )
• Result can be interpreted in the same scale as conventional DDH
• Cut‐off: 70% (same species), 80% (same subspecies)
h // d d d / d h• http://ggdc.dsmz.de/ggdc.php

Inference of taxonomic position of unknown bacterium 
must be made by comparison with TYPE STRAIN only!!!



Taxonomic classification based on 
NGS data
Standard parameters for taxonomic revision in the genomic era

• Currently, International Journal of Systematic and 
Evolutionary Microbiology accepts the WGS as 
genotypic tool for species demarcation

• Can be used alternative to conventional DDH• Can be used alternative to conventional DDH

However, polyphasic approach 
(phenot pe) i tillmandator(phenotype) is still mandatory
to define nov. sp.  





Ph l iPhylogenomics

What is “phylogenomics”
• Evolution + Genomics• Evolution + Genomics
• Phylogenomics draws information by comparing 
entire genomes or at least large portions ofentire genomes, or at least large portions of 
genomes, whereas phylogenetic compares only a 
small number of genessmall number of genes

• Can infer evolutionary relationships, gene family 
evolution (duplication deletion recombination)evolution (duplication, deletion, recombination), 
lateral gene transfer, taxonomy etc. 
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Genetic markers for 
t ti  l ti  reconstructing evolutionary 

historyy
Phylogeny reconstruction based on sequence alignment

16S rRNA

16S–23S rRNA Intergenic Spacer Region (ISR)

Multilocus sequence typing (MLST)

Whole genome MLST (wgMLST >1000 genes)

SNPs within core genome region



Genetic markers for 
t ti  l ti  reconstructing evolutionary 

historyy
Extracting concatenated SNP sequence from 
core genome region
• CSI phylogeny
• https://cge.cbs.dtu.dk/services/CSIPhyloge
ny/

• Automated web‐based tool
• Obtained multiple alignment file to 
construct phylogenetic tree using 
secondary programsecondary program



Phylogenetic relationship of F. columnare strains generated from different genetic markersy g p g g



Genetic markers for 
reconstructing evolutionary reconstructing evolutionary 
history
• Revisited PubMLST

• Phylogenetic network generated from wgMLST datay g g g

Phylogenomic NeighborNet
network of whole genome 
MLST (wgMLST) data inferred 
that at least 2 population of 
fish pathogenic S. agalactiae
were present in Brazil



• Three Salmonella Enteritidis
isolates wereisolates were

• received during the same time 
frame 

• All three are same pulsotype

Potential typing 
scheme varies from one • All three are same pulsotype

(same PFGE pattern)
• Pattern B and C ate at the same 

restaurant

scheme varies from one 
CRISPR locus to 
another restaurant

• No epidemiologic data linked to 
patient A 

• CRISPR sequencing revealed a 

another

q g
one‐spacer difference 

• Two separate incidents were 
responsible for these illnessesp



Getting Getting 
publishedpublished



List of published genomic studies featured fish 
pathogenic flavobacteria (2016 2017)

• Tekedar HC, Karsi A, Reddy JS, Nho SW, Kalindamar S, Lawrence ML. 

pathogenic flavobacteria (2016‐2017)

Comparative Genomics and Transcriptional Analysis 
of Flavobacterium columnare Strain ATCC 49512. Frontiers in 
Microbiology. 2017;8:588. doi:10.3389/fmicb.2017.00588.

• Kumru S, Tekedar HC, Gulsoy N, Waldbieser GC, Lawrence ML and 
Karsi A (2017) Comparative Analysis of the Flavobacterium 
columnare Genomovar I and II Genomes. Front. Microbiol. 8:1375. 
doi: 10.3389/fmicb.2017.01375All these are descriptive 

• Chen S, Blom J & Walker ED (2017) Genomic, Physiologic, and 
Symbiotic Characterization of Serratia marcescens Strains Isolated 
from the Mosquito Anopheles stephensi. Frontiers in Microbiology 

studies and not hypothesis 
testing type of research

8.

• Castillo D, Christiansen RH, Dalsgaard I, Madsen L, Espejo R & 
Middelboe M (2016) Comparative genome analysis provides 
insights into the pathogenicity of Flavobacterium psychrophilum. 
PLOS ONE 11: e0152515.

• Kayansamruaj P, Dong HT, Hirono I, Kondo H, Senapin S & Rodkhum C 

44

(2017) Comparative genome analysis of fish pathogen 
Flavobacterium columnare reveals extensive sequence diversity 
within the species. Infection, Genetics and Evolution 54: 7‐17.



Is it possible to publish paperIs it possible to publish paper 
based on WGS data only?y

If you have only  If you provide 
If you provide genome

genome sequences
without further 
analysis

genome sequences 
with basic annotation
• Genome 

If you provide genome 
sequences with specific 
analyses. Study must be 
constructive andy

• Submit data to 
NCBI

Announcements
• Standard in 

Genomic Sciences

constructive and 
informative 
• Frontiers, PLOS ONE, 

BMC Genome
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BMC, Genome 
Research, MEEGID etc.



Genome

• Few sample numbers
• Generally for newly newly 

ii iiGenome 
characteri‐
zation

emergent strains emergent strains or strain strain 
of epidemiological of epidemiological 
importanceimportance

Researches 

• Genomic features of 
different organisms are 
compared
S if i i f t feature 

NGS data 
analysis

• Specifying unique features 
from a set of genomes

• Depicting epidemiological 
inference

• Required large set of data
analysis

Phylogenomic 
(phylogenetic) Comparative 

genomics analysisgenomics
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122 isolates of S. aureus ST22 were sequenced

49
SPREAD: Spatial Phylogenetic 
Reconstruction of Evolutionary Dynamics 

BEAST analysis based on core 
genome sequence



T d ’  t iToday’s topics

• Impact of Next‐Generation sequencing to science
• Generic workflow in bacterial genome analysis• Generic workflow in bacterial genome analysis
• High‐throughput screening of bacterial genomes
• Comparative genomics and Phylogenomics
• Getting published
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Genetic markers for 
reconstructing evolutionary reconstructing evolutionary 
history
• Revisited PubMLST

• Comparison of bacterial genotypes based on several p g yp
typing schemes: 

• MLST, capsule genes, antibiotic resistance genes, antigen 
typing metabolic pathways typing whole genome MLSTtyping, metabolic pathways typing, whole genome MLST 
(wgMLST) and much more…

• Locus allocation of bacterial isolates can be 
accomplished automatically

• Submit your genome assembly to BIGSdb
• https://pubmlst org/• https://pubmlst.org/



Genetic markers for 
reconstructing evolutionary reconstructing evolutionary 
history

Genome submission 
to BIGSdb
https://pubmlst.org/

Submission template.xls



Genetic markers for 
reconstructing evolutionary reconstructing evolutionary 
history

BIGSdb: Genome 
C t t tComparator output



Genetic markers for 
reconstructing evolutionary reconstructing evolutionary 
history
High‐resolution identification and typing using 
CRISPR arrayy
• CRISPR array acquires novel spacer in an ordinal 
manner infer the chronological record ofmanner  infer the chronological record of 
bacterium

• Spacer can be identified using CRISPRFinder toolSpacer can be identified using CRISPRFinder tool



Genetic markers for 
reconstructing evolutionary reconstructing evolutionary 
history

trailer endLeader end trailer end

Flow of time

CRISPR locus evolutionLier et al., 2015


