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1. About the GeneBEcon Project

GeneBEcon - capturing the potential of Gene editing for a sustainable BioEconomy

GeneBEcon is a Horizon Europe-funded project which examines the innovative potential of gene editing
to enable a sustainable bioeconomy in Europe. Through the application of this technology in potato and
microalgae, GeneBEcon intends to promote energy-efficient, low-input, and zero-pollution agricultural
production and clean industrial processing.

New Genomic Techniques (NGTs) represent a powerful toolbox (complementary to traditional breeding
techniques) addressing current pressing challenges, including pollution and climate change. However, these
techniques have not yet reached their full potential in Europe. GeneBEcon will advance research and
innovation, acting on two fronts: through new gene editing developments at the technological level, as well
as considering social, economic, and regulatory dimensions.

Among NGTs, gene editing holds the greatest potential for contributing to the ambitious objectives of the
European Green Deal, the 2030 Climate Target Plan, and the Circular Economy Action Plan. Nonetheless,
risks and benefits must be assessed to ensure that gene editing innovations like any other type of innovation
are developed in a responsible, inclusive, and transparent way. GeneBEcon aims to address these concerns
and propel Europe towards a cleaner, more sustainable and zero-pollution agricultural and industrial
production.

GeneBEcon will construct a toolbox for gene editing using potato and microalgae as case studies and it will
assess regulatory options, analyze the economic impact and consider societal perceptions. The gene-edited
potato will enable reduced use of pesticides potato cultivation and it will produce a higher quality starch
allowing a more environmentally friendly potato starch processing saving up to 75,000 tonnes of chemicals
and 7.5 GWh of energy in the EU every year. Likewise, gene-edited microalgae will allow resource-
efficient and clean production of industrially relevant compounds and the repurposing of microalgae
residual biomass as animal feed will considerably reduce waste production and CO2 emissions.

GeneBEcon has a budget of 5.5 million Euros and a duration of three years as of September 1 2022.
GeneBEcon is executed by a multidisciplinary consortium with leading scientists from 11 European
countries and in interdisciplinary collaboration with stakeholders.

Partners:
Swedish University of Agricultural Sciences, EV-ILVO, Belgium
Sweden — Project Coordinator Plants for the Future ETP, Belgium
XPRO Consulting Limited, Cyprus Wageningen University, the Netherlands
SolEdits AB, Sweden BVL, Germany
Latvijas Universitate, Latvia Universitit Bayreuth, Germany
FN3PT/inov3PT, France Sociedade Portuguesa de Inovagao, Portugal
INRAE, France HZPC Research BV, the Netherlands
Euroseeds, Belgium INVE Belgie, Belgium

Danish Technological Institute, Denmark
Slovak University of Agriculture in Nitra, Associated Partner:
Slovakia WBF-Agroscope, Switzerland

For more information, please contact:

Dennis ERIKSSON, Project Coordinator

Department of Plant Breeding, Swedish University of Agricultural Sciences, Sweden
E-mail: dennis.eriksson@slu.se

Website: https://www.slu.se/en/ew-cv/dennis-eriksson/
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Funded by the European Union. Views and opinions expressed are, however, those of the author(s) only
and do not necessarily reflect those of the European Union or European Research Executive Agency (REA).
Neither the European Union nor the granting authority can be held responsible for them.

2. Executive Summary

GeneBEcon, an Horizon Europe-funded project, examines the innovation potential of gene editing in
enabling a sustainable bioeconomy in Europe. Through the application of this technology in potato and
microalgae, GeneBEcon intends to promote energy-efficient, low-input, and zero-pollution agricultural
production and clean industrial processing.

A key project objective is to create a publicly accessible gene editing toolbox (Toolbox), which will
significantly enhance plant research and breeding efficiency in potatoes and optimize strain selection in
microalgae. To achieve this goal, the GeneBEcon partners, the Flanders Research Institute for Agriculture,
Fisheries and Food (EV-ILVO), the Swedish University of Agricultural Sciences (SLU), and the Institut
national de recherche pour I'agriculture, I'alimentation et I'environnement (INRAE), collaborate to share
their existing gene editing tools and knowledge, which will serve as the foundation for developing novel
tools and gaining additional insights in the potential of NGTs in plant and microalgae gene editing. The
three GeneBEcon partners aim at also improving the effectiveness and predictability of novel advanced
CRISPR/Cas tools, such as base editing, prime editing, and homology-directed repair, thereby enabling
precise plant and microalgae gene editing. Eventually, the Toolbox will include plasmid-free methods such
as ribonucleoprotein (RNP) complexes and transient transfection systems, reducing the probability of
integration of exogenous DNA into the edited plants or microalgae.

The publicly accessible Toolbox will have broad applicability beyond potato and microalgae, extending its
utility to other organisms and species. To ensure global compatibility, sustainable Toolbox access, and
transparent documentation, all plasmids will be based on international-standard cloning vector systems.

This deliverable reports the creation of the preliminary Toolbox, which is the first version of the Toolbox,
containing already existing protocols for plant transfection and regeneration used in EV-ILVO, SLU and
INRAE for gene editing in different crops as well as information on 76 plasmids for delivery of CRISPR/Cas
elements.

3. Introduction

GeneBEcon's work package 2 (WP2), “Advancing NGTs in biobased R&l”, focuses on advancing New
Genomic Techniques (NGTSs) in biobased research and innovation. WP2 aims to utilize gene editing tools
to create innovative potato and microalgae varieties that offer enhanced value for biobased applications.

Regarding potato gene editing, the primary objectives are to develop varieties with 1) improved resistance
against potato virus Y (PVY), which is one of the most destructive viruses in potato crops, and 2) optimized
starch quality for industrial applications, eliminating chemical processing of starch before use. For
microalgae, the focus is on enhancing the production of high-valuable compounds like mycosporine-like
amino acids (MAAs), which can be used in pharmaceutical and cosmetic industries.

To achieve these goals, WP2 and WP3 partners need up-to-date gene editing tools implemented in a
Toolbox. The Toolbox will constitute the basic building blocks for building CRISPR-Cas type editing
expression modules to carry out the (in)activation of a gene or its precise modification via Base Editing or
Prime Editing. The WP2 and WP3 partners (EV-ILVO, SLU, and INRAE) shared their already existing tools
that will be validated and their expertise. This collective knowledge and tools present and developed in the
different laboratories has been compiled into a preliminary Toolbox.
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The preliminary Toolbox already contains 76 plasmids and will be further implemented with all the plasmids
constructed during the project. The plasmids already implemented in the preliminary Toolbox were based
on available vector backbone materials (including Addgene or Gateway), and in-house developed
recombinant sequence elements (like species- or tissue-specific promoter, NLS). Novel vector constructs
were assembled for specific applications in potato and microalgae but are also applicable in other plant
species (such as chicory and Physcomitrium) to further broaden the application range of the Toolbox.
Specific vector modifications included changing the promoter driving CRISPR expression in planta, adding
NLS sequences for enhanced nuclear localization of the CRISPR enzyme to increase editing efficiency,
adding species-specific promotors and/or with tissue-specific expression (potato), and adding versions of
CRISPR-enzymes for base-editing, prime-editing and CRISPR-NHEJ. Plasmids are documented with
detailed info, annotated vector sequence maps and protocols in which they were used.

The preliminary Toolbox also contains protocols that will guide researchers through all practical steps of
the workflow from tissue preparation to transfection, regeneration, and culture. The protocols for potato
protoplast and microalgae transfection have been made more user-friendly and are ready-to-use protocols
with exact detailed pipetting schemes etc, and are thus far more elaborate than what is usually found in
literature (Manuscripts section Materials and Methods). Especially for regeneration, which is often a
bottleneck in plant gene editing workflows, these detailed protocols provide practical tips and tricks to
enhance regeneration. Actively exchanging the protocols for potato transfection and regeneration across
laboratories is done to validate the documentation and exchangeability of protocols. For example, INRAE
is evaluating media described in protocols from SLU nd INRAE on new potato genotypes and is trying
optimizations with exchange of media used by either INRAE or SLU at different stages and is also testing
additional additives to media. Further work is needed to draw generalized conclusions to be introduced
into protocols. SLU has mainly been concerned with advancing the prospect of using RNP for prime editing
and base editing. Experiments have been performed during summer and will be evaluated using amplicon
sequencing.

The Toolbox is now shared among all GeneBecon partners, and it will serve as the foundation for
developing new tools and protocols allowing knowledge-sharing among all partners aiming at efficient
gene editing in potato and microalgae. As the project progresses, new optimized CRISPR-Cas tools
(based on the ones already available) and improved protocols for delivery of the plasmids will be
incorporated into the Toolbox, ensuring it remains up-to-date and efficient for gene editing in potato and
microalgae. The use of NGTs in microalgae is a recent development and the tools already available are
limited. The most challenging part is developing a method for the delivery of plasmids and RNPs, as
microalgae contain a very rigid cell wall. Experiments, in which different delivery methods are tested, are
still ongoing. During these experiments, several protocols will be developed and validated in different
microalgae strains (Chlorella sp.). In addition, plasmids constructed during these on-going experiments
will be implemented in the Toolbox. At the end of the GeneBEcon project the final version of the Toolbox
will be made publicly and freely available.

The main target group of this deliverable, which is an initial version of the Toolbox, are scientists and
breeders interested in developing gene editing techniques in potato and microalgae. The final version of
the Toolbox will be more widely applicable to other plant species.

4. Creating the Preliminary Toolbox for gene editing

The fruitful collaboration among EV-ILVO, INRAE, and SLU allowed a crucial step forward for consolidating
existing knowledge and tools for plant gene editing. This collaborative effort facilitates the creation of
efficient gene editing tools for potato and microalgae, which are now organized in the preliminary Toolbox.
The Toolbox includes CRISPR/Cas9 plasmids, delivery protocols for DNA (plasmids), and regeneration
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systems for potato and other crops. As per the use of bioinformatics methods for the design of guide RNA
(gRNA), preliminary work is ongoing in the INRAE and SLU laboratories for potato gene editing, using
different online-available tools such as CRISPR RGEN Tools (http://www.rgenome.net/) and CRISPOR
(http://crispor.tefor.net/). Validation of the efficiency of the designed gRNAs based on transient expression
in potato protoplasts and next-generation sequencing analysis is ongoing. For Prime Editing constructions,
the pegRNA designed for each target are generated using the PlantPegDesigner tool
(http://www.plantgenomeediting.net/). The default setting for pegRNA design is used, with some
adaptation regarding the PAM sequences expected to be used. For microalgae, CRISPR experiments are
based on combined gRNA and amplicon design because highly multiplex (HiPlex) amplicon sequencing
will be used to screen candidate edited materials for induced mutations at the gRNA target site(s). This
bioinformatics procedure is performed with the SMAP-design module within the publicly available SMAP
package (Schaumont et al., 2022), and combines gRNA design using publicly available online tools such
as CRISPOR or FlashFry, or others, and gene-specific primer design, while taking all members of target
gene families into account to ensure HiPlex primer and gRNA specificity. gRNAs are ranked by predicted
gRNA efficiency, and while the software has previously been validated in plant species (arabidopsis,
soybean, chicory; Develtere et al., 2023), it is now being validated in microalgea. Amplicon sequencing is
being validated in several (wild type) strains that will be subjected to CRISPR during the project. Validation
of gRNA efficiency is currently ongoing, by HiPlex sequencing of materials (shortly) after CRISPR/gRNA
delivery. All gRNA and HiPlex designs are made to be compatible with bioinformatics tools for downstream
analysis of induced mutation, also integrated parts of the SMAP package. The SMAP software is written
in Python3, runs on Linux systems, and is publicly available SMAP under the GNU Affero General Public
License v3.0 (GNU AGPLv3). A detailed manual of the SMAP package with instructions for installation
and use is available online (https://ngs-smap.readthedocs.io/en/latest/home.html). Validation of these
bioinformatics methods in potato microalgae will result in new tools and protocols to be incorporated into
the Toolbox at later stages of this project.

The shared protocols are the basis for all three institutes to actively work on innovative protocols for
cloning, DNA delivery, and gRNA design using bioinformatics techniques both for potato and microalgae
for reaching the GeneBEcon objective 6: “Develop an optimized and validated Toolbox for gene editing
(including editing, screening and detection) in potato and microalgae, that can be applied for a wide range
of traits and where constituent parts that are developed within GeneBEcon are made available to the R&l
community through the open access publication of detailed protocols, following FAIR principles.”. In the
next phase of the project, advanced protocols and functionalities for Base Editing and Prime Editing using
RNP (Ribonucleoprotein) techniques will be developed. These new tools will all be incorporated into the
Toolbox, aiming for an updated and comprehensive final version by the project's conclusion and meeting
the objective’s 6 Key Performance Indicator (KPI): Openly accessible database listing state-of-the-art and
technological advancements of NGT tools, applicable to plants and microalgae.

The preliminary Toolbox is now shared with all GeneBecon partners on the GeneBEcon collaborative
working space. Project discussions are now ongoing with the GeneBEcon partners for finding the most
effective tool at an open platform for publicly sharing the final version of the Toolbox.

The preliminary Toolbox contains:

- plasmids that permit the expression of the CRISPR-Cas modules needed for editing of the plant genome,
- protocols for delivery of these plasmids into the plant cells,
- protocols for regeneration from the plant cells of an edited plant.

Some of these tools are already used by the SLU and INRAE partners in order to implement prime editing
and HDR mediated editing in potato.
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Screening and detection protocols will be added at a later time point, including definitions and at what
stage they are applied to create a meaningful structure and entries to the Toolbox.

4.1 List of plasmids

The list of 76 plasmids (Annex #1) shared by INRAE and EV-ILVO and their sequences are now only
available for all GeneBEcon partners on the projects own shared platform. All the plasmids
constructed/used during the project will be made available. Currently, SLU is applying RNP technology for
gene editing, which does not require plasmids or vectors. Procedures for RNP application are instead
shared in a protocol made available in the preliminary Toolbox. This does not exclude that methodology
development at SLU will result in functionally validated plasmids as part of the Toolbox at a later time point
during the project. All plasmids will be shared publicly at the end of the project as part of the final version
of the Toolbox. This plasmid list is accompanied by maps corresponding to these plasmids in a .gb
(GeneBank) universal format, which is a Text document with sequence information that can be viewed
using a text editor (e.g., Notepad, Text Edit) or sequence analysis software (e.g., SnapGene, Vector NTI).

Plasmids are compatible with Golden Gate-cloning (https://en.wikipedia.org/wiki/Golden Gate Cloning).
Golden Gate-cloning is a molecular cloning method that allows for simultaneously and directionally
assembling multiple DNA fragments into a single piece using Type IIS restriction enzymes and T4 DNA
ligase. This assembly is performed in vitro. The compatibility of the plasmids with Golden Gate-cloning will
guarantee partners and future users an easy and modular assembly of the different elements of the
CRISPR modules.

The plasmids of the preliminary Toolbox have been validated in various plant systems by the different
partners. For plasmids request please contact:

Katrijn Van Laere (katrijn.vanlaere@ilvo.vlaanderen.be)

or

Fabien Nogué (fabien.nogue@inrae.fr).

4.2 Protocols for DNA delivery and regeneration systems

Concerning the protocols, a list of 5 protocols (Annex#2a to 2e) have been shared by INRAE, EV-ILVO
and SLU on the GeneBEcon shared platform:

- Gene editing via protoplast PEG transfection in chicory (shared by EV-ILVO)

- Gene editing via Agrobacterium in potato (shared by INRAE)

- Gene editing via protoplast PEG transfection (DNA) in potato (shared by INRAE)

- Gene editing and regeneration from potato protoplasts (DNA & RNP) (shared by SLU)

- Gene editing via protoplast PEG transfection in model plant Physcomitrium patens (shared by
INRAE)

Protocols for gene editing in other species (like chicory and Physcomitrium patens) have also been
included in a similar form (practical step-to-step guide to gene editing), to extend the wide applicability of
the Toolbox to other species, or vice versa, to suggest alternative steps in the workflow that can also be
applied in potato, microalgae or other species, for instance to improve delivery efficiency or regeneration.

These protocols have already been validated by the partners (INRAE, EV-ILVO, SLU). Protocols
describing DNA transfection in protoplasts are the basis for transgenic-free editing. They will all be included
in the final version of the Toolbox, and they will be shared publicly at the end of the project.
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. How the RRI

RRI Questionnaire

Question Answer

concept has been
considered in the completed work?

During WP2 joined meetings with EV-ILVO, INRAE
and SLU partners considered the responsible use of the
plasmids and protocols proposed in the Toolbox is
discussed. Although other stakeholders are not yet
consulted in this stage, WP2 partners already took known
concerns of stakeholders into account in their
discussions, e.g. include DNA-free methods in the
Toolbox, make the Toolbox open access at the end, etc.

. Have stakeholders been consulted

during the work?

Not yet at this stage

a. How? N/A
b. What inputs have been obtained
during the interaction with the | N/A
stakeholders?
c. Have these inputs changed the N/A
considerations of the work?
. In involving stakeholders, did you
have to explain the science behind the N/A

work? Please explain how you did
this.

. Explain the Ethical procedures you
are following in the course of the
completed work.

Principles and guidelines that ensure the responsible and
moral conduct of scientific research are followed by the
different partners. These include but are not limited to:

- partners must have an informed consent from
participants before involving them in studies,

- partners must be honest, accurate, and transparent when
reporting their findings,

- partners must protect the privacy and confidentiality of
individuals or organizations involved in the WP,

- partners must ensure that data is collected, stored, and
shared in a secure and anonymized manner,

- partners should disclose any potential conflicts of
interest that could influence the design, conduct, or
reporting of their research,

- Partners must respect intellectual property rights,
including patents, copyrights, and trade secrets, while
appropriately crediting and citing the work of others.

5. Have you considered any gender

issues in the work?

To reach this deliverable, we shared the protocols and
plasmids available in our different laboratories, made and
created by the people that worked on gene editing
projects in our different institutes. The institutes involved
in WP2 recruit people to do research based on their
qualifications and capabilities, and this was also the case
to ‘recruit’ the people that work on WP2.There are no
gender issues seen in the development of the Toolbox, the
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Toolbox can and will be used by all scientists
qualified/educated to use these tools.

a. Which ones?

b. How did they affect the work
and/ or results?

6. What kind of open science actions
have you included in the work and
results?

The preliminary Toolbox of this deliverable is intended
for internal use among GeneBecon partners during the
project. The final Toolbox will be made publicly
available and findable for the entire scientific community
at the end of the project. WP2 partners are already
discussing how the final Toolbox, and different
components thereof, will be made open access (what
platform, what format, etc.)

7. In this Deliverable/ Milestone, what
kind of governance/ regulation
issues do you foresee?

Thanks to the discussion beforehand on the good use of
the Toolbox by the partners, no problems are foreseen.
The upcoming Commission legal proposal on plants
developed by directed mutagenesis and cisgenesis will
likely affect positively the use of the Toolbox by creating
a stronger demand for innovation and development
towards commercialization in the European Union.

a. What kind of change to a
product-based regulatory
system could enable its wider
acceptance by taking into

account
i. the development stage of
the product,

ii. its benefits and risks, and

iii. its degree of certainty about
its future properties.
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For plasmids request please contact Katrijn Van Laere (katrijn.vanlaere@ilvo.vlaanderen.be) or Fabien Nogué (fabien.nogue®@inrae.fr)

Name Application |[Species [Backbone [Vector type Bacterial selection [Plant selection Remarks Laboratory
GB_zCas9i-RY_S2-S7 Knock-out Dicots High copy Golden Gate Ampicillin None SpCas9 with introns + PAMless INRAE
zCAS9i_S2-S7 (P AGM47523) Knock-out Dicots High copy Golden Gate Chloramphenicol None SpCas9 with introns INRAE
pUPD2-hCas9 (GB0575) Knock-out Other High copy Golden Gate Ampicillin None SpCas9 human codon optimized INRAE
pUPD2-pcoCas9 Knock-out Dicots High copy Golden Gate Chloramphenicol None SpCas9 Arabidopsis codon optimized INRAE
al_pRPS5A-zCas9iRY-trbcSE9 Knock-out Dicots Binary Golden Gate Kanamycin None CAS9 with intron + PAM-Less INRAE
al_pRPS5A-zCas9i-trbcSE9 Knock-out Dicots Binary Golden Gate Kanamycin None CAS9 with intron INRAE
al_proEggCell-pcoCas9-trbcSE9 Knock-out Dicots Binary Golden Gate Kanamycin None CAS9 INRAE
al_proEggCell-zCas9i-trbcSE9 Knock-out Dicots Binary Golden Gate Kanamycin None CAS9 with intron INRAE
02_pRPS5a-zCas9i - DsRed Knock-out Dicots Binary Golden Gate Spectinomycin Fluorescence CAS9 with intron INRAE
02_pEC-pcoCas9 - DsRed Knock-out Dicots Binary Golden Gate Spectinomycin Fluorescence CAS9 INRAE
02_pEC-zCas9i - DsRed Knock-out Dicots Binary Golden Gate Spectinomycin Fluorescence CAS9 with intron INRAE
a2_pZmUbi-pcoCas9-trbcS3a Knock-out Plants Binary Golden Gate Kanamycin None CAS9 INRAE
al_NeoR-pZmUbi-pcoCas9-trbcS3a Knock-out Plants Binary Golden Gate Kanamycin Kanamycin CAS9 INRAE
al_pZmUbi-zCas9iRY-trbcSE9 Knock-out Plants Binary Golden Gate Kanamycin None CAS9 with intron + PAM-Less INRAE
pAct-Cas9 Knock-out Plants High copy Expression Ampicillin None CAS9 INRAE
pDe-CAS9 Knock-out Plants Binary Expression Ampicillin None CAS9 INRAE
pDe-CAS9-DsRed Knock-out Plants Binary Expression Spectinomycin Fluorescence CAS9 INRAE
pDe-CAS9-KanaR Knock-out Plants Binary Expression Spectinomycin Kanamycin CAS9 INRAE
pAct-CjCAS9 Knock-out Plants Binary Expression Ampicillin None CAS9 (Campylobacter jejuni) INRAE
pUPD2-nCAS9_PmCDA1 Base editing Dicots High copy Golden Gate Chloramphenicol None CAS9 nickase fused with an NLS, triple FLAG and with cytid| INRAE
PpCBE1 Base editing Dicots Binary Expression Spectinomycin Kanamycin Base Editor CDA1 INRAE
al_pEggCell-nCas9H840-MMV-RT-tSE9 |Prime Editing Dicots Binary Golden Gate Kanamycin None Prime editor INRAE
al_pRPS5a-nCas9H840-MMV-RT-tSE9  |Prime Editing Dicots Binary Golden Gate Kanamycin None Prime editor INRAE
02_pEggCell-nCas9H840-MMV-RT-tSE9-D{Prime Editing Dicots Binary Golden Gate Spectinomycin Fluorescence Prime editor INRAE
02_pRPS5a-nCas9H840-MMV-RT-tSE9-Ds|Prime Editing Dicots Binary Golden Gate Spectinomycin Fluorescence Prime editor INRAE
al_pM4-znCas9i-MMLVRNase-tSE9 Prime Editing Dicots Binary Golden Gate Kanamycin None Prime editor INRAE
pACT:PE Prime Editing Plants High copy Expression Ampicillin None Prime editor INRAE
GB_proPpU3-1 GG CRISPR modulgOther High copy Golden Gate Chloramphenicol None sgRNA, pegRNA expression Physcomitrium INRAE
GB_proPpU6-1 GG CRISPR modulgOther High copy Golden Gate Chloramphenicol None sgRNA, pegRNA expression Physcomitrium INRAE
GB_esgRNA scaffold GG CRISPR modulgPlants High copy Golden Gate Chloramphenicol None sgRNA or pegRNA scaffold INRAE
psgRNA (GB0645) GG CRISPR modulgPlants High copy Golden Gate Chloramphenicol None sgRNA or pegRNA scaffold INRAE
pU6-26 (GB1001) GG CRISPR modulgOther High copy Golden Gate Ampicillin None sgRNA, pegRNA expression INRAE
GB_proEggCell GG CRISPR modulgDicots High copy Golden Gate Chloramphenicol None Promoter (from Arabidopsis) INRAE
GB_RbcSE9Ter GG CRISPR modul¢Dicots High copy Golden Gate Chloramphenicol None Terminator (from pea) INRAE
GB_TRbcS3C (pICH71411) GG CRISPR modulgDicots High copy Golden Gate Spectinomycin None Terminator (from tomato) INRAE
GB_pRPS5A GG CRISPR modulgDicots High copy Golden Gate Chloramphenicol None Promoter (from Arabidopsis) INRAE
GB_AtUbi10 GG CRISPR modulgDicots High copy Golden Gate Ampicillin None Promoter (from Arabidopsis) INRAE
GB_VvUbi2pro GG CRISPR moduldOther High copy Golden Gate Ampicillin None Promoter (from grape) INRAE
GB_proVvUe6-1 GG CRISPR modulgOther High copy Golden Gate Ampicillin None sgRNA, pegRNA expression grape INRAE
GB_proVvU6-2 GG CRISPR modulgOther High copy Golden Gate Ampicillin None sgRNA, pegRNA expression grape INRAE
GB_SpectR GG CRISPR modulgPlants High copy Golden Gate Ampicillin None Selection INRAE
GB_Rbcs3aTer GG CRISPR modulgDicots High copy Golden Gate Chloramphenicol None Terminator (from pea) INRAE
GB_GmHSP GG CRISPR modulgDicots High copy Golden Gate Ampicillin None Promoter (inducible from soybean) INRAE
GB_proSIU3-1 GG CRISPR moduldOther High copy Golden Gate Ampicillin None sgRNA, pegRNA expression tomato INRAE
GB_proSIU6-1 GG CRISPR moduldOther High copy Golden Gate Ampicillin None sgRNA, pegRNA expression tomato INRAE
GB_pZmUBI GG CRISPR modulg§Monocots High copy Golden Gate Chloramphenicol None Promoter (from maize) INRAE
GB_GmScrM4pro GG CRISPR modulgOther High copy Golden Gate Chloramphenicol None Promoter (from soybean) INRAE
a2_HygR GG CRISPR modulgPlants Binary Golden Gate Kanamycin Hygromycin Selection INRAE
a2_pCsVMV ::DsRed-Trbcs3a GG CRISPR modulgDicots Binary Golden Gate Kanamycin Fluorescence Selection INRAE
al_pEGBKanR1R GG CRISPR modulgPlants Binary Golden Gate Kanamycin Kanamycin Selection INRAE
al_pZmUBI-mCherry-tSE9 GG CRISPR modulgPlants Binary Golden Gate Kanamycin Fluorescence Selection INRAE
alR_HygR(GB0235) GG CRISPR modulgPlants Binary Golden Gate Kanamycin Hygromycin Selection INRAE
GB_MoOMLV-RT GG CRISPR modulgDicots High copy Golden Gate Chloramphenicol None Reverse transcriptase for Prime Editor INRAE
GB_nCas9 H840A no stop GG CRISPR modulgDicots High copy Golden Gate Chloramphenicol None CAS9 nickase H840A for Prime Editor INRAE
GB_MoMLV-RTdeltaRNAse GG CRISPR modulg¢Dicots High copy Golden Gate Chloramphenicol None Reverse transcriptase for Prime Editor INRAE
GB_znCAS9i GG CRISPR modulgDicots High copy Golden Gate Spectinomycin None CAS9 PAM-Less nickase H840A for Prime Editor INRAE
pDe-CAS9-D10A Other Plants Binary Expression Spectinomycin Basta nCAS9 D10A INRAE
pACT-CasRX Other Plants High copy Expression Ampicillin None CasRx from Ruminococcus flavefaciens, RNA knock-out INRAE
pAct-nCas9-H840A Other Plants Binary Expression Spectinomycin Basta nCAS9 H840A INRAE
pML-SpCas9-GFP Knock-out Plants High copy Golden Gate Spectinomycin Fluorescence SpCas9 ILVO
pML-SpCas9 Knock-out Plants High copy Golden Gate Spectinomycin None SpCas9 ILVO
pML-LbCpf1-GFP Knock-out Plants High copy Golden Gate Spectinomycin Fluorescence LbCpfl ILVO
pML-LbCpfl Knock-out Plants High copy Golden Gate Spectinomycin None LbCpfl ILVO
pML-SaCas9-GFP Knock-out Plants High copy Golden Gate Spectinomycin Fluorescence SaCas9 ILVO
pML-SaCas9 Knock-out Plants High copy Golden Gate Spectinomycin None SaCas9 ILVO
oML_FG-entry_MtUSProm-Scaf_Aarl-RS GG CRISPR modulgPlants High copy Golden Gate Ampicillin None FG-ehtr.y veFtor Wit.h MtU6 Promotor and scaffold, 2 Aarl [ILVO
restriction sites to ligate target sequence
pAS_CD-entry_LbCpfl GG CRISPR modul¢Plants High copy Golden Gate Ampicillin None CD-entry vector with LbCpfl ILVO
pML_FG-entry_Prom-Scaf for LbCpfl GG CRISPR modulgPlants High copy Golden Gate Ampicillin None FG-entry vector with Promotor and scaffold for LbCpf1 ILVO
oML_FG-entry_Prom-Scaf for LbCpf1_Aar GG CRISPR modulgPlants High copy Golden Gate Ampicillin None FG-entry \./eFtor Yvith Prc?motor and scaffold for LbCpf1, 2 |ILVO
Aarl restriction sites to ligate target sequence
pAS_CD-entry_SaCas9 GG CRISPR modul¢Plants High copy Golden Gate Ampicillin None CD-entry vector with SaCas9 ILVO
oML_FG-entry_Prom-Scaf for SaCas9_Aal GG CRISPR modulgPlants High copy Golden Gate Ampicillin None FG-entry YeFtor \.Nith Prqmotor and scaffold for SaCas9, 2 [ILVO
Aarl restriction sites to ligate target sequence
oCDB-Cas9-ccdB Knock-out Plants High copy Golden Gate Kanamycin None Unarmed gRNA entry vector with expression of Cas9 ILVO
enzyme
pGGA-AtU6-ccdB-B Base editing Plants High copy Golden Gate Ampicillin None gRNA entry vector ILVO
pK_TadAMax10-Cas9D10-GFP Base editing Plants High copy Golden Gate Kanamycin Fluorescence TadAMax10 base-editor (ABE) ILVO
pK_APOBEC3-Cas9D10-GFP Base editing Plants High copy Golden Gate Kanamycin Fluorescence APOBEC3 base-editor (CBE) ILVO
oML_p201N:Cas9_MtUGProm-Scaf_Aarl- Knock-out Plants High copy Golden Gate Kanamycin None p201N:Cas9 entry ve'ctf)r wijch MtU§ Promotor and ILVO
Scaffold, 2 Aarl restriction sites to ligate target sequence
Application Species Backbone Vector type Bacterial selection |Plant selection Laboratory
Knock-out Plants High copy Expression Ampicillin Basta INRAE
Base editing Monocots Binary Gateway Hygromycin Hygromycin ILVO
Prime Editing Dicots Golden Gate Kanamycin Kanamycin SLU
GG CRISPR module Algae Other Chloramphenicol Fluorescence
Other Other Spectinomycin None

Phleomycin




Genome editing and regeneration from potato protoplasts

1

Materials

Solutions are diluted in H20, unless otherwise stated. All solutions are sterilized through a
0.20 um filter, except for the phyto agar and Gelrite solutions that are autoclaved before
mixed with the filter sterilized medium.

1.1 Stock solutions

100x Macro: 74 g KNO3, 49.2 g MgS04-7H20, 3.4 g KH2PO4 in 1 L. Store at +4 °C.

100x FE/EDTA: 1.4 g Na;EDTA, 1.9 g FeSO4-7H.0 in 1 L. Store at +4 °C.

2M CaClz: 294 g CaClz-2H.0 in 1 L. Store at +4 °C.

1000x Micro: 1.5 g H3BO3, 5.0 g MnSO4-H20, 1.0 g ZnSO4:7H20, 0.12 Na:MoO,-2H;0,
0.012 g CuS04-5H,0, 0.012 g CoCl,-6H20, 0.38 g Kl in 1 L. Store at +4 °C.

1000x Nitsch and Nitsch vitamins: 2 g Glycine, 100 g myoinositol, 0.5 g thiamin-HCI,
0.5 g pyridoxine-HCI, 5 g nicotinic acid, 0.5 g folic acid, 0.05 g biotin in 1 L. Dissolve all
except glycine in a small volume of KOH. Store at -20 °C.

100x Vitamin 1: 0.5 g Pantothenic acid, 0.5 g choline chloride, 1 g ascorbic acid, 0.01 g
p-aminobenzoic acid, 0.5 g nicotinic acid, 0.5 g pyridoxine, 5 g thiamine in 1 L. Mix nicotinic
acid, pyridoxine, and thiamine in a small volume of KOH before adding to the solution.
Store at -20 °C.

100x Vitamin 2: 0.2 g Folic acid, 0.005 g D(+)biotin, 0.01 g vitamin B12 in 1 L. Dissolve
folic acid and D(+)biotine in a small volume of KOH. Store at -20 °C.

200x Vitamin 3: 0.01 g Vitamin D3 in 1 L. Dissolve in a small volume of 70% ethanol.
Store at -20 °C.

50x Sugars: 6.25 g Sorbitol, 6.25 g sucrose, 6.25 g D(-)fructose, 6.25 g D(-)ribose, 6.25
g D(+)xylose, 6.25 g D(+)mannose, 6.25 g L(-)rhamnose monohydrate, 6.25 g
D(+)cellobiose, 2.5 mg myoinositol in 1 L. Store at +4 °C.

100x Organics: 1 g Pyruvic acid, 2 g fumaric acid, 2 g citric acid monohydrate, 2 g DL-
malic acid. Store at +4 °C.

Silver thiosulfate solution (STS): 20.38 mg Silver nitrate (AgNO3) in 10 mL. 0.238 g
Sodium thiosulfate pentahydrate (Na>S.03-5H20) in 10 mL. Mix the two solutions. Store
at -20 °C.

BAP: 1 g 6-Benzylaminopurine in 1 L. Store at -20 °C.

NAA: 2 g 1-Naphthaleneacetic acid in 1 L. Dissolve NAA in a small volume of 1 M NaOH.
Store at -20 °C.

GA:: 1 g Gibberellic acid 3 in 1 L. Dissolve in a small volume of 1 M NaOH. Store at -20
°C.

1.2 Potato Leaf Multiplication and Treatment

Medium A (Multiplication Medium): 4.4 g Murashige and Skoog (MS) medium including
vitamins and 30 g sucrose in 1 L. Set pH to 5.8 with KOH. 6 g Phyto agar in 1 L. Make
both solutions double concentrated and mix in equal volumes once the phyto agar has
cooled down somewhat. Optional: Add 1.33 mL STS. Pour in sterile boxes (e.g. plant
container) and store at +4 °C.

Medium B (Conditioning Medium): 2.7 g MS medium NHsNO3 free (e.g. MS mod. No. 4
from Duchefa), 0.1 mL 1000x Nitsch and Nitsch vitamins, 100 mg casein hydrolysate, 2
mg NAA, 0.5 mg BAP. Set to pH 5.8 in 1 L. Prepare fresh the same day and store at +4
°C until use.

Plasmolysis Solution: 91.1 g D-Sorbitol in 1 L. Store at room temperature.

Medium C (Enzyme Solution): 10 mL 100x Macro, 1 mL 1000x micro, 10 mL 100x
Fe/EDTA, 5 mL of 100x vitamin 1, 5 mL of 100x vitamin 2, 2.5 mL of 200x vitamin 3, 5 mL
1000x Nitsch and Nitsch vitamins, 20 mL 50x sugars, 10 mL 100x organics, 500 mg casein
hydrolysate, 40.63 g D-glucose mono-hydrate, 37.35 g mannitol, 20 ¢
polyvinylpyrrolidone-10 (PVP-10), 1 mg NAA, 0.4 mg BAP, 10 g cellulase R10, 2 g
Macerozyme R10, 3 mL 2M CaCl, in 1 L. Add everything except the enzymes and CaCl..



Mix and set volume. Then add Macerozyme followed by cellulase R10. Adjust pH to 5.6.
Incubate at 55 °C for 10 min and let it cool down. Add CaCl,. Prepare fresh the same day.

1.3 Protoplast Purification
Wash Solution: 10 mL 100x Macro, 3 mL 2M CaCl,, 1 mL 1000x micro, 14.03 g NaCl, 2
mg NAA, 0.5 mg BAP, 10 mL 100x FE/EDTA in 1 L; set pH to 5.6 with HCI. Prepare fresh
the same day. Store at room temperature until use.
Sucrose Solution: 147.19 g Sucrose in 1 L. Store at room temperature.

1.4 Protoplast PEG- Mediated Transformation
Transformation Buffer 1: 34.6 g Mannitol, 14.7 g CaCl,-2H.O, 5 g MES in 1 L. Set pH to
5.6 with KOH. Store at +4 °C.
Transformation Buffer 2: 91.1 g Mannitol, 3.05 g MgCl>-6H20, 1 g MES in 1 L. Set to pH
5.6 with KOH. Store at room temperature.
PEG Solution: 250 g PEG 4000 (25%), 73 g mannitol, 24 g Ca (NO3)2-:4H20 in 1 L.
Prepare fresh the same day.

1.5 Protoplast Culture
Medium E (Culture Medium): 10 mL 100x Macro, 1 mL 1000x micro, 10 mL 100x
Fe/EDTA, 1.25 mL 2M CaCl,, 5 mL of 100x vitamin 1, 5 mL of 100x vitamin 2, 2.5 mL of
200x vitamin 3, 20 mL 50x sugars, 10 mL 100x organics, 500 mg casein hydrolysate,
33.69 g D-glucose monohydrate, 30.98 g mannitol, 2 g bovine serum albumin (BSA), 1
mg NAA, 0.4 mg BAP in 1 L. Set to pH 5.6 with KOH. Store at +4 °C.
Alginate Solution: 28 g Alginic acid sodium salt, 72.88 g sorbitol in 1 L. Dissolve on a
magnetic stirrer with medium heating followed by autoclaving in an oversized bottle. Store
at +4 °C.
Floating Solution: 72.88 g Sorbitol, 7.35 g CaCl,-2H>0 in 1 L. Store at room temperature.
Setting agar: 72.88 g Sorbitol, 7.35 g CaClz-2H,O in 1 L. 8 g Phyto agar in 1 L. Make both
solutions double concentrated and mix in equal volumes once the phyto agar has cooled
down somewhat. Pour in petri dishes and store at +4 °C.
Medium F (Callus Growth Medium): 2.7 g MS medium NH4NO:3 free (e.g., MS mod. No.
4 from Duchefa), 107 mg NH4Cl, 1.0 mL 1000x Nitsch and Nitsch vitamins, 40 mg adenine
sulfate, 100 mg casein hydrolysate, 2.5 g sucrose, 54.7 g mannitol, 0.1 mg NAA, 0.5 mg
BAP in 1 L. Set to pH 5.8 with KOH.
Release medium: 5.88 g Sodium citrate dihydrate, 91.1 g sorbitol in 1 L. Store at +4 °C.
Medium G (Shoot Induction Medium 1): 2.7 g MS medium NHsNO; free (e.g., MS mod.
No. 4 from Duchefa), 267.5 mg NH4CI, 1.0 mL 1000x Nitsch and Nitsch vitamins,
80 mg adenine sulfate, 100 mg casein hydrolysate, 2.5 g sucrose, 36.4 g mannitol, 0.1 mg
indole-3-acetic acid (IAA), 2.5 mg zeatin riboside trans-isomer (ZEA) in 1 L. Setto pH 5.8
with KOH.
Medium H (Shoot Induction Medium 2): 4.4 g MS medium including vitamins, 10 g
sucrose, 2 mg ZEA, 0.01 mg NAA, 0.1 mg GAz in 1 L. Set to pH 5.8. 2.5 g Gelrite in 1 L.
Make both solutions double concentrated and mix in equal volumes once the Gelrite has
cooled down somewhat. Pour in petri dishes and store at +4 °C.
Medium | (Shoot Induction Medium 3): 4.4 g MS medium including vitamins, 20 g
sucrose, 0.1 mg GAsz in 1 L. Setto pH 5.8. 2.5 g Gelrite in 1 L. Make both solutions double
concentrated and mix in equal volumes once the Gelrite has cooled down somewhat. Pour
in petri dishes and store at +4 °C.

2 Methods
2.1 Protoplast Isolation, Transfection, and Regeneration

211

Internodes of potato containing a single auxiliary bud are propagated in vitro using plastic
boxes (e.g., plant container) containing 50 mL of Medium A. Growing conditions are 24 °C/20
°C for 16-h light/8-h dark.



21.2

About 20-30 leaves (1 g) from 4- to 6-week-old plants are excised in sterile condition and
placed with the abaxial side down in plastic petri dishes containing 20 mL of Medium B, then
sealed with parafilm, covered with aluminum foil, and incubated at 4 °C for 24 h.

21.3

Leaves are subsequently cut in slices (1-2 mm) using a sterile blade in a glass petri dish
containing a few mL of Medium B and collected in a fresh plastic culture dish containing 10 mL
of Medium B.

21.4

Medium B is removed, slices are washed with 5-10 ml of plasmolysis solution and then
incubated in 20 mL of plasmoly- sis solution for 30 min, and culture dish is kept covered with
an aluminum foil and at room temperature (RT).
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Plasmolysis solution is removed and substituted with 25 mL of Medium C, and petri dish is
sealed with parafilm, wrapped in aluminum foil, and incubated overnight (ON) at 25 °C without
shaking. The incubation should not exceed 14 h.

2.1.6
The next day the petri dish is incubated for 30 min at RT with very gentle shaking; the solution
will turn green due to released protoplasts.

21.7

Two sterile filters of 100 and 70 ym are mounted together on a sterile 50 mL centrifuge tube
and pre-wetted with 5 mL of wash solution. The solution containing released protoplasts is
gently aspirated with a pipette and sieved through the filters; remaining protoplasts are washed
from the filters using 10 mL of wash solution.

2.1.8

The sieved protoplast suspension is transferred to sterile 15 mL centrifuge tubes (8 mL per
tube), and the tubes are topped up to 15 mL with additional wash solution. The suspension is
centrifuged at 50 x g (minimum acceleration and deceleration) for 5 min. Supernatant is
subsequently discarded and protoplasts are gently resuspended in 2 mL of wash solution.
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Fresh sterile 15 mL centrifuge tubes containing 6 mL of sucrose solution are prepared and a
maximum of 6 mL of resuspended protoplasts slowly layered on top with a sterile Pasteur
pipette or a micropipette with a cut tip, taking care that the interface is not disrupted. The tubes
are subsequently centrifuged at 50 x g for 15 min (minimum acceleration and deceleration); a
thick dark band of protoplasts should appear at the interface of the two solutions.

2.1.10

A fresh sterile 15 mL centrifuge tube containing approximately 3 mL (1-6 mL can be used
based on the darkness and thickness of the band) of transformation buffer 1 is prepared. Using
a micropipette with a cut tip, the floating protoplasts are gently transferred from the previous
step in the tube. A small amount (10-20 uL) of protoplasts is used to quantify density
(protoplasts/mL) using a hemocytometer or a cell counter; proto-

plasts in transformation buffer 1 are stored at 4 °C in the dark during counting.

2.1.11

Protoplasts are centrifuged at 50 x g for 10 min (minimum acceleration and deceleration),
supernatant is subsequently discarded, and protoplasts are gently resuspended in transforma-
tion buffer 2 at a concentration of 1.0 x 106 protoplasts/mL.
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Fresh sterile 15 mL centrifuge tubes are prepared for each transfection or control (i.e., PEG+;
PEG-). From 10 uL up to 20 pL of mutation reagents (DNA vector or RNP complex) are pipetted
in each tube followed by 100 pL of protoplasts in transformation buffer 2 (approximately
100,000 protoplasts).

2.1.13

A volume ranging from 110 to 120 uL of PEG solution, accordingly to the volume of protoplast
and mutation reagent used, is gently added to each tube which is gently flicked before and
after adding the PEG solution. Samples are incubated at RT for 3 min.

2.1.14
Transfection reactions are stopped by carefully adding 5 mL of wash solution to each tube and
subsequently centrifuged at 50 x g for 5 min (minimum acceleration and deceleration).

2.1.15

Supernatant is discarded and transfected protoplasts or controls are gently resuspended in 1
mL of Medium E. The same volume of alginate solution is added to give a final density of 5 x
104 protoplasts/mL. The two solutions are gently mixed by inverting the tubes and the solution
is transferred in aliquots (usually four big drops) to the surface of solid setting agar. The drops
are left at RT for a maximum of 2 h to allow solidification of alginate.

2.1.16

The alginate lens are subsequently released from the surface of setting agar with the help of
1 mL of floating solution and moved to fresh petri dishes containing 10 mL of Medium

E. Petri dishes are sealed with parafilm, covered with aluminum foil, and incubated at 25 °C
for 5 days.

2.1.17

After 5 days, constant light is gradually increased by replacing aluminum foil with a white paper
sheet and subsequently a mesh filter cloth (app. 100 um). Once protoplast mini calli are visible
to the naked eye (usually after 3 weeks) Medium E is replaced with 10 mL of Medium F and
calli will be exposed to full light (approximately 30 ymol/m?/s) by this stage. Fresh Medium F
is provided every week.

2.1.18

After 4—6 weeks in Medium F, calli are released from alginate drops adding 5 mL of releasing
solution and incubating for a maximum of 10 min; a forceps or a tip can be gently used to help
releasing. The releasing solution is carefully aspirated and calli are washed with 10 mL of
Medium F; released calli are then incubated in 10 mL of Medium G for another 4-6 weeks.
Fresh Medium G is provided every week.

2.1.19

Large green calli are then briefly dried on a sterile filter paper, moved individually on petri
dishes containing solid Medium H, and incubated in the same conditions used for potato
propagation.

2.1.20
Calli are moved to fresh Medium H every 10-15 days; shoots usually emerge after 3 months
of culture.

2.1.21
Mature shoots are moved to solid Medium | for rooting and plantlets moved to Medium A.



Solanum tuberosum Agrobacterium transformation.

1 Materials
1.1 Media

Stock solutions:

Macro Murashige and Skoog (MS) Stock solution 10X:

For 1L

NH4NO3 16.5 g/L
CaCl,-2H,0 4.4 g/L
MgSO4-7H20 3.7 mg/L
KH>PO4 1.7 mg/L
KNO; 19 mg/l

Autoclaved and stored at 4°C

Micro MS Stock solution 1000X:

For IL

H3;BO3 6.3 g/L
MnSO4-4H>0 223 g/L

KI 0.83 g/L
ZnS0O4-TH20 8.6 g/L
NaxMoO4-2H20 0.25 g/L
CoCl2-6H20 0.025 g/L
CuSO4-5H,0 0.025 g/L

Autoclaved and stored at 4°C

Fe-EDTA Stock solution 50X:

Na;EDTA 1.5g/L
FeSO47TH20 1.9 g/L

Autoclaved and stored at 4°C

MS vitamins Stock solution 1000X:

Glycine 2 g/L
Myo-inositol 100 g/L
Nicotinic acid 0.50 g/L
Thiamine HCI 0.10 g/L
Pyridoxin HCL 0.5 g/L

Autoclaved and stored at -20°C



Propagation MS basal medium:

MS Stock solution 100 ml/L
Micro MS Stock solution 1 ml/L
vitamins Stock solution Iml/L MS
Sucrose 25 ¢g/L
Agar powder 8 g/

adjust pH to 5.8(with KOH).

Bacteria solutions:

Agrobacterium tumefaciens strain C58pMP90 (GV3101) (LBA4404 strain may also be used).

LB Broth:

Triptone 10 g/L
NacCl 10 g/L
Yeast extract 5¢/L

Adjust pH to 7 (with NaOH).
For solid LB plates, add 15 g/L of agar powder before autoclaving.

Autoclaved and stored at RT

Antibiotics solutions

50 mg/mL gentamycin, use at 25 pg/mL for Agrobacterium selection.
25 mg/mL rifampicin, use at 50 pg/mL for Agrobacterium selection.

100 mg/mL spectinomycin, use at 100 pg/mL for Agrobacterium selection.
250 mg/mL cefotaxime, use at 250 ug/mL for in vitro culture.
100 mg/mL Timentin, use at 100 pg/mL for in vitro culture.

50 mg/mL kanamycin, use at 50 pg/mL for in vitro culture.

Filter sterilized all solutions



1.2 Regeneration medium
Medium 1  (Callus Induction medium).

Add to Propagation MS basal medium after cooling down:

Indole-3-acetic acid (IAA) 1 mg/L
Zeatin-riboside (ZR) 0.8 mg/L
Gibberellic acid GA3 1 mg/L

Medium 2 (Callus Induction medium).

Add to Propagation MS basal medium after cooling down:

Indole-3-acetic acid (IAA) 0.1 mg/L
Zeatin-riboside (ZR) 0.8 mg/L
Gibberellic acid GA3 1 mg/L

1.3 Standard lab equipment

1 Sterile hoods for plant tissue culture and microbiology.
2 DNA quantification machine (nanodrop or fluorometer).
3. Water bath (42°C).

4 Shaking and static incubator (28°C and 37°C).

5

Grow rooms

2 Methods

Stable genomic integration of CRISPR/Cas9 expression units through Agrobacterium-mediated
transformation is the most widely used approach in dicotyledonous species. We have
established a protocol allowing the successful transformation and regeneration in different
genotypes, including Desiree, Bintje and Safrane. However, we also failed to transform and/or
regenerate some genotype, for example when it is genetically close to related species,

highlighting the need to develop tailored protocols for recalcitrant genotypes.



2.1 Introduction of the binary vector into Agrobacterium

1) Thaw chemically competent Agrobacterium C58pMP90 cells on ice, then add 2 pul of

destination plasmid and incubate on ice for 20 min.

2) Heat shock the cells at 42 °C for 90 s, and incubate on ice for 2 min before adding 250

ul of LB broth. Incubate at 28 °C in a shaker at 240 rpm for 1 h.

3) Plate on solid LB broth containing 25 pg/mL gentamycin, 50 pg/mL rifampicin and 100

pg/mL spectinomycin, and incubate for 2-3 days at 28 °C.

4) Perform a multiplex colony-PCR using different couples of primers that cover the T-
DNA sequence and that amplify different amplicon sizes, and run the PCR products on an

agarose gel to confirm the presence of the expected insert in the destination plasmid.

3.2 Plant culture and explant isolation

In vitro plants are grown on Propagation MS basal medium (individual tubes or square boxes)
and monthly transplanted

1) Cultivate plants in a controlled environmental chamber at 19°C under a 16 h light/8 h dark

photoperiod (45-70 uE/sm?).

2) Cut stems and petioles (without axillary buds) from four to five-week-old plants and place
them on Medium 1 (callus induction medium) for overnight pre-culture in the growth
chamber. Stems should be placed the cut surface in contact to the medium. Ideally, transfer

25 explants per box, in a Magenta box.



3) Cut apexes and transfer them on propagation medium for the production of a new batch of

plants.

3.3 Agrobacterium culture, explant inoculation and co-culture

1) Few days before transformation, prepare a fresh LB plate of the Agrobacterium strain

harbouring the desired plasmid from glycerol stock, incubate at 28°C with appropriate

antibiotics (25 pg/mL gentamycin, 50 pg/mL rifampicin and Vector selection antibiotic).

2) The day before transformation, pick a single colony and inoculate 3 mL of LB broth

containing appropriate antibiotics. Incubate at 28°C at 240 rpm for 8 h.

3) Add 100 pL of the Agrobacterium liquid culture to 50 mL of LB containing appropriate

antibiotics. Incubate overnight at 28°C with shaking at 240 rpm.

4) Centrifuge at 3000 g for 10 min, discard the supernatant and resuspend the cell pellet

completely in Medium 1 without antibiotics (Note 1).

5) Adjust the ODje00 to 0.2 using LB broth (at least 20 mL for each construct).

6) Dispense 2 mL of Agrobacterium suspension to small petri dishes (@ 55 mm), transfer

the plant tissues prepared and incubate for 30 min.

7) Blot-dry the explants on sterile paper and transfer them back on Medium 1, incubate in

the growth chamber at 25°C under low luminosity for 2 days.



8)

Rinse the explants in sterile water using a sterile strainer and transfer the explants into

a 100 mL flask containing 20 mL of Medium 1 with 250 pg/mL cefotaxime and 100 pg/mL

Timentin for 30 min under low shaking (100 rpm).

9)

1)

2)

3)

4)

5)

6)

Blot-dry the explants on sterile paper.

3.4 Explant culture and plant regeneration

Transfer the explants into Petri dishes (0 90 mm) containing Medium 1 with 250 pg/mL
cefotaxime, 100 pg/mL Timentin and 50 pug/mL kanamycin (Note 2). Ideally, place 8
to 10 explants per dishes to help in the good development of callus.

Seal the plates with Parafilm tape and incubate in growth chamber at 19°C, 16 h light/8
h dark photoperiod, for one week.

Transfer the explants on Medium 2 (shoot induction medium, reduced indole-3-acetic
acid) with 250 pg/mL cefotaxime, 100 pg/mL Timentin and 50 pg/mL kanamycin.
Renew the medium every 2-3 weeks.

When shoots are sufficiently developed to be cut (> 5 weeks after transformation),
transfer them into individual tubes containing Propagation MS basal medium
complemented with 250 pg/mL cefotaxime and 100 pg/mL Timentin.

When plants are well developed, propagate them on Propagation MS basal medium
complemented with 250 pg/mL cefotaxime, 100 pg/mL Timentin and 50 pg/mL
kanamycin.

Plants presenting well developed roots with lateral root growing can be transferred to

greenhouse for acclimation.



4. Notes

1.

Liquid medium 1 might be replace by LB both without antibiotics for transformation or
0.5x MS medium. The addition of acetosyringone to the medium to activate
Agrobacterium is not mandatory as the pre-culture and the reuse of the box is sufficient
for proper infection.

Production of T-DNA free edited plants using Agrobacterium has been reported in
tetraploid tobacco and in tomato without the use of antibiotic selection [1, 2]. However,
positive selection is a labor-intensive method based on high-throughput screening that
may not be affordable for all labs, requesting spaces and an intensive selection by PCR.
For potato, the use of kanamycin resistance is recommended, such as nptll or nptll]
resistance gene. However, any other resistance can be selected, based on the specificity
in the variety used. Alternatively, our group developed a selection strategy based on the
Agrobacterium delivery of a cytosine base editor targeting the ALS gene, leading to the
production of mutated plants devoid of T-DNA insertion [3]. Such method can be used
with Prime Editing method, based on the same approach of editing genes described as

responsible for chemical resistance.
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Solanum tuberosum protoplasting and transfection (Adapted from Chauvin et al., 2021).

1 Materials
1.1 Media

Stock solutions:

Macro Murashige and Skoog (MS) Stock solution 10X:

For 1L

NH4NO3 16.5 g/L
CaCl,-2H,0 4.4 g/L
MgSO4-7H20 3.7 mg/L
KH>PO4 1.7 mg/L
KNO; 19 mg/l

Autoclaved and stored at 4°C

Micro MS Stock solution 1000X:

For IL

H3;BO3 6.3 g/L
MnSO4-4H>0 223 g/L

KI 0.83 g/L
ZnS0O4-TH20 8.6 g/L
NaxMoO4-2H20 0.25 g/L
CoCl2-6H20 0.025 g/L
CuSO4-5H,0 0.025 g/L

Autoclaved and stored at 4°C

Fe-EDTA Stock solution 50X:

Na;EDTA 1.5g/L
FeSO47TH20 1.9 g/L

Autoclaved and stored at 4°C

MS vitamins Stock solution 1000X:

Glycine 2 g/L
Myo-inositol 100 g/L
Nicotinic acid 0.50 g/L
Thiamine HCI 0.10 g/L
Pyridoxin HCL 0.5 g/L

Autoclaved and stored at -20°C



Propagation MS basal medium:

MS Stock solution 100 ml/L
Micro MS Stock solution 1 ml/L
Vitamins Stock solution Iml/L MS
Sucrose 25 ¢g/L
Agar powder 8 g/

adjust pH to 5.8(with KOH).

Macro Gamborg modified Stock solution 10X:

NH4NOs3, 8 g/L
KNO;3, 25 g/L
NaH>PO4-H20, 1.5 g/L
CaCly-2H20, 7.5 g/L
MgS0O47H>0. 2.5 g/L

Autoclaved and stored at 4°C

Micro Gamborg Stock solution 1000X:

Hs;BOs, 3 g/L
MnSO4-H20, 10 g/L
ZnS047H20, 2 g/L

0.75 g/L K1,
Na;Mo042H20, 0.25 g/L
CuSO45H0, 0.025 g/L
CoClL2:6H20. 0.025 g/L

Autoclaved and stored at 4°C

Thomas vitamins Stock solution 1000X:

Glycine, 2 g/L
Nicotinic acid, 5 g/L



Thiamine HCI, 0.5 g/L
Pyridoxin HCL, 0.5 g/L
Folic acid, 0.5 g/L
Biotin [1]. 0.05 g/L

Stored at -20°C

1.2 PEG-mediated protoplast isolation:

e Medium P. Prepare the Propagation MS basal medium with 10 g/L sucrose.

e Conditioning medium: 10 ml/L Macro Gamborg modified Stock solution, 0.1ml/L
Micro Gamborg, 0.1 ml/L Thomas vitamins Stock solution, 2 ml/L Fe-EDTA Stock
solution, 2 mg/L 2-naphthaleneacetic acid, 0.5 mg/L 6-benzylaminopurine and 10
mg/L myo-inositol. Adjust pH to 5.8 with KOH.

Filtered on 0.45 um filter and stored at room temperature.

e Digestion medium: 100 ml/L Macro Gamborg modified Stock solution, 29 g/L
glycine, 2 g/L cellulase R10, 2 g/ macerozyme R10, 1 mg/L 2-naphthaleneacetic
acid, 1 mg/L 6-benzylaminopurine, 0.2 mg/L 2,4-dichlorophenoxyacetic acid, adjust
pH to 5.8 with KOH. Filtered on 0.45 um filter and stored at room temperature.

e  Wash solution: 15 g/L KCI, 2.65 g/L. CaCl, 2H;0, adjust pH to 5.8 with KOH.

1.3 Transfection solutions
MaMg solution:

For 1000 mL:

Mannitol 72.87 g
MgCl» 6H20 5.0825¢g
adjust to pH 5.8 with KOH

H>Odist. up to 100 ml

Filtered on 0.2 um filter and stored at room temperature.



PEG solution: (Note 1)

For 100 mL:

Mannitol 1.2% 12 g

MgCl; 6H,0 100.3 uM 2.04 mg

KCl 402.4 mM 3g

MES 153.7uM 50 mg

PEG 4000 (Note 2) 25-40% 25-40 g
adjust to pH 7 with KOH

H>Odist. up to 100 mL

Filtered on 0.2 um filter and stored at room temperature.

1.4 Fixation solution
Alginate solution:

Mannitol 72.87 g/L
Set pH to 5.8 with KOH.
Alginic acid sodium salt. 20 g/L

Filter with 0.2 uM filter to use to remove eventual precipitate and stored at room temperature

Polymerisation solid medium:

Mannitol 72.87 g/L
CaCl» 2H20 1.47 g/L
Set pH to 5.8 with KOH.

Purified agar. 10 g/L

Autoclaved and stored at room temperature

Polymerisation liquid medium:

Mannitol 72.87 g/L
CaCl, 2H20 1.47 g/L



Set pH to 5.8 with KOH.

Autoclaved and stored at room temperature

1.5 Standard lab equipment

1. Sterile hoods for plant tissue culture and microbiology.
2. DNA quantification machine (nanodrop or fluorometer).
3. Water bath (42°C).

4. Shaking and static incubator (28°C and 37°C).

5. Grow rooms

2 Methods

While Agrobacterium-mediated transformation produces plants that have incorporated one or
some CRISPR-harbouring transgene(s), protoplast transient transfection is an alternative
method that can result in foreign DNA-free edited plants. This delivery strategy followed by
plant regeneration from a single cell is more sensitive than the Agrobacterium approach, but we
have developed an efficient protocol that allowed us to produce edited plants with the CRISPR-
Cas9 system [2].

2.1 Protoplast isolation

1) Grow in vitro plants on medium P at 19°C under 16 h light/8 h dark photoperiod (70-90
uE/sm?, individual tubes or glass culture jars) for four weeks.

2) The day before the enzymatic digestion, transfer them in the dark at 15°C.

3) Well-developed top leaves are cut and placed in conditioning medium for 15 min at 4°C

in the dark.



4) Cut the leaves into two pieces along the midrib, discard the midrib, and make superficial
cuts with a scalpel blade.

5) Transfer the leaf pieces into 250 mL flasks containing 25 mL of a fresh enzymatic
digestion solution sterilized by filtration (0.45um), and incubate overnight at 25°C in
the dark.

6) Gently shake the flasks on rotary table at 70 rpm for 30 min.

7) Filter through a 40 or 75 pm membrane and add 5 mL of Wash solution to release
remaining protoplasts.

8) Gently transfer to 50 mL round-bottom glass tubes and centrifuge at 100 x g for 7 min.

9) Quickly remove the supernatant by pipetting, and resuspend the protoplasts in 30 mL
Wash solution, centrifuge at 100 x g for 4 min.

10) Carefully remove the supernatant and resuspend protoplasts in 30 mL MaMg solution,
centrifuge at 100 x g for 4 min.

11) Carefully remove the supernatant and conserve the protoplasts in approximately 2 mL
of MaMg solution.

12) Count the protoplasts using a hemocitometer and dilute to 0.6-0.8 x 10° protoplasts/mL
in MaMg solution.

13) Keep the protoplasts on ice for 15 min.

3.2 PEG-mediated transfection

1) Isolate purified plasmid DNA from E.coli prepared using a Maxiprep kit containing
endotoxin removal solution, and perform an ethanol precipitation to remove residual
toxins contaminants: add 1/10 volume of 3M sodium acetate pH 5.2 and 2 volumes of

cold ethanol 100% to the plasmid DNA, incubate at -20°C for 1 h, centrifuge at 15 000



x g for 30 min and discard the supernatant, wash with 500 pL of cold ethanol 70% ,
centrifuge at 15 000 % g for 10 min and discard the supernatant. Under sterile conditions,
add sterile water to reach 1 pg/pL of plasmid DNA.

2) Transfer 300 puL of protoplast suspension to 13 mL round bottom centrifuge tubes.

3) Add 5-20 pg of purified plasmid DNA to the tube and gently mix by tapping (avoid
pipetting).

4) Slowly add 300 uL of PEG solution (Note 2) to the tube and gently mix by tilting.

5) Incubate on the bench at RT for 2-5 min.

6) Gently add 5 x 300 pL and 5 x 1 mL MaMg solution for a progressive dilution of the
PEG-containing medium, and incubate on ice for 15 min.

7) Spin at 50 % g for 4 min.

8) Remove the supernatant very carefully and conserve 1.5 mL of protoplast suspension.

9) Add 1.5 mL alginate solution and mix by gently inverting the tube.

10) Pour the 3 ml of the solution in Petri dishes () 45 mm) containing polymerisation
medium and incubate for 1 h in the dark.

11) Cover the alginate surface with a thin layer of liquid polymerization medium, cut the
alginate disc in half and transfer into Petri dishes (@ 90 mm) containing 6 mL of culture

medium A.

3.3 Plant regeneration

1) After one week in the dark at 25°C, transfer plates to reduced light (10-20 uE/sm?) at 25°C
(16 h day/8 h night) for 3 days.
2) Transfer the plates to the light (45-50 umol/m?s) at 25°C.

3) Two weeks after transfection, transfer the alginate discs on medium B.



4) Five weeks after transfection, transfer the alginate discs on medium C.

5) When calli reach 0.5-1 mm © (7-10 weeks after transfection), transfer them on solid
medium D.

6) Three weeks after the transfer on medium D, regenerated plantlets can be isolated and

transferred to propagation medium.

Notes

1) The solution should be prepared fresh at longest the day before to ensure best
transfection reaction. To dissolve the PEG, it is preferable to prepare a 2X solution
without PEG.

2) The PEG concentration and the incubation time may vary depending of the cultivar and
the optimization of the transfection step can be necessary. Increasing time and
concentration using a reporter gene such as GFP can be done to improve transfection
efficiency.
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Transfection and regeneration protocol Cichorium

1. Introduction

The protocol below is an optimised protocol for protoplast isolation, transfection and regeneration of
Cichorium species. For more details about delivery vector construction, screening of CRISPR events and
specific results, see De Bruyn et al. (2020)

2. Materials

All media, consumables, solutions,... used for in-vitro experiments must be sterile (autoclaved, sterile

starting material or filter-sterilized).

2.1 Protoplast isolation

Heller micro elements stock solution 1x: 0.054mg/| AICl3.6H,0, 0.03mg/l CuS04.5H,0,
6.2mg/l H3BO3, 0.01mg/I KI, 0.08mg/l MnS0O4.H,0, 0.03mg/| NiCl,.6H,0, 1mg/l ZnS04.7H,0
MS macro elements stock solution 10x: 4.4g/l CaCl,.2H,0, 1.7g/| KH,PO,4, 19g/| KNOs,
3.696g/| MgS04.7H,0

Morel and Wetmore vitamins (MW) stock solution 100x: 100mg Calcium pantothenate,
100mg Thiamine, 100 mg Nicotinic acid, 100mg Pyridoxine, 0.1mg Biotin

Po-medium: 50ml/l MS macro elements stock solution, 1ml/I Heller micro stock solution,
1ml/ MW stock solution, 18.3mg/l FeNa-EDTA, 100mg/I inositol, 10g/l sucrose, 90g/I
mannitol. Adjust pH to 5.5 with KOH

Enzyme solution (15ml per petri dish): 0.5% cellulase R10, 0.3% Macerozyme R10, 0.1%
Driselase in P

W5-medium: 8.77g/| NaCl, 18.38g/l CaCl,.2H,0, 0.37g/I KCI, 0.9g/I glucose. Adjust pH to
5.8

Flotation medium: 205.2g/I sucrose, 639mg/I MES. Adjust pH to 5.8

Mannitol medium: 91g/l mannitol

2.2 Transfection

PEG-solution: 4g/| Poly Ethylene Glycol 3350, 728mg/lI mannitol, 236mg/I Ca(NOs),.4H-0.
Adjust pH to 6 and filter sterilize

Mannitol medium: 91g/l mannitol

Vector mix

Protoplast solution

2.3 Regeneration

MC; medium: 50ml/I MS macro elements stock solution, 1ml/I Heller micro stock solution,
1ml/ MW stock solution, 18.3mg/| FeNa-EDTA, 250mg/| inositol, 375mg/| glutamine, 10g/I
sucrose, 90g/| mannitol, 2mg NAA, 1mg BAP. Adjust pH to 5.5 with KOH

LMPA (Low Melting Point Agarose): 50ml/l MS macro elements stock solution, 1ml/I Heller
micro stock solution, 1ml/ MW stock solution, 18.3mg/| FeNa-EDTA, 750mg KCl, 100mg/ml



inositol, 750mg/ glutamine, 10g/ sucrose, 60g/| mannitol, 0.5mg/| NAA, 0.5mg/I BAP and
5g/| Low Melting Point Agarose. Adjust PH to 5

MC,t-medium: 50ml/l MS macro elements stock solution, 1ml/l Heller micro stock
solution, 1ml/ MW stock solution, 18.3mg/| FeNa-EDTA, 750mg KCl, 100mg/ml inositol,
750mg/ glutamine, 10g/ sucrose, 60g/l mannitol, 0.5mg/l NAA, 0.5mg/I BAP. Adjust PH to
5

2.4 Standard lab equipment

N U A WN R

Biohazard laminar flow

Growth chamber

Shaking incubator

Water bath (65°C)

DNA quantification machine (Nanodrop)
Centrifuge with swinging buckets
Blircker chamber

Microscope

3. Methods

3.1. Protoplast isolation

Take 500mg in vitro leaf tissue per cv/genotype and put in a sterile Petri dish.

Add 25ml Po medium and cut the leaves (feather like).

Incubate for 1h in the dark at room temperature.

Replace the Po medium with 15ml enzyme solution.

Incubate overnight (16h) at +-30 rpm in the dark.

Filter (70 or 100 um nylon filter) everything into a new sterile Falcon tube with the use of
a 25mL Pipet.

Wash the Petri dish by adding +-15ml W5 medium, so all protoplasts can be collected in a
new Falcon tube. Keep washing till the Falcon tube contains 30ml of protoplast suspension.
Centrifuge 10’ — 100g

Remove supernatant

Dissolve pellet in 10ml flotation medium and transfer to a smaller, 14ml tube.

Add 1ml W5 on top of the protoplast suspension drop per drop by using a 1000uL Pipet.
Centrifuge 10" — 80g

Collect the protoplast band with a 1000puL Pipet into a new sterile round 14ml tube.
Wash the protoplast solution by adding 10ml mannitol medium.

Centrifuge 10’ — 100g

Remove supernatant and dissolve the pellet into 2ml mannitol medium.

Measure the protoplast density with a Biirker chamber and dilute to 500 000 pp/ml.

3.2. Plasmid preparation

Nanodrop vector (DNA).
Calculate necessary volume of vector.
Distribute the vector over the Eppendorf tubes.



Add sterile mQ water to have an end volume of 20ul plasmid mix in each Eppendorf tube.
Use 20ul of sterile mQ water for control samples.

3.3. Transfection protocol

Distribute 20ul vector mix in Eppendorf tubes.

Carefully add 100ul of protoplast suspension mix (use wide-bore tips).

Add 120 pl of PEG solution and flick gently against the tube (5-10 times) so everything is
mixed well.

Use 120 pl mannitol medium for control samples.

Incubate for 10 minutes.

Add 600 pl of mannitol medium and invert 4 times, to lower the viscosity of the mixture.
Centrifuge 5’ — 80g using swing out buckets.

Carefully remove and discard the medium without touching the protoplast pellet.

3.4. Regeneration protocol

Put MG, +LowMeltingPointAgarose medium in waterbath of 65°C

Add 600 pl MC;! medium

Incubate for 10 minutes

Centrifuge 5’ — 80g using swing out buckets.

Remove supernatants (leave +-20 pl of the pellet in the Eppendorf)

Add 130ul MC;! medium

Mix 150uL MC! +LowMeltingPointAgarose medium with 150l pp suspension (1:1)
Transfer 5 x 50l of beads in Petri dish and let solidify (45min — 1h)

Add 5 ml MC; medium

Put in growth chamber

Refresh medium every day/week
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Physcomitrium patens protoplasting and transfection (Adapted from Perroud et al., 2022).

1 Introduction
The procedures presented here will focus specifically on four major experimental phases
encountered when dealing with protoplast in P. patens (Figure 1): their production (Protocol
3.1) and plating (Protocol 3.3) common to standard procedures leading to protoplast
regeneration to whole plant (transfected or not), protoplast transfection (Protocol 3.2) and three
distinct procedures of selection (Protocols 3.4 to 3.6) corresponding to three strategies of gene

modulation or modification, RNAi, homologous recombination and CRISPR-Cas9.

2 Materials
2.1 Media
Stock solutions:

Phosphate-1000X

For 100 ml
KH2PO4 184 mM 25¢g
H>Odist. up to 100 ml

pH 7 with KOH
Autoclaved and stored at 4°C

Micro-elements-1000X

For 100 ml

CuSO4 5H20 5.5mg
ZnSO4 TH2O 5.5 mg
H3;BOs 61.4 mg
MnCl; 4H>O 38.9 mg
CoCl2 6H0 5.5mg

KI 2.8 mg
Na:MoO4 2H,O 2.5mg
H>Odist. up to 100 ml

Autoclaved and stored at 4°C



CaCl, IM

For 100 ml

CaClz 1M
H,Odist.

Autoclaved and stored at room temperature

Solid PpNH; medium:

For 1 liter:

Ca(NO3)2 4H.0 4 mM
MgSO4 7TH20 1 mM
FeSO4 TH2O 45 uM

Phosphate-1000X
Micro-elements-1000X
Ammonium tartrate dibasic 2.7 mM
Plant tested Agar 0.7%
H>Odist.

18.4 mM

Autoclaved and stored at room temperature

Liquid regeneration medium

For 1 liter:

Ca(NO3)2 4H,0 4 mM
MgSO4 7TH20 1 mM
FeSO4 TH2O 45 uM

Micro-elements-1000X
Phosphate-1000X 18.4 mM
Ammonium tartrate dibasic 2.7 mM
Mannitol 8.5%
H,Odist.

Autoclaved and stored at RT

Add to use

CaCl; 1M 10mM

Solid regeneration medium

For 1 liter

Ca(NO3)2 4H,0 4 mM
MgSO4 7TH20 1 mM
FeSO4 TH2O 45 uM

Micro-elements-1000X
Phosphate-1000X 18.4 mM

Ammonium tartrate dibasic 2.7 mM
Mannitol 6.6 %

11,1 g
up to 100 ml

08 ¢g
025¢g
0.0125 ¢
1 ml

1 ml

05¢g

upto 11

08 ¢g
025¢g
0.0125 ¢
1 ml

1 ml
05¢g
85¢g
upto 11

6ml

0.8 ¢g
025¢g
0.0125 ¢
1 ml

1 ml
05¢g

66 g



CaCl IM 6 mM 6ml
Agar 0.7% 7g
H>Odist. upto 11

Autoclaved and stored at RT

2.2 Protoplast handling solutions:

Mannitol solution:

For 1 liter:
Mannitol 8.5% 85¢g
H>Odist. upto 11

Autoclaved and stored at room temperature

Driselase [see Note 1] stock solution:

For 100 ml:

Mannitol 8.5% 85¢g
Driselase 2% 2g

H>Odist. up to 100 ml
Mix 20°, at RT

Centrifugate 20’ at 4500 x g
Filter the supernatant with 0.2uM filter and distributed into plastic tube 10 ml.
Stored at -20°C (stable over one year)

Alginate stock solution:

For 100 ml:

Mannitol 8.5% 8.5¢g
Alginate 1.5% 1.5¢
H>Odist. up to 100 ml

Autoclaved and stored at room temperature, Filter with 0.2 uM filter to use to remove eventual
precipitate

2.3 Transfection solutions

MMM solution:

For 100 ml:

Mannitol 8.5% 85¢g
MgCl, 15 mM 0.305¢g
MES 0.1% 0.1g

pH 5,6 with KOH 25 pl of KOH 10N



H>Odist. up to 100 ml

Filtered on 0.2 um filter, stored at 4°C.

PEG solution:

For 50 ml:

Mannitol 7% 35¢g

CaNO3 100 mM 1.18 g

TRIS 10 mM pH 7.2 0.5ml TRIS 1 M
PEG 4000 [see Note 2] 40% 20g

H>Odist. up to 50 ml

Filtered on 0.2 um filter, stored at -20°C.

3 Methods

The protocols described hereafter need to be performed at room temperature (<22°C) if not
mentioned otherwise and in a sterile environment to protect the samples, e.g. vertical or
horizontal laminar flow hood. Note that an ambient temperature above 26-27°C is detrimental
to protoplast regeneration. Standard in vitro plant culture precautions concerning sterility (for
surface, tools and reagents) are required. Albeit not an absolutely necessary measure, we
recommend to turn off the light of the laminar flow hood to shade protoplasts from direct light
during their production and transformation. Finally, for an optimum protoplast regeneration and
protonemata growth, Petri dish with vent must be used and they must be sealed with 3M
Micropore tape (or equivalent) to allow normal gas exchange in the plate (no parafilm seal).
The growth culture conditions are uniform for tissue culture and protoplast regeneration: the
temperature set between 22 and 25 °C and long day photoperiod (16 hours light/8 hours
darkness) with a fluence rate between 50 and 70 pumol m2s!.

This chapter does neither describe the molecular biology techniques necessary, to build the
vector(s), necessary to transform the protoplasts, nor the procedures necessary for molecular

characterization (locus genotyping and copy number evaluation) of the final transgenic plants.



3.1 Protoplasts production

1) Harvest and transfer rapidly tissue (do not let the tissue dry) from four Petri dishes of
entrained 6 to 7-day-old moss protonemata grown on PpNH4 overlayed with cellophane [see

Note 3] into 15 ml of 8.5% mannitol.

2) Add 5 ml of Driselase 2% from frozen stock for a final Driselase concentration of 0.5%
and incubate 45 minutes at room temperature with occasional gentle plate swirling [see Note
4]. The suspension should be green after 45 minutes with a rapidly sedimenting colored

component, the protoplasts (the tissue may not be totally protoplasted).

3) Filter the suspension through 80-100 um sieve and let incubate at room temperature for

15 minutes.

4) Filter the suspension to 40-50 um sieve and pour the flow-through (containing the
isolated protoplasts) into a tube that can withstand low speed centrifugation (e.g. 50 ml conical

tube).

5) Centrifuge 5 minutes at 150 x g to sediment the protoplasts.

6) At this stage, a dark green pellet should be visible and the supernatant should be
brownish (filtered Driselase solution color), not green. Discard the supernatant by tilting the
tube and gently resuspended the pellet unto 20 ml of mannitol 8.5% supplemented with 10 mM

CaCl; final.



7 Centrifuge 5 minutes at 150 x g to sediment the protoplasts.

8) At this stage, a dark green pellet should be visible and the supernatant should be mostly
clear. Discard the supernatant by tilting the tube and resuspended the pellet unto 20 ml of
mannitol 8.5% supplemented with 7,5 mM CaCl; final and estimate the protoplast number in

suspension using a hemocytometer [see Note 5].

9) Centrifuge 6 minutes at 150 x g to sediment the protoplasts and resuspend in the

appropriate medium for further use.

You have now a known number of protoplasts that can be used for transfection (Protocol 3.2)
or can be plated directly on regeneration medium (Protocol 3.3) for any test of interest.
Protoplast yield should be between half million to one million protoplasts per 9 cm Petri dish,
6 to 7 days entrained protonemal culture [see Note 6]. A single protoplast transfection

experiment will require between 3.6x10° to 4.8x10° protoplasts.

3.2 Protoplasts transfection

1) In a 15 ml sterile tube, put 15 pg of vector DNA resuspended in sterile TE with a
maximum of 30 pl volume [see Note 7]. This DNA can be produced by standard PCR
amplification or plasmid prep amplification. For transient expression, plasmid amplified DNA,
need to be used in its circular form. Except when the strategy for stable integration of the vector
is based on the CRISPR-Cas9 technique [31], the transformation vector must be cut on each

side of the transformation vector producing a linear, open-ended DNA fragment for stable



transformation. This fragment type improves DNA integration in the genome and reduces the

number of episomal transient transformants.

2) Add to the TE plus DNA 300 pl of protoplast resuspended in MMM buffer. Protoplast
concentration in the MMM buffer can be anywhere between 1.2x10° to 1.6x10%/ml without
affecting transfection efficiency with the volume ratio for each component presented in this

protocol [see Note §].

3) Add 300 pl of PEG transfection solution (from frozen stock) and mix gently (do not
vortex or pipet up and down the suspension) but thoroughly, producing visually uniform

solution.

4) Incubate the tube for 5 minutes in a 44°C water bath.

5) Let the tube stand at room temperature for 10 minutes.

6) The PEG transfection solution is toxic to the protoplasts. Dilute the transfection mix by
adding, at one-minute interval, five times 300 ul, and then five times 1 ml liquid regeneration

medium. Mix gently by swirling the tube after each dilution step.

7 Let the tubes stand at room temperature for 30 minutes. At this stage protoplasts have
been transfected. The tube can be used as incubation chamber and transferred in growth
chamber for further use. Figure 2 shows an exemple of one-week old protoplast transfected
with the vector pTHUbi:mcherry [32] expressing transiently a red fluorescent protein.

Alternatively, they can be plated for regeneration, see Protocol 3.3.



3.3 Protoplast plating

Plating protoplasts unto solid medium (containing agar) allow them to regenerate unto
protonemal cell optimally (Figure 3). A non-transfected protoplast population displays
regularly 80% regeneration. But the regeneration of transfected protoplasts is significantly
lower, between 10 and 30% for wild-type tissue. This number can be significantly reduced for

mutant strains.

1) To concentrate the protoplast suspension, transfected or not, centrifuge 5 minutes at 150
X g to sediment the protoplasts. Discard the supernatant and add 1 ml of fresh mannitol 8.5%
supplemented with 7,5 mM CaCl, final per Petri dish to be plated (four for a standard

transfection described in Protocol 3.2). Gently resuspend the protoplasts by swirling the tube.

2) Add equal volume of alginate storage mix to the protoplast suspension and mix gently
by pipetting up and down [see Note 9]. Pour readily 2 ml of mixture on a 9 cm Petri dish filled
of solid regeneration medium overlayed with sterile cellophane [see Note 10]. Spread equally
the mixture by rotating the Petri dish and seal it with Micropore tape. Let the mix set in the
incubator for an hour and transfer into the growth chamber. Let regenerate the protoplasts in
standard growth conditions for a week [see Note 11]. At this point they should display the

development shown in Figure 3i.

3.4 Selection procedure for integration event by homologous recombination



This protocol aims to select regenerated protoplasts that experienced integration of the
transformation vector into their nuclear genome (“stable transformants”) from, a) non
transfected regenerated protoplasts, killed with the first selection round, and b) transfected
regenerated protoplasts that did not experienced integration of the transformation vector into
their nuclear genome (“episomal transfectants” or “unstable transformants”), eliminated by the
dilution of the episomal elements during the release step and killed during the second round of
selection. It is assumed that protoplast has been regenerated in a plant larger than at least two
cells (and mostly more than two cells) before using this protocol. Use this protocol with the

antibiotic Hygromycin B at 20 mg/l, G418 at 25 mg/l and Blasticidin at 100 mg/I.

1) Transfer the cellophane containing the regenerated protoplasts onto a PpNH4 medium
plate supplemented with the appropriate antibiotic (for which resistance is present in the
transformation vector). If you want to evaluate transfection efficiency (regardless of the gene
targeting efficiency) you must count the growing plant at the beginning of this step. This
number is your effective number of plants submitted to selection (not the number of transfected

protoplasts!!). Incubate plates for seven days in standard growth conditions [see Note 12].

2) Transfer cellophane on a fresh PpNH4 plate and incubate for 14 days in standard growth
conditions. These two weeks of selection release will allow strong growth of the plants leading
to dilution of the episomal elements (transformation vector not integrated into the genome).
Plant that did not integrate the vector in their genome should end up being antibiotic sensitive
and dying in the next selection step. Note that at this stage a majority of the growing plants are

episomal transformants, not integrative one.



3) Transfer cellophane onto PpNH4 plate supplemented with the appropriate antibiotic (for
which resistance cassette is present in the transformation vector) and incubate for one week in
standard growth conditions. This step will kill up to 90% of the remaining growing plants. You

should be left with stable, i.e. chromosome integrated, transformants.

4) At the end of step 3) pick, using a stereoscope, any plant still growing and transfer them
unto PpNHj4 for tissue amplification. Look carefully at the filament growing at the edge of your
plants, since they should grow well in stably transformed plants, but will be the most sensitive
cells of any episomal transfectant. Strong episomal transfectant may display a green tissue at

the center of the plant but the tissue at the edge of the plant will be dead.

5) Optional: in case of doubt about the stability of a stable transformant a strain can be tested
at any time for resistance by picking a small tissue piece unto selective medium. But, to ensure
it does not harbor episomal element, the plant need to be cultivated twice unto non-selective

medium for at least two weeks.

As soon as enough material plant at the end of step 4 (or 5) is available, it is ready to be
submitted to genotyping procedure to evaluate the quality of the transformant (targeting, non-

specific insertion, copy number).

3.5 Selection procedure for transient expression of RNAi construct

This protocol aims to select transiently transfected protoplasts that express the RNAi construct

aimed to the mRNA of choice and the resistance gene. The full phenotyping procedure is

performed under selection as to obtain a uniform construct expression in the whole plant. The



identification of the RNAi impact is performed in comparison with the appropriate control. Use
this protocol with the antibiotic Hygromycin B at 10 mg/l or G418 at 12.5 mg/l in order

maximize the number of transfected plants to analyze.

1) Transfer the cellophane containing the regenerated protoplasts onto a PpNH4 plate
supplemented with the appropriate antibiotic (for which resistance is present in the RNAi
transformation vector). Incubate at least 4 days before starting the phenotype analyses. The
observations must be performed on the same selective plate for two weeks. If the phenotype

requires a longer growth period, transfer then on a fresh plate of selective medium.

3.6 Selection procedure for transient expression of CRISPR-Cas9 construct

This protocol aims to select transiently transfected protoplasts that express the CAS9 protein,
the RNA guide(s) targeting the gene(s) of interest and the resistance gene. Hence the plants
selected here should not contain any insertion of the vectors but rather have their genome
modified at the locus targeted by the RNA guide. The identification of the mutation comes in a
second phase during which the targeted locus/loci is analyzed in the selected plants for the
presence of the mutation. Use this protocol with the antibiotic Hygromycin B at 20 mg/1 or

G418 at 25 mg/l.

1) Transfer the cellophane containing the regenerated protoplasts onto a PpNH4 plate
supplemented with the appropriate antibiotic (for which resistance is present in the

transformation vector). Incubate one week under standard growth conditions.



2) Pick individual plant under a binocular lens and transfer under PpNH4 medium. Let the
plant growth for two weeks or until you are comfortable to fragment the tissue and isolate

enough plant material for genotyping.

4 Notes

1 Albeit several sources for the Driselase are commercially available, only the Driselase
D8037 and D9515 from Merck KGaA, Darmstadt, Germany are giving us consistent satisfying
result. Nevertheless, the Driselase activity can vary from batch to batch. Time of incubation can
be reduced to 30 minutes if the protoplasts display a low regeneration rate and if the
protoplasting does not occur efficiently final Driselase concentration can be raised up to 1%.
Finally, note that Ca®" has a strong Driselase inhibitory activity, so be careful to keep all

components CaCls free for this step.

2 PEG 4000 is commercially available from many sources. The brand that gives us the
most regular positive result in term of protoplast regeneration after transfection is the PEG 4000

#33136 SERVA Electrophoresis GmbH, Heidelberg, Germany.

3 The tissue should be formed only of protonemal cells, the presence of gametophores

indicates that the tissue may be too old. Young tissue generates protoplasts more uniformly.

4 The first cells to be released are the tip cells of the tissue. It is possible to observe them
after 10 minutes of treatment. Treatment longer than one hour may release more protoplasts,

but protoplast regeneration will be affected resulting to no real gain in overall regeneration.



5 Different hemocytometer or counting-chamber device cell are available such as
Mallassez hemocytometer or Neubauer counting chamber. They will all work well, follow the

manufacturer’s instruction so to count properly the protoplasts.

6 It is possible to produce protoplast from protonemata culture as young as 3 days of
growth after blending but protoplast number will be low until 5 days of growth, so day 6 and 7
represent the two best options to generate protoplasts used for transformation. Older culture (8-
10 days cultures) can generate more protoplasts but in our hands their transformation efficiency

is dropping.

7 TE and water work similarly well as solute for the DNA, what is most important is the
sterility of the solution. The use of DNA ethanol precipitated vector DNA is recommended for
all transfection. To avoid airborne contamination, perform this operation in a laminar flow

hood.

8 Three-fold proportional reduction of the volumes (120000 protoplasts/ 5 pg DNA/ 100
ul PEG mix) to scale down the transfection reaction works successfully in our hands but gives

of course three times less transfectants.

9 Alginate gelation is sensitive to divalent ion concentration, here CaCl,. The present
protocol CaClz concentration in the plating mix is 3, 75 mM and it must be respected as either
to much CaCl, leads the protoplast-alginate mix to gel to fast (and thus render proper plating

not possible) or too little CaCl, does not allow the gelation process to occur.



10 Cellophanes can be bought form different sources, however its quality can vary from
manufacturer to manufacturer. The main problem seems to be the presence of chemical residue
due to manufacturing that lead to poor protoplast regeneration. In order to clean them we
recommend to autoclave three times the cellophane in renew miliQ water (500 ml for 200
cellophanes). This simple method ensures their sterility and removes the compound(s)

deleterious to protoplasts regeneration.

11 The regeneration time can be reduced to 4 days if wanted but it is reducing the final

number of regenerants, therefore the number of final transfectants.

12 Do not extent this step since antibiotics in general are light sensitive and selection
pressure is decreasing with time and hence after a week episomal transfectants will be
maintained and interfere with selection of integrative transformants. During this step most of

the plants should die, leaving 100 to 500 plants growing per Petri dish.
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Figure 1: Layout of the protocols. The green, orange, pink and yellow shading indicate protocols described in
this chapter. The blue shading illustrates common downstream use for protoplasts processed with the described

procedures.

Figure 2: Transfected Physcomitrium patens’ protoplasts. Protoplasts were produced as described in Protocol
3.1 and transfected according to protocol 3.2 with 15 pg of pTHUbi:mCherry vector. They were subsequently
incubated for a week in liquid dilution medium in a Petri dish. Images were acquired with a Zeiss Axio Zoom.V16
Stereo Microscope fitted with a Cy3 Sp Red AHF 36750 Exc586/20 Dichroique605 Emi 628/32 set. (a):
Bright field image. (b): Merged bright field and fluorescent image.(c): Fluorescent image. (°) points a non-

transformed protoplast. (*) denotes of a transformed protoplast. Bar: 100 um.



Figure 3: Physcomitrium patens protoplast regeneration in alginate mixture. Protoplasts were produced as
described in Protocol 3.1 and plated according to protocol 3.3. Subsequently, they regenerated in standard growth
condition for one week. Images were acquired with a Zeiss Axio Zoom.V16 Stereo Microscope at the following
time-points: (a) one hour after plating; (b-d) 48 hours after plating; (g-h) five days after plating: (i) seven days

after plating. Bar in (a-h): 50 um. Bar in (i): 200 pm.
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