Next Generation Sequencing and pathogen identificat  ion
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Introduction : definitions, aims, history

Main sequencing methods and their evolution

NGS and bhioinformatics

NGS : the entrance of biology in « big science »
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1) Introduction : definitions, aims, history

NGS = Next Generation Sequencing / High Throughput Sequencing
(robotisation, parallélisation)

Sequencing = détermination de I'ordre des quatres nucléotides (G,A,T,C) des molécules d’ADN,
support de l'information génétique d’'un organisme

Genes contain
instructions
for making
proteins

Proteins act

or in complexes to™=
perform many cellular
functions

U.S. DEPARTMENT OF ENERGY

Séquencage = méthode de choix pour I'étude des génomes_(contenu en ADN d’une cellule [exhaustif]
Génomigue = comprendre comment fonctionne le génome
Le développement des NGS et I'essor de la génomique sont intimement liés.

Cette nouvelle accessibilité du génome rend possible son étude a différentes échelles
(espéce, population, cellule)




1) Introduction : definitions, aims, history

Génomique et identification de pathogenes

= Métagénomique échantillons complexes
=>» Métabarcoding (code barre pour chaque espece / base de données compléete)
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Nombre de genome bacteriens connus > 24 000. T
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Genome Information by organism

| Search by arganism H Clear |

Oneiviaw [11470] Elkarydtas [2774] Frokaryoles [24322] \irusas [4152]

7300 especes de bactéries connues a ce jour.
Estimation du nombre d’especes : entre 5 et 10 millions



2) Main sequencing methods and their evolution

Pre-1992 1992-1999 1999 2003
‘old fashioned ABI 373/377 ABI 3700 AB| 3730XL

Way”
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SCIENCE & IMPACT
3000 nucleotides 690 000 nucleotides
per day / machine

per week

1977 : first genome sequenced
virus bactériophage $X174

Karen Staehling-Hampton




2) Main sequencing methods and their evolution

Le sequencage massivement parallele

NGS 1.5 : Séquenceur Roche / 454:
La révolution du pyroséquencage (October 2005)

) — Roche (454) GSFLX Workflow:
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Version Titanium:

» Lectures de ~ 400 bases v
» 1 millions reads/run
» 400 Mb /jour
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Emerging Infectious Diseaseas « www.cdc.gov/eld = Vol 18, No_ 3, March 2012

Novel

Orthobunyavirus
in Cattle,
Europe, 2011

Bernd Hoffmann,' Matthias Scheuch, Dirk Hoper,
Ralf Jungblut, Mark Holsteg, Horst Schirrmeier,
Michael Eschbaumer, Katja V. Goller,
Kerstin Wernike, Melina Fischer,

Angele Breithaupt, Thomas C. Mettenleiter,
and Martin Beer

In 2011, an unidentified disease in cattle was
reported in Germany and the Netherlands. Clinical signs ThE Study

included fever, decreased milk production, and diarrhea. On a farm near the city of Schmallenberg (North

Metagenomic analysis identified a novel orthobunyavirus, £ . = iy

which subsequently was isolated from blood of affected Rhine-Westphalia. Germany: Figure 1), 3 blood samples

“““““ e — gbtained in October 2011 from dairy cows that had clinical
Schmallenberg (HE649914) I ——

A Shamonda (AF362404) signs at sampling (Table. BH 80/11) were pooled and

Sathuperi (AF362403)
Douglas (AF3623%3) analyzed by using metagenomics. We also mvestigated a
Sabo (AF362398) . - g
Yaba (AF362302) blood samiple from a healthy amimal from a difterent farm

Tinaroo (ABO00S19)

Akabane (AB244030) (Table. BH §1/11). For metagenomic analysis. 4 sequencing

100

Simbu (AF362397) 2 . 4 o
Ty~ Sango (AFse2402) Simbu libraries (Table) were prepared and sequenced by using
Peaton (AF362401) serogroup . j
N o] [~ Shuni aF3e246) the 454 Genome Sequencer FLX (Roche., Mannheim.
"o nno oy Germany). Two libraries each were generated from DNA
100 Aino (M22011) I =" = = N
Oropouche (AF164531) = & ) —~ p .
| ;Jalcﬂm (wF31z382) and RNA 1solated from plasma samples (Table). By using
87 Ingwavuma (AF362395) . . = M
. Facey's Pacdock (AF362400) a combmation of BLAST (/) and sequence mapping
53 Buttonwillow (AF362398) . = " x 2 e | i
st ———— Bunyamwera (AF5240) | Bunyamwera with the 454 reference mapper application (version 2.6:
S g Roche). reads were classified mnto different superkimgdoms

= Califernia encephalitis (U12787) California i 2Ll .
E————— e ]ser"g"‘"" (Table). In addition to the anticipated high number of host
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NGS 2.0 : lllumina/Solexa (february 2007)

four-color DNA sequencing-by-synthesis using reversible terminators
with removable fluorescent dyes.

Version GAII
e | ectures de ~ 100 nt
* ~ 100 M lectures

* 10 Gb /run

* 1.5 Gb /jour

b Illlumina/Solexa
Solid-phase amplification
Cne DNA molecule per cluster

Sample preparation
DNA (5 pg)

and

Template
dNTPs
polymerase

Bridge amplification



An integrated semiconductor device (uly 2012)
enabling non-optical genome sequencing

Jonathan M. Rothberg', Wolfeang Hinz'. Todd M. Rearick’. Jonathan Schultz'. William Mileski'. Mel Davev'. John H. Leamon’.

Ylon Torrent by Life Technologies, Suite 100, 246 Goose Lane, Guilford, Connecticut 06437, LISA.

348 | NATURE [ VOL 475 |21 TULY 2011

49 500 $
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1,2 million de puits de 3,5 micrometres
1 run = 2 h = 25 millions de bases
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Prospective Genomic Characterization of the German

Enterohemorrhagic Escherichia coli 0104:H4 Outbreak Sé
égquencage en 62 heures
by Rapid Next Generation Sequencing Technology . “ad
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Events timeline of German EHEC 0104:H4 outbreak.
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‘Dealingiwith! Data

PERSPECTIVE

On the Future

Scott D. Kahn

Science 2011

Sequencing Progress vs Compute and Storage
Moore's and Kryder's Laws fall far behind

of Genomic Data

-
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Fig. 1. A doubling of sequencing output every 9 months has outpaced and over-
taken performance improvements within the disk storage and high-performance
computation fields.



Le programme HUMAN GENOME aura codté, sur quinze ans, environ 2,7 milliards de dollars (2 milliards d‘€)
aux contribuables américains

Colit du séquencage d'un génome humain

coflt du séquengege RITTTSE==20
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LE MONDE | 01.01.2013 Par Hervé Morin Le génome humain a 1 000 dollars



LesEchos.i-

SCIENCES ET PROSPECTIVE

La revolution du séquencage low
cost

FarPaw! Molga | 28/02 | 1724 | mis & [oUr 3 1747

Le colt d'analyse d'un génome humain est tombé a
1.000 dollars, ce qui le rapproche des outils de diagnostic
courants. De nouvelles perspectives s ouvrent pour la
médecine personnalisée,

FORBES LIFE: THE ULTIMATE YACHTING MACHINE
IANUARY 17 3010 EDITION =

| JONATHAN
ROTHBERG

HIS PERSONAL
GENOME MACHINE
COULD CHANGE
YOUR LIFE

TECHNOLOGY
BUSINESS
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Dés lors, I'arrivée de la génomique impose la mise en place de nouveaux types de
laboratoires faisant évoluer la biologie d’'un stade artisanal a un niveau beaucoup plus

automatise, quasi industriel.
Les grands instruments de la biologie moléculaire, prémices de la médecine de demain Pierre Tambourin

Beijing Genomics Institute, China

BGI recevra 1.5 milliard de $ de “fonds
collaboratifs” sur les 10 prochaines années
de la China Development Bank

Shenzen, 500 bioinformaticiens
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Marenostrum, le supercalculateur le + puissant d} ope
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The data deluge
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Data Center INRA Toulouse:

Mémoire vive 2 Teraoctets
400 Téraoctets de données
32 baies, 1500 serveurs
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Biologie a haut débit et organisation de larecherc  he — une nouvelle

économie des donnees ?
Les grands programmes de séquencgage des génomes ont marqué I'entree de la biologie

dans le domaine de la « blg science »

16



La révolution conceptuelle de la biologie a grande échelle

Ces grands instruments s’inscrivent pourtant dans un processus qui n’est pas simplement de doter la
recherche de moyens financiers protégés. C’est aussi une maniére de participer a une évolution
gualitative tres forte qui peut aboutir a des révolutions conceptuelles et médicales dont on imagine encore

difficilement aujourd’hui les conséquences pour demain.
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Metabarcoding for community studies

Ixomic project : “NGS of Ixodes ricinus (PhD Elsa

Quillery) and its microbiome (Coll. BioEpAR-

EpiA)”

— (INRA AIP Bioressources jan 2011 — jan 2013 seminar
Paris feb 2013)

* Which pathogens are co-circulating in questing
ticks of a suburban forest ?

e How diverse are the

— Bacteria (EpiA)

— Protozoans of the phylum Apicomplexa (BioEpAR)
e At one site ? vs. environmental factors ?




Senart forest (77) by dominating tree species in foresting sectors (IFN data)



20.000 (1 questing ticks collected by EpiA in Senart forest May 2011
Subset of

-190 adults

-190 nymphs

-190 larvae

At random among these ticks



Total DNA nb 1 Total DNA nb 2 Total DNA nb 3 Total DNA nb 4

PCR bactnb 1 PCR bact nb 2 PCR bact nb 3 PCR bact nb 4
PCR Apicnb 1 PCR Apic nb 2 PCR Apic nb 3 PCR Apicnb 4
Nb 1 277

\pCR bact up FE PCR bact down




8 Gb of data

Mix of MID-tagged PCR products

NGS machine 454
Roche

>HUVAI7102IM8Vv1 length=572 xy=3838_0815 region=2 run=R_2
TAATGGT TAATAGGAACGGT IGGGGGCATTICGTATTTAACTGICAGAGGTGAAATT
CCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATAT TAAACTIGT TGCAGTTAA
ATCAGATACCGTCGTAGTCCTAACCATAAACTATGCCGACTAGGGAT TGGAGGTCG
TTGAGAAAATTAGAGTGTTTCAAGCAGACTTITGTCTT! GAATACT ICAGCATGGAA
region=2 run=R_2012_09_19_11_ 22 09_GICTTGTAATIGGAATGATGG
TGTCAGAGGTGAAATTCTTAGAT T TGT TAAAGACGAACTACTGCGAAAGCATTTGC
AACTTGTTGCAGT TAAAAAGCTCGTAGT TGAATTTCTIGCGT TATCGAGT TATTGAC
CTAGGGATTGGAGGTCGTCATTTITTCCGACTCCTTCAGCACCT TGAGAGAAATCAA
TACTTICAGCATGGAATAATAGAGTAGGACTTTGGTICTATTTTIGITGGT TTTTGAA
TGTAATTGGAATGATGGTGACCTAAACCCTCACCAGAGTAACAAT TGGAGGGCAAG
CTGCGAAAGCATTITGCCAAGGACGT TTCCAT TAATCAAGAACGAAAGT TAGGGGAT
TTATCGAGTTATTGACTCTIGICTTTAATCGATTICGCTITIGGGAT T TTATCCCT
TTGAGAGAAATCAAAGICTTIG>HUVAIZ7I02I7QTE length=573 xy=3661
TTTITGTTGGTTTTTGAACCTTAGTAATGGT TAATAGGAACGGT TGGGGGCATTICGT
ACAATTGGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAAT TCCAGC TCCAATAGCG
ACGAAAGT TAGGGGATCGAAGACGATCAGATACCGTCGTAGTCCTAACCATAAACT
TITTIGGGATTITATCCCTITTTACT T TGAGAAAAT TAGAGTGT TTCAAGCAGACTTT
ength=573 xy=3966_05347 region=2 run=R 2012 09 19 11 22 (



Processing 8 Gb of data

EpiA XB (bacteria)

Sort

— By length (~400 bp)

— By quality

— By PCR primers
Bioinformatics e.g. Grep

function “select lines with
word ATTGTATC”




Metabarcoding = assign a barcode
sequence to a species

({8 multiFasta - BlastStation? )
File Edit Job Tools Help
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Conséquences de Wolbachia sur son hote

Quelles conséguences chez I. ricinus ?

TR

} 0
PRR? Q999 Q999  QQQQ xXxxX
G Qooe eEEE  JUOY T



Les tigues hébergent de nombreux micro-organismes...
mais aussi des animaux de plus grosse taille :

o des nématodes

a des insectes parasitoides

o |.“
© Bernard Chaubet, INRA Renneg » © O. Plantesd




Recherche de Wolbachia par PCR dans des Ixodiphagus

Amorces PCR définies dans le gene Wsp (excluant 'amplification d’Anaplasma ou d’Ehrlichia).

Tiques dont sontissuesles xodiphagus nombre d'ixodiphagus testes ) L
— — - % PCR positive
Origine Localite Date de collecte  nombre de tigues fermelles males total
Chevreuil Chizé mars 2009 7 g & 15 100
Chevreuil Chizé février 2010 5 5 4 100
Chevreuil TroisFontaines décembre 2009 1 1 1 100
Chevreuil Gardouch mars 2009 9 27 8 35 100
Vegetation Gardouch octobre 2009 21 21 18 39 100
Vegetation Gardouch avril 2010 11 7 3 15 93.3
Expérience de parasitisme au laboratoire 3 3 2 5 100
Total 54 70 45 115 99.1

o La quasi-totalité des Ixodiphagus hookeri portent des Wolbachia

a || y a bien transmission verticale de Wolbachia chez Ixodiphagus hookeri
(les ceufs contiennent la bactérie)

o Séquence du gene Wsp = 100% d’identite (500 pb) avec une séquence de
Wolbachia amplifié chez d’autres insectes (dont des parasitoides chalcidiens)

=>La présence de Wolbachia dans des tiques est lié au parasitisme par Ixodiphagus
hookeri

Plantard et al. PLOS One 2012



Processing 8 Gb of data

EpiA XB (bacteria)

Sort

— By length (~400 bp)

— By quality

— By PCR primers
Bioinformatics e.g. Grep

function “select lines with
word ATTGTATC”




What about the Piroplasmids (Apic —
sequences) ?

e Information from End-point PCR studies :

expect at least 4 species of Babesia, possibly
more



Animals

Apicomplexes

3000 séquences

N Protists

du gene ribosomique 18S

" David M. Hillis, Derrick Zwickl, and Robin Gutellniversity of Texas.



Data cleanup

Ask a colleague (Cl. RISPE) expert in molecular
evolution

Modified BLAST algorithm to eliminate single errors
Use a one-for-all OTU cleanup software
Or...

Try again with a different technology !



Background:
Mortality and cancer incidence in NZ

Meat Workers
McLean et al. OEM 2004

e Significant excess mortality from lung
cancer

in Occupational Health < 8 B2
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in New Zealand

o Effect related to exposure to biological
material contained in animal urine,
faeces and blood

o Effect related to employment duration in
selected biological exposure categories




Aims of this study:

Multidisciplinary approach to identify potential
causes of the increased cancer risk in meat-
workers

Environmental monitoring to assess exposure to:

— Protein levels as a proxy for chronic antigenic
stimulation.

in Ocoupational Health g1 1
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in New Zealand

— Urine, blood and faecal markers.

— Specific pathogens with known carcinogenic
properties in meat workers

— The mutagenicity of whole bioaerosols in vitro.

— Bacterial and viral pathogens using next-
generation sequencing




Aims of this study:

Biological monitoring to assess :

— Serum antibody titres against specific pathogens as
a long term measure of exposure.

— The presence of specific pathogens in the airways as
a biomarker of exposure in one of the target organs

Epidemiological methods to determine :

— Average exposure levels and variation between
exposure groups to develop reliable exposure
models for the agents measured

in Occupational Health |

in New Zealand
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— To update and reanalyse the existing New Zealand
meat workers cohort using these refined exposures
estimates/informations

Experimental methods to confirm the biological reality of our results
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Methods - Results:

Bioaerosol samples : Pathogen discovery

- Personal air samples
- Bulk air samples = environmental samples
- using deep-sequencing (NGS)

Sample collectiom™———> Pre- — Extract RNA /[DNA

processing l
or
enrichment Submission to NGS platform

l

NCBIGenbank < > Sequence Data

13 million known sequences P””W‘”“" c"’””‘f”’"” i.e. 1 million reads persample
Bioinformatics

Mouse AGTCGTGTATATTTAGATCTCTCGTCTATAGATCGCTGCTATC Read 1 AGATAGGATGAGAGAT

Human GGTGCTCGCTATATAGCTCGCCTGCGTCTGCT... Read 2 ATAGATGGATAGAGGAGAGGATGAT
E.Coli CCTCTGATGAGCTCTAGATATCGCTCGCGCGCTCGGCGCTATG... Read 3 GCTCGTAGATAGATTAGAGAT

Bovine GGGTCGCTTCGCGCTCGCTATAGACTCTGCGCGGCGCT... Read 4 AGATAGAGNNANATTAT

Ovine GCTCGGCTATAGGTTTTCGCTCTTCTCGATAGCTGATCTGGAT Read 5 NNAGATAGGATAGGAT

Ebola GGGTCTGCTCGCTAAATATATGATAATAGATATAGTAG... Read 6 GGGATAGATATTAAATAGATATAG

Giardia GCTCGCGATTATAGAGATAGGAGAGGGCTCTCGCTCGCT... Read 7 ACACACACACACACACACACACACACACA

in Occupational Health =
New Zealand

1N

v
Candidate Pathogen List (i.e. viruses)

Specific Assays for confirmation of identity of agent



Results:

Bioaerosol samples : Pathogen discovery

NGS First result : 454FLX on personal air sample

e Technical problem on the NGS platform for analysis
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in New Zealand

— quantity, data lost, time to receive the first results...

e Results : too many data — quality?




Results:

Bioaerosol samples : Pathogen discovery

Hiseq on bovine pool of personal air samples
* Tow low quantity : pool of personal air samples
 |dentification of human papillomavirus

e Validation of the extraction method
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in New Zealand

e Huge amount of data, complexity (whole genome)

Miseq on bulk air samples being analysed
e Validation of the extraction method (/1 quality + quantity)
 ldentification of bovine papillomavirus and coronavirus
 ldentification of porcine adenovirus ?

* Huge amount of data : trouble for the bacteria analysis




Results:
Bioaerosol samples : Pathogen discovery
Metagenomic approach

To reduce the amount of data and
To simplify the complexity of the data
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in New Zealand

Metabarcoding approach

16s DNA analysis - Miseq on bulk air samples
e Analysis of the bacteria diversity

e Analysis in relation with different work task or
environment




Actual projects or Future projects using NGS

Project RESPICARE (S. Assié) — Collab. G. Meyer et J.L. Guérin

e Antimicrobials and infectious respiratory diseases : integrated actions
for drug reduction

e WP1 : Broad detection and study of the evolution of respiratory
infectious agents

Thesis A. Rieux (C. Chartier) — Collab. Anses Niort
e Cryptosporidium (Molecular characterization ?) - Sanger

e 18S rRNA amplification + séquencage

Study of pig’s microbiota by NGS (M. Leblanc-Maridor C.
Belloc)

Diversity of the intestinal flora

Variations along a production cycle

Influences : pathogens? Campylobacter? Salmonella?

Collaborations envisagées (Anses Ploufragan, IFIP, Institut Pasteur...)



Take home messages

e Metagenomics can be used for metabarcoding
studies
— Markers at species-level

— Need for reference sequences (Barcode of Life
project) Systematics and Taxonomy

— Assemblage studies on microbial community
profiles

— Quantitative approach possible (relative
abundances)





