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David Pujadas presenting the news on France 2 (8 March 2016)
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The CRISPR craze
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taagatattctcagacacctgataaggaactattacataaatttttagaaagtaaggatt

gacaaggacagttattgattttataatcactatgtgggtataaaaacgtcaaaatttcat

ttgaggtttttgtactctcaagatttaagtaactgtacaactgtttgacagcaaatcaag

attcgaattgtgtttttgtactctcaagatttaagtaactgtacaacaatgacgaggagc

tattggcacaacttacagtttttgtactctcaagatttaagtaactgtacaaccgatttg

acaatctgctgaccactgttatcgtttttgtactctcaagatttaagtaactgtacaaca

cacttggcaggcttattactcaacagcgagtttttgtactctcaagatttaagtaactgt

acaacctgttccttgttcttttgttgtatcttttcgtttttgtactctcaagatttaagt

aactgtacaacttcattcttccgtttttgtttgcgaatcctgtttttgtactctcaagat

ttaagtaactgtacaacgctggcgaggaaacgaacaaggcctcaacagtttttgtactct

caagatttaagtaactgtacaaccatagagtggaaaactagaaacagattcaagtttttg

tactctcaagatttaagtaactgtacaacataatgccgttgaattacacggcaaggtcag

tttttgtactctcaagatttaagtaactgtacaacgagcgagctcgaaataatcttaatt

acaaggtttttgtactctcaagatttaagtaactgtacaacgttcgctagcgtcatgtgg

taacgtatttagtttttgtactctcaagatttaagtaactgtacaacggcgtcccaatcc

tgattaatacttactcggtttttgtactctcaagatttaagtaactgtacaacaacacag

caagacaagaggatgatgctatggtttttgtactctcaagatttaagtaactgtacaacc

gacacaagaacgtatgcaagagttcaaggtttttgtactctcaagatttaagtaactgta

caacacaattcttcatccggtaactgctcaagtggtttttgtactctcaagatttaagta

actgtacaacaattaagggcatagaaagggagacaacatggtttttgtactctcaagatt

taagtaactgtacaaccgatatttaaaatcattttcataacttcatgtttttgtactctc

aagatttaagtaactgtacaacgcagtatcagcaagcaagctgttagttactgtttttgt

actctcaagatttaagtaactgtacaacataaactatgaaattttataatttttaagagt

ttttgtactctcaagatttaagtaactgtacaacaataatttatggtatagcttaatatc

attggtttttgtactctcaagatttaagtaactgtacaactgcatcgagcacgttcgagt

ttaccgtttcgtttttgtactctcaagatttaagtaactgtacaactctatatcgaggtc

aactaacaattatgctgtttttgtactctcaagatttaagtaactgtacaacaatcgttc

aaattctgttttaggtacatttgtttttgtactctcaagatttaagtaactgtacaacaa

tcaatacgacaagagttaaaatggtcttgtttttgtactctcaagatttaagtaactgta

caacgcttagctgtccaatccacgaacgtggatggtttttgtactctcaagatttaagta

actgtacaaccaaccaacggtaacagctactttttacagtgtttttgtactctcaagatt

taagtaactgtacaacataactgaaggataggagcttgtaaagtctgtttttgtactctc

aagatttaagtaactgtacaactaatgctacatctcaaaggatgatcccagagtttttgt

actctcaagatttaagtaactgtacaacaagtagttgatgacctctacaatggtttatgt

ttttgtactctcaagatttaagtaactgtacaacacctagaagcatttgagcgtatattg

attggtttttgtactctcaagatttaagtaactgtacaacaattttgccccttctttgcc

ccttgactaggtttttgtactctcaagatttaagtaactgtacaacaccattagcaatca

tttgtgcccattgagtgtttttgtactctcaagatttaagtaactgtacagtttgattca

acataaaaagccagttcaattgaacttggctttttaaaatacacgataaacataaggatt

gtcaggctgactaacctctttaatctcagtcaaattaaggatagggaggctctgtttaag

taagatattctcagacacctgataaggaactattacataaatttttagaaagtaaggatt

gacaaggacagttattgattttataatcactatgtgggtataaaaacgtcaaaatttcat

ttgagGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACtgtttgacagcaaatcaag

attcgaattgtGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACaatgacgaggagc

tattggcacaacttacaGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACcgatttg

acaatctgctgaccactgttatcGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACa

cacttggcaggcttattactcaacagcgaGTTTTTGTACTCTCAAGATTTAAGTAACTGT

ACAACctgttccttgttcttttgttgtatcttttcGTTTTTGTACTCTCAAGATTTAAGT

AACTGTACAACttcattcttccgtttttgtttgcgaatcctGTTTTTGTACTCTCAAGAT

TTAAGTAACTGTACAACgctggcgaggaaacgaacaaggcctcaacaGTTTTTGTACTCT

CAAGATTTAAGTAACTGTACAACcatagagtggaaaactagaaacagattcaaGTTTTTG

TACTCTCAAGATTTAAGTAACTGTACAACataatgccgttgaattacacggcaaggtcaG

TTTTTGTACTCTCAAGATTTAAGTAACTGTACAACgagcgagctcgaaataatcttaatt

acaagGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACgttcgctagcgtcatgtgg

taacgtatttaGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACggcgtcccaatcc

tgattaatacttactcgGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACaacacag

caagacaagaggatgatgctatgGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACc

gacacaagaacgtatgcaagagttcaagGTTTTTGTACTCTCAAGATTTAAGTAACTGTA

CAACacaattcttcatccggtaactgctcaagtgGTTTTTGTACTCTCAAGATTTAAGTA

ACTGTACAACaattaagggcatagaaagggagacaacatgGTTTTTGTACTCTCAAGATT

TAAGTAACTGTACAACcgatatttaaaatcattttcataacttcatGTTTTTGTACTCTC

AAGATTTAAGTAACTGTACAACgcagtatcagcaagcaagctgttagttactGTTTTTGT

ACTCTCAAGATTTAAGTAACTGTACAACataaactatgaaattttataatttttaagaGT

TTTTGTACTCTCAAGATTTAAGTAACTGTACAACaataatttatggtatagcttaatatc

attgGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACtgcatcgagcacgttcgagt

ttaccgtttcGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACtctatatcgaggtc

aactaacaattatgctGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACaatcgttc

aaattctgttttaggtacatttGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACaa

tcaatacgacaagagttaaaatggtcttGTTTTTGTACTCTCAAGATTTAAGTAACTGTA

CAACgcttagctgtccaatccacgaacgtggatgGTTTTTGTACTCTCAAGATTTAAGTA

ACTGTACAACcaaccaacggtaacagctactttttacagtGTTTTTGTACTCTCAAGATT

TAAGTAACTGTACAACataactgaaggataggagcttgtaaagtctGTTTTTGTACTCTC

AAGATTTAAGTAACTGTACAACtaatgctacatctcaaaggatgatcccagaGTTTTTGT

ACTCTCAAGATTTAAGTAACTGTACAACaagtagttgatgacctctacaatggtttatGT

TTTTGTACTCTCAAGATTTAAGTAACTGTACAACacctagaagcatttgagcgtatattg

attgGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACaattttgccccttctttgcc

ccttgactagGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACaccattagcaatca

tttgtgcccattgagtGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAGTttgattca

acataaaaagccagttcaattgaacttggctttttaaaatacacgataaacataaggatt

gtcaggctgactaacctctttaatctcagtcaaattaaggatagggaggctctgtttaag

What is CRISPR?

Clustered

Regularly

Interspaced

Short

Palindromic

Repeats
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CRISPR basics

CRISPR: Clustered Regularly Interspaced Short Palindromic Repeats

Former designations:

• DVR : Direct Variable Repeats | DR : Direct Repeats (1993)

• TREP : Tandem REPeats (1995)

• LTRR : Long Tandemly Repeated Repetitive (1996)

• SRSR : Short Regularly Spaced Repeats (2000)

• LCTR : Large Clusters of Tandem Repeats (2001)

• SPIDR : SPacer Interspersed Direct Repeats (2002)

Family of non-contiguous DNA repeats, separated by "spacers"

Initially discovered in E. coli (1987)

Found in Bacteria (~48%) and Archaea (~85%)

Up to: 18 clusters per genome
588 repeats within a cluster
815 repeats within a single genome (Haliangium ochraceum)
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CRISPR basics

Cas: CRISPR-associated sequences

• Vague definition for a large set of extremely different gene families

• Many Cas proteins bear domains involved in nucleotide interaction (DNA/RNA-
binding): helicases, endo/exo-nucleases, polymerases, transcriptional regulators…

• Structure and function determined for numerous Cas proteins and complexes

• Congruence between Cas and CRISPR repeats! "CRISPR-Cas system" 

Leader: A/T-rich sequence located upstream of the CRISPR array (12 to >300 bp)

• Sometimes conserved among distinct arrays of the same system, within a genome

• Contains a promoter for the transcription of the array into RNA ("pre-crRNA")

• Transcription level is generally higher at the leader end

8
TTTAAGTAACTGTACAAC TGTTTGACAGCAAATCAAGATTCGAATTGT GTTTTTGTACTCTCAAGATTTAAGTAACTGTACAAC AATGACGAGGAGCTATTGGCACAACTTACA GTTTTTGTACTCTCAAGATTTAAG

REPEAT SPACER REPEAT SPACER REPEAT

cas9 cas1 cas2 csn2 32 31L 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1

T



Congruence between Cas and CRISPR repeats
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Horvath et al., 2009
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CRISPR-Cas systems

High variability in cas gene 
content and organization

Complex classification, 
revised multiple times

Simplified into: 

• 2 main classes 

• 5 types

• Several subtypes identified 
by signature genes

cas1–cas2 almost "universal"

CRISPR-Cas systems
are strain-specific features
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CRISPR mechanism of action – Adaptation 

virus

Adaptation

viral 
DNA

plasmid 
DNA

novel 
spacer

insertion of a novel
repeat-spacer unit

CRISPR array

cleavage

conjugation

infection

Cas 
complex

cas9 cas1 cas2 csn2 5 4L 3 2 1

T

“Immunization”



CRISPR mechanism of action – Interference 

pre-crRNA

transcription

crRNAs

Inteference

absence of PAM within the CRISPR array prevents auto-immunity

Cascade
(Cas complex)

interference 
with the invading nucleic acid

bearing a proto-spacer and PAM

csn1 cas1 cas2 csn2 6 5L 4 3 2 1

T

T

" " " " " " "

processing

targeting

inactivation

ACTAGCTGAACAATTTTTTTGATGACTTCTCA T ATCCGC

GUUAAAAAAACUACUGAAGAGUUUUAGAGCUGUGUUGUUUCG

proto-spacer PAM

····················

crRNA

TGCTCGACTTGTTAAAAAAACTACTGAAGAGT T ATGGCG

···
---CAC

---GTG

GAA---

CTT---
···

“Immunity”



CRISPR timeline

13Adapted from Hsu et al., 2014, Cell

Deveau et al.

Start of the 
genome editing 
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First biological 

evidenceInitial discovery



CRISPR (“SPIDR”) as a new family of DNA repeats (2002)
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CRISPR (“SPIDR”) in S. thermophilus

Poster presented by INRA at the 7th Symposium on Lactic Acid Bacteria 
(The Netherlands, 1-5 September 2002)
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CRISPR (“SPIDR”) in S. thermophilus

Poster presented by INRA at the 7th Symposium on Lactic Acid Bacteria 
(The Netherlands, 1-5 September 2002)
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First S. thermophilus genome

“Lactic Acid Bacteria” genome project

10 LAB species sequenced by the 
Joint Genome Institute (DOE)

S. thermophilus LMD-9, an industrially-
relevant strain provided by Danisco

Draft genome released in Sept. 2002

Identification of CRISPR arrays

Design of PCR primers

CRISPR-based genotyping 
of collection strains
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An outstanding spacer polymorphism
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First evidence that novel CRISPR spacers 
provide phage resistance

Strain DGCC7710 isolated in 1985, industrialized in 1989

In April 1990, isolation of a virulent phage against DGCC7710, 
named 858 (sequenced in 2006)

In 1990, after challenge of DGCC7710 with phage 858, 
selection of a BIM (Bacteriophage Insensitive Mutant)
named DGCC7778

In 1999, isolation of a virulent phage against DGCC7778 
and DGCC7710, named 2972 (sequenced in 2004)

19

cas9 cas1 cas2 csn2

DGCC7778

DGCC7710



Reproduction of challenges with phages 858 and/or 2972
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Φ858

Φ2972

Φ858-2972

DGCC7778

DGCC7710

cas9 cas1 cas2 csn2



Emergence of the anti-viral hypothesis (2005)
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First biological evidence published in Science (2007)

Gain of phage resistance when spacers are acquired, loss when removed

Exchanges of spacers switch phage resistance profiles

Role of cas genes, notably cas9 (aka cas5, or csn1), in phage resistance

Most highly cited article in the CRISPR field until March 2015
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CRISPR timeline

23Adapted from Hsu et al., 2014, Cell

Deveau et al.

Start of the 
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The Proto-spacer Adjacent Motif (PAM)
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- SNP in proto-spacer

- SNP in PAM

- deletion

CRISPR1 PAM

Deveau et al., 2008; Horvath et al. 2008



Spacer acquisition is not random, but PAM-dependent

Host and phage co-culture (closed system)

"Long-term" experiment

Metagenomics analysis

Deep sequencing of PCR products

Resampling of proto-spacers (hot spots)

All acquired proto-spacers are associated to the expected PAM

All possible spacers have been acquired

25

44434241403938bis3837363534333231302928272625mod2423mod2221201918171615141312111009080706050403020100bis

ΦΦΦΦ2972



Cleavage of the dsDNA target
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Garneau et al., 2010



Heterologous transfer of a CRISPR-Cas system

27

Sapranauskas et al., 2011



18/03/2013 28

Re-programming of the Cas9 nuclease

Gasiunas et al., 2012



CRISPR timeline
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Deveau et al.
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Genome editing
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NHEJ (non homologous end-joining) HDR (homology-directed repair)

Zinc-finger nucleases
TALENs

Meganucleases
Cas9:guide-RNA



Discovery of tracrRNA, the “missing link” for Cas9 activity
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Deltcheva et al., 2011



The single guide-RNA breakthrough

32



First reports on genome editing in mammalian cells
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First targeted modification of the human germline
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Call for a moratorium
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CRISPR-Cas9 genome editing applications
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CRISPR-Cas9 genome editing applications
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CRISPR-Cas9 to resurrect extinct species
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CRISPR-Cas9 genome editing applications in plants
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To be or not to be… GMO
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The “phage problem”

Bacteriophages (phages) are bacterial viruses 
that are commonly found in the environment, 
notably in milk and other raw materials

The non-sterile nature of dairy fermentations 
allows for the proliferation of phages against 
LAB cultures

Without proper measures to control their 
proliferation, phage infections result in loss of 
productivity and quality in the dairy industry

Phages are the major cause of fermentation 
failures, with significant economic losses

Selection of phage-resistant bacterial strains 
is a constant, never-ending activity
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CRISPR-Cas, an additional hurdle against phage infection
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prevention 
of adsorption blocking of DNA 

injection

restriction-modification

CRISPR-Cas
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S. thermophilus, a relevant model system

43

Up to 4 CRISPR-Cas systems

#

$

%

&

S. thermophilus DGCC7710

Type II-A

Type II-A

Type I-E

Type III-A

Horvath & Barrangou, 2010, Science



“CRISPerization”: natural vaccination against phages
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Natural genetic tagging

Newly acquired spacers constitute a genetic tag

Independently acquired spacer combinations are unique

Used for strain identification and tracking
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First disclosure of the potential use of Cas nucleases
as customizable restriction enzymes?


