
Dag Harmsen
Univ. Münster, Germany

dharmsen@uni-muenster.de

Bacterial Next Generation Sequencing - nur mehr 

Daten oder auch mehr Wissen?



Commercial Disclosure

Dag Harmsen is co-founder and partial owner of a 

bioinformatics company (Ridom GmbH, Münster, Germany) 

that develops software for DNA sequence analysis. Recently 

Ridom and Life Technologies (Carlsbad, CA, USA) partnered 

and released SeqSphere+ software to speed and simplify 

bacterial typing.





Fourth Dimension Needed for More Specific 
Surveillance

Place, Time, ‘Person’ …Type!



Fourth Dimension Reloaded
Next Generation Sequencing - Bench-top Machines

illumina MiSeq Personal Sequencing System 

Ion Torrent Personal Genome Machine (PGM)  

Roche/454 GS Junior

• Affordable
• Speed
• Simple workflow



Lipkin (2013). Nature Rev. Microbiol. 11: 133 [PubMed].

Red boxes indicate disease outbreaks, blue boxes indicate technological advances, and green boxes 
indicate events relating to surveillance. E. coli, Escherichia coli; GPHIN: Global Public Health Intelligence 
Network; InSTEDD: Innovative Support to Emergencies, Diseases and Disasters; ProMED-mail: Program for 
Monitoring Emerging Infectious Diseases; SARS: severe acute respiratory syndrome. 

Timeline – Microbial Surveillance and Disease

Epidemiology: food supply chain analysis, etc.

Bioinformatics: new tool developments and evaluation data-sets

Laboratory: nearly real-time prospective microbial genomics & platform comparisons



Mellmann et al. (2011). PLoS One. 6: e22751 [PubMed]

Phylogenetic Analysis of STEC/EHEC 
0104:H4

Method

�By ‘quick and dirty’ hybrid reference 
mapping & de novo assemblies & 
BIGSdb core genome MLST (cgMLST 
or MLST+)

�n = 1.144 core genome genes and 
minimum-spanning tree

Results

�Strain LB226692 (outbreak 2011) and 
strain 01-09591 (2001 German isolate 
causing historic HUS outbreak) belong 
to the HUSEC041 O104:H4 complex 
that is only distantly related to 
commonly isolated STEC serotypes.

�Both STEC O104:H4 strains and the 
EAEC strain 55989 share the same 
MLST ST 678. However, the three 
strains are clearly separated by MLST+.

Prospective Genomic ‘Ad Hoc’ Epidemiology



Rapid NGS Applications in Clinical & Public 
Health Microbiology

� Speciation / identification & pathogenicity profiling

� Molecular diagnostic screening tests

� Ultra-deep sequencing for pathogen discovery from human 
tissues (e.g., hemorrhagic viruses)

� Introduction of benchtop Next Generation Sequencing 
(NGS) machines, enables small- and medium-sized 
laboratories (‘democratizing of NGS’) to perform ‘ad hoc’
genomic prospective epidemiology

Applications Details

‘Ad hoc’ epidemiology

Diagnostics

� Susceptibility profiling
� Vaccine preventability
� Reverse vaccinology (rationale vaccine design)
� Non-targeted new drug detection

Therapeutics

� Standardized Whole Genome Shotgun [WGS] NGS for 
detection of transmission between individuals

� Outbreak detection, i.e., establishing the spread of 
particular strains locally or regionally

� Longer-term and evolutionary studies to identify the 
emergence of particularly pathogenic or virulent variants

Global surveillance, early 
warning & outbreak 

detection



Laboratory Improvements (since June 2011)

Loman et al. (2012). Nature Biotechnology 30: 562 [PubMed].



It’s the Consensus
Genome-wide Gene by Gene de novo  

Consensus Accuracy

Jünemann et al. (2013). Nature Biotechnology 31: 294 [PubMed].

Details
Venn diagram of de novo consensus 
accuracy for PGM, MiSeq and GSJ

� Consensus errors were analyzed for 4,632 
coding NCBI Sakai reference genes
retrieved from MIRA de novo assemblies 
using SeqSphere+ for all 3 platforms

� Number of variants confirmed by 
bidirectional Sanger sequencing 
indicated in parentheses

� Validation of the 8 substitution and 15  
indel variants identified using all 3 NGS 
platforms, suggested that either the Sakai 
strain experienced micro-evolutionary 
changes or the genome sequence 
deposited in 2001 contains sequencing 
errors 

PGM, Ion Torrent Personal Genome Machine 300bp; MiSeq, 
Illumina MiSeq 2x 250bp PE; 

GSJ, 454 GS Junior with GSJ Titanium chemistry; 

bp, base pairs



• Fast & easy mate-pair 
protocols (insert > 5kb)

• Hybrid 2nd- & 3rd generation

assemblies

Laboratory: Towards Finished Genomes 
(chromosome & plasmids)

Koren et al. (2012). Nature Biotechnology 30: 693 [PubMed].

• HGAP – Hierarchical Genome-

Assembly Process (10kb seeds) 

Chin et al. (2013). Nature Methods 10: 563 [PubMed].



Current NGS Bottlenecks

NGS PlatformsSample 
Processing

Bioinformatics, 
IT infrastructure



Bioinformatics Challenges



Microbial Bioinformatics Data & Workflow

microbial NGS reads

amplicon

shot-gun

16S rDNA

pathogenicity,
resistance

…

speciation/
strain attribution

surveillance &
phylogeny

plain language
report

PCR signatures

assembled annotated
de novo

reference assisted
assembly

automated*

semi-automated
annotation

meta-genome

pure culture /
single cell

diseased
human tissue

pathogen
discovery

community profiling &
functional analysis

pathogenicity 
profiling …

community profiling 



for

Outbreak Investigation
&

Global Nomenclature

Microbial NGS Sequence Typing

Pairwise Multiple 
Genome Alignment

(e.g., Mauve)

Pairwise Multiple 
Genome Alignment

(e.g., Mauve)

K-merK-mer

Genome-wide 
SNP

Genome-wide 
SNP

Genome-wide 
gene by gene 
allele typing
(core genome MLST 

or MLST+)

Genome-wide 
gene by gene 
allele typing
(core genome MLST 

or MLST+)

……A C A C 

GGGGGATACATACCTATGGATACATACCTATGCCTATAGCTTATAGCT

……

……ACGACGTTGATACATACCTATGGATACATACCTATGAATATATATA

GCTGCT……

……ACGACGTTGATACATACCTATGGATACATACCTATGCCTATATATA



MLST

�5-7 housekeeping genes

�Sequence type (ST)  and Clonal complex (CC)

�Public nomenclature

Used mainly for population genetics & 
evolutionary studies

MLST+/cgMLST

�Hundreds/thousands of ‘core genome’ genes

�Scalable, portable and undstandable

�Public, additive expandable nomenclature

Higher discrimination power for outbreak 
investigation

N. meningitidis MLST+

1241 genes

54.5 %
of FAM18 genome

N. meningitidis MLST  

7 genes

0.1 % 
of FAM18 genome

The ‘Next Generation MLST’: MLST+Multi Locus Sequence Typing

N. meningitidis FAM18

2,194,961 bp

Maiden et al. (1998). PNAS 95: 3140 [PubMed]



Standardized Hierarchical Microbial Typing

Pan-bacterial specific (also suited for speciation)

Jolley et al. (2012). Microbiology 158: 1005 [PubMed]

Standardized

rMLST

Species specific

Mellmann et al. (2011). PLoS One. 6: e22751 [PubMed]

Vogel et al. (2012). JCM 50: 1889 [PubMed]

Jolley et al. (2012). JCM. 50: 3046 [PubMed]

Cody et al. (2013). JCM. 51: 2526 [PubMed]

MLST+

core genome MLST

MLST

SNPs
confirmatory/canonical

Hierarchical microbial typing approach. From bottom to top with increasing 

discriminatory power. MLST, multi locus sequence typing; rMLST, ribosomal 

MLST; SNP, single nucleotide polymorphism.

SNPs/
Alleles

accessory targets / 
whole genome MLST

Outbreak / Lineage specific

e.g., Köser et al (2012). NEJM 366: 2267 [PubMed]

Species specific
e.g., Van Ert et al. (2007). JCM 45: 47 [PubMed] 

Maiden et al. (1998). PNAS 95: 3140 [PubMed]

also needed for backward compatibility

Maiden et al. (2013). Nature Rev. Microbiol. 11: 728 [PubMed].



Antibiotic Resistance by NGS



Antibiotic Resistance Genes Databases

ResFinder: http://cge.cbs.dtu.dk/services/ResFinder/

ARDB: http://ardb.cbcb.umd.edu/

Zankari et al (2012). J Antimicrob Chemother 67: 2640 [PubMed]

Liu et al (2008). NAR 37: D443 [PubMed]



Absence/Presence - a Sense of ‚Plain Language Report‘

Köser et al (2012). NEJM 366: 2267 [PubMed]

Phenotypic anti-

biograms, resistome, 

and toxome of MRSA
hospital outbreak



Advanced Antibiotic Resistance NGS Demonstrations

Reuter et al (2013). JAMA Intern Med. 173: 1397 [PubMed]

The numbers refer to the number of single nucleotide 
polymorphisms (SNPs) that were shared by the two strains of 
extensively drug-resistant (XDR) M. tuberculosis isolated 
from a single patient (mixed infection) or were unique to one 
strain as compared with the M. tuberculosis H37Rv reference 
genome. The reference laboratory had reported resistance to 
nine antibiotics (black type).

Köser et al (2013). NEJM 369: 290 [PubMed]



Future NGS Bioinformatic Developments

http://patho-ngen-trace.eu/



Outlook



Assuring Quality of NGS in Clinical Laboratory Practice

Gargis et al. (2012). Nature 
Biotechnology 30 (11): 1033 [PubMed].

http://www.cap.org/

http://www.globalmicrobialidentifier.org/



Transition from Geno- to Phenotype: Proteomics & Transcriptomics

Armengaud (2013). Environ Microbiol. 15: 12 [PubMed]

NanoHPLC and tandem mass spectro-metry have pushed out 2D-

PAGE. 

NGS makes each 
bacterial isolate quickly 
amenable to proteomics
•WGS NGS, un-annotated 
draft genome (translation 
in all six possible reading 
frames)

•RNA-seq (reverse 
transcription of mRNA; 
Whole Transcriptome 
Shotgun Sequencing)

e.g.: Greub (2009). PLoS 

ONE 4: e8423 [PubMed]

e.g.: Bräutigam (2008). J 
Biotechnol. 136: 44

[PubMed]

Two-dimensional gel electrophoresis (2D-PAGE)

Determining masses of 

at least five different 

tryptic peptides form one 
protein by MALDI ToF 

mass spectrometry
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