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Question we will try to answer these two hours

1. What is genome editing?

2. What is CRISPR/Cas9 technology? From where does it come from?

3. How does CRISPR/Cas9 work?

4. Are there possible downsides of the system?

5. What are the potential applications in plant science?

6. How can we apply this technology to plants?

7. Application of CRISPR/Cas9 technology in real world…

8. CRISPR/Cas9 perspectives…
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ÅOligonucleotide DirectedMutagenesis(ODM)

ÅHomingEndonucleases: e.g. Meganucleases

ÅZincFingerNucleases(ZFN)

ÅTranscriptionActivatorLike EffectorNucleases(TALEN)

ÅCRIPR-Cas

What do they all havein common?

Precise DNA targeting

GENOME 
EDITING
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Feasibility
Meganuclease ZincFinger Nucleases TALEN CRISPR/Cas

Double Strand Break (DBS)
Template

Homology-DirectedRepair(HDR)

Micro-homology-mediated
Non-homologousend joining(NHEJ)

Insertion/deletionsKO Precise DNA editing
Gene insertion

¢ƘŀǘΩǎediting
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Source: https://analyticalscience.wiley.com/do/10.1002/gitlab.15844/full/

UNPREDICTABLE PREDICTABLE PREDICTABLE
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What is CRISPR/Cas9 technology? 
From where does it come from?
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Mojicaet al. 1993 & 1995, Mol Microbiol

The Discovery of CRISPR loci: we needto go back 30 yearsago

Studying halophilic bacteria

Sequencingparts of their genomes
Findsloci with particulararchitecture

identical sequences alternating 
with variable sequences 
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Short RegularySpacedRepeats
(SRSR)
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Short Regulary Spaced Repeats (SRSR) Biological significance of a family of regularly 
spaced repeats in the genomes of Archaea, 

Bacteria and mitochondria
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Short RegularySpacedRepeats(SRSR)

Jansen et al. 2002, Mol Microbiol

9

Identificationof genesthat are associatedwith DNA repeatsin prokaryotes



Q:Whatare CRISPR loci? What is their function?...

Mojicaet al. 2005, J Mol Evol

CRISPR is postulated for the first 
time as an:

Acquired Resistance Against 
Viruses

When the viral sequence is 
present in the bacterial 

genome, resistance can be 
observed
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Barrangouet al. 2007, Science

CRISPR loci have extrachromosomal origin 
and are components of an adaptive immune 

system

WhenplasmidscontainingCRISPR loci are cloned
into a strain S. thermophilus, resistancecan be 
induced

Breakthrough
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For the first time
bacterial immunity is engineered



Barrangouet al. 2007, Science

Whensome Cas elementsare not cloned, the 
system stopsworking

Engineering the CRISPR locus of S. 
thermophilusfundamentalfuctionsof the 

adaptiveimmune system

No Cas9(herecalledcas5) 

=
high sensitivityto bacteriophages
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2- The CRISPR system targets DNA and 
Cas9 is requiredto create DBS

CRISPR loci are transcribed and then processed  
into 50 b fragments where the spacer sequence 
is specific, and the flanking sequences are 
conserved (by a complex termed Cascade)

1- The CRISPR RNA (crRNA) isprocessed
by Cas proteinsinto shorterfragments

Gareneauet al. 2010, Nature

Brounset al. 2008, Science

DBS take place in the region tagged by the 
spacer (+ repeated sequence);
It occurs at a defined position consistently;
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Deltchevaet al. 2011, Nature

CRISPR loci produce crRNAsand tracrRNAs, requiredfor acquiredimmunity
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Summary of 
the 

CRIPR/Cas9 
system



…. the CRISPR/cas9 system isprogrammable!

Jineket al. 2012, Science

Protospacer 
Adjacent Motif 
(NGG)

Cascuts 3-4 
nucleotides 
upstream of it
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n. of citations may 7th 2022 = 13,658
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Precision of the system: off-targets

ÅOff-target:

“unintended cleavage and mutation at untargeted genomic sites showing a 
similar but not an identical sequence to the target site”

Seedregion
Jineket al. 2012, Science
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The seed region of the gRNA is fundamental for 
target recognition and Cas9 cleavage

Seedregion= 
8-10 basesatthe 3’ end of 
the gRNAtargeting region

Jineket al. 2012, Science
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The best strategy to avoid off-targets is good 
design of sgRNAs

Hahn and Nekrasov 2019, Plant Cell Reports
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Cas9 is not
alone
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Yamanoet al. 2016, CellCas9 CPF1 (Cas12a)



Cas12a vs. 
Cas9

Bijoyaet al. 2020, Biomed J 
(review)
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1. What is genome editing?

2. What is CRISPR/Cas9 technology? From where does it come from?

3. How does CRISPR/Cas9 work?

4. Are there possible downsides of the system?

5. What are the potential applications in plant science?

6. How can we apply this technology to plants?

7. Application of CRISPR/Cas9 technology in real world…

8. CRISPR/Cas9 perspectives…

Question we will try to answer these two hours



Applications of CRISPR/Cas9 platforms for genome
editing in plant

For REVERSE GENETICS approchesalternative to:

ÅRandom mutagenesis(undesirablemutations+ large scale screening iscostly… and tedious)

ÅAntisenseRNA or virus-inducedgene silencing

ÅRNA interference
Can interrupt functionsof specificgenes
by repressingthe correspondingmRNAs

CRISPR/Cas9 providesa more efficientplatform to perform:
ÅGene knock-out

ÅGene Knock-in

ÅDisruption of cis-regulatoryelements

ÅSuppressionof virus infection
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Delivery of CRISPR/Cas9 into plant cells

Direct delivery Agrobacteriumtumefaciens-
mediatedtrasformation
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Applications of CRISPR technology in plant cells
Outside the plant cell, CRISPR reagents can be delivered as plasmids, dsDNA, RNAand 

ribonucleoprotein (RNP) through PEG-mediated transformation (polyethylene glycol), particle 
bombardment or nanoparticles. Plasmids can also be delivered by Agrobacterium tumefaciensand 

viral vectors.

Zhang et al. 2019, Nature Plants8/18/2025 30



Zhang et al. 2021, Plant Communications

Direct delivery: all about it

CRISPR reagents can be delivered into 
plant cells as RNPs. 

Å Particle bombardment can be used 
to deliver plasmids(or RNPs)into 
explants. 

Å PEG-mediated transfection and 
lipofection can be used to deliver 
plasmids (or RNPs) into protoplasts. 

Å Nanoparticlesand cell-penetrating 
peptides are emerging methods for 
RNP delivery. Transformed cells and 
tissues are used for plant 
regeneration and edit detection.
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What is Agrobacterium tumefaciens?

Å It causes crown gall disease
Å The infection process is associated 

with presence of the so-called Ti
plasmid

Å During the process, the a part of 
the plamid(T-DNA) is integrated in 
the host genome (random 
position)

Å T-DNA carries information of 
multiple genes (eucaryotic 
promoter) .

Å The expression of the newly 
acquired genes causes the tumor

Pacuraret al., 2011, Phys Mol 
Plant Patho (review)
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Agrobacterium tumefaciens-mediated transformation

ÅAgrobacterium tumefacieshas been 
extensively used as ‘platform’ for 
transformation

ÅPrinciple based on the modification of 
the of the Tiplasmid

ÅThere are several systems, a quite 
common one is the so-called binary 
system (it can be cloned in both E. coli 
and A. tumefaciens)

ÅThe final plasmid will carry vir genes and 
the artificial T-DNA 



Agrobacterium tumefaciens-mediated CRISPR-Cas

Actually, A. tumefaciensisnot the one only
option, the sameprinciplescan be aplliedusing
Rhizobium rhizogenes

A. Assemble a plasmid containing all the information you 
want to carry into the plant cells.

B. A. tumefaciens is transformed with the plasmid vector 
carrying the cassette for Cas9 protein and guide RNAs

C. A. tumefaciensis used to transform ovules in flowers, 
embryos, explants, meristematic cells or protoplast. 
The integration is random.

D. Expression of Cas9 protein and guide RNAs lead to 
editing of the target DNA; insertion site and target site 
are likely not linked.

E. The insertion and the edited DNA can be separated 
through Mendelian segregation.

El-Mounadiet al. 2020, FIPS8/18/2025 34



Brief recap on 
the most 
common 
approaches
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…producing ‘edited’ plants is complex

Severallimiting factors
1. Manyspecies(or genotypeswithin species) are 

recalcitrantto in vitro culture
2. The efficiencyof mostapprochesisstill low
3. Policy-makers are behind
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Edited organisms are 
reaching the table
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Stunning application of  CRISPR/Cas technology in plant science



So… what is domestication?

definition: a sustained multi-generational relationship in which humans assume a significant degree of 
control over the reproduction and care of another group of organisms to secure a more predictable supply 

of resources from that group

Resultsof interacionof 3 factors

Humans
Cultural development:
Å Knowledge of plantsand animals
Å Technology

Plantsor Animals

Domestication

e.g. domesticationand evolution
of a speciesunder 
domesticationdid not generally
lead to the creationosnew 
species.
(exception: Triticumaestivum)

Environment
Å Climateshift
Å Seasonality
Å Diversityof 

enironmentalniches

Å Morphology
Å Behaviour
Å Genetics

P. Gepts, 2004; Plant Breeding Reviews

500 Angiospermaespecies(250.000)

20animalspecies(5.000)



Domestication of crops made agriculture
possible
ÅDomesticationis the geneticmodificationof a wild 

speciesto create a new form that isalteredto meed
human needs

ÅThe processby whichhumansactivelyinterferewith 
nature and directevolution

ÅIn the beginning, an uncosciousprocessof selection

ÅHumanschangethe conditionsin whichcultivated
specieslive and reproduce-> speciesadaptand evolve 
asa consequence

ÅResultsin a continuum of increasingcodependance
betweenpeople and crops/ livestock



Timeline for crop domestication



Domestication of plants: traits

Χ also:
- Compact habitus
- Biggeredibleparts
- Increasedfertility
- Increasedinbreding
- Photoperiod-independentbehavoiur
- Lesstoxiccompunds
- Colours

In particular:

- No seedsdispersal
- No seeddormancy

Theseare taxonomic
traits

So calledDomestication
Sindrome (Hammer 1984)

Modern

Wild



Domestication traits of crops

Seedshattering
ÅThe tendencyto disperdseeds; favouredin the wild (e.g. epizoochory), badfor 

harvesting

ÅVeryfew genesinvolved



Fruit size
ÅMore energy divertedtowardsfruit bodies than what wouldbe necessaryfor 

survival alone

MaizeVs teosinte



Changein photoperiod sensitivity

ÅAlterationof seasonality

ÅDiffusionacrossdifferent latitudes

Changesin sexualreproduction

ÅInducedsterility

ÅLackof normalpollinatingorgans

Wild banana



Increased apical dominance

Åmore resources in the main stem of the 
plant and a corresponding suppression of 
axillary branches

Determined growth

Åreduction of vegetative growth in favor of 
fruiting bodies

ÅSwitch from perennialityto annuality

Loss of seed dormancy

ÅSeeds immediately ready to produce 
plants
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The idea behind this work

1. Identify a wild species

ÅSolanum pimpinellifolium

2. Identify a suite of key loci  that have shaped morphology and agronomic 
potential

ÅGrowth habit 

Å Fruit shape and size

Å Fruit number 

Å Nutritional value 

3. Target this set of genes using multiplex CRISPR-Cas9 approach to generate 
loss-of-function alleles  

Forward Genetics
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Growthhabit

ÅTwo events of 
missensemutation

ÅDisplayedWT vs T2 
plant

ÅReducedplant height
ÅReducedsympodial

index (sympodialunit 3 
leaves+ flower)
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Fertility

Zsögönet al. 2018, Nature biotech 

ÅTwo events of 
missensemutation
(identical)

ÅDisplayedWT vs T2 
plant

Å Increasednumberof 
flowersper 
infloresciencein both
events (n=6).
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FruitShape ÅTwo events of missense mutation 
ÅDisplayed WT vs T2 plant
ÅAlteradfruit length/width ratio; transformed individuals 

show oval fruit shape (n=90)

Zsögönet al. 2018, Nature biotech 
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Fruit size

Zsögönet al. 2018, Nature biotech 

ÅEvents of missense 
mutation, gRNAs terget
two loci of the fas in 
CLV3; in T1 we observe 
biallelic deletion in exon 
1 while heterozygous in 
exon 2;

ÅDisplayed WT vs T1 plant
Å Increased number of 

locules per fruit (n=60)
Å Increased fruit weight 

(n=90)
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Colour

Zsögönet al. 2018, Nature biotech 

ÅTwo events of 
missense mutation

ÅDisplayed WT vs T1 
plant

Å Increased number of 
locules per fruit (n=60)

Å Increased fruit weight 
(n=90)



De novo domestication of tomato

Adapted from Li et al., 2018, Nature Biotechnology8/18/2025 53



The impact of 
CRIPR/Cas9 
technology: a 
broader picture

Kattiet al., 2022, Nature Cancer Reviews
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EC and the CRISPR/Cas9

On 25th of July 2018, the Court of Justice of the European Union ruled that the 
regulatory framework for genetic engineering should be extended to the so-
called New Breeding Technologies including recently developed methods of 
genome editing known as new genetic technologies (NGTs). The judgement 

claimed to be based on the precautionary principle.
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Little incentive for private research
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Thanks for you attention

Leonardo Caproni
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