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Applications	of	(meta)genomics	in	clinical	microbiology	
	

•  Tracking	outbreaks	and	identifying	sources	of	recurrent	
infections	

•  Development	of	tailor-made	molecular	diagnostic	
screening	tests	

•  Predicting	resistance	or	virulence	phenotypes	from	genome	
sequencing	for	optimal	therapy	

•  Unbiased	and	culture	free	identification	of	pathogens	

(Advanced)	
•  Understand	host-pathogen	and	interactions	
•  Understand	pathogen	–	microbiome/virome	interactions	
•  Drug/vaccine	development	

Applications	

(Global) surveillance & 
outbreak detection 

virulence/resistance 
monitoring therapy 

diagnostics/theragnostics 

Modified	from	Natacha	Couto	



Genomics	(WGS)	vs	Shotgun	Metagenomics

Prep	

• Sample	processing,	culture																													
• Extraction,	lib	prep,	seq	

ID	

• Genomospecies	calling	
• Further	taxonomy	

AST	

• Map	resistome,	infer	
• Detect	new	variants		

Vir/Tox	

• Map	virulome,		
• Infer	Gene	expression?	

Typing	

• Extract	current	schemes		
• Variant	calling	/	extended	MLST																													

Bacterial	WGS	

Prep	

• Sample	processing	
• Extraction,	lib	prep,	seq	

ID	

• Genomospecies	calling	
• Population	analysis	

AST	

• Map	resistome,	infer	
• Detect	new	variants		

Vir/Tox	

• Map	virulome,	infer	
• Metatranscriptomics?	

Typing	

• Extract	current	schemes		
• Variant	calling	/	extended	MLST																													

Clinical	metagenomics	

Unbiased;	Cx	
independence	

All	pathogens	
All	microbes	
The	host	

Patho-typing	&	
Epi-typing	but	
challenging		
assignment	

Cost	↑	
TAT		(?)	
Tools	↓	

By	courtesy	of	Prof.	dr.	Jacob	Moran-Gilad	
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WGS	to	map	VRE	Outbreaks	
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Zhou X et al. J Antimicrob Chemother. 2018 Sep 14. doi: 10.1093/jac/dky349 

Based	on	epidemiological	data	there	were	6	outbreak	episodes	in	2014:	
	-	36	sequenced	isolates	
	-	34	patients	
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Zhou X et al. J Antimicrob Chemother. 2018 Sep 14. doi: 10.1093/jac/dky349 

ST117	

Monika	Chlebowicz	

Xuewei	Zhou	

Long	read	sequencing	



Transmission	of	MGE	
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Same	patient	

 
Zhou X et al. J Antimicrob Chemother. 2018 Sep 14. doi: 10.1093/jac/dky349 

ST117	

cgMLST	analysis	in	outbreak	
investigation	may	not	always	
be	sufficient	

Colors	indicate	different	transposons	
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WGS in cases of unknown resistance mechanisms 



WGS	for	discovering	new	resistance	genes/mechanisms	
•  Three	metronidazole	resistant	P.	bivia	strains		

–  UMCG-3721	gluteal	infiltrate	of	a	75-year-old	patient	resistant	to	amoxicillin,	
clindamycin	and	metronidazole,	susceptible	for	amoxicillin-clavulanic	acid	and	
meropenem	

–  UMCG-93105	abdominal	infection	of	a	68-year-old	patient	resistant	for	
amoxicillin,	clindamycin	and	metronidazole,	susceptible	for	amoxicillin-clavulanic	
acid,	piperacillin-tazobactam	and	meropenem		

–  UMCG-8631	from	a	previously	healthy	27-year-old	patient	treated	with	
cefotaxime,	metronidazole,	and	teicoplanin	(later	vancomycin)	à	finally	
antibiotic	treatment	was	switched	to	piperacillin/tazobactam	and	vancomycin	

Veloo	et	al.,	J	Antimicrob	Chemother.	2018	Oct	1;73(10):2687-2690.	doi:	10.1093/jac/	



New	nim	gene	(nimK)	

Veloo	et	al.,	J	Antimicrob	Chemother.	2018	Oct	1;73(10):2687-2690.	doi:	10.1093/jac/	





Amplicon	based	metagenomics:	species	ID	using	16S-23S	NGS	
•  16S	sanger	sequencing:	not	suitable	for	ID	of	multiple	pathogens	in	one	sample	
•  16	S	NGS:	not	always	ID	to	the	species	level	
•  16-23S:	higher	discriminatory	power?	

Dr.	Mirjam	Kooistra-Smid,	
Certe	

Sabat	et	al,	Sci Rep. 2017 Jun 13;7(1):
3434. doi: 10.1038/
s41598-017-03458-6.	

Material Routine	Diagnostic	culture 16S	rDNA	load	(Ct) 16S	rDNA	Sanger	result 16S-23S	rDNA	result
ID	score
	(%)

Relative	
abundance

	(%)

Eukaryote	
DNA	(%)

Background
(%)

Brain	abcses Porphyromonas	asaccharolytica 16,5 Mixed	sequence	patern Fusobacterium	necrophorum 97,16 85 0 0
Porphyromonas	somerae Parvimonas	micra 99,25 6
Parvimonas	micra Porphyromonas	somerae	 99,73 5

Peptostreptococcus	spp 95,18 2
Peptoniphilus	spp 90,53 1
Filifactor	alocis 93,63 1
Peptoniphilus	asaccharolyticus 99,78 1

Knee	punctate Negative 40,2 Mixed	sequence	patern Capnocytophaga	canimorsus 99,2 99 1 0

Tissue Klebsiella	oxytoca 35,5 Mixed	sequence	patern Corynebacterium	jeikeium 99,27 38 2 2
Mycobacterium	abscessus 100 23

Mycobacterium	abscessus	(Molecular	detection) Corynebacterium	accolens 99,8 17
Corynebacterium	propinquum 100 10
Enterococcus	faecalis 99,95 5
Staphylococcus	spp 92,95 1
Klebsiella	oxytoca 99,83 0
Staphylococcus	capitis 99,91 0

Plural	fluid Fusobacterium	nucleatum 21,8 Mixed	sequence	patern Prevotella	pleuritidis 99.59 77 0 0
Fusobacterium	nucleatum 99.80 21
Actinomyces	meyeri 100.00 1

Material Routine	Diagnostic	culture 16S	rDNA	load	(Ct) 16S	rDNA	Sanger	result 16S-23S	rDNA	result
ID	score
	(%)

Relative	
abundance

	(%)

Eukaryote	
DNA	(%)

Background
(%)

bronchial	fluid Haemophilus	influenzae 22,2 Meng	sequentie Streptococcus	parasanguinis 99,39 48 0 6
Veillonella		spp 98,10 13
Prevotella	melaninogenica 99,15 8
Haemophilus	influenzae 99,66 5
Actinomyces	spp 94,99 3
Streptococcus		spp 95,34 3
Streptococcus	pneumoniae 98,89 3
Selenomonas		spp 97,19 2
Streptococcus	mitis 99,17 2
Prevotella		spp 97,47 1
Solobacterium	moorei 99,84 1
Selenomonas	sputigena 100,00 1
Gemella	spp 96,00 1
Enterococcus		spp 90,81 1
Leptotrichia	genomosp 99,65 1
Leptotrichia	spp 93,62 1
Fusobacterium	nucleatum 99,41 0
Prevotella	spp 92,80 0
Megasphaera	spp 92,68 0
Eubacterium		spp 96,35 0
Campylobacter	concisus 99,82 0



Peker	et	al.,	Frontiers	in	Microbiology,	doi:	10.3389/fmicb.2019.00620	

Bioinformatics	
•  De	novo	assembly	and	subsequent	BLASTN	analysis	using	an	in-house	

developed	database	most	accurate	and	fastest	
•  OTU	clustering	considered	as	a	second	approach	if	no	pathogen	species	

are	identified		
•  Database	needs	to	be	continuously	updated	



Assessment	of	the	added	clinical	value	of	16S-23S	rDNA	NGS	in	a	clinical	setting	

validation
time-to-result

ISO15189 

data storage
data analysis

database 

contaminating
background 

reads

interpretation 
within a 
clinical 
context

increase 
diagnostic 

yield of 
bacteria

Challenges Opportunities

overcomes
limitations 

current tests

16S-23S 
rDNA NGS

By	courtesy	of	Dr.	Mirjam	Kooistra-Smid,	CERTE	



By	courtesy	of	Claire	Bertelli	

•  Known	Genes	
•  All	Genes	





17 DENV positive patients 

Qiamp Viral 
extraction Qiagen  

2 hours 

Library preparation  
1.5 days 

Sequencing  
1 day  

Data Analysis 
10 minutes – 1 hour 

Nextera XT /TruSeq (Illumina) MiSeq/NextSeq Instrument  
Kit V2 300 cycles  

Paired-end (Illumina) 

Workflow 

Dengue	virus	detection	and	typing	from	blood	samples	

Nucleic acids 
isolation 

cDNA, 
multiple PCRs 
often only E 

gene 
Sequencing Data 

Analysis 

Classic approach: Sanger sequencing  

Lizarazo/Couto	2019, In : Journal of Biotechnology: X.2, 10 p., 100009.	



Bioinformatics analysis	
CLC Genomics Workbench v10.1.1 

Alignment (MUSCLE)
Maximum Likelihood
Tree

MEGA v7.0

Sample
Total number of 

reads

Mapped reads against

hg18

Unmapped reads 

against hg 18

Dengue-2 mapped

reads

Average

coverage

Longest

contig

91-0109a 1,243,122 834,830  (67.2%) 408,292 (32.8%) 238,112  (19.2%) 3,301.7 10,599

91-0105b 1,427,648 1,215,507 (85.1%) 212,141 (14.9%) 51,914 (4.0%) 668.4 10,691

91-0121 2,802,530 2,220,772 (79.2%) 581,758  (20.8%) 288,694 (10.3%) 3,747.2 10,763

91-0131a 9,743,154 8,313,085 (85.3%) 1,430,069 (14.7%) 721,536 (7,4%) 10,053.8 10,529

91-0135b 562,914 302,336    (53.7%) 260,578  (46.3%) 87,679 (16.0%) 1,114.3 10,691

92-1095 3,640,058 3,038,591 (83.5%) 601,467   (16.5%) 165,422 (4.5%) 2,146.9 10,711

92-1096 3,918,662 3,671,259 (93.7%) 247,403  (6.3%) 110,770 (2.8%) 1,480.6         10,694

92-1099 2,810,772 2,251,377 (80.1%) 559,395   (19.9%) 53,517 (1.9%) 704.6 10,619

cc0007 2,654,296 2,144,891 (80.8%) 509,405   (19.2%) 60,185 (2.3%) 604.3 10,716

hg18: human genome

Dengue 2

Dengue 1

Spiked sample

Detection and visualization Taxonomer IDbyDNA)

Dengue 3

Virus Mapped 
reads Coverage Consensus 

(bp)
De Novo 

Assembly

DENV1 1180 15.45 10614 2796

DENV2 2514 32.4 10675 6736

DENV3 55952 733.66 10675 10555

CLC Genomics Workbench v10.1.1 

Lizarazo/Couto	2019, In : Journal of Biotechnology: X.2, 10 p., 100009.	



DEN-IM: Dengue Virus Identification from Metagenomic  
and Targeted Sequencing Data (Open source) 

An automated workflow for identification, serotyping, 
genotyping, and phylogenetic analysis of DENV 

Implemented in Nextflow alongside Docker containers to 
facilitate installation	

https://github.com/B-UMMI/DEN-IM 
	
	
	

Inês Mendes João Carriço 

Mendes et al, biorxiv.org, https://doi.org/10.1101/628073	



Human	DNA	depletion	and	DNA	extraction	

Leo et al., Int. J. Mol. Sci. 2017, 18, 2011 	

Depletion	 No	Depletion	



Getting	rid	of	the	human	reads	

	|	22	

hg19 – human genome 

Couto N et al., Sci Rep. 2018 Sep 13;8(1):13767. doi: 10.1038/s41598-018-31873-w	



Bioinformatics	

www.nature.com/scientificreports/

5SCIENTIFIC REPORTS |  (2018) 8:13767  | DOI:10.1038/s41598-018-31873-w

should be used in the context of the CLC Genomics Workbench, since it had a higher sensitivity and PPV com-
pared to the Taxonomic Profiling tool.

In a clinical setting, a combination of high sensitivity and high PPV of any new method is key. Popular software 
designed for bacterial identification can predict dozens to hundreds of species in in vitro generated bacterial com-
munities of known composition8. We observed the same when using Kraken and Taxonomer when comparing to 

Sample 
number

Culture 
result (CFU)a

Conventional 
identification 
(MALDI-TOF)

WGS-based 
identification

Shotgun metagenomics
Genius 
(Basespace)c

Kraken 
(Basespace)c,d

MetaPhlAn 
(Basespace)c Taxonomer (Utah)b,e Cosmos IDa

1
103

103

10

E. faecium
S. haemolyticus
C. glabrata

E. faecium
S. haemolyticus
—

E. faecium (14.4%)
S. haemolyticus 
(55.8%)
—

E. faecium (25.0%)
S. haemolyticus 
(20.1%)
—

E. faecium (65.1%)
S. haemolyticys 
(30.4%)
—

E. faecium (22.9%)
S. haemolyticus 
(20.1%)
Not identified*

E. faecium (50.3%)
S. haemolyticus 
(22.1%)
C. glabrata (88.6%)

2
103

1
Not 
determined

E. avium
E. coli
Anaerobes

—#

—#

—#

Not identified*
Not identified*
Several species 
(94.0%)

Not identified*
Not identified*
Several species 
(27.0%)

Not identified*
Not identified*
Several species 
(54.2%)

Not identified*
Not identified*
Several species 
(14.2%)

Not identified*
Not identified*
Several species 
(100%)

3 1 S. epidermidis —# S. aureus (100%) S. aureus (0.1%) Not identified* S. pseudintermedius 
(3.4%) Not identified*

4 103 S. aureus S. aureus S. aureus (100%) S. aureus (0.3%) S. aureus (100%) S. aureus (8.3%) S. aureus (100%)

5

≥105 ≥ 105

103

103

Not 
determined
10

E. coli
K. oxytoca
S. anginosus
E. faecalis
Anaerobes
C. albicans

E. coli
K. oxytoca
—#

E. faecalis
—#

—#

E. coli (0.4%)
Not identified*
S. anginosus 
(0.03%)
E. faecalis (0.8%)
Several species 
(45.0%)
—

E. coli (10.2%)
K. oxytoca (0.5%)
S. anginosus (0.4%)
E. faecalis (0.3%)
Several species 
(8.0%)
—

E. coli (7.0%)
K. pneumoniae 
(0.01%)
S. anginosus (0.3%)
E. faecalis (0.7%)
Several species 
(89.1%)
—

E. coli (3.6%)
K. michiganensis 
(0.1%)
S. anginosus (0.1%)
E. faecalis (0.1%)
Several species 
(60.3%)
—

E. coli (7.6%)
K. oxytoca (1.7%)
S. anginosus (0.09%)
E. faecalis (3.7%)
Several species 
(86.2%)
Not identified*

6 103 E. faecium E. faecium E. faecium (4.2%) E. faecium (14.8%) E. faecium (5.5%) E. faecium (1.4%) E. faecium (4.1%)
7 102 S. aureus —# S. aureus (100%) S. aureus (93.8%) S. aureus (100%) S. aureus (14.2%) S. aureus (100%)

8 103 O. intermedium O. intermedium O. intermedium 
(100%) O. nthropic (88.9%) O. intermedium 

(99.8%)
O. intermedium 
(13.1%)

O. intermedium 
(49.5%)

9 103 S. aureus S. aureus S. aureus (100%) S. aureus (99.5%) S. aureus (100%) S. aureus (12.7%) S. aureus (100%)

10 103 S. marcescens —# S. marcescens 
(32.5%)

S. marcescens 
(94.8%) Serratia spp. (100%) S. marcescens (1.4%) S. marscescens 

(38.4%)

Table 4. Microorganisms identified by conventional methods, WGS and using shotgun metagenomics and 
the taxonomic classification methods in webpages (BaseSpace, Taxonomer and CosmosID). aThe number of 
colonies of a given species was estimated from the number of colonies with the same morphology on the same 
plate; bThe relative abundance is calculated using total number of reads as denominator; cThe relative abundance 
is calculated with the total number of classified reads as denominator; dminiKraken database was used; eFull 
Analysis mode was used; #Although there was a laboratory identification, no isolates were available for WGS; 
*No reads matched that specific pathogen, not even at the genus level.

Figure 1. Scheme of the bioinformatic analysis of the metagenomics samples.



Unix-based	software	



CLC	Genomics	workbench	



Web-based	tools	



Bioinformatics	impact	-	summary	

Couto N et al., Sci Rep. 2018 Sep 13;8(1):13767. doi: 10.1038/s41598-018-31873-w	

54%	54%	54%	

21%	



AMR	detection	in	the	WGS	era	a	no	go?	

•  published	evidence	for	using	WGS	as	a	tool	to	infer	
antimicrobial	susceptibility	accurately	-->	poor	or	non-existent	

•  for	most	bacterial	species	major	limitations	are	
– current	high-cost		
–  limited	speed		
– dependency	on	previous	culture	

•  for	most	bacterial	species	there	is	currently	insufficient	
evidence	to	support	the	use	of	WGS-inferred	AST	to	guide	
clinical	decision	making	

Ellington et al., Clinical Microbiology and Infection 23 (2017) 2e22 	



Antimicrobial	resistance	

Couto N et al., Sci Rep. 2018 Sep 13;8(1):13767. doi: 10.1038/s41598-018-31873-w	

•  1,		7	and	9	genotypes	and	phenotypes	correlated	well	
•  Other	samples	not	all	AMR	genes	explaining	phenotypic	resistance	identified	
•  1,	5,	7	and	10	different	results	ReMatCh	vs	CLC	Genomics	workbench	



There	is	hope…	

•  WGS-based	MIC	prediction	allows	reliable	MIC	prediction	for	five	
gonorrhoea	antimicrobials	Eyre	et	al.	J	Antimicrob	Chemother	2017;	72:	1937–1947		

•  WGS	can	aid	in	the	timely	diagnosis	of	Mycobacterium	tuberculosis	
drug	resistance	and	guide	clinical	decision-making		Ruesen	et	al.,	scientific	reports|	(2018)	
8:9676	|	DOI:10.1038/s41598-018-27962-5	

•  Whole-genome	sequencing	effective	tool	for	predicting	antibiotic	
resistance	in	nontyphoidal	Salmonella,	although	the	use	of	more	
appropriate	surveillance	breakpoints	and	increased	knowledge	of	
new	resistance	alleles	will	further	improve	correlations	McDermott	et	al.	Antimicrob	
Agents	Chemother	60:5515–5520.	doi:10.1128/AAC.01030-16.		





Metagenomic	Typing	



Study	of	the	microbiome	in	Obstructive	Pulmonary	Diseases		

Maarten van den Berge, Ben Ditz, Alan Faiz – GRIAC; Couto, Rossen GUIDE	

44 COPD patients followed longitudinally during stability and acute 
exacerbations 

1 3 7 14 28 Baseline 

Exacerbation 

Day: 

•  Doxycycline 
•  Bronchodilators 
•  +/- Steroids 

Treatments: •  Induced sputum at each of 6 visits 
•  Cell count/differential 
•  RNA for metagenomic sequencing 
•  Extensive clinical phenotyping 



Cross sectional data at AECOPD 
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Cross sectional data at AECOPD:  
Host immune response 

Virus	

Anti-viral	
(Interferon)	

Anti-	
Bacterial	
(IL-17)	

Bacterial	

Allergic	
(Type	2)	

Eosinophilic	



Tracking antibiotic resistance 
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Challenges  
 • Clinical sensitivity and specificity à depletion human DNA /

enrichment microbial DNA/RNA 
• Genotype not always phenotype (AMR) à RNAseq? 
• Which genes belong to which pathogen ? à Single cell sequencing/

cross-linking plasmid and genome/CG content? 
• Presence of contaminant DNA à reagents, sample taking 
• Persistence of DNA from dead microbes à RNAseq  
• Colonization versus infection à host response, RNAseq? 
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UCSF	
Stephanie	Christenson	
	
Universitätsklinikum	
Tübingen	
Silke	Peter	
Ingo	Autenrieth	

Faculdade	de	Medicina	de	
Lisboa	
João	André	Carriço	
Catarina	Inês	Marques	de	
Sousa	Mendes	
Mário	Ramirez	

UMC	Utrecht	Amphia/
MicroVida	
Jan	Kluytmans	
Marjolein	Kluytmans	–	van	den	
Bergh	
Suzan	Pas	
Eefje	Schrauwen	
Joep	Stohr	

Universidade	do	Estado	do	Rio	
de	Janeiro	
Paulo	Damasco	
Ana	Claudia	Rosa	

Metanet	(not	yet	listed)	
Henrik	Torkil	Westh	
Alexander	Melmann	
Dag	Harmsen	
Robert	Schlaberg	

I	apopologize	in	advance	if	I	
forget	to	mention	people	–	
please	contact	me	afterwards	if	
you	think	your	name	should	be	
on	this	slide	












