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NEWSFOCUS BACTERIA MAY NOT ELICIT MUCH SYMPA-

thy from us eukaryotes, but they, too, can get
sick. That’s potentially a big problem for the
dairy mdustry, which often depends on bac-
teria such as Strepto us thermophilus to
make yogurts and cheeses. S. thermophilus
breaks down the milk sugar lactose mto tangy
lactic acid. But certain viruses—bacterio-
phages, or simply phages—can debilitate the
bacterium, wreaking havoc on the quality or
quantity of the food it helps produce.

In 2007, scientists from Danisco, a
Copenhagen-bas dient com-
pany now owned by DuPont, found a way to
boost the phage defenses of this workhouse
microbe, They exposed the bacterium to
a phage and showed that this essentially
vaccinated it against that virus (Science,
23 March 2007, p. 1650). The trick has
enabled DuPont to create heartier bacterial
strains for food production. It also revealed
something fundamental: Bacteria have a
kind of adaptive immune system, which
enables them to fight off repeated attacks
by specific phages.

That immune system has suddenly
become mmportant for more than food scien-
tists and microbiologists, because of a valu-
able feature: It takes aim at specific DNA
sequences.
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CRISPR-Cas : déja
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Découverte fortuite de séquences repétees chez E. coli

JOURNAL OF BACTERIOLOGY, Dec. 1987, p. 5429-5433 Vol. 169, No. 12
0021-9193/87/125429-05$02.00/0
Copyright © 1987, American Society for Microbiology

Nucleotide Sequence of the iap Gene, Responsible for Alkaline
Phosphatase Isozyme Conversion in Escherichia coli, and
Identification of the Gene Product
YOSHIZUMI ISHINO, HIDEO SHINAGAWA, KOZO MAKINO, MITSUKO AMEMURA, AND ATSUO NAKATA*

@AAATGGGAGGGAG‘I"ICTACCGCAGAGGCGGGGGMCTCCMGTGATATCC ATCATCGCATCCAGTGCGCC (1,451)
(1,452) CGGTTTATCCCCGCTGATGCGGGGAACACCAGCGTCAGGCGTGAAATCTCACCGTCGTTGC (1,512)
(1,513) CGGTTTATCCCTGCTGGCGCGGGGAACTCTCGGTTCAGGCGTTGCAARACCTGGCTACCGGG (1,573)
(1,574) CGGTTTATCCCCGCTAACGCGGGGAACTCGTAGTCCATCATTCCACCTATGTCTGAACTCC (1,634)
(1,635) CGGTTTATCCCCGCTGGCGCGGGGAACTCG (1,664)

GG

CONSensus: CGGT'ITATCCCCGCTMCGCGGGGMCTC

FIG. 5. Comparison of direct-repeat sequences consisting of 61 base pairs in the 3’-end flanking region of iap. The 29 highly conserved
nucleotides, which contain a dyad symmetry of 14 base pairs (underlined), are shown at the bottom. Homologous nucleotides found in at least
two DNA segments are shown in boldface type. The second translational termination codon is boxed. The nucleotide numbers are in
parentheses.



Génotypage de bactéries pathogenes

Molecular Microbiology (1993) 10(5), 1057-1065

Nature of DNA polymorphism in the direct repeat
cluster of Mycobacterium tuberculosis; application for
strain differentiation by a novel typing method

Peter M. A. Groenen,"' Annelies E. Bunschoten,’
Dick van Soolingen? and Jan D. A. van Embden'*
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Fig. 1. Schematic representation of the DR region
of M. bovis BCG. The IS6110-like element 1IS987
resides in DR 30 (Hermans et al., 1991). The
primers used for PCR are drawn as shaded
arrows, with M13 tags depicted as vertical lines.
The black arrows represent the 36 bp DRs, inter-
vened by spacers with sizes ranging from 35 to
41bp. N represents either one of the four nucleo-
tides used in individual DR-spacer driver primers.




CRISPR, une nouvelle famille de séquences répétées d’ADN

OMICS A Journal of Integrative Biology Volume 6, Number 1, 2002

Identification of a Novel Family of Sequence Repeats
among Prokaryotes

RUND JANSEN,! JAM D.A. VAN EMBDEN,? WIM GAASTRA.!
and LEO M. SCHOULS?

Identification of genes that are associated with DNA
repeats in prokaryotes

Ruud. Jansen,'* Jan. D. A. van Embden,?
Wim. Gaastra' and Leo. M. Schouls® Molecular Microbiology (2002) 43(6), 1565—-1575
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Présence de CRISPR dans la bactérie du yaourt

== Poster présenté au 7t Symposium on Lactic Acid Bacteria
(Pays-Bas, septembre 2002)
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Multilocus characterization of different strains of

Streptococcus thermophilus
Streptococcus vestibularis
Streptococcus salivarius

Alexander Bolotin'?, Benois Quinquis', Pierre Renault!, Alexei Sorokin', Dusko
S.Ehrlich?
Eugene Goltsman?, Mikhail Mazur?, Alla Lapidus?, Michail Fonstein?

1 Genetique Microbienne, INRA, Domaine de Vilvert, Jouy en Josas, France
2 Integrated Genomics Inc. Chicago, USA
4 e-mail: bolotine@jouy.inra.fr

Complete genome of Streptococcus thermophilus CNRZ1066 was assembled using 25000 random reads and 1600 sequences of
multiplex PCR generated substrates. Analysis of the genome revealed about hundred genes present as truncated ORFs when
compared with the orthologs in other completely sequenced Streptococel. Among these are genes involved in sugar transport and
utilization, central carbon metabolism, protein secretion, hydrolysis of polymers. Comparison of a representative set of such genes

from different strains of Streptococcus salivanius Streptococcus vestibulans and Streplococcus thermophilus is presented. We also
show Ja repeated region which can be used for strain differentiation.
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2005 : émergence de I’hypothése anti-virale

Intervening Sequences of Regularly Spaced Prokaryotic Repeats Derive from
Foreign Genetic Elements

Francisco J. M. Mojica, César Diez-Villaseiior, Jesis Garcia-Martinez, Elena Soria

CRISPR elements in Yersinia pestis acquire new
repeats by preferential uptake of bacteriophage
DNA, and provide additional tools for evolutionary
studies

C. Pourcel,' G. Salvignol' and G. Vergnaud'?

Clustered regularly interspaced short palindrome
repeats (CRISPRs) have spacers of
extrachromosomal origin

Alexander Bolotin, Benoit Quinquis, Alexei Sorokin and S. Dusko Ehrlich
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1¢'¢ démonstration du roéle biologiqgue de CRISPR-Cas

CRISPR Provides Acquired Resistance
Against Viruses in Prokaryotes

Rodolphe Iiﬁ.trriaun»;;h:u.i,1 Christophe Frn.=.r|r'ﬁa|u;|t,z Héléne [.'hs_"ureau,3 Melissa Ri{ha[ds,l
Patrick Boyaval,® Sylvain Moineau,® Dennis A. Romero,” Philippe Horvath®

Clustered regularly interspaced short palindromic repeats (CRISPR) are a distinctive feature of the
genomes of most Bacteria and Archaea and are thought to be involved in resistance to bacteriophages.
We found that, after viral challenge, bacteria integrated new spacers derived from phage genomic
sequences. Removal or addition of particular spacers modified the phage-resistance phenotype of the
cell. Thus, CRISPR, together with associated cas genes, provided resistance against phages, and
resistance specificity is determined by spacer-phage sequence similarity.

SCIENCE VOL 315 23 MARCH 2007
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Découverte du PAM (proto-spacer adjacent motif)

JOURNAL OF BACTERIOLOGY, Feb. 2008, p. 1390-1400 Vol. 190, No. 4
0021-9193/08/508.00+0 doi:10.1128/JB.01412-07
Copyright © 2008, American Society for Microbiology. All Rights Reserved.

Phage Response to CRISPR-Encoded Resistance in
Streptococcus thermophilus’

Hélene Deveau,' Rodolphe Barrangou,” Josiane E. Garneau,' Jessica Labonté,' Christophe Fremaux,’
Patrick Boyaval,” Dennis A. Romero,” Philippe Horvath,” and Sylvain Moineau"*

Received 31 August 2007/Accepted 21 November 2007

DGCC7710a297* CTCAGTCGTTACTGGTGAACCAGTTTCAAT

Phage 2972 CTCAGTCGTTACTGGTGAACCAGTTTCAATTGR AA
Phage 2972.S4A CTCAGTCGTTACTGGTGAACCAGTTTCAATTG

Phage 2972.S4B CTCAGTCGTTACTGGTGAACCAGTTTCGATT

Phage 2972.S4C CTCAGTCGTTACTGGTGAACCAGTTTCAATTG

Phage 2972.54D CTCAGTCGTTACTGGTGAACCGGTTTCAATTGE
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Coupure précise de I’ADN cible par Cas9

4 NOVEMBER 2010 | VOL 468 | NATURE | 67

The CRISPR/Cas bacterial immune
system cleaves bacteriophage and
plasmid DNA

Josiane E. Garneau®, M arie-Eve Dupuisl, Manuela Villion!, Dennis A. Romero?, Rodolphe Barrangouz, Patrick Boyavale',
Christophe Fremaux?®, Philippe Horvath?, Alfonso H. Magadan' & Sylvain Moineau'

Table 2 | Cleavage sites within the proto-spacers in bacteriophage 2972 or plasmid pNT1

BIM or PIM Spacer Homology Strand Proto-spacer* PAMT
(size) (position) B 'to3")

DGCC771042975 3% S4 (30 nt) Bacteriophage 2972 (31582) + CTCAGTCGTT|ACTGGTGAACCAGTTTC|AAT TGAGAAA
DGCC7710g3075 > 4ass 22 S4 (30nt) Bacteriophage 2972 (31582) + CTCAGTCGTT|ACTGGTGAACCAGTTTC|AAT TGAGAAA
DGCC7710a2072 **4ass 7572 S32 (30nt) Bacteriophage 2972 (33044) +  ATTGTCTATTA|CGACAACATGGAAGAT|GAT GTAGAAA
DGCC771043972 34° S40 (29 nt) Bacteriophage 2972 (31583) + TCAGTCGTT|ACTGGTGAACCAGTTTC|AAT TGAGAAA
DGCC7710p2972 % S7 (30nt) Bacteriophage 2972 (10299) - AAGCAAGTTGATATATTTCTCTTTCTT|TAT TAAGAAA
DGCC7710g3975 341 S41 (30 nt) Bacteriophage 2972 (31518) - TTCCCTTCGATAATGGCAAGACCGAAA|CGT TCAGAAA
DGCC7710g2072 %2 542 (30 nt) Bacteriophage 2972 (31084) - ATATTCATATTCCCTGCTCATGTTTGA|TAG CAAGAAT
DGCC7710pnm1 7548 546 (30 nt) Plasmid pNT1 (528) - TTTCCCAATCTTCTGGAATTGAATCGG|GAT AGAGTAG
EIM, bactericphage-insensitive mutant; nt, nuclectide; PAM, proto-spacer adjacent motif; PIM, plasmid-interfering mutant.
* | Indicates the cleavage site 15

+The mismatches with the consensus proto-spacer adjacent mofif (MMNAGAAW) are underlined.




Transfert hétérologue d’un systeme CRISPR-Cas

The Streptococcus thermophilus CRISPR/Cas
system provides immunity in Escherichia coli

Rimantas Sapranauskas1, Giedrius Gasiunas1, Christophe Fremauxz,
Rodolphe Barrangou®, Philippe Horvath? and Virginijus Siksnys'*

Published online 3 August 2011 Nucleic Acids Research, 2011, Vol. 39, No. 21 9275-9282
doi:10.1093 [nar/gkr606

A B
E. coli
;}CRISPRa pACYC1 84

II Ill/ IV
....................
-------------------------------- pspz
CRISPR3 |
cas9 casicas2csn2 i
i C 10°
_________________________________________________ L %
r
,,B_ RE=IR R R R R R R R R R R 10
............... g Recipient strain:
Spacer 1 Repeat Spacer 2 o :
_Gm mc_ 2107  LORISPRS
........................................................... = [ pCRISPR3
AAATTCTAMCGCTMAGAGGAAGMGACA TGGT G TACTGCTGTATTAGCTTGGTTGTTGGTTTG TGGTG -
Proto-spacer 1 PAM | PAM =5
‘‘‘‘‘‘‘‘‘‘‘‘‘ ..G
_____________________________________ 10!

10° L — —
puC pSP1 pSP2 16
Transformed Plasmid



Découverte du tracrRNA, le "chainon manquant”

CRISPR RNA maturation by trans-encoded
small RNA and host factor RNase 111

Elitza Deltcheva'?, Krzysztof Chylinski"**, Cynthia M. Sharma>*, Karine Gonzales®, Yanjie Chao™*, Zaid A. Pirzada®,
Maria R. Eckert?, Jorg Vogel”** & Emmanuelle Charpentier'?

a tracrBNA CRISFRO1
3
Untreated RNA 1
! H 0 T T .
5 o 3! ﬁ
! i TEX-treated RNA 1 ' P
05 :
853645 : : P 863732
- o T e T
171 it e —— — 511 nt
80 Nt bt e e 66 nt
~75 nt ———— o, el i e = b 39 4ot

3’ AUAARAUUGAACGAUACGACAAAACUUACCARGGUUGUUCULS 5 UGCGCUGSUUGATUTCUUCUUGCECUTIUUGUUUUAGAGCUAUGCUGUUUUEAAUGGUCCCAALAC 3’

[y SPRE SUEN U Ty
W
S. thermophilus ‘;"

. Je] o? +12

LMD-9 == D -

Deltcheva et al., 2011

17



2012 : invention de ’ARN guide (single guide-RNA)

A programmable dual-RNA-guided
DNA endonuclease in adaptive
bacterial immunity

Martin Jinek,** Krzysztof Chylinski,>** Ines Fonfara,* Michael Hauer,>}
Jennifer A. Doudna,"*** Emmanuelle Charpentier**

Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas)
systems provide bacteria and archaea with adaptive immunity against viruses and plasmids by using
CRISPR RNAs (crRNAs) to guide the silencing of invading nucleic acids. We show here that in a subset
of these systems, the mature crRNA that is base-paired to trans-activating crRNA (tracrRNA) forms

a two-RNA structure that directs the CRISPR-associated protein Cas9 to introduce double-stranded
(ds) breaks in target DNA. At sites complementary to the crRNA-guide sequence, the Cas9 HNH
nuclease domain cleaves the complementary strand, whereas the Cas9 RuvC-like domain cleaves the
noncomplementary strand. The dual-tracrRNA:crRNA, when engineered as a single RNA chimera, also
directs sequence-specific Cas9 dsDNA cleavage. Our study reveals a family of endonucleases that use
dual-RNAs for site-specific DNA cleavage and highlights the potential to exploit the system for RNA-
programmable genome editing.

‘Howard Hughes Medical Institute (HHMI), University of
California, Berkeley, CA 94720, USA.

*Department of Molecular and Cell Biology, University of
California, Berkeley, CA 94720, USA.

*Max F. Perutz Laboratories (MFPL), University of Vienna,
A-1030 Vienna, Austria.

*The Laboratory for Molecular Infection Medicine Sweden,
Umea Centre for Microbial Research, Department of
Molecular Biology, Umea University, S-90187 Umea,
Sweden. Read full article: scim.ag/1piiXv7
*Department of Chemistry, University of California,

Berkeley, CA 54720, USA.

SPhysical Biosciences Division, Lawrence Berkeley
Mational Laboratory, Berkeley, CA 94720, USA.
*Thease authors contributed equally to this work.
tPresent address: Friedrich Miescher Institute for
Biomedical Research, 4058 Basel, Switzerland.
fCorresponding author.

E-mail: doudna@berkeley.edu (J.A.D.);
emmanuelle.charpentier@mims.umu.se (E.C.)

Cas9 programmed by crRNA:tracrRNA duplex

protospacer

target DNA

[ \
—

[
1
" TN \
5[ 3"
~ [T

— )

crBNA

&5 T \#ﬂ_“nker oop

~_20nt_ (Il

crBNA-tracrBNA chimera




Principe du genome editing
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2013 : premieres utilisations de Cas9 chez des mammiferes

Multiplex genome engineering using
CRISPR/Cas systems

Le Cong,** F. Ann Ran,"** David Cox,"* Shuailiang Lin," * Robert Barretto,® Naomi
Hahib,' Patrick M. Hsu,* Xoebing Wu,” Wenyan Jiang,” Luciano A. Marraffini,"
Feng Zhang"

Functional elucidation of causal genetic variants and elements requires precise genome
editing technologies. The type |l prokaryotic CRISPR (clustered regularly interspaced
short palindromic repeats)/'Cas adaptive immune system has been shown to facilitate
RMNA-guided site-specific DMA cleavage. We engineered two different type || CRISPRSCas
systems and demonstrate that Cas9 nucleases can be directed by short RNAS to induce
precise cleavage at endogenous genomic loci in human and mouse cells. Cas9 can also
be converted into a nicking enzyme to facilitate homology-directed repair with minimal
mutagenic activity. Lastly, multiple guide sequences can be encoded into a single CRISPR
array to enable simultaneous editing of several sites within the mammalian genome.
demonstrating easy programmability and wide applicability of the RNA-guided nuclease

ularly Interspaced short palindromic repeats
(CRISPR) adaptive Immune system (15-18).
The Streptococcus pyogenes SFITO type 11
CRISPR locus conslsts of four genes, Includ-
Ing the Casd nuclease, as well as two noncod-
Ing CRISPR RNAS (crRMAS): trans-activating
crRNA (tracrRMNA) and a precursor cTRMA
(pre-cTRMA) array contalning nuclease gulde
sajuences (spacers) Interspaced by ldentical
direct repeats (DRS) (g, 51) (190, W sought

“Broad Iretitute of MIT and Hanvard. 7 Camibridge Center,
Cambricdge, MA 02142, USA, and MeoGovern Institute for Brain
Riesearch, Department of Brain and Cognitive Stiences,
Diepart ment of Bacbagical Engineering, Maswechusetts Instiute
af Technohogy (MIT), Cambridge, MA 02135, USA

*Pragram in Biological and Biomedical Seiences, Harvard
Medical Schoal, Bostan, MA 02115, USA

*Harvard-MIT Health Seiences and Technology, Harvard
Medical Schoal, Bostan, Ma 02115, USa

‘Departrment of Mobecular and Cellular Biology, Harvard
Linjvesriby Cambwickon b8 00198 1156

technology.

recise and efficlent genome-targeting
technologles are needed to enable sys-
tematle reverse englneering of causal
genetic varations by allowing selective
perturbatlon of individual genetle ale-
ments. Although genome-editing technolo-
gles such as deslgner zine fingers (ZFs) (1-£),
transcription activator-lke effectors (TALES)

L e N = T T e e ]

RNA-guided human genome
engineering via Cas9

Prashant Mali,'* Luhan Yang,** Kevin M. Esvelt,? John Aach,! Mare Guell,!
James E. DiCarlo,* Julie E. Norville,! George M. Church,

Bacteria and archaea have evolved adaptive immune defenses, termed clustered regularly
interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) systems,
that use short RMA to direct degradation of foreign nucleic acids. Here, we engineer the
type Il bacterial CRISPR system to function with custom guide RNA {(2RNA) in human
cells. For the endogenous AAVSL locus, we obtained targeting rates of 10 to 25% in
293T cells, 13 to B% in K562 cells, and 2 to 4% in induced pluripotent stem cells. We
show that this process relies on CRISPR components; is sequence-specific; and, upon
simultaneous introduction of multiple gRMAS, can effect multiplex editing of target loci.
We also compute a genome-wide resource of ~190 K unigue gRMAS targeting ~40.5%
of human exons. Qur results establish an RMA-guided editing tool for facile, robust, and
multiplexable human genome engineering.

we also tested a CasODI10A mukant that 1s
known to functlon as 4 nickase in vitro, which
ylelded similar HE but lower nonhomologous
end joining (NHET) rites (g, $2) (4, 51 Consis-
tent with (4), in which a related Caso proteln
is shown to cut both strands 3 bp upstream
of the PAM, our NHEJ data confirmed that
most deletlons or Insertlons occurred at the 3°
end of the target sequence (flg. S3EL We also
conflrmed that mutating the target genomic
site prevents the gRMA from effecting HE at
that locus, which demonstrates that CRISPR-
mediated genome editing 18 sequence-specifle
(fig. S4). Finally, we showed that two gRNAS
targeting sltes In the GFP gene, and also three
additional FRMAS tarfeting fragments from
homologous reglons of the DNA methyl trans-
ferase 3a (DNMT3a) and DNMT3b genes could
sequence-spectflcally induce significant HR
in the engineered reporter cell Unes (flgs. 85
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CRISPR-Cas : déja

L {<—— Discovery of clustered repeats in E. col®

<«— Specific study of these clustered repeats in enterobacteria®

Antiguity

L {«——Use of CRISPR for M. tuberculosis typing’

1995

<— Identification of CRISPRs in Haloferax”

<— Description of CRISPRs in cyanobac’[eria10

|«——Use of CRISPR for S. pyogenes typing®

2000

Je— Widespread occurrence of CRISPRs in bacteria and archaea"

| é DNA repair hypothesis for cas genes'”

CRISPR name coined; description of cas genesz'3

Middle ages

Barrangou & Horvath, 2017

Modern period Middle

Contemporary period

2010

|<—— Discovery of the proto-spacer adjacent motif in S. thermophilus
<—— Immunity is mediated by small CRISPR RNAs in E. coli*®

|#&===Cas9-based genome editing of human cells

30 ans d’histoire !

4‘_,—_'— Spacers probably derive from foreign genetic elements'>'41°

|«—— Putative RNAi-based mechanism proposed™

CRISPR-Cas is an adaptive immune system against viruses
in S. thermophilus”

31,32

Plasmid dsDNA is the target in S. epidermidis®®
<«——ssRNA is the target in P. furiosus>®

|« Precise cleavage of target DNA by Cas9 in S. thermophilus®*

<— Discovery of the tracrRNA in S. pyog.;'ejl'res36

14— Heterologous transfer of a complete CRISPR-Cas systemﬂ

£=——Reprogrammable, Cas9-based DNA cleavage****
4247 and bacteria®

8

|¢=— Cas9 structure'®®

«— Cas9-based eradication of latent HIV infection®?

1«—— Cpflis a single RNA-guided nuclease’*

{<— Discovery of anti-CRISPR proteins against Cas9 in N. menfngiﬁdr'565
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Certains phages possedent des systemes anti-CRISPR

An anti-CRISPR from a virulent streptococcal
phage inhibits Streptococcus pyogenes Cas9

Alexander P. Hynes', Geneviéve M. Rousseau', Marie-Laurence Lemay’, Philippe Horvath©?,
Dennis A. Romero?, Christophe Fremaux? and Sylvain Moineau ©"4*

1374 MNATURE MICROBIOLOGY | VOL 2 | OCTOBER 2017 | 1374-1380 | www.nature.comy/naturemicrobiology
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PCR amplification

partial sequencing,

]
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T
reverse primer
(trailer end)

complete sequencing,
by walking on the amplicon

352 GATATARACCTAATAACCTCERG

353 CATATARACCTAATTACCTCEAGAGGE
354 GTTTTTGTACTCICARGATTTRAAGTAR
355| ETTTAAGASCTETETTETTTCEARTEE
356 GTTTTTCTACTCTCRAGATATAAGTAR
357 | GTTTTAGAGCTETGTTETTTCGARTCE
358 CATATARACCTARTCACCTCEAGREEE
359| CATATARACCTAATTACCTCEACE

Clean seguence utility

Repeat sequence
vk v a byt (|ean sequence utility - Remove CRISPR repeats and format

Paste here raw CRISPR sequence (with repeats):

gattzatagtgogattacgsaatotggtagasaagatatoctacgaggtt &

ttagagetgtgttgtttogaatggttocaaaacggtgazaaaggttoact
gtacgagtacttagttttagagotgtgttgtttogaatggttocaaaact
caatgagtggtatocaagacgaazacttagttttagagotgtgttgttte
gaatggttccasaaccottgtogtggototenatacgoccatatagtttt

360 | GATATACACCTARTTACCTCGACAGGE
351 | GATATAGACCTRATTACCTCGAGRGEE
352 | GTTTTAGACCTETETCETTTCGRARTEE
363 GTTTTGTACTCTCARCATTTARCTARC
364 | GTITTICGTACTCTCAAGATCTARCTAR
385 | GTITTAGAGCTETIGITEITTCGARTGEE
355 | GTTTTTIGTACTCTCTAGATTTARCTRAR

zgagotgtgttgtttogaatggttocazaactgtttgggaaacegeagta
goratgattaagttttagagotgtgttgtttogastggttoraaaacaca
gagracaatattgrocToattggagacacgrittagagotgrgrtgrote

gaatggttccasaacctcatattogttagttgottttgtcatasagtttt ¥

¥

Cleaned sequence with repeats

36T | CTATTAGAGCTEIGTTETTTCGAATGE
368 | GTTTTAGAGCTGIGTTGTTTCGERATE

gattastagtgcgattacgaastotggtagassagatatoctacgag
GTTTTAGRGCTGTCTTGTTICGARTGETTCCARRAC

Reverse
comple-

Copy
cleaned

clipboard

Copy
cleaned

clipboard

- 369 GATATARACACTAATTACACTCGAGAG ggtgaaasaggttcactgtacgagtactta
370 | GATATARACCCTAATTACCTCGAGAGE GCITTITAGRAGCTIGIGIIGTITIICGRAATGETTICCARRRC
271 GRTATRRACCTARTTACCTCGRAGAGEE tcaatgagtggtatccaagacgasaactta
A 372 CATATACCACCIAATTACCTCCACACE GITTTAGAGCTGTCTIGTTICGARTCETTCCARRAC
r 373 GTTTTTGTACTCTCRAGATTTAAGTRA ccttgtogtggototocatacgoccatata
974 ETTTACAGCTETETIETTICCAATEET GCITTITAGRAGCTIGIGIIGTITIICGRAATGETTICCARRRC
[ATGE tgtttgggaaaccgoagtagocatgattaa
pree .
13 [Q heTe Cleaned seq| without rep
| taatccaaaagaatgggatacacaaacggt IBICC | gattzatagtgogattacgeaatotggtagazaagatatoctacgag
[RRTC ggtgaaasaggttcactgtacgagtactta
IZATE
" locs | cazseas sze[ 5o copies| 1 2T S
BLAST hit [aTce tgtttgggaaaccgeagtagocatgattaa
= aTCc acagagtacastattgtocteattggegacac
’7r TBD  MNone * Virus  Plasmid ¢ Other Copy seq ZnTc ctostattogttagttgottttgtoataza
laTe sgaactttatcsagatasaactactttaaa
mTco atagtattaatttcattgazaaataattgt
Format spacers | Reset spacer | [aTee
(RTGE Clean sequence Reset form
- - P F Lmﬂ m[EL .
= & e
4
= = £
e Streptococcus thermophilus, Lactococcus lactis,
= - Lactobacillus spp., Bifidobacterium lactis,
=[] Escherichia coli, Salmonella enterica,
=HE = . P g -
=E =k Streptococcus agalactiae, Clostridium difficile...




Barrangou et al., 2013

"CRISPérisation" : un processus naturel de vaccination

novel spacers i wild-type spacers
1

® o CRISPR PCR
g cultivation, screening, i “phage_lysotype_
= plating cultivation -Ell 2972 A
E . | 3821
;.’, L ||~ 3288
& 4753
<
‘:’- DGCC7710 BIMs DGCC9705
— +phage 2972/
o CRISPR PCR
S cultivation, screening, 2 Mg | “phage _Iysotype_
R . L _phage lysotype
% plating ___Cultivation 2972~ R
—_— —_ ! 3821 R
S @ N CHEERD - - -EEBR ﬁ-
= i 475
; DGCC9705 BIMs DGCC9726 L ESCEE:
N+ phage 3821 E
/ i
23 CRISPR PCR |
= cultivation, screening, ; |
= plating cultivation -
. (o}
: — @ — it
& 8 CHSED - - -BEED w1 R
< i 3288 R
& DGCCY726 BIMs DGCC9733 E ESEEE: 4753 SN
™+ phage 3288 |
i
/ i
o o CRISPR PCR !
g cultllvtz?ltlon, screening, [ ]
= plating cultivation { -
. : phage _lysotyp
s ae= e
5 N+ CHERE -« -EEEK 3821 R
S i 3288 R
g boccorss BIMs DGCC9836 SR 753 R

+ phage 4753 |
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Margquage génétique naturel

==1 |_es spacers nouvellement acquis constituent une signature génétique
==1 | es combinaisons de spacers acquis indépendamment sont uniques
== Utilisé pour I'identification et le tragage moléculaire des souches

DA OB
()& )X
(o)

Horvath et al., 2012
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