Targeted genome editing



Genome editing:

Basis:

At the site of double-stranded breaks (DSBs) within the
genome, mutations are introduced by either imprecise repair
of DSBs mediated by non-homologous end-joining (NHEJ) or
by insertion of a donor DNA into the break by homologous
recombination (HR).

For genome editing, the most successful strategy relies on the
possibility to create DSBs at specific sites.




Repair without DNA insertion: autonomous repair often results in local deletion

- Repair with DNA insertion: presence of DNA template can direct specific site
mutagenesis by homologous recombination
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Frequency of homologous recombination

(after insertion of homologous sequence)

Ratio between homologous/non-homologous recombination

Mammals 102 -10°
Lower eucaryots (yeast, protists, filamentous fungi) >10%
Moss Physcomitrella patens about 90%

- affected by sequence length, ploidy, cell type, cell cycle phase, ...

Higher plants 103 - 10

(high frequency of non-homologous recombination prevents the homologous one)




Strategies for obtaining efficient HR in plants

1. Over-expression of £. coli genes involved 1n HR: [semdReiss etal PnaS |
March 28, 2000 | vol. 97 | no. 7 | 3358-3363 ]

Over-expression of RecA: stimulated sister chromatid exchanges, increased intra-chromosomal
recombination but not the frequency of gene targeting (GT, defined as recombination between a
foreign gene carrying homologous sequences and the complementary genomic sequences).

Over-expression of RuvC (involved in the resolution of Holliday junction) (shatev et al.
PNAS Vol. 96, Issue 13, 7398-7402 1999]

Increased intra-, extra-, and inter-chromosomal recombination but not GT frequency.

2. Modification of plant HR machinery:

RAD50 mutant: RAD50 may be a common factor of illegitimate recombination and HR. RAD50 is
dispensable for HR. rad50 loss-of-function mutants may have suppressed illegitimate
recombination. Intra-chromosomal recombination indeed goes up in rad50 mutants. GT
frequency is yet to be demonstrated in RAD50 mutants.

INEFFICIENT



Site-specific recombination systems of prokaryotes and
lower Eukaryotes (recombinase/recognized target site —
must be introduced into the genome in advance)

Crellox bacteriophage P1
Flp/frt Saccharomyces cerevisiae

R/RS Zygosaccharomyces rouxii



Cre/loxP

Site-specific recombinase technology

Widely used to carry out deletions, insertions, translocations and
inversions at specific sites.

DNA modification can be targeted to a specific cell type or be
triggered by a specific external stimulus.

Both in eukaryotic and prokaryotic systems.



Cre/loxP

The system consists of a single enzyme, Cre recombinase, that recombines a pair of short
target sequences called Lox sequences. This system can be implemented without

inserting any extra supporting proteins or sequences. The Cre enzyme and the
original Lox site called LoxP are from bacteriophage P1.
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Piante transgeniche prive di marker di selezione tramite
ricombinasi sito-specifiche

lox

FRT
or RS
site
LB

lox
FRT

ATAACTTCGTATA ATGTATGC TATACGAAGTTAT
GAAGTTCCTATTC TCTAGAAA GTATAGGAACTTC

or RS TIGATGAAAGAA TACGTTA TICTTTCATCAA
site

N
-’-lProm}- GOl

Term

Cre, FLPor R
Microbial Recombinase

LB

—|—}- Term| SMG <’r0m

K

Hp-Prom>

GOl [ Term

RB




Chromosomal deletions through localized transposition by the
maize Dissociation (Ds) element and site-specific DNA excision by
the bacteriophage Cre-loxP recombination system.

(a)

— e Wiwe

- not amplified by PCR

Deletion allele,
- amplified by PCR

Transposition of Ds-loxP
from a T-DNA insertion is
initiated with inducible

Ac or a cross to an Ac line.

The Cre recombinase
gene is moved in with
a genetic cross.

Cre recombinase
catalyzes excision of DNA
between the loxP sites.

TRENDS in Plant Science




1) A Ds-loxP T-DNA construct, containing loxP sites in both the Ds
element and the T-DNA backbone is transformed into the genome
2) transposition of Ds-loxP is induced by crossing in Activator (Ac).
3) a second cross to bring in the Cre recombinase gene

-> Cre-mediated site-specific recombination between the two loxP
sites causes the excision of the intervening DNA. Excision of a gene
of interest can be detected by PCR.

A community resource of >10 000 sequenced Ds-loxP T-DNA
insertion sites has been generated for Arabidopsis researchers.



Alternatives for targeted genome editing

Synthetic site-specific nucleases to generate DSBs at
specific sites

1) Zinc Finger Nucleases (ZFN), Transcription Activator-
Like Effector Nucleases (TALEN): specificity resides
in proteins (DNA binding domain)

1) CRISPR/Cas: specificity resides in nucleic acid
(complementary RNA).




ZFN and TALEN are basically artificial restriction enzymes that
recognize specific stretches of bases, consisting of :

- DNA recognition domain (Zinc finger or TALE): repeated protein
modules that recognize specific DNA sites

- Fokl nuclease: dimerization of nuclease domains cleaves target
DNA



Type IIS enzymes: bacterial restriction enzymes that recognize an asymmetric DNA
sequence and cleave a short distance from that sequence (shifted cleavage).

Es.: Fokl from Flavobacterium okeanokoites recognizes the non-palindromic 5’-GGATG-
3’:5’-CATCC-3’ in duplex DNA and cleaves 9/13 nucleotides downstream of the
recognition site -> two separate protein domains, one for sequence-specific recognition
of DNA and the other for endonuclease activity.

Fok1 recognition sequence Fok1 restriction point

GGATGNNNNNNNNNXXXXNNNN

CCTACNNNNNNNNNXXXXNNNN
13 bp

l Fok1

Ambiguous sticky ends

/\

GGATGNNNNNNNNN XXXXNNNN
CCTACNNNNNNNNNXXXX NNNN



The Fokl catalytic domain has only one active site so, to cut both DNA strands,
the catalytic domains from two monomers associate to form a dimer.

The dimer involving a monomer at the recognition site and another from free
solution is less stable than that from two proteins tethered to the same DNA. Fokl
thus cleaves DNA with two sites better than one-site DNA.

The two sites can be immediately adjacent, but they can alternatively be many
hundreds of base pairs apart, in either inverted or repeated orientations.
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It is possible to swap the recognition domain of these enzymes with
other naturally occurring DNA-binding proteins which recognize longer
sequences (e.g. the helix-turn-helix motif, the zinc finger motif and the
basic helix-loop-helix protein containing a leucine zipper motif).

Zine Anger domains
‘ f Fokl : ‘
Flexible linker Zinc finger domains

Specific DNA binding
by zinc finger domains

Mimerization of Fok |
domams to cleave DNA
and create DB




Zinc-Finger Nuclease (ZFN) Technology
(S. Chandrasegaran)

,fEJ:' DNA-Cleaving
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a) DNA-Binding
Domain

The Cys2-His2 zinc finger proteins are a class of DNA-binding proteins that contain sequences
of the form (Tyr, Phe)-Xaa-Cys-Xaa,_,-Cys-Xaa;-Phe-Xaa;-Leu-Xaa,-His-Xaa, ;-His, usually in
tandem arrays. Xaa represents an unspecified amino acid.

Each of these sequences binds a Zinc(ll) ion to form the structural domain termed a zinc finger.
These proteins bind to DNA by inserting an a-helix into the major groove of the double helix.



Zn-finger domains - designed for specific sequence

DNA sequence recognition per finger:
3(-4) nt/finger
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- black circles — interaction with DNA
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To recognize new target sequence,

- Modular assembly from previously generated
array

- Selection using Phage Display/One Hybrid

Time consuming for the proper ZFP sets
Failure rate Is very high
Off-target effects are very high




TALEN

Derived from TALEs

Transcriptional Activator-Like Effectors



Batteri del genere Xanthomonas manipolano
I’espressione genica del loro ospite




Monocotyledonous hosts 124

Vascular pathogens

Xanthomonas albilineans
(Leaf scald of sugarcane)

Xanthomonas oryzae pv.
oryzae
(Rice bacterial blight)

Xanthomonas vasicola pv.
musacearum
(Banana Xanthomonas wilt)

Mesophyllic pathogens

Xanthomonas oryzae pv.
oryzicola
(Rice bacterial leaf streak)

Xanthomonas translucens
(Bacterial leaf streak
in cereals)

Xanthomonas species

Vascular bundle

Mesophyll cell

268

Dicotyledonous hosts

Vascular pathogens

Xanthomonas campestris
pVv. campestris

%= (Black rot of crucifers)

Xanthomonas manihotis
(Cassava bacterial blight)

Mesophyllic pathogens

Xanthomonas
campestris pv.
armoraciae

(Leaf spot of crucifers)

Xanthomonas citri
pV. citri
(Citrus canker)

Xanthomonas
euvesicatoria

(Bacterial spot of pepper
and tomato)




Effettori TAL (Transcription activator-like)
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Sistemi di secrezione di Xanthomonas
N

Effector proteins ffector prnteins DNA/ proteins Effector pfOtEan
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Extracellular
enzymes,
toxins

Toxins, extracellular
degradative enzymes
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Two-partner '
secretion

Autotransporter




Gli effettori XopD e AvrBs3 di tipo Ill di Xanthomonas
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Il riconoscimento da parte dell’effettore TAL delle sequenze sui promotori da attivare e
mediato da un dominio ripetitivo centrale
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Breaking the Code of DNA Binding
Specificity of TAL-Type Ill Effectors

l‘ Jens Boch,* Heidi Scholze, Sebastian Schornack,t Angelika Landgraf, Simone Hahn,
AAAS Sabine Kay, Thomas Lahaye, Anja Nickstadt, Ulla Bonas

2009
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Conferma sperimentale dell’ipotesi
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ArtX: Artificial TALEs
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Come il numero di ripetizioni influenza I'espressione dei geni
target.
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Sommario

La specificita’ di legame al DNA €’ basata su un motivo di 2 aa
che riconoscono una coppia di basi

Una T in posizione 0 contribuisce all’attivazione di promotori
indotti da TAL effectors

Alcuni tipi di ripetizioni favoriscono il riconoscimento di coppie di
basi specifiche, mentre altri sono piu’ flessibili

Si possono prevedere con successo geni bersaglio peri TAL
effectors alcuni dei quali sono importanti fattori virulenti

Un numero minimo di ripetizioni € necessaria per riconoscere |l
DNA bersaglio ed attivare efficentemente I'espressione
genica.



TALE

/ Transcription |
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Altre applicazioni...

v’ per guidare modificazioni genetiche nelle cellule umane pluripotenti (embryonic stem cells
—ESC- and induced pluripotent stem cells -iPSC-)

Mat Biotechnol 2011 Jul 7,29(8).731-4. doi: 10.1038/Mbt. 1927

Genetic engineering of human pluripotent cells using TALE nucleases.

Hockemeyer O, Wanag H, Kiani 5, Lai C5, Gao 0, Cassady P, Cost GJ, Zhang L, Santiago Y, Miller JC, Zeitler B, Cherone M, Meng X,
Hinkley SJ, Rebar EJ, Gregory PD, Urnov FOY, Jaenisch B.
The Whitehead Institute for Biomedical Research, Cambridge, Massachusetts, USA.

v’ per ottenere modelli knock-out (rat, worm, zebrafish)

Mat Biotechnol 2011 Aug 5,29(8):695-5. doi: 10.1038/nbt.1540.

Knockout rats generated by embryo microinjection of TALENS.
Tessonl, Usal C MénoretS Leung E, Miles BJ, Remy S, Santiago ¥, Vincent Al Meng X, Zhang L, Gregory PD, Anegon |, Cost G,

v’ per attivare trascrizionalmente geni silenziati inibendo I'azione di repressori epigenetici

Huoclel: Aclds Ressarch Advance Accass pubBahsd March 3, 2012
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Targeted transcriptional activation of silent oct4
pluripotency gene by combining designer TALEs

and inhibition of epigenetic modifiers

Sehastian Bultmann', Robert Morbitzer”, Christine & Schmidt”, Katharina Thansch',
Fabio Spada’, Janett Elsaesser, Thomas Lahaye™ and Hednrich Leonhandt’*



Come ingegnerizzare un TALE naturale

e Scelta di un TALE naturale in grado di esibire un alto tasso di specificita di
legame con sequenze target

* Amplificazione tramite PCR delle sequenze codificanti per diversi TALE dal
DNA genomico di X. axonopodis pv citri. | cloni ottenuti mancano di
circa 152 residui nel N-ter importanti per il trasporto nelle piante ma non per
altre funzioni.

* Le proteine ottenute vengono analizzate per SELEX (Systematic Evolution of
Ligands by Exponential Enrichment).

Up to 10" random sequences
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Tecniche high throughput per la produzione di TALEs

Le TALEN sono uno strumento per l'editing genomico

Altri tipi di TALE di fusione (es. VP64) possono trovare usi ancora piu
ampi

* Le TALEN si sono dimostrate altamente efficienti anche nella produzione
di animali KO

* A differenza delle ZNF, il codice e noto ed i costrutti sono disponibili in
AddGene

E desiderabile un protocollo universale che permetta la produzione di costrutti
codificanti TALE che riconoscano elementi di sequenza e lunghezza qualsiasi.

Una tecnica del genere deve rispondere a criteri di economicita, efficienza e velocita.



CRISPR/Cas9



Journal of Expenmanita’ Botany, Yol BB, MNo. | pp 4T-E7, 2015

doi-10.1083pvend20  Advance Access publication 4 MNoverniber, 2044 Aot of
Experimental
Botany

The CRISPR-Cas system for plant genome editing: advances
and opportunities

Vinay Kumar and Mukesh Jain®
Functonal snd Appled Genomics Laboratony, Mational Instibute of Plant Genome Fesearch (WPGH), Naw Dathi- 110067, Inda

* To whom comaspondence shoubd be sddressed, E-mal: miani@nipgrac n

Facaed 14 Juy 500 4; Revisan 22 Saptember 201 4; Accapied 23 September 2014

Abstract

Genome editing is an approach inwhich a specific target DNA sequence of the genome iz altered by adding, remow-
ing, or replacing DMNA bases. Artificially enginesred hybrid enzymes, zinc-finger nucleases [ZFMs), and transcrip-
tion activator-like effector nucleases [TALEMNs), and the CRISPR (clustered regularly interspaced short palindromic
repaats}-Cas (CRISPR-associated protein) system are being used for genome editing in varnous organisms includ-
ing plants. The CRISPR-Cas system has been developed most recently and seems to be more efficient and less
time -consuming comparsd with ZFNs or TALENs. This system employs an ANA-guided nuclease, Casd, to induce
double-strand breaks. The Casd-mediated breaks are repaired by cellular DNA repsir mechanisms and mediate gene/
genome modifications. Here, we provide a detailed overview of the CRISPR-Cas system and its adoption in different
organisms, especially plants, for vanous applications. Important considerations and future opportunities for deploy-
ment of the CRISPR-Cas system in plants for numerows applications are also discussed. Recent investigations hawve
revealed the implications of the CRISPR-Cas system as a promising tool for targeted genetic modifications in plants.
This technology is likely to be more commonly adopted in plant functional genomics studies and crop improvemeant
in the near future.

Key words: CRISPR, Ces3, genome adiling, muistion, protbepacer adjgcent mob, sqRkda.



Humble Beginning as Exotic Repeat
Sequences in Bacterial Genome

- Found as ‘exotic junk DNA’ with unknown function
Ishino et al., J.Bacteriol (1987)

- Widespread presence in Archeae and Bacteria
Jansen et al, Mol. Microbiol (2002)

- Named as..

Clustered Regularly Interspaced Short Palindromic Repeat

- CRISPR Associated protein (Cas)
Family of genes associated with CRISPR

- Sequence similarity between phage




http://www.slideshare.net/suknamgoong/crisprcas9-101

CRISPR as bacterial immune system
against bacteriophagy

CRISPR Provides Acquired Resistance
Against Viruses in Prokaryotes

Rodolphe Barrangou,® Christophe Fremaux,® Héléne Deveau,” Melissa Richards,®
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 o 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 cos genes, provided resistance against phages, and
resistance specificity s determined by spacer-phage sequence similarity.

Science 2007

The research was carried at by researcher in DANISCO.Inc
(acquired by DuPont at 2011)
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The acquisition process involves recognition and integration of foreign DNA as a spacer within the CRISPR locus.
Regions of phage genomes that are excised as spacers (termed protospacers) are not randomly selected but are
found adjacent to short (3 — 5 bp) DNA sequences termed protospacer adjacent motifs (PAM).

The insertion of a single copy of spacer of approximately 30 bp occurs preferentially at the leader side of the
CRISPR array. The first direct repeat, adjacent to the leader sequence is copied, with the newly acquired spacer
inserted between the first and second direct repeats.

The new spacer is always inserted on the AT-rich side of the leader sequence located before a CRISPR cassette
that also contains promoter elements and landing sites for regulatory proteins

Viral infection

Cas1-Cas2-protospacer
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At the second stage, transcription, the entire CRISPR locus is transcribed into a long pre-

crRNA (poly-spacer precursor crRNA).

Type Il systems encode an extra small RNA that is complementary to the repeat
sequence, known as a trans-activating RNA (tracrRNA).
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The classical DNA targeting pathway, common to all type Il CRISPR-Cas systems

tracrRNA and primary CRISPR transcripts result in base pairing and the formation of cas9-stabilized
tracrRNA:pre-crRNA duplexes upon binding of tracrRNA anti-repeat to the pre-crRNA repeat.

The duplexes are processed into mature crRNA by RNase Il followed by trimming (10 nt) by a yet
unknown mechanism

pre-crRNA
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The classical DNA targeting pathway, common to all type Il CRISPR-Cas systems

The mature tracrRNA:crRNA guides the Cas9 endonuclease to introduce site-specifically dsDNA
breaks in the invading DNA.

protospacer 4. Cas9-

mature crBNA .-f.;;;giﬁrm AM meg:i;éed
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processed
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tracrRNA

Cas9 is the nuclease guided by the crRNA and tracrRNA (or trans-activating
crRNA) to cleave specific DNA sequences (Deltcheva et al. 2011).




For biotechnological purposes, a guide RNA (gRNA or single-gRNA) can be
designed to include a hairpin that mimics the tracrRNA-crRNA complex
(Jinek et al. 2012).

Binding specificity is based on the gRNA and a three nucleotide NGG sequence
called the protospacer adjacent motif (PAM) sequence (Marraffini and
Sontheimer, 2010).

For site-specific genome editing, the CRISPR/Cas9 system minimally requires the
Cas9 nuclease and the gRNA.
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Fi 2 BHA - guided DMA clenagze by Cast, (a) In e native system, the Cast pootein (ligh
blue] is guided by a strocture formed by a CRISPR BNA [crENA, in black]), which contains a
20-nt segment determining target specificity, and a trans-activating CRISPR ENA
{racrBMA, in red), which stabdlizes the strscture amd activates Cas9 o cleave the tanget
DA [protospacer]. The presence of a protospacer-adjacent motl (FAM, inoyellow], e,
an MGG (or less frequently MAG) sequence directly downstream from the target DNA, is
a prenequisite for DMA cleavage by Cast, Among the 20 ENA nucheotides determining tar-
get specificity, the so-called seed sequence of approximately 12 nt (inorange ) upstream of
the PAM is thought to be partioularly important for the pairing between BNA and target
DA (b) Caz9 can be reprogrammed o ceave DMA by a single guide RNA moleoule

(ERMA, in preen), a chimera generated by fusing the 3° end of the orBMA to the 5 end of
the tracTRMA
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Fir 1 Serategies to increase CRESIRA Y tanget specificing. The most Important sirategy to awld of-carges efects s tee design of 2 specific gRNa by checking for the presence of homeal-
ogous sequences in the penome. Further strategies can then be cnployed to reduce the risk of off-target cleavape further. (3] A pair of offect Cas9 nickases, The D10A mutation inactivates
the RuwC cndanoclease domain sothat Cas9 can cleave only the DNA strand complementary to the gRMA The simalancees wse of two Cas? nickases binding to sequenoes on oppaesite DRA
straneds generates a stapeered D58 with everhangs. (b Cast-Fokl fushon protelne A catalytcally inactive Cas9 variant, carmying 3 muracon Inboeth endonoe lease domains [ HuweC HMET), can
be Fused to Khe Fok] muclease domain. DMA cleavage by Fokl sdependent on dimerization and the enzyme must bind twm precisely disposed half-siteson the genome, greatly reducing the
rumber of possible of-tarpet sequenoes. (o) Altering the length of the gRNA Both extend ing the gRMA by adding two zuanidine residues at the 5 end (Ieft), or shortening it to a timaated
oRMA (i) of anly 17 ot [right] can redoce off-tanget efieos.



The pipeline of generating a CRISPR/Cas9-mutagenised plant line.

1. Select genomic target

a. 20 bp sequence followed by the PAM (NGG)

_ NHNHMNNENHNNHNNNHENENNNNGGHNNN. .
b. Use online tools to minimize off-targeting target sequence PAM
(20bp)

¥
UG g guice |

a. sgRNA is expressed using a small RNA ¢
promotor, such as U6p or U3p

2. Design sgRNA

guide sequence
b. First nucleotide in the guide sequence is a “G”, @nnmuuunmu
if U6p is used, or an “A", if U3p is used G(N)
19 sgHANA backbone
c. Guide sequence should match the target,
except for the first nucleotide (5' G or A) that U\
does not have to match i

3. Assemble Cas9 / sgRNA construct

Assembly of
sgRNA and Cas9




4. Deliver to plants

a. Protoplast tranformation

b. Agrobacterium transformation

c. Callus bombardment

5. Regenerate and screen transgenic
plants for gene editing events

Current Openian in Biotechnology

The pipeline of generating a CRISPR/Cas9-mutagenised plant line. ¢, control; m, mutagenized; RE, restriction enzyme. CELI and T7 are DNA
endonucleases used in the surveyor assay.




Table 1

Available bioinformatic tools for selecting optimal CRISPR/Cas® target sites and predicting off-targets

Site Purpose Reference
hittp://www.genome-engineering.org CRISPR/Cas9 design tool to find target sites within an input sequence. [56,58]
A. thallana genome is available.
Directly at: http://crispr.mit.eduw/
http-//eendb.zfgensatics.org/casot Open-sourced tool that is used locally, designed to identify potential [66]
off-target sites in any user-specified genome.
http//plants.ensembl.org/info/ Download link to access 38 plant genomes.
website/ftp/index.html
httpz//www.e-crisp.org/E-CRISP/ Web-based tool to design sgRNA sequences for genome-library projects [67]
designcrispr.htmi or individual sequences. Target site homology is also evaluated to predict
off-targets. 5 plant genomes are available.
WWW.genome.arizona.edu/crispr 8 representative plant genomes are available to predict sgRNAs with [68]
low chance of off-target sites.
https://chopchop.re.fas.harvard.edu/ Online tool for accurate target sequence selection and prediction of [69]
off-target binding of sgRNAs. Includes the design of target-specific
primers for PCR genotyping. The only plant genome available is A. thaliana.
httpz//www.broadinstitute.org/mai/ Online tool for designing highly active sgRNAs. [647]

public/analysis-tools/sgma-design
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Advantage of CRISPR/Cas9 over TALEN or ZFN (1)

TALEN or ZFN
Artificial protein gene recognizing the target sequences are required

Synthesis of TALE gene is not trivial due to repeated nature of TALE



Advantage of CRISPR/Cas9 over TALEN or ZFN (2)

- Not as optimal compared with bona-fide endonuclease?

\**“}' R
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S «40

Dimerization of Fokl cleavage domain is essential for DNA cleavages

If binding affinity of one of ZFN/TALEN pair is less than other, cleavage efficiency is Iq




Cas9 is bona fide RNA-dependent DNA endonuclease by itself

- Higher catalytic efficiency

- Evolved to cleave Phage DNA after injection ASAP.




Table 2: Examples of agronomic traits modified through the application of genome editing approaches in various crops

Crop Trait Gene Technology References
Gene knockout (SDN-1)'
Rice Resistance to bacterial blight OsSWEETI14; OsSWEETI3 TALEN; Li et al. (2012);
CRISPR/Cas9 Zhou et al. (2015a)
Fragrance OsBADH? TALEN Shan et al. (2015)
Bread wheat Resistance to powdery mildew TaMLO-Al, TaMLO-BI, TaMLO-D1  TALEN Wang et al. (2014)
Maize Phytate biosynthesis IPK1 ZFN Shukla et al. (2009)
Leaf epicuticular wax composition glossy2 (gl2) TALEN Char et al. (2015)
Leaf development; Male fertility; LIGI; Ms26, Ms45: ALSI, ALS2 CRISPR/Cas9 Svitashev et al. (2015)
Herbicide resistance
Soybean Profile and unsaturation level of seed fatty acids FAD2-IA and FAD2-1B TALEN Haun et al. (2014)
Poplar Lignin content; Condensed tannin content 4CL1; 4CL2 CRISPR/Cas9 Zhou et al. (2015b)
Potato Accumulation of reducing sugars after cold Vinv TALEN Clasen et al. (2015)
storage and acrylamide after
high-temperature processing
Accumulation of steroidal glycoalkaloids StSSR2 TALEN Sawai et al. (2014)
Tomato Plant development PROCERA (PRO) TALEN Lor et al. (2014)
Leaf development ARGONAUTE7 (SIAGO7) CRISPR/Cas9 Brooks et al. (2014)
Gene editing (SDN-2)
Maize Herbicide resistance ALS?2 CRISPR/Cas9 Svitashev et al. (2015)
Soybean Herbicide resistance ALS] CRISPR/Cas9 Li et al. (2015)
Tobacco Herbicide resistance’ ALS SuRA and SuRB ZFN Townsend et al. (2009)
Gene replacement/stacking (SDN-3)
Maize Phytate production/herbicide resistance IPKI1/PAT ZFN Shukla et al. (2009)
Herbicide resistance” PAT CRISPR/Cas9 Svitashev et al. (2015)

1 > %
7SDN, site-directed nuclease.
“Tested in vitro.
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Figure 1. Comparison between genetic modification technologies. Top left, introduction of foreign DNA. Bottom left, emerging technologies such as zinc finger nucleases
(ZFNs), transcription activator-like effector nucleases (TALENs), and clustered regulatory interspaced short palindromic repeat (CRISPR)/Cas-based RNA-guided DNA
endonucleases. Right, fruits for which genes have already been modified to fight biotic and abiotic stress [16]. Red background: not generally acceptable to the public.
Green: background: more acceptable to the public.



