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The Gene Editing technology Background

From Jiang and Doudna, 2017

- The sgRNA targets the region to cut in the genome and 
then the Nuclease cuts.

- Based upon the use of RiboNucleoProtein (RNP) that act 
as “molecular scissors”. It consists of a Nuclease (1) like 
Cas9, Cpf1, and an RNA-structure (2) commonly named 
single guide RNA or sgRNA.

(1)

(2)
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Error-prone NHEJ
• Indel mutations
• Frameshift mutations
• Large deletions or 

inversions using two 
adjacent DSBs

• Loss-of-function screens
• Genomic rearrangements
• NHEJ-mediated homology-  

independent knock-in

High-!delity HDR
• Gene insertion/correction/

replacement
• Precise point mutations
• Precise gene knockout
• Conditional alleles (Cre-loxP, etc.)
• Introduction of tags, reporters, etc.
• Gain-of-function mutations 

Other applications
• Gene targeting

(dCas9–e"ector):   
– transcriptional regulation
– epigenetic modi!cation
– live-cell imaging
– nucleotide editing

• Genetic screens/drug screens
• Ligation-mediated gene 

editing by double Cas9 
nickases (D10A)
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Endogenous repair 
mechanisms

- Two major repair mechanisms will “fix” the cut 


- Non-Homologous End Joining (NHEJ) - Prevailing: 
Prone to “error” (substitution, deletion, insertion) leading 
to the generation of “knock-outs”.

Knocked-out DNA 
sequences of Interest

NonHomologous 
End Joining 

(NHEJ)

PRONE TO 

ERROR
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- Homology-Direct Repair (HDR) - less frequent: 
The process can also be engineered by providing the 
repair template (Donor Template), and creating 
“knock-ins”.

Homology 
Direct Repair 

(HDR) 
PRECISE 
EDITING
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Donor DNA Template 
(ssODN or plasmid)

Knocked-in DNA 
sequences of Interest



Non Homologous End Joining mechanism (Prevailing but prone to error):
Background

Cas9

sgRNA-MLO 13sgRNA

Nuclease (cas9, cpf1…)

Complementary sequence to sgRNA

Selected site for editing (coding region)

Protospacer-
Adjacent Motif

Gene Status

Deletion of one base- Generation of a frameshift (-1)

A C TGC GC G C G T T A- C T G A T G T A G C C

GGT G G C A G C - C G C A A T G A C T A C A T C
Silenced

Mutation

Insertion of one base- Generation of a frameshift (+1)

A C TGC GC A G C G T T A C T G A T G T A G C C

GGT G G C A G C T C G C A A T G A C T A C A T C

T

A T

Silenced

Mutation

Original sequence - no frameshift

No

functional 
change 

After

Repair



Homology-Directed Repair:
Background

Cas9

sgRNA-MLO 13sgRNA

Nuclease (cas9, cpf1…)

Complementary sequence to sgRNA

Site for editing in the coding region

Protospacer-
Adjacent Motif

Gene Status
A C TGC GC G G T T A C G A T T A G C CA G G T

Single-Stranded Donor Template

E R Y L SC
Origin Amino Acid sequence 


Knock-in

New geneGGT G G C A G C C C A A T G C T A A T CT C C

A C TGC GC G G T T A C G A T T A G C CA G G T

A

New edited sequence different from the original

E G Y G SF
Changed Amino Acid sequence



Value of Gene Editing technology
Background

Limitations of its application
- Pre-required knowledge about the relationship between the gene function and 

the performance trait of interest.

- Mostly focused right now on “Negative Regulators”.

- Off-target is a risk with unintended effects on other parts of the genome.

- It is fast, versatile (multiplexing, targeting coding regions or non-coding [promoter]).

- It can accelerate breeding program.
- Creating new elite cultivars (making a “white” Cabernet-Sauvignon or a “Red” 

Chardonnay).

- Regarding in U.S. as breeding process.



BackgroundHow is genome editing performed in plants ?
Transgenic method:  

- Physical insertion in the plant genome of a DNA-
based molecule containing all the gene-editing 
ingredients (endonuclease and sgRNA structure 
targeting a Gene of Interest), and the selection 
markers) - Conventional Genetic Engineering.

Transgene-Free Selection CRISPR Edited PlantsAliaga-Franco et al.

5 September 2019 | Volume 10 | Article 1150Frontiers in Plant Science | www.frontiersin.org

observed in other lines, in which only mutated alleles were 
detected, both in heterozygosis (biallelic) and homozygosis, 
suggesting that both copies of the gene were mutated in 
the corresponding T0 plant. Taken into account all rice T1 
plants, most of the plants had a mutation in homozygosis 

from which we identified three different deletion alleles and 
the four possible insertions of one nucleotide (Figure 3B; 
Supplementary Table 6).

In the case of Arabidopsis, we decided to select only four 
lines but a higher number of T2 plants to evaluate the presence 

FIGURE 2 | Diagram describing the steps for plant transformation and selection. Transformation of Arabidopsis thaliana was done by floral dip while in vitro 
transformation was used for Solanum lycopersicum and Oryza sativa. Selection of DsRED T1 seeds of Arabidopsis thaliana and DsRED-negative selection of 
segregant seeds from the three species was done by direct visualization under a stereoscope equipped with DsRED filter. Detection of fluorescence in seed is very 
clear, easy, and fast in all three species, and it allowed perfect separation of positive and negative fluorescent seeds.

Steps describing one methodology to remove the selection 
markers after gene editing via Agrobacterium transformation 

Aliaga-Franco et al., 2019
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In grapevine…

- BUT you can also eliminate the transgenic 
cassette…most well-documented strategy in 
plants is selfing/backcrossing.

Edited but not 
transgenic
Edited but 
transgenic

This approach is not a viable in 
vegetatively propagated crop like 

grapevine…



BackgroundHow is genome editing performed in plants ?
Non-transgenic method:  

- Delivery of Gene Editing ingredients as either 
a Protein or a DNA-based molecule to an 
intact cell is almost IMPOSSIBLE….


- One popular technique is to use protoplasts 
(naked cells without Cell Wall) to “transform” 
the cells. The expression of the genetic 
cassette is transient, not stable. So, not 
regarded as GMO…


- Plant regeneration from protoplasts is still 
difficult to streamline in many models and the 
progenies may be prone to widespread 
genome instability (Fossi et al., 2018). 


- Difficult to trace edited protoplasts among an 
entire population. 

242 Plant Cell, Tissue and Organ Culture (PCTOC) (2019) 138:239–246

1 3

Cell division, microcolony formation and somatic 
embryogenesis

Isolated protoplasts of both cultivars were cultivated at a 
density of 1 × 105 protoplast/mL using the disc-culture 
method. In this method, the droplets of solid culture medium 
containing isolated protoplasts are surrounded by liquid cul-
ture medium supplemented with activated charcoal, which 
prevents the browning of the culture and thus promotes 
cell division and colony formation (Zhu et al. 1997). The 
first protoplast cell division occurred after 10 days in both 
cultivars (Fig. 2a, b). Further cellular divisions occurred 
after ~ 30 days (Fig. 2c, d) and microcolonies of both culti-
vars were observed after ~ 40 days from protoplast isolation 
(Fig. 2e, f), suggesting that embryogenesis was not induced 
directly from protoplasts but rather from the protoplast-
derived callus. After ~ 2 months, somatic embryos recovered 
on the liquid Nitsch’s medium initiated germination and the 
typical globular and heart stages of embryo development 
were visible in both cultivars (Fig. 2g–j). Mature cotyle-
donary embryos were formed starting 3 months after the 

protoplast culture (Fig. 2k–m). After 4 months, starting from 
the same number of isolated protoplasts, we recovered 87 
Garganega and 78 Sangiovese cotyledonary embryos, sug-
gesting that Garganega has a slightly higher embryo regen-
eration efficiency.

Regeneration of whole plants

We observed that the direct transfer of cotyledonary embryos 
to solid Nitsh’s medium under light has caused browning and 
was ultimately lethal. For this reason, cotyledonary somatic 
embryos were maintained in the dark in Nitsh’s medium 
supplemented with sucrose for about 1 month to allow 
complete embryo germination. Only germinated somatic 
embryos were then transferred to C2D4B medium under 
light for shoot elongation (Fig. 3a). The number of germi-
nated embryos obtained was 55 of 87 (63%) for Garganega 
and 33 of 78 (42%) for Sangiovese. The remaining somatic 
embryos were either immature or abnormal, and these were 
discarded.

Fig. 1  Protoplast isolation 
from embryogenic callus. a 
Garganega embryogenic callus 
after 7–10 days of subculture. 
b Protoplasts isolated from the 
callus—white light. c Proto-
plasts isolated from the callus 
and labeled with FDA—UV 
light

Fig. 2  Protoplast development to mature embryo. a, b First cellular 
divisions, appearing ~ 10 days after protoplast isolation. c, d Further 
cellular divisions appearing ~ 30  days after protoplast isolation. e, f 
Microcolony formation ~ 40 days after protoplast isolation. g–i Glob-

ular stage of embryo development. j Heart stage of embryo develop-
ment, appearing 2/3  months after protoplast isolation. k–m Cotyle-
donal stage mature embryos appearing ~ 3  months after protoplast 
isolation

Protoplast isolation from Embryogenic callus: A) Garganega embryogenic 
callus, B Protoplasts isolated from the callus, C) Protoplasts isolated from 
the callus and labelled with green dye FluoroDiacetate (FDA)—UV light.244 Plant Cell, Tissue and Organ Culture (PCTOC) (2019) 138:239–246

1 3

transfected with the empty vector) confirmed the success of 
the transfection (Fig. 4b).

Discussion

Plant protoplasts are useful for basic and applied research, 
particularly for the functional analysis of genes and the mod-
ification of plants by gene transfer or genome editing (Fontes 
et al. 2010; Malnoy et al. 2016). However, the protoplasts 
themselves are only useful for the analysis of cellular func-
tions, and the regeneration of whole plants is necessary to 
determine how genes affect plant development or physiol-
ogy. This is a major bottleneck in many plant species, includ-
ing grapevine, which is highly recalcitrant to regeneration.

Grapevine protoplasts have been isolated from vari-
ous organs, but the regeneration of whole plants has been 
achieved in only a handful of cases and only when the proto-
plasts were isolated from embryogenic tissue (Reustle et al. 
1995; Zhu et al. 1997). These regeneration protocols have 
not been widely adopted because they tend to be inefficient 

and highly genotype dependent, which is challenging in a 
species renowned for its huge range of cultivars.

To address this challenge, we have developed an efficient 
protocol for the regeneration of whole grapevine plants from 
protoplasts isolated from embryogenic callus, and have dem-
onstrated its feasibility in two diverse cultivars (Garganega 
and Sangiovese) representing the north-east and center viti-
cultural regions of Italy, respectively. Protoplasts of both 
cultivars were isolated from embryogenic callus derived 
from anthers. The protoplasts were cultivated as previously 
described by Zhu et al. (1997), including the key step of 
disc-culture cultivation in solid medium in the presence of 
activated charcoal to adsorb contaminants released from 
protoplasts, which would otherwise promote browning and 
ultimately cell death. This approach was similarly effective 
in both cultivars, leading to the efficient recovery of a large 
number of cotyledonary somatic embryos.

The direct transfer of these cotyledonary somatic 
embryos to the light did not result in further development. 
We therefore modified the original protocol described by 
Zhu et al. (1997) by introducing a dark adaption period last-
ing ~ 1 month, which was necessary for the cotyledonary 

Fig. 4  PEG-mediated transfection of protoplasts. a Protoplasts transfected with plasmid containing the YFP expression cassette. b Protoplasts 
transfected with an empty vector, as negative control. The YFP signal was detected by fluorescence microscopy 24, 48 and 72 h post-transfection

Protoplast transfection: A) Protoplast transfected with plasmid DNA containing the 
Green Fluorescent Protein expression cassette (white light), B Protoplast transfected 
with plasmid DNA containing the Green Fluorescent Protein expression cassette (UV-
Light) C) Protoplasts transfected with empty vector.

244 Plant Cell, Tissue and Organ Culture (PCTOC) (2019) 138:239–246
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transfected with the empty vector) confirmed the success of 
the transfection (Fig. 4b).

Discussion

Plant protoplasts are useful for basic and applied research, 
particularly for the functional analysis of genes and the mod-
ification of plants by gene transfer or genome editing (Fontes 
et al. 2010; Malnoy et al. 2016). However, the protoplasts 
themselves are only useful for the analysis of cellular func-
tions, and the regeneration of whole plants is necessary to 
determine how genes affect plant development or physiol-
ogy. This is a major bottleneck in many plant species, includ-
ing grapevine, which is highly recalcitrant to regeneration.

Grapevine protoplasts have been isolated from vari-
ous organs, but the regeneration of whole plants has been 
achieved in only a handful of cases and only when the proto-
plasts were isolated from embryogenic tissue (Reustle et al. 
1995; Zhu et al. 1997). These regeneration protocols have 
not been widely adopted because they tend to be inefficient 

and highly genotype dependent, which is challenging in a 
species renowned for its huge range of cultivars.

To address this challenge, we have developed an efficient 
protocol for the regeneration of whole grapevine plants from 
protoplasts isolated from embryogenic callus, and have dem-
onstrated its feasibility in two diverse cultivars (Garganega 
and Sangiovese) representing the north-east and center viti-
cultural regions of Italy, respectively. Protoplasts of both 
cultivars were isolated from embryogenic callus derived 
from anthers. The protoplasts were cultivated as previously 
described by Zhu et al. (1997), including the key step of 
disc-culture cultivation in solid medium in the presence of 
activated charcoal to adsorb contaminants released from 
protoplasts, which would otherwise promote browning and 
ultimately cell death. This approach was similarly effective 
in both cultivars, leading to the efficient recovery of a large 
number of cotyledonary somatic embryos.

The direct transfer of these cotyledonary somatic 
embryos to the light did not result in further development. 
We therefore modified the original protocol described by 
Zhu et al. (1997) by introducing a dark adaption period last-
ing ~ 1 month, which was necessary for the cotyledonary 

Fig. 4  PEG-mediated transfection of protoplasts. a Protoplasts transfected with plasmid containing the YFP expression cassette. b Protoplasts 
transfected with an empty vector, as negative control. The YFP signal was detected by fluorescence microscopy 24, 48 and 72 h post-transfection
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GMO and Gene Editing in grapevineDrawbacks:  

- Time-length and investment for regulation of GMO-based products are 
substantial.


- Poor public acceptance of GMOs.


- Continued expression of the editing system (constitutive expression) in the 
genome may result in increased off-target effects and unintended impacts. 

-Precise gene editing (HDR) is still relatively inefficient.

Opportunities:  
- If no foreign DNA is contained in Genetically Edited crops, then it is regarded by 

USDA as a product of plant breeding. Less regulatory hurdle.


- New “transient” delivery systems and approaches to deliver proteins to intact 
plant cells exist.

Background



Two projects in grapevine 

Project 1 (2019-2022): How to produce transgene-free gene-edited (knock out) 
grapevine material?

Projects

Proof of concept: Knockout of “negative regulators”, susceptibility MLO genes 
(Grape Powdery Mildew) 

Project 2 (2021-2023): How to improve Precise Gene Editing (HDR) in 
grapevine?

Proof of concept: Edit Green Fluorescent Protein-expressing microvine lines to 
become Blue Fluorescent Protein-expressing lines.



Project 1: Why MLO?
Project 1

Underwood and Somerville, 2008

- MLO proteins negatively regulate 
the activity of plasma-membrane 
localized proteins involved in the 
formation of the papilla at the site of 
infection.

- S i l e n c i n g M L O g e n e s c a n 
positively affect the plant ability to 
combat powdery mildew.

- Identification of a natural MLO gene 
mutant in Barley still confers 
resistance after 40 years (durable 
resistance).

Erysiphe necator

- Knocking down clade V-MLO genes (VitviMLO3,4,13, 17) confers relative resistance to GPM in 
grapevine



Transgene-free MLO edited microvines Project 1

Poster 1: Satyanarayana Gouthu

Objective 1: Can we excise an inserted genetic cassette and leave few or 
no scares? 
Objective 2: Which silenced MLO mutants (3,4,13, 17) would confer 
resistance to GPM? 
Objective 3: Can we deliver the “molecular scissors (sgRNA-Cas9)” to 
intact grapevine cells that can be regenerated into an individual plant? 

A two-step approach:  

Phase 1) Conventional genetic engineering to generate stable transformants with a visual 
marker and the editing ingredients in the genome aiming at editing MLO genes followed by 

Phase 2) Use of Cell-Penetrating Peptides (CPP) to facilitate the entry of RNPs into intact 
regenerable gene-edited cells to cut the “foreign DNA” and make the edited materials 
transgene-free.



Genotyping: 
Checking the editing

Int. J. Mol. Sci. 2019, 20, 3623 3 of 19

Figure 1. Electropherograms of four basic types of genome editing as found in poplar plants (according
to Fan et al. [22]). Four basic types were obtained by Sanger-sequencing for both insertions and
deletions, here as example, a single nucleotide insertion at the Cas9 cutting site: (a) Homozygous
editing with clearly determinable curves, (b) heterozygous editing with overlaying wildtype sequence
curves behind the cutting site of the Cas9, (c) biallelic editing with one overlaying peak at the edited
site, and (d) a chimeric line with three peaks at the cutting site of Cas9 which contained two di↵erent
inserted nucleotides and the wildtype and following overlaying curves. The PAM (protospacer adjacent
motif) sequence TGG is underlined in the wildtype sequence.

In this paper, we report detailed analyses of the mechanism and success of CRISPR/Cas9-mediated
gene editing in poplar in dependence of gRNA secondary structure (Figure 2) and, theoretically,
repeated Cas9-induced editing during vegetative growth in vitro over several weeks. Following
Agrobacterium-mediated stable CRISPR/Cas9 transfer into poplar, we aimed to edit in total 10 di↵erent
genes (including paralogs), namely (i) flowering time genes SUPPRESSOR OF OVEREXPRESSION OF
CONSTANS1 (SOC1) and FRUITFULL (FUL) which play an additional role in biomass formation [31,32]
and their paralogous genes in Populus ⇥ canescens, (ii) NFP-like genes which are probably associated
to mycorrhization according to studies with Lotus japonicus [33], Medicago truncatula [34], and
Oryza sativa [35], and (iii) TORMOZEMBRYO DEFECTIVE 19 (TOZ19) putatively correlated with sex
determination in poplar [36,37].
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Oryza sativa [35], and (iii) TORMOZEMBRYO DEFECTIVE 19 (TOZ19) putatively correlated with sex
determination in poplar [36,37].
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Figure 1. Electropherograms of four basic types of genome editing as found in poplar plants (according
to Fan et al. [22]). Four basic types were obtained by Sanger-sequencing for both insertions and
deletions, here as example, a single nucleotide insertion at the Cas9 cutting site: (a) Homozygous
editing with clearly determinable curves, (b) heterozygous editing with overlaying wildtype sequence
curves behind the cutting site of the Cas9, (c) biallelic editing with one overlaying peak at the edited
site, and (d) a chimeric line with three peaks at the cutting site of Cas9 which contained two di↵erent
inserted nucleotides and the wildtype and following overlaying curves. The PAM (protospacer adjacent
motif) sequence TGG is underlined in the wildtype sequence.

In this paper, we report detailed analyses of the mechanism and success of CRISPR/Cas9-mediated
gene editing in poplar in dependence of gRNA secondary structure (Figure 2) and, theoretically,
repeated Cas9-induced editing during vegetative growth in vitro over several weeks. Following
Agrobacterium-mediated stable CRISPR/Cas9 transfer into poplar, we aimed to edit in total 10 di↵erent
genes (including paralogs), namely (i) flowering time genes SUPPRESSOR OF OVEREXPRESSION OF
CONSTANS1 (SOC1) and FRUITFULL (FUL) which play an additional role in biomass formation [31,32]
and their paralogous genes in Populus ⇥ canescens, (ii) NFP-like genes which are probably associated
to mycorrhization according to studies with Lotus japonicus [33], Medicago truncatula [34], and
Oryza sativa [35], and (iii) TORMOZEMBRYO DEFECTIVE 19 (TOZ19) putatively correlated with sex
determination in poplar [36,37].
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that this was due to the short RNAi fragments present in the
constructs.64 The detection of off-target silencing in five of the six
mentioned lines was expected, as clade V MLO genes have high
levels of sequence identity (36–60%, 46% on average29,30). To find
a balance between specificity (short RNAi fragments) and
effectiveness (long RNAi fragments) is particularly difficult in gene
families with high sequence similarity.65 As the aim was to study
the effect of the knockdown of four MLO genes quite similar to
each other, we opted for long RNAi fragments, so that off-target
silencing was not only expected but also desired.
Knockout and knockdown of MLO genes may induce pleiotropic

phenotypes, such as necrotic spots on leaves and reduced grain
yield in barley,20 slow growth in A. thaliana21 and reduced plant
size in pepper.24 In grapevine, no pleiotropic phenotypes were
observed under the experimental conditions adopted.
Lines TLB4, 5 and 6, which showed clear resistance to PM,

allowed the investigation of the link between resistance and the
expression of specific MLO genes. VvMLO11 expression was
significantly reduced in susceptible and resistant mlo lines: it is
concluded that its knockdown was not directly linked to grapevine
susceptibility to PM. VvMLO6 was significantly silenced in the
resistant lines TLB4, 5 and 6, and in the susceptible line TLB3. As
for VvMLO11, the knockdown of VvMLO6 in both susceptible and
resistant lines indicates that this should not be an S-gene. Similarly
to VvMLO6, VvMLO13 was knocked down in the resistant lines
TLB4 and 6, but also in the susceptible line TLB1. VvMLO7 was
knocked down only in the three resistant lines TLB4, 5 and 6, but it
was always knocked down together with other two or three MLO

genes, as there was no line showing the knockdown of VvMLO7
only. Therefore, the knockdown of multiple MLO genes provided
resistance to PM. VvMLO6 was also knocked down in all the
resistant lines with a reduction of expression of 58–65%, whereas
the reduction of its expression was of only 29% in the susceptible
line TLB3, indicating that it can contribute to PM resistance. There
are no information available about how the reduction of the
expression of an S-gene affects disease severity: it could be a
linear relationships, meaning that the reduction of expression
causes a proportional reduction of disease severity, or there could
be a threshold above which the knockdown, even if statistically
significant, does not cause any reduction of disease severity. Given
the weak knockdown of VvMLO6 in TLB3 (29%), it is possible that
this hypothetical threshold was not surpassed, therefore we
cannot rule out the possibility of a role for VvMLO6. This would be
particularly surprising, as there are no precedence of MLO genes
acting as S-genes without being upregulated upon PM inocula-
tion, such as VvMLO6.29,30 In conclusion, VvMLO6 and VvMLO7 are
the main candidates for causing PM susceptibility in V. vinifera,
with a possible additive activity. A similar scenario was observed in
A. thaliana, where the simultaneous knockout of three MLO genes
is necessary to obtain complete PM resistance: knockout of
AtMLO2 results in a moderate level of resistance, whereas the
knockout of AtMLO6 and AtMLO12, alone or combined, does not
decrease the intensity of the infection.21 When AtMLO2 is knocked
out together with AtMLO6 or AtMLO12, the level of resistance rises
to become complete when the three genes are knocked out
together.21 In grapevine, VvMLO7 is the best candidates to act as

Figure 2. Germination of E. necator conidia in the control line EVB (a) and in the resistant transgenic line TLB4 (b). Microscopy images of
infected leaves were taken at 3, 10 and 21 days post inoculation (d.p.i.) with powdery mildew. Insert at high magnification highlights the
germination of an E. necator conidia at 3 and 10 d.p.i. The arrows indicate the conidiophores.
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Objective 2: Which KO MLO are resistant to GPM (Phase 1)? Project 1

- VitviMLO 3,4,13, and 17 single knockout mutants (4 transformations)

- VitviMLO 3,4, and 13-17 Double knockout mutants (2 transformations)

- VitviMLO 3-4-13-17 Quadruple knockout mutant (1 transformation)
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VitviMLO3 VitviMLO4 VitviMLO13 VitviMLO17

Agrobacterium Transformation and Plant regeneration of transformants: 
Using microvine embryogenic cells, antibiotic (Hygromycin) and visual (GFP) markers

Where we are 
now…



Objective 2: Checking the editing by Sequencing? 

Extraction of 

Genomic DNA


from a single leaf

PCR amplification 
at the editing site
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That clone was edited but what is the extent of 
the editing? Does it affect the two alleles.

Project 1

Poster 1: Satyanarayana Gouthu



Objective 2: Genotyping of the KO mutants. 

Gene-Edited MLO mutants Plant Regeneration stages Individual Plants in Magenta 
Box

Expected Sanger 
sequencing from the 

mutants
VitviMLO3 SKO 19 4 23
VitviMLO4 SKO 55 2 57
VitviML13 SKO - - -
VitviML17 SKO 16 1 17

DKO3,4 26 10 72
DKO13,17 13 5 36

QKO (3,4,13,17) 60 8 272

Project 1

•Not all editing events will lead to a silenced mutation of the two alleles…

•Currently, we had sequenced ~ 10% of the mutants, more than 82% of 
transformants show editing events with a substantial number of mutants 
having the two alleles of the target genes affected.  

Total = 477 

Poster 1: Satyanarayana Gouthu



Objective 3: How can we deliver the “molecular scissors” to intact grapevine cells? 

Protein and Target cells Reference Validation

CPP-Cas9 through plasma 
membrane in animal cells

Ramakrishna et 
al., 2014 X

Internalization of CPP-protein in 
intact plant cells

Del-Guidice et 
al., 2018 X

CPP-Cas9 delivery in intact plant 
cells - O

Conjugated to Cas9 we expect the CPP 
will go through the cell wall and 

plasma membrane to deliver CRISPR/
Cas9 into the microvine cells

Release of 
CPP from 

Cas9

Nucleus

Cytosol

Modified illustration from Janina Metje-Sprink et al., 2019

CPP

CPPCPP

A Cell Penetrating Peptide (8 to 15 AA) is a 
small Peptide that facilitates the entry of 

cargo molecules like DNA, RNA, and protein 
into intact cells.

Project 1

Poster 1: Satyanarayana Gouthu



Evaluation of cleavage activity of internalized CPP/RNP to edit 
GFP expression in transgenic  microvine

Project 1

PCR of edited region on 
thousand, millions cells

Embryogenesis

Few weeks 
later…

Extraction of 

Genomic DNA


transgenic cells

48 
hours 
later

Edited embryos 
stopped growing….

Plant RegenerationNegative Selection

Edited
Not Edited

Ten edited embryos (loss of 
GFP) but out of a hundred 

embryos that were not edited

Cas9/sgRNA treated cells 
without CPP

CPP-Cas9/
sgRNA treated 

cells
CPP-Cas9/sgRNA 

embryos that lost GFP 
fluorescence

High-Resolution Melting Analysis on 
the “edited” DNA region of GFP

Expected 
editing

No editing expectedCas9

sgRNA

CPP

+

Transgenic GFP 
microvine cells

Targeting GFP
Few hours of incubation in a test tube



Project 1 on transgene-free MLO edited grapevine

YES

YES and the CPP is a 
good  helper but it 

might be toxic to cells

We don’t know yet but we 
have plenty edited mutants

Milestones

Objective 1: Can we insert a genetic cassette that can be excised later? 

Objective 2: Which silencing MLO mutants (3,4,13, 17) confer resistance to 
GPM? 

Objective 3: Can we deliver the “molecular scissors (sgRNA-Cas9)” to 
intact grapevine cells that can be regenerated into an individual? 

Project 1



Project 2: How to improve DNA-free precise gene editing in grapevine (HDR)?

Poster 2: Satyanarayana Gouthu

• 1) Favor the HDR by having the Donor Template in close proximity with the 
RiboNucleoProtein (RNP). 

• 2) Optimizing the CPP-delivery of the Ribonucleoprotein with a donor template 
to grapevine regenerable cells.

Project 2

Proof of concept: Perform precise editing to convert Green Fluorescent 
Protein-expressing microvine lines to Blue Fluorescent Protein-expressing 
lines.



 Embryogenic microvine cells 
expressing eGreen Fluorescent 

Protein. 

Cas9

sgRNA

Cas9 fusion 
protein

VirD2Donor Template
1)

CPP
2)

Project 2: What do we expect?

1)  We hypothesize that the close proximity of the donor template will increase the Homology Directed Repair 
(precise editing) at the expense of NHEJ. 

2) The complexation and/or conjugation of the CPPs would facilitate the delivery into the cells (overall editing 
rate)  

Incubation in test tubes (2 hours) 

 Embryogenic microvine cells 
expressing eGreen Fluorescent 

Protein with edited cells expressing 
the Blue Fluorescent Protein

NHEJ-editing

HDR-editing

48 hours later

Project 1

Poster 2: Satyanarayana Gouthu



Background

 One single nucleotide change is enough to convert eGFP into BFP.

Region of the Enhanced GFP that can be precisely edited to convert the GFP protein into a BFP (Glaser et al., 2016)

Molecular Therapy—Nucleic Acids

GFP to BFP Conversion: A Versatile Assay for Genome Editing
Glaser et al. 

2

additional silent mutation (201C > G). In accordance with 
our expectations, the highest HDR frequency was achieved 
with ssODN2 in both K562-50 and HEK293T-EGFP cells 
(5.8% and 23.3%, respectively, Figure 2a). No significant 
difference was observed between sense and antisense 
configuration of ssODN2 (Figure 1d). The assay was vali-
dated through sequencing of clones grown from the GFP+, 
BFP+, and nonfluorescent populations after editing with 
gRNA1 and ssODN2 in K562-50 cells (Figure 2b).

In summary, we demonstrate that GFP to BFP conver-
sion is a reliable and simple method for the quantification 
of HDR and NHEJ. The high sensitivity of the GFP chro-
mophore region to single amino acid deletions demon-
strated by Arpino et al. supports our hypothesis that even 
+3 and −3 insertions/deletions can be detected as loss of 

fluorescence.13 We have applied this to the optimization of 
a HDR template for GFP to BFP conversion and verified 
the strategy through sequencing. While we used EGFP+ 
cells as targets, wt GFP may also be a target in place of 
EGFP. This strategy could be used in a high-throughput 
screen to identify conditions that enhance HDR frequency 
(Figure 2c). In order to address mechanistic differences 
that uniquely affect genome-editing rates dependent on 
the donor template used, the screen can easily be adapted 
to use a different template type (e.g., dsDNA, adeno- 
associated virus). The abundance of EGFP-expressing 
cell lines and animal models permit the application of this 
strategy for optimization of HDR in a wide range of primary 
and transformed cells for the establishment of in vivo gene 
repair strategies.

Figure 1  HDR template optimization. (a) Multiple sequence alignment between the wtGFP, EGFP, and BFP chromophore regions. A single 
Y66H amino acid substitution corresponds to a shift in the fluorescence excitation and emission spectra of the protein, converting GFP to 
BFP. (b) Gene targeting strategy. Two gRNAs, in sense and antisense orientation relative to the EGFP coding sequence, target Cas9 to the 
EGFP chromophore. Cleavage sites are marked by red indicators, targeted nucleotide is highlighted in green. (c) A dsDNA PCR product 
amplified from a BFP plasmid (153 base pair) and two ssODN (133 nucleotides) were used as templates for HDR. Capital letters indicate 
deviations from the EGFP target sequence. (d) Influence of the HDR template on relative HDR rates. K562-50 cells were coelectroporated 
with a plasmid encoding Cas9 and either gRNA1 or gRNA2 and different HDR templates. Ten days postelectroporation, HDR and NHEJ were 
measured as BFP fluorescence and loss of fluorescence, respectively. Graph represents HDR/total editing ratios and SDs of two independent 
experiments (VA = no HDR template). (e) Fluorescence intensities of HDR products using different HDR templates. The BFP PCR product and 
ssODN2 yield a HDR product of ~3× greater fluorescence than ssODN1. Histograms show fluorescence intensities of BFP+ cells sorted via 
fluorescence-activated cell sorting after GFP to BFP conversion with different HDR templates compared with nonfluorescent cells resulting 
from NHEJ without a HDR template (control).
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Project 2: How to improve DNA-free precise gene editing in grapevine ?

Poster 2: Satyanarayana Gouthu



Conclusion and perspectives
Project 1: How to produce transgene-free gene-edited (knock out) grapevine material?

Project 2: How to improve Precise Gene Editing via delivery of the RNP.
Milestone:  
- The activity of fusion protein with the SSODN is currently being tested

Remaining work: 
-Evaluating the CPP delivery of the SSODN::Cas9/VirD2 to the GFP cells.

Milestone:  
- The transgenic cassette can be excised leaving few scares, the CPP help the editing 
into plant regenerable material.


Remaining work: 
-Characterizing the MLO edited plants that show degrees of resistance to GPM 
(inoculation assays).


-Render these transgenic resistant plants transgene-free by excising the transgenic 
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