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• Researcher 


• Bioinformatics background


• WGS analysis of foodborne pathogens, machine learning and 
metagenomics analysis for surveillance of AMR and 
infectious diseases. 


• Onsite course on “23262 Infectious disease 
bioinformatics” (Spring F3A)


• Online courses (COURSERA) on AMR, WGS and 
Metagenomics



• Epidemiology and Whole genome sequencing (WGS)

• Application of WGS in routine typing and surveillance of infectious diseases


• Genomic epidemiology for global surveillance AMR
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Topics 
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• Famine

• War

• Infectious diseases



• The science that studies the patterns, causes, and effects of health and disease 
conditions in defined populations


• Questions;


• What is it ?


• Has it been seen before ?


• How can we fight it ?


• Is it an outbreak ?
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Epidemiology 

http://en.wikipedia.org/wiki/Cause
http://en.wikipedia.org/wiki/Health
http://en.wikipedia.org/wiki/Disease
http://en.wikipedia.org/wiki/Population


• Any characterization below the (sub-) species level is termed “typing”


• Methods used for this characterization are per definition “typing methods”
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Identification and Typing

Family 

Genus 

Species 

(Subspecies) 

Serovar 

Phagetype 

Ribotype 

PFGE type 

MLVA type 

MLST type 

DNA Microarray analysis 

Whole genomic sequence 

Identification

Typing
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KmerFiner
ResFinder

MLSTFinder
snpTree
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National Food Institute, Technical University of Denmark

What is sequence data?
Sequence data is stored in fasta files

Fasta example:

Output

27626 - Next Generation Sequencing Analysis

What is sequence data?

>gi|218693476|ref|NC_011748.1| Escherichia coli 55989 chromosome, complete genome
GTAAGTATTTTTCAGCTTTTCATTCTGACTGCAACGGGCAATATGTCTCTGTGTGGATTAAAAAAAGAGT
GTCTGATAGCAGCTTCTGAACTGGTTACCTGCCGTGAGTAAATTAAAATTTTATTGACTTAGGTCACTAA
ATACTTTAACCAATATAGGCATAGCGCACAGACAGATAAAAATTACAGAGTACACAACATCCATGAAACG
CATTAGCACCACCATTACCACCACCATCACCATTACCACAGGTAACGGTGCGGGCTGACGCGTACAGGAA
ACACAGAAAAAAGCCCGCACCTGACAGTGCGGGCTTTTTTTTCGACCAAAGGTAACGAGGTAACAACCAT
GCGAGTGTTGAAGTTCGGCGGTACATCAGTGGCAAATGCAGAACGTTTTCTGCGTGTTGCCGATATTCTG
GAAAGCAATGCCAGGCAGGGGCAGGTGGCCACCGTCCTCTCTGCCCCCGCCAAAATCACCAACCACCTGG
TGGCGATGATTGAAAAAACCATTAGCGGCCAGGATGCTTTACCCAATATCAGCGATGCCGAACGTATTTT
TGCCGAACTTTTGACGGGACTCGCCGCCGCCCAGCCGGGGTTCCCGCTGGCGCAATTGAAAACTTTCGTC
GATCAGGAATTTGCCCAAATAAAACATGTCCTGCATGGCATTAGTTTGTTGGGGCAGTGCCCGGATAGCA

Sequences are stored in fasta-files

Header

Sequence

E.coli ~ 4.5 - 6 Mbases Human ~ 3.2 Gbases

Header/ID

Sequence
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National Food Institute, Technical University of Denmark

Reads

Sample

Raw reads

Output
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National Food Institute, Technical University of Denmark

What is the data?
Fastq files

What is Fastq?
Fasta + quality scores

Fastq example:
@FCC0CD5ACXX:1:1101:1103:2048#ACCGT/1

ACNGTGTTTTTAGTTATTGTTTTGTTAAGTTGGGTTTTTTGTACCCAATAGCCAACAAGCCGCCTTTATGGCGGTTTTTTTGTGCCTGAAAAGTGGGCGCA

+

_BP`ccceggcegihiiighiifhihfddgfhi^efgfhhhhhegiiiiiiiihiihihggeeccdddcccacWTT^acc[ab_`]`[_b`^BBBBBBBB

@FCC0CD5ACXX:1:1101:1165:2058#ACGTT/1

ACGTTAGCAGAATCGCTTTCTGTTCGTTTTCCACCTGCGACAGACGCACCGGACCACGGTTGGCGAGATCGTCGCGCAGAATATCGGCGGCACGCTGCGAC

+

bb_eeceefeggehhdagfghhiihfghighhffhifhhcghfdhiihafgdceba`a\aaccc^V]^baccaccXaaX^bbcccaac[_X]]a[aacXT

@FCC0CD5ACXX:1:1101:1135:2082#AGCGT/1

AGCGTGACAAACATTTTATTGCGCCCGGTTTTATCCAGCTTGAATGCCTGACGAAAGAAGATGATGGTGACGACGATGGAGAGAACAATCAGCACCAGATT

+

bbbeeeeefggfgiihgiigiiiiiiiffgifgeghiiihhfefffhhhfgh_fhggdgegeaceeacbdcbcc\^aa]``_^bb]bcccccbac_a^bc

@FCC0CD5ACXX:1:1101:1239:2083#AGCGT/1

AGCGTCTGACTCACACAAAAACGGTAACACAGTTATCCACAGAATCAGGGGATAAGGCCGGAAAGAACATGTGAGCAAAAAGGCAAAGCCAGGACAAAAGG

+

bbbeeeeegggggiiiiiiiiiigifhhiiighiiihhiiiiiiihiiiiiiiiiihiigcdbbdcdcccccdccccccccacccccccbcccacccccc

1 read, 4 lines

Output
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National Food Institute, Technical University of Denmark

Assembly
denovo & reference based

Reads

De novo assembly (De Bruijn graphs) Contigs

Reference genome

Reference based assembly
Consensus sequence

Data Analysis
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National Food Institute, Technical University of Denmark

Output
Data storage & Access

International Nucleotide Sequence Database Collaboration (INSDC)

Europe

European 
Bioinformatics 
Institute (EBI)

United States

National Center for 
Biotechnology

Information (NCBI) 

Asia

DNA Data Bank of 
Japan (DDBJ)
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Application of WGS in routine typing and 
surveillance of infectious diseases



Unix DOS 

Mac OS X Linux Windows 

Bioinformatic tools Bioinformatic 
tools 

CLC bio and MEGA 

Geneious 



• Provide a proof of concept of combining bioinformatics with global epidemiology in 
real-time

• Provide foundation for web based solutions (plug and play tool)

• What is it 

• How dangerous is it

• Have we seen it before

• With what can it be treated
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Preparing for Global Surveillance -  
Center for Genomic Epidemiology

www.genomicepidemiology.org

+ Platform independent 

+ Requires little computer resources 

+ Can be done everywhere 

-  Requires patience 

http://www.genomicepidemiology.org


CGE tools

Submission of bacterial sequence

Typing results CGE tools



http://www.genomicepidemiology.org





• The science that studies the patterns, causes, and effects of health and disease 
conditions in defined populations


• Questions;


• What is it ? 

• Has it been seen before ?


• How can we fight it ?


• Is it an outbreak ?
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Epidemiology 

http://en.wikipedia.org/wiki/Cause
http://en.wikipedia.org/wiki/Health
http://en.wikipedia.org/wiki/Disease
http://en.wikipedia.org/wiki/Population
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Species Identification
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Reference	database		
• 	16S	rRNA	genes	are	isolated	from	genomes	in	NCBI	
	
	
	

CGE	implementa;on	of		
16S	rRNA	species	iden;fica;on	-	SpeciesFinder	

Sequence	 Isolate	in	ref.	db.	 Species	

ACGCCG…..CACG	 CP32523	 K.	pneumonia	

GATGAG….CGGG	 CP64333	 E.	coli	

TGAGGT…TGTTT	 CP11212	 S.	aureus	

TGAGGT…TTTTT	 CP87878	 S.	aureus	

AAATAG…TGTTT	 CP11122	 S.	enterica	

TATAAA….AAAA	 CP12121	 L.	lac4s	

GATGAG….CGGG	 CP86533	 E.	coli	

GTTTAG….CGGG	 CP12333	 E.	coli	

GTATTA….AAAA	 CP99888	 S.	pyogenes	
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16S	rRNA	

The	16s	rRNA	gene	represents	only	a	small	
frac8on	of	the	en8re	genome	



• A k-mer is a contiguous sequence of k bases


• k is any positive integer


• Sequences with high similarity must share k-mers

Fighting with infectious diseases 21 September, 2012 7

Species identification by K-mer

MLST Kmers
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K-mer ?

sequence

7 mers



Fighting with infectious diseases 21 September, 2012 7

Species identification by K-mer

MLST Kmers
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Species identification by K-mer

MLST Kmers

Known species

k-mers

Fighting with infectious diseases 21 September, 2012 7

Species identification by K-mer

MLST Kmers

Unknown species

k-mers

Species
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http://cge.cbs.dtu.dk/services/KmerFinder/

h"ps://cge.cbs.dtu.dk/services/KmerFinder/	

http://cge.cbs.dtu.dk/services/KmerFinder/
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KmerFinder	output	–	standard	scoring	method	



• The science that studies the patterns, causes, and effects of health and disease 
conditions in defined populations


• Questions;


• What is it ?


• Has it been seen before ?


• How can we fight it ? 

• Is it an outbreak ?
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Epidemiology 

http://en.wikipedia.org/wiki/Cause
http://en.wikipedia.org/wiki/Health
http://en.wikipedia.org/wiki/Disease
http://en.wikipedia.org/wiki/Population


 31

ResFinder
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MLST 
Resistant genes

Resistant finding

Unknown seq

BLAST

Resistant profile
ResFinder



ResFinder

• ResFinder is based on curated database, public databases as well as on 
scientific papers


• The ResFinder is a web-friendly interface and freely accessible tool 


• ResFinder will detect the presence of resistance genes and point mutation 
causing resistance in WGS data (raw reads or assembled genomes)


• High concordance (99.74%) between phenotypic and predicted antimicrobial 
susceptibility was observed 



ResFinder
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https://cge.cbs.dtu.dk/services/ResFinder/
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• The science that studies the patterns, causes, and effects of health and disease 
conditions in defined populations


• Questions;


• What is it ?


• Has it been seen before ? 

• How can we fight it ?


• Is it an outbreak ?
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Epidemiology 

http://en.wikipedia.org/wiki/Cause
http://en.wikipedia.org/wiki/Health
http://en.wikipedia.org/wiki/Disease
http://en.wikipedia.org/wiki/Population
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What is phylogeny used for 

•  Classify taxonomy – The classic use

•  Outbreak detection – Increasing with WGS data
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What is phylogeny used for 

•  Cholera outbreak in Haiti 2010
•  Listeria outbreak 2014

Whole-genome Sequencing Used to Investigate a Nationwide Outbreak of 
Listeriosis Caused by Ready-to-eat Delicatessen Meat, Denmark, 2014.
Kvistholm Jensen et al. Clin Infect Dis. (2016) 63 (1): 64-70. doi: 10.1093/
cid/ciw192
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Case story 

•  Vibrio Cholerae outbreak in Haiti followed the 
2010 earthquake

•  Rumors said that the outbreak may have come 
from Nepal, travelling along with UN soldiers 
from Nepal

•  No proof had been given of this until the 
Hendriksen et al. paper in 2011 

Popula'on	Gene'cs	of	Vibrio	cholerae	from	Nepal	in	2010:	Evidence	on	the	Origin	of	the	Hai'an	Outbreak.	Hendriksen	et	al.	23	
August	2011	mBio	vol.	2	no.	4	e00157-11.	doi:	10.1128/mBio.00157-11	
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Case story 

•  Data
–  24 recent V. cholerae strains from Nepal
–  10 previously sequenced V. cholerae isolates, 

including 3 from the Haitian outbreak
•  Analysis
–  Antimicrobial susceptibility testing 
–  PFGE (pulsed-field gel electrophoresis) to analyze for 

genetic relatedness
–  Whole genome sequencing, SNP identification and 

phylogenetic analysis  
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Case story - Results 

Resistance	profile	 Suscep1ble	 Decreased	
suscep1bility		

Resistant	

Nepalese	strains	
Hendriksen	et	al.	2011	

Tetracycline	 Ciprofloxacin	 Trimethoprim,	Sulfamethoxazole	
Nalidixic	
	

Hai=an	outbreak	strains	
Centers	for	Disease	Control	and	Preven=on,	
2010		

Tetracycline	 Ciprofloxacin	 Trimethoprim,	Sulfamethoxazole	
Nalidixic	
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Case story - Results 

•  Pulsed-field gel electrophoresis (PFGE)
–  Nepalese isolates divided in 4 groups
–  Most common Haitian type in same group as four 

Nepalese strains
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Case story - Results 

FIG 1 Genetic relationships among V. cholerae isolates from Nepal and Haiti. A single maximum parsimony tree was reconstructed using 752 SNPs from 34
whole-genome sequences. There were 184 parsimony-informative SNPs, of which 6 were homoplastic, resulting in a CI of 0.97 (excluding uninformative
characters). The branch lengths are labeled in red, and for branches affected by homoplasy, minimum and maximum branch lengths are designated. Members
of SNP genotypic group V (16) are indicated. SNP differences among the three most closely related Nepali groups and the Haitian group are shown and
characterized in Table S1 in the supplemental material.

TABLE 1 Different point mutations observed among the three sequenced isolates from the Haiti outbreak and the three most closely related isolates
from Nepala

Chromosome Position

Nucleotide or amino acid in:

Reference strain

Haitian isolate Nepalese isolate

1786 1792 1798 14 25 26

I 2787016 C C C C T T T
Gly Gly Gly Gly Arg Arg Arg

I 1090536 T T T T T T G
Ile Ile Ile Ile Ile Ile Ser

II 962762 C C C C T C C
Ala Ala Ala Ala Ala Ala Ala

a The reference strain is Vibrio cholerae O1 biovar El Tor strain N16961 (Bangladesh 1971). The NCBI reference sequences or accession numbers are NC_002505 for chromosome I
and NC_002506 for chromosome II.

Population Genetics of Vibrio cholerae

July/August 2011 Volume 2 Issue 4 e00157-11 ® mbio.asm.org 3
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SNPs detection

TTCCAGG

....ATCGAATTCCGGGTTTTTAACCGGATCGTACGATCGGGAAAAA..

TTCCAGG

TTCCAGG

TTCCAGG

TTCCAGG

TTCCAGG



SNPs detection



Variant calling format (VCF)

Genome 1    position    ref    change 

Ref_genome     10         T     C 

Ref_genome     20         C     T 

Ref_genome     30         A     C 

Ref_genome     40         A     C 

Ref_genome     50         G     A

Genome 2    position    ref    change 

Ref_genome     10         T     C 

Ref_genome     20         C     T 

Ref_genome     35         C     A 

Ref_genome     40         A     C 

Ref_genome     50         G     A



Concatenated SNPs

Genome 1    position    ref    change 

Ref_genome     10         T     C 

Ref_genome     20         C     T 

Ref_genome     30         A     C 

Ref_genome     40         A     C 

Ref_genome     50         G     A

Genome 2    position    ref    change 

Ref_genome     10         T     C 

Ref_genome     20         C     T 

Ref_genome     35         C     A 

Ref_genome     40         A     C 

Ref_genome     50         G     A

Genome 1       C

Genome 2       

T C c C

C T a A C

A

A

10 20 30 35 40 50

AAAAAAAAAAAAAAAA 
AAAAAAAAAAAAAAAA 
AAAATAAAAAAAAAAA 
AATAAATAATAATAAA 



 55

https://cge.cbs.dtu.dk/services/CSIPhylogeny/
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https://bitbucket.org/account/user/genomicepidemiology/projects/CGE
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https://www.coursera.org/learn/wgs-bacteria/
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Genomic epidemiology for global surveillance 
AMR
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Global surveillance
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National Food Institute, Technical University of Denmark 

Whole genome sequencing vs Metagenomics 

Whole genome sequencing 

•  Sequencing the entire genome of a pure culture (single 
isolation), including chromosome and plasmids 

•  Identification, Typing, identification of genetic markers 
(resistance genes) and phylogenetic relatedness 

Metagenomics 

•  Sequencing the DNA of the complex community without isolating 
the individual microorganisms (mixed of multiple organisms) 
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Environmental Chemicals, the Human Microbiome, and Health Risk: A Research Strategy, 2018 
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Global surveillance of AMR


Can human sewage be used to detect and combined with 
modelling explain global emergence and trends in AMR ?
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Sample collection - 2016

79 samples from 60 countries have been collected and analysed

https://www.youtube.com/watch?v=Cp_B5ddbT40
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BWA

NCBI

Such as proper mapped of paired-end reads
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Total	FPKM	
Fragments Per Kilobase reference per Million bacterial fragments

Hendriksen RS, et al. Nature Communications, 2019 
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AMR	classes	

Hendriksen RS, et al. Nature Communications, 2019 
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AMR	genes	

Hendriksen RS, et al. Nature Communications, 2019 
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Resistome clustering in sewage across regions

Hellinger-transformed	(decostand	func4on	in	vegan	package)	and	Bray-Cur4s	dissimilarity	
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Drivers	for	AMR	

15	

Drivers	for	AMR	

Factor	 Significance	

Temperature	 -	

Flight	connec<ons	 -	

An<microbial	use	 *	

Human	development	index	 ***	

15	

Drivers	for	AMR	

Factor	 Significance	

Temperature	 -	

Flight	connec<ons	 -	

An<microbial	use	 *	

Human	development	index	 ***	

Hendriksen RS, et al. Nature Communications, 2019 
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Predict	AMR	level	using	socio-economic	data		
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16	�X

Deeper look into socio-economic data from World bank 

Predictors of  higher AMR 
•  Mortality rate 
•  Death, by communicable diseases and 

maternal, prenatal and nutrition conditions 
•  Risk of  maternal death 
•  Open defecation 
•  Diarrhoea prevalence in children 
•  Risk of  impoverishing expenditure for 

surgical care 
•  Informal employment 
•  Time to import 

		

Predictors of  lower AMR 
•  Investment in water and sanitation 
•  Completeness of  death reporting 
•  Educational attainment 
•  Number of  surgical procedures 
•  Life expectancy at birth 
•  Number of  Physicians 
•  Births attended by skilled health staff  
•  Grace period on external debt 

8	
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17	

Global	resistance	predic2on	

Hendriksen RS, et al. Nature Communications, 2019 
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18	�X

DTU Food, Technical University of Denmark 
Add Presentation Title 
in Footer via ”Insert”; 
”Header & Footer” 

Samples 

Pilot (2016) 

June 2017 

November 2017 

June 2018 

November 2018 
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19	

Denmark

�X

Sample collection – Longitudinal 
Monthly samples in one year 

US,	Sea'le	 Canada,	Regina	

Ecuador,	Quito	 Tanzania	Cameroon,	Yaounde	

China,	Guangzhou	

Australia,	Melbourne	

Pakistan,	Karachi	Greece,	Athens	
Denmark
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