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Two different approaches in NGS:  

Shotgun (unbiased) approach 

• Fragment DNA to obtain short   

  random fragments 
 

• Generate random library of  

  amplified DNA fragments 
 

• Sequence all the library   

  fragments  

• Bioinformatics elaboration: 

• Alignment 

• Contigs 

• Blast against Genomic 

databases 

• Classification of contigs into 

 known or new taxonomic entities 



Two different approaches in NGS:  

Amplicon approach 

• Generate sequence-targeted amplicons 

(lenght depending on system) 
 

• Sequence all the amplicons 
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Number of genomes entered into GenBank by year as of September 2009 



Application of NGS to bacterial agents 



Application of NGS to bacterial agents 



 
• Metagenomics 

 Discovery of new pathogens 

 Molecular characterization of new/known pathogens 

 “Microbiome-Virome” 

• Phylogenetic analysis 

• Tracing evolutionary history 

• Tracing intra-host evolution (quasispecies) 

• Forensic investigation  

• SNP detection 

• Characterization of biological properties (e.g. HIV tropism) 

• Identification of resistance markers (HIV, HCV, HBV…..) 

• ……………. 

NGS applications to microbiology 



• Human body 

 

 

• Soil samples 

 

 

• Extreme environments  

 

 

• Marine ecosystem 

Contemporary analysis of all genomes present in a given environment: 

• Serching for new species (microbial, viral…)   

• Quantitative description of  microbial communities (viroma, 

microbioma)  

• Microbial variability 

• Diagnostics….. 

What is Metagenomics? 



What is 

Metagenomics? 

• Traditional microbial genomics 

– Sequence the genome of one organism at a 

time 

– Use cultures to isolate microbe of interest 

• Metagenomics 

– Extract sequence data from microbial 

communities as they exist in nature 

– Bypass the need for culture techniques 

• Sequence all DNA (RNA) in sample 

• Assign sequences to Taxonomic Units (OTU) 





Published metagenomic studies 2002-2012 

Willner D. and Hugenholtz, Bioessays 2013 



Human Microbiome 

Project: 
NIH HUMAN MICROBIOME PROJECT RESEARCHERS 

PUBLISH FIRST GENOMIC COLLECTION OF 

HUMAN MICROBES    
 Diversity of Human Microbes  

Greater Than Previously Predicted   

The HMP consists of two metagenomic 

sequencing components:  

 

 generate an preliminary estimate of the 

complexity of the microbial community 

in five body sites 

 

 determine whether variation in the 

microbiome at a site can be related to 

human phenotypes and/or differences 

between health and disease states 

http://www.sciencedaily.com/images/2010/05/100520141214-large.jpg


source: Scientific American 

the body as an ecosystem  



http://www.chesapeakebay.net/discover/bayecosystem 

Ecosystem 



Operational taxonomic units (OTUs) 



http://wenchwisdom.blogspot.com/2012/06/this-just-in-and-

awesome-tending-human.html 



Cho & Blaser, Nature Reviews Genetics  2012 



http://wondersofpakistan.wordpress.com/ 

Pakistan 

Sweden 
http://yourlivingcity.com/ 
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Why might some 

kids have less 

bacteria than 

others? 



Total viral load increases with  

immunosuppression 



Total viral load increases with  

immunosuppression 

CMV+ 
CMV- 



• marked virome composition dynamics at the onset of the therapy 

• total viral load increases with immunosuppression 

• the bacterial component of the microbiome remains largely unaffected. 



http://www.spiegel.de/fotostrecke/westafrika-ebola-epidemie-weitet-sich-aus-fotostrecke-113039-2.html


PLoSpathogen, 2008 

Phylogenetic analysis 

of highly divergent 

astrovirus-like 

sequence reads and                                       

nodavirus-like 

sequence reads 



Bats: a Pandora’s box for emerging viruses 



Percentage of sequences related to the most abundant viral families 



Among several new viruses identified, the first bat nairovirus 



mBio, 2013 

…there are a minimum of 

320,000 mammalian viruses 

awaiting discovery... 
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RNA viruses:  error prone nature of the RNA-dependent RNA polymerase,  7 x 10-4 

to 5.4 x 10-3 mutations per site per infectious cycle 
 
Hepadnaviruses (RT-dependent):  mutation rate 100-1000 times lower than  RNA 
viruses, but  about 100 x than other DNA viruses  



Sequencing approaches to the study of quasispecies 



Provirus T lymph. 

Provirus monoc. 

Virus T lymph.  

Virus monoc. 

27 clones >25,000 clones 
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 Co-receptor usage predicted by Position Specific Score 

Matrices (PPSM) of  variants present in viral quasispecies  

CTR-PNNNTR -KSISL---G PGRAFYATGD IVGNIRQAHC  

CTR-PNNNTR -KSITL---G PGRAFYTTGQ IIGDIRKAHC  

CTR-PSNNTR -KSITL---G PGRAFYATGD IIGDIRQAHR  

CTR-PSNNTR -KSITL---G PGRAFYATGD IIGDIRQAHC  

CTR-PSNNTR -KSINI---G PGSAWYATGD IIGDIRQAHC  

CTR-PNSNTR -KSITL---G PGRAFYATGD IIGNIRQAHC  

CTR-PSNNTR -KSIRI---G PGSAFYATGD IIGDIRQAHC  

CTR-PSNNTR -KSISI---G PGSAWYATGD IIGDIRQAHC  

CTR-PNNNTR -KSIRIQR-G PGRAFVTIGK I-GNMRQAHC  

CTR-PNNNTR -KSITL---G PGRAFYATGN IIGNIRQAHC  

CTR-PNNNTR -KSITL---G PGRAFYATGD VIGNIRQAHC  

CTR-PNNNTR -KSITL---G PGKVYYTTGQ IVGDIRQAHC  

CTR-PNNNTR -KSITL---G PGRAFYATGD IIGDIRQAHC  

CTR-PNNNTM -KSITL---G PGRAFYTTGQ IIGDIRQAHC  

RTR-PNNNTR -KSITL---G PGRAFYATGD IIGNIRQAHC  

 

 

   score pred geno pos.chg net.chg reads 
      X4% 

-10,48 0 SD 6 5 3 0,4 
-8,03 0 SQ 7 6 3 0,4 

-10,82 0 SD 7 5 2 0,27 
-12,12 0 SD 6 4 110 14,82 
-14,42 0 SD 5 3 34 4,58 
-10,12 0 SD 6 5 2 0,27 
-11,41 0 SD 6 4 19 2,56 
-12,89 0 SD 5 3 10 1,35 

0,71 1 SK 8 8 112 15,09 
-8,89 0 SN 6 6 2 0,27 

-10,28 0 SD 6 5 2 0,27 
-5,32 0 SQ 6 5 3 0,4 

-11,61 0 SD 6 4 3 0,4 

-9,03 0 SQ 5 4 17 2,29 
-9,49 0 SD 7 6 5 0,6 

Ex: Pt 17 RNA 

1 predicts X4 or R5X4 phenotype and 0 predicts R5 phenotype 

… … 

V3 sequence is the main 

determinant of HIV tropism 



UDPS allows detailed description of quasispecies tropism in both 

plasma viral RNA  and proviral DNA   

Vertical lines (-2.88 and -6.96) : 95th and 5th percentiles for X4 and R5  
 
Score of reference strains: R5  BaL   =   -12.96 

                              X4   HXB2=    +3.47 

RNA DNA 

Abbate I. Clin Microb Infect 2010 

R5 X4 R5 X4 



99 

Pt.4  

after  2 years  

on HAART 

Provirus CD36 T0 

Provirus CD26 T0 

Frequency: 4.2% 

Score: +3.76 (X4) 

Reference         Score  

R5    BaL          -12.96 

X4   HXB2        +3.47 

Median score in 

Monocytes: -11.60 (R5) 

Lymphocytes: - 8.43 (R5) 

http://www.retrovirology.com/


cART CD4 cells/ul 
HIV RNA 

Log cp/ml 

% pts ** 

with  X4  

X4 *  

Log cp/ml 

Diversity* 

subst/site 

Yes 

n=10 

323 

(191-809) 

 5.4 

(4.0-7.9) 

60 3.65 

(<2.7-3.50)   

0.063 

(0.004-0.38) 

Not 

n=10 

700 

(451-1251) 

 5.0 

(4.0-6.0) 

40 2.70 

(<2-3.50) 

0.007 

(0.004-0.11) 

p  0.002  NS NS 0.009 0.019 

  

HIV-1 RNA V3 quasispecies and co-receptor usage in acute 

patients according to need of early cART  

Abbate I. AIDS 2010 

  

*median (range) 

**>0.3% 



cART CD4 cells/ul 
HIV RNA 

Log cp/ml 

% pts ** 

with  X4  

X4 *  

Log cp/ml 

Diversity* 

subst/site 

Yes 

n=10 

323 

(191-809) 

 5.4 

(4.0-7.9) 

60 3.65 

(<2.7-3.50)   

0.063 

(0.004-0.38) 

Not 

n=10 

700 

(451-1251) 

 5.0 

(4.0-6.0) 

40 2.70 

(<2-3.50) 

0.007 

(0.004-0.11) 

p  0.002  NS NS 0.009 0.019 

  

cART No cART 

HIV-1 RNA V3 quasispecies and co-receptor usage in acute 

patients according to need of early cART  

  

*median (range) 

**>0.3% 



Bootstrap > 80 

PBMC R5 
PBMC X4 
GALT R5 
GALT X4 
RNA R5 

Rozera et al, Clin Microbiol Infect 2014 

HIV compartmentalization during primary infection (V3 env) 

86 

84 97 

96 

90 

97 
96 

93 

100 

99 
87 

primary chronic 
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Incomplete suppression of virus 

replication leads to selection of mutants 

Fung SK & Lok ASF. Antivir Ther 2004; 9:1013–1026 

Locarnini S, et al. Antivir Ther 2004; 9:679–693 

Drug Resistant Variant 
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• Incomplete Suppression 

- Inadequate Potency/Drug Levels 

- Inadequate Adherence 

- Pre-Existing Resistance Variants 



Incomplete suppression of virus 

replication leads to selection of mutants 

Fung SK & Lok ASF. Antivir Ther 2004; 9:1013–1026 

Locarnini S, et al. Antivir Ther 2004; 9:679–693 

Drug Resistant Variant 

 

•  Overgrowth of resistant   

    variants: virological failure 

Time 

 H
B

V
 R

e
p

li
c
a
ti

o
n

 

Treatment 

 Initiated 

Detection 

Level 

Dominant Strain 

Naturally Occurring Variants  





1

10

100

1000

10000

100000

1000000

ap
r-
03

lu
g-0

3

ott-
03

gen
-0

4

ap
r-
04

lu
g-0

4

ott-
04

gen
-0

5

ap
r-
05

lu
g-0

5

ott-
05

gen
-0

6

ap
r-
06

lu
g-0

6

ott-
06

gen
-0

7

ap
r-
07

lu
g-0

7

ott-
07

UI/ml

Freq. % 

L80I 2 

L180M 3.33 

A181V 7.43 

M204V 2.24 

V214A 1.07 

N236T 12.03 

Direct sequecing :           WT              A181A/V, N236N/T 

Dynamics of HBV resistance mutations   

Freq. % 

<0.5 

1.52 

45.49 

0.74 

<0.5 

63.2 

Pyrosequencing: 
stop lamivudine 

start adefovir 

June 2006 

Sept. 2006 

start pegIFN 

Stop 

adefovi

r 

LDL 

HBV DNA 

Menzo et al. JID 2009 

NGS and 
HBV   



NS3 positions 

analysed in detail 

Romano et al. PNAS, 2010 

                    16                            36       39 41 43     54 55 56                     80                                  107 109                 132 138              155 156 158    163  168170  175         
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Amino acid 
 position 

WT  
amino acid 

RAM 



8,33% 

37,51% 

33,33% 

20,83% 

no mutations 

Only minority (<20%)  

Only minority (<20%)  

both  

Only highly  

represented (>20%) 

The vast majority of HCV naive patients 

 harbour NS3 mutations 



 However, there is no agreement on the usefulness of performing 

resistance testing prior to initiate DAA-based therapy 
 

 Even the use of resistance testing in failing cases is questioned, for 

a number of reasons 
 
not all virological failures are accounted for by the emergence of 

resistant variants 
 
the resistant variants rapidly decline (although not always 

disappear) after treatment stop 
 
the availability of different classes of drugs, and their combined 

use, may achieve an enormous rising of the genetic barrier to 

antiviral resistance, overcoming this problem 

HCV resistance testing is still under scrutiny 

NGS may unravel viral dynamics in DAA failure and help to 

address this issue  



 

 
Paris, May 1888 
 

NGS offers significant advantages for the application to clinical 

microbiology. At present,  its use is mainly limited by  

 high cost,    

 bioinformatic analysis bottleneck,  

 clinical validation 

Work in progress 
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