
20 years of Whole Genome 
Sequencing (WGS) of bacteria
• Robust data: one method for all bacterial species

• Data storage for later analysis

• Monitoring of epidemic cases in hospital

• Monitoring emergency prevalent and emerging 
clones

• Identification of all genes of interest

• International comparison of prevalent and 
emerging clones



Loman, N., Pallen, M. Twenty years of bacterial genome sequencing. Nat Rev 
Microbiol 13, 787–794 (2015). https://doi.org/10.1038/nrmicro3565



Whole-genome sequencing 

2nd generation



Illumina sequencing



Loman, N., Pallen, M. Twenty years of bacterial genome sequencing. Nat Rev 
Microbiol 13, 787–794 (2015). https://doi.org/10.1038/nrmicro3565



ION TORRENT Technology



Ion Torrent™ technology directly translates chemically 
encoded information (A, C, G, T) into digital information (0, 1) 
on a semiconductor chip. This approach marries simple 
chemistry to proprietary semiconductor technology

https://www.thermofisher.com/it/en/home/life-science/sequencing/next-generation-
sequencing/ion-torrent-next-generation-sequencing-technology.html

https://www.thermofisher.com/it/en/home/life-science/sequencing/next-generation-sequencing/ion-torrent-next-generation-sequencing-technology.html
https://www.thermofisher.com/it/en/home/life-science/sequencing/next-generation-sequencing/ion-torrent-next-generation-sequencing-technology.html




Nanopore sequencing





Nanopore
sequencing





Nanopore
sequencing:
long reads but 
mistakes!!!





The average coverage for a whole genome can be calculated from the length of the 
original genome (G), the number of reads (N), and the average read length (L) as 

N x L/G. 

For example, a hypothetical genome with 2,000 base pairs reconstructed from 8 
reads with an average length of 500 nucleotides will have 
8 x 500 : 2000 = 2× redundancy. 
This parameter also enables one to estimate other quantities, such as the 
percentage of the genome covered by reads (sometimes also called breadth of 
coverage). 
A high coverage in shotgun sequencing is desired because it can overcome errors in 
base calling and assembly. The subject of DNA sequencing theory addresses the 
relationships of such quantities.



FastQ: Each sequence requires at least 4 lines:
1.The first line is the sequence header which starts with an ‘@’ 
2.The second line is the sequence.
3.The third line starts with ‘+’ 
4.The fourth line are the quality scores



FastA: Each sequence consists of at least two lines:
1.The first is the sequence header, which always starts with a ‘>’

1. Everything from the beginning ‘>’ to the first whitespace is considered the sequence 
identifier. Everything after that is considered the sequence description (this can be 
metadata, machine serial number, read orientation, etc.)

2.The sequence itself
Note that the sequence can span multiple lines, depending on the length of the sequence.

>Chr1 CHROMOSOME dumped from ADB: Jun/20/09 14:53; last updated: 2009-02-02
CCCTAAACCCTAAACCCTAAACCCTAAACCTCTGAATCCTTAATCCCTAAATCCCTAAATCTTTAAATCCTACATCCAT
GAATCCCTAAATACCTAATTCCCTAAACCCGAAACCGGTTTCTCTGGTTGAAAATCATTGTGTATATAATGATAATTTT
ATCGTTTTTATGTAATTGCTTATTGTTGTGTGTAGATTTTTTAAAAATATCATTTGAGGTCAATACAAATCCTATTTCT
TGTGGTTTTCTTTCCTTCACTTAGCTATGGATGGTTTATCTTCATTTGTTATATTGGATACAAGCTTTGCTACGATCTA
CATTTGGGAATGTGAGTCTCTTATTGTAACCTTAGGGTTGGTTTATCTCAAGAATCTTATTAATTGTTTGGACTGTTTA
TGTTTGGACATTTATTGTCATTCTTACTCCTTTGTGGAAATGTTTGTTCTATCAATTTATCTTTTGTGGGAAAATTATT
TAGTTGTAGGGATGAAGTCTTTCTTCGTTGTTGTTACGCTTGTCATCTCATCTCTCAATGATATGGGATGGTCCTTTAG



Studying a genomic sequence
• Bacterial genome lenght approx. 3-5 x 106 base pairs

• Coverage (or depth) in DNA sequencing is the number of unique reads 
that include a given nucleotide in the reconstructed sequence. Deep 
sequencing refers to the general concept of aiming for high number of 
unique reads of each region of a sequence.

• Even though the sequencing accuracy for each individual nucleotide is 
very high, the very large number of nucleotides in the genome means 
that if an individual genome is only sequenced once, there will be a 
significant number of sequencing errors. Furthermore, many positions 
in a genome contain rare single-nucleotide polymorphisms (SNPs). 
Hence to distinguish between sequencing errors and true SNPs, it is 
necessary to increase the sequencing accuracy even further by 
sequencing individual genomes a large number of times

• The term "ultra-deep" can refer to higher coverage (>100-fold), which 
allows for detection of sequence variants in mixed populations

https://en.wikipedia.org/wiki/Single-nucleotide_polymorphism


De novo genome assembly

1-Informatic tools normally use 
FastQ files
to produce 
FastA files
2-GapClosing
to produce
Longer contigs or scaffolds
(long reads)
PCR-based closure
3-on line annotation



Assembler



short reads and long reads



Studying genome content

• De novo sequencing

• Comparative analysis with reference genomes

• Identification of peculiar genes

DATABASES



Genome annotation



Functional classes of the proteins

• Transporters

• Energy metabolism

• Biosynthesis
• Amino acids, lipids, nucleotides

• Cell cycle

• Virulence

• Phages



Fundamental protein domains

www.ncbi.nlm.nih.gov/COG/

Prediction of the function of a protein 
deduced from a DNA sequence on the 
basis of its functional domains

http://www.ncbi.nlm.nih.gov/COG/


Nucleic Acids Res, Volume 46, Issue D1, 4 January 2018, Pages D493–D496 20 years of the SMART protein domain annotation resource

https://doi.org/10.1093/nar/gkx922

The content of this slide may be subject to copyright: please see the slide notes for details.

https://doi.org/10.1093/nar/gkx922




Example of genomics

Acinetobacter



Barbe V, Vallenet D, Fonknechten N, Kreimeyer A, Oztas S, Labarre L, Cruveiller S, 
Robert C, Duprat S, Wincker P, Ornston LN, Weissenbach J, Marlière P, Cohen GN, 
Médigue C. 
Unique features revealed by the genome sequence of Acinetobacter sp. ADP1, a 
versatile and naturally transformation competent bacterium. Nucleic Acids Res. 2004 
Oct 28;32(19):5766-79. doi: 10.1093/nar/gkh910. 

Acinetobacter baylyi



Smith MG, Gianoulis TA, Pukatzki S, Mekalanos JJ, Ornston LN, Gerstein M, 

Snyder M. New insights into Acinetobacter baumannii pathogenesis revealed 

by high-density pyrosequencing and transposon mutagenesis. Genes & 

development. 2007 Mar 1;21(5):601-14. ATCC strain

Acinetobacter baumannii



• A. baumannii ACICU contains a single circular chromosome 
of 3,904,116 bp and two plasmids (pACICU1 and pACICU2) 
of 28,279 and 64,366 bp, respectively; 3,758 genes were 
annotated in the ACICU chromosome, including 3,670 
predicted protein-encoding CDSs, 64 tRNA genes, and 8 
rRNA operons. 

• Nearly 70% of the CDSs (n = 2,670) were assigned to a COG 
functional category; several genes belonged to more than 
one COG class. 



Genome annotation



• The A. baumannii ACICU genome was initially 
compared with the unique genomes 
of Acinetobacter available, A. baumannii ATCC 17978 
and Acinetobacter baylyi ADP1, with the aim of 
identifying novel genes related to virulence and drug 
resistance.

• Genome comparison showed 86.4% synteny with A. 
baumannii ATCC 17978 and 14.8% synteny with A. 
baylyi ADP1

• For many COG classes, the number of CDSs identified 
in ACICU largely exceeds the number identified in 
ATCC 17978, since in the latter strain only 60.1% of 
the genes were assigned to a COG class



36 putative alien islands (pAs) were detected in the ACICU 

genome; 24 of these had previously been described in the 

ATCC 17978 genome, 4 are proposed here for the first time 

and are present in both ATCC 17978 and ACICU, and 8 are 

unique to the ACICU genome.



Acinetobacter spp. synthenia



• ACICU also contains 14 ISs in the chromosome, 
including 7 ISAba125 elements, 4 ISAba2 elements, 
2 IS26 elements, and 1 ISPu12 element, and 11 on 
plasmids, including 3 ISAba3 elements, 3 IS26 
elements, 4 ISAba2 elements, and 1 ISAba125 
element. 

• The chromosome is composed of 0.38% short 
repetitive mini- and microsatellite DNA sequences



A conspicuous number of 

transporters belonging to 

different superfamilies 

was predicted for A. 

baumannii ACICU. The 

relative number of 

transporters was much 

higher in ACICU than in 

ATCC 17978 and ADP1 

(76.2, 57.2, and 62.5 

transporters per Mb of 

genome, respectively). 



Iacono M, Villa L, Fortini D, Bordoni R, Imperi F, Bonnal RJ, Sicheritz-Ponten T, De 

Bellis G, Visca P, Cassone A, Carattoli A. Whole-genome pyrosequencing of an 

epidemic multidrug-resistant Acinetobacter baumannii strain belonging to the 

European clone II group. Antimicrobial agents and chemotherapy. 2008 

Jul;52(7):2616-25. Clinical carbapenem resistant ACICU strain

Received 21 December 2007 Revision received 28 February 2008 Accepted 8 

April 2008 Published 1 July 2008

Vallenet D, Nordmann P, Barbe V, Poirel L, Mangenot S, Bataille E, et al. (2008) 

Comparative Analysis of Acinetobacters: Three Genomes for Three Lifestyles. 

PLoS ONE 3(3): e1805, March 19 2008. AYE and SDF

Received: September 20, 2007; Accepted: February 9, 2008; Published: March 

19, 2008

Other Acinetobacter baumannii



Four strains of A. 
baumannii were recently 
sequenced: A. baumannii ATCC 
17978, an historic strain from 
1951 that was implicated in fatal 
meningitis in a 4-month-old 
baby; A. baumannii SDF, which 
was isolated from a human-body 
louse in France; A. 
baumannii AYE, which was 
isolated in 2001 during a 
nationwide outbreak in France; 
and A. baumannii ACICU, which 
was isolated from the 
cerebrospinal fluid of a patient 
during an outbreak in Italy in 
2005 (Refs 2,3,4).

Nature Reviews 
Microbiology 6, pages 652–653 
(2008)

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=genomeprj&cmd=ShowDetailView&TermToSearch=17477
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=genomeprj&cmd=ShowDetailView&TermToSearch=17477
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=genomeprj&cmd=ShowDetailView&TermToSearch=13001
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=genomeprj&cmd=ShowDetailView&TermToSearch=28921
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=genomeprj&cmd=ShowDetailView&TermToSearch=17827
https://www.nature.com/articles/nrmicro1985#ref-CR2
https://www.nature.com/articles/nrmicro1985#ref-CR3
https://www.nature.com/articles/nrmicro1985#ref-CR4


ACICU

AYE

ATCC

SDF
ISAba7ISAba7 IS982

ISAba1

Periplasmic 
iron transport system

Hemolysis/hemagglutinin RTX Toxin

MDR MFS transporterMDR MFS transporter

RND AdeSRT-AdeABC



Coregenome
Pangenome 
• Coregenome represents the genes present in all 

strains of a species = indispensable genome

• The accessory or flexible genome or dispensable 
genome: represents the genes that are present in 
some strains but not in the whole species

• The pangenome is the pool of all genes accessible 
to a species, both those of the coregenome and the 
accessory genes

• The ultimate goal is to understand the phenotype 
of a species, but also the phenotypic differences 
between isolates of the same species





Core genome pan genome 
calculation
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The genomics of Acinetobacter baumannii: insights into genome plasticity, antimicrobial resistance and pathogenicity. Imperi et al IUBMB 
Life. 2011 Dec;63(12):1068-74



3721
4109

4393

4892

6294
6533

0

1000

2000

3000

4000

5000

6000

7000

AB0057 AB0057-

AB0307

AB0057-

AB0307-

AYE

AB0057-

AB0307-

AYE-

ACICU

AB0057-

AB0307-

AYE-

ACICU-

ATCC

AB0057-

AB0307-

AYE-

ACICU-

ATCC-SDF

Pan-genome

Core-genome

439

325

257

173 171

86

0

50

100

150

200

250

300

350

400

450

SDF ACICU ATCC AB0057 AYE AB0307

Unique CDSs

Hyphotetical proteins

Unique IS transposases

Unique phage-related proteins

Th
e gen

o
m

ics o
f A

cin
eto

b
acter b

au
m

an
n

ii: in
sigh

ts in
to

 gen
o

m
e

 p
lasticity, an

tim
icro

b
ial resistan

ce
 an

d
 

p
ath

o
gen

icity. Im
p

eri et al IU
B

M
B

 Life. 2
0

1
1

 D
ec;6

3
(1

2
):1

0
6

8
-7

4



Sahl et al. (2013) Evolution of a Pathogen: A Comparative Genomics Analysis Identifies a Genetic Pathway to Pathogenesis in Acinetobacter. PLoS ONE 8(1): 
e54287.

A whole genome phylogeny of 136 sequenced 
genomes in the genus Acinetobacter based on 
SNPs



I identification of genes in the 
genome
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Chapter 4

Lipopolysaccharide (LPS)
• Endotoxin or Pyrogen

• Fever causing

• Toxin nomenclature
• Endo- part of bacteria

• Exo- excreted into environment

• Structure
• Lipid A

• Polysaccharide
• O Antigen of E. coli, Salmonella

• G- bacteria only
• Alcohol/Acetone removes



LPS



2-keto-3deoptonatec

N-Acetylgluc

eptose

Chain of tetra or penta-saccharides

LPS



Undecaprenyl-phosphate

N-acetylglucosamine-1-P

Architecture of a channel-forming O-antigen polysaccharide ABC transporter
Bi et al. Nature. 2018 Jan 18; 553(7688): 361–365. 
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Serotyping



In silico Serotyping



DebRoy C et al. PLoS One. 2016 
Jan 29;11(1):e0147434



Comparison of O-Antigen 
Gene Clusters of All O-
Serogroups of Escherichia 
coli and Proposal for 
Adopting a New 
Nomenclature for O-Typing.
DebRoy C et al. PLoS One. 
2016 Jan 29;11(1):e0147434 



Pili



Pili and fimbriae



fimbriae

fimA chaperone usher Tip adhesin

usher

chaperone



pilC pilE

Type IV pilus

pilQpilGpilFpilT



K12-MG1655 (no pathogenic)
Enterohemorrhagic EHEC (O157:H7, STX)
Uropathogenic UPEC (pili P)
Enteropathogenic EPEC (T3SS)
Enterotoxigenic ETEC (LT e adesine)
Enteroaggregative EAEC (fimbriae)

Escherichia coli



35 Kb locus of enterocyte effacement (LEE); bundle-forming pilus gene (bfp); Shiga toxin 
genes (stx1, stx2,); Heat-Labile toxin (LT); Heat-Stable toxin (ST); colonization factors (CFs); 
acquired fimbriae that enhance adherence (Afa/Dr); pAA plasmid; pINV plasmid; 
chromosomal pathogenicity islands (PAIs) Croxen et al. CMR 2013 

















center for genomic epidemiology

https://www.genomicepidemiology.org/























Plain text
sequence.fasta





https://usegalaxy.eu/



Prokka prokaryotic genome annotation in Galaxi Europe



https://rast.nmpdr.org/



https://youtu.be/4H-L1DVD3z8 MLST video in Galaxy

NCBI Minute: Use Web RAPT to Assemble and Annotate Prokaryotic Genomes

https://youtu.be/MhIZ6llaAac

https://www.youtube.com/watch?v=MhIZ6llaAac
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